WESTFALISCHE
WILHELMS-UNIVERSITAT
MUNSTER

WESTFALISCHE WILHELMS-UNIVERSITAT
MUNSTER

PuD THESIS

N =1 supersymmetric
Yang-Mills theory on the lattice

Author: Supervisor:
Stefano PIEMONTE Prof. Dr. Gernot
MUNSTER

8th April 2015






Theoretische Physik

N = 1 supersymmetric Yang-Mills
theory on the lattice

Inaugural-Dissertation
zur Erlangung des Doktorgrades
der Naturwissenschaften im Fachbereich Physik
der Mathematisch-Naturwissenschaftlichen Fakultét
der Westfalischen Wilhelms-Universitat Miunster

vorgelegt von
Stefano Piemonte

aus Torino (Italien)
-2014-



Dekan:
Erster Gutachter:
Zweiter Gutachter:

Tag der miindlichen Priifung(en):

Tag der Promotion:

Prof. Dr. Markus Donath
Prof. Dr. Gernot Munster
P.D. Dr. Jochen Heitger



This version of the thesis differs slightly from the official document
submitted to the faculty. Typos are corrected while results and conclusions
are unchanged.



Abstract

Supersymmetry (SUSY) relates two classes of particles of our universe, bosons
and fermions. SUSY is considered nowadays a fundamental development to
explain many open questions about high energy physics.

The N = 1 super Yang-Mills (SYM) theory is a SUSY model that de-
scribes the interaction between gluons and their fermion superpartners called
“gluinos”. Monte Carlo simulations on the lattice are a powerful tool to ex-
plore the non-perturbative dynamics of this theory and to understand how
supersymmetry emerges at low energy. This thesis presents new results and
new simulations about the properties of N' =1 SYM, in particular about the
phase diagram at finite temperature.

Zusammenfassung

Supersymmetrie (SUSY) verbindet zwei Klassen von Teilchen unseres Uni-
versums, Bosonen und Fermionen. SUSY gilt heute als fundamentale En-
twicklung, um viele offene Fragen der Hochenergiephysik zu beantworten.

Die N/ = 1 supersymmetrische Yang-Mills-Theorie (SYM) ist ein SUSY-
Modell, das die Wechselwirkung zwischen Gluonen und ihren fermionischen
Superpartnern, genannt “Gluinos”, beschreibt. Monte-Carlo-Simulationen
auf dem Gitter sind ein leistungsstarkes Werkzeug, um die nicht-perturbative
Dynamik dieser Theorie zu erforschen und zu verstehen, wie Supersymmetrie
bei niedrigen Energien in Erscheinung tritt. Diese Doktorarbeit stellt neue
Ergebnisse und neue Simulationen zu den Eigenschaften der N/ = 1 SYM
vor, insbesondere zum Phasendiagramm bei endlicher Temperatur.
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Chapter 1

Introduction

Nature isn’t classical, dammit, and if
you want to make a simulation of
nature, you’d better make it quantum
mechanical, and by golly it’s a wonderful
problem, because it doesn’t look so easy.

Richard Feynman

Elementary particles are considered the basic constituents of matter and
radiation. Example of elementary particles are quarks, electrons, gluons or
Higgs bosons. Quantum mechanics is the best theory available to describe
the universe at scales lower or comparable to the size of an atom. From
the quantum point of view fields of elementary particles are distributed over
the whole space and their interactions generate the whole structure of the
matter that we can see everyday. For instance the quantum behavior of
electrons explains the stability of chemical matter. Particles like protons and
neutrons are described by Quantum Chromodynamics (QCD) and vacuum
fluctuations of quarks and gluons are the origin of the nuclear matter. Finally
the Higgs mechanism is responsible for the mass of particles in the Standard
Model (SM).

Supersymmetry (SUSY) is a theory in which matter and radiation are
naturally paired by an extended symmetry. It has been introduced in recent
years to solve many open questions left by the Standard Model. Supersym-
metry has however many interesting features that could be helpful to under-
stand better not only the high energy physics but also the low energy nuclear
matter. Quantum corrections are difficult to be computed in the low energy
regime, because interactions between quark and gluons are strong enough
to spoil the convergence of standard perturbation methods. Supersymme-
try can provide instead a fully consistent and more tractable description of

13



14 CHAPTER 1. INTRODUCTION

our universe to all scales, but unfortunately is far from being realized in our
universe. SUSY has to be broken with some mechanism to provide a good
description of our universe; or, more generally, one has to find the way to
map results obtained in SUSY to non-supersymmetric theories.

A deep knowledge of strong interactions at low energy is required to un-
derstand how supersymmetry could be broken and in which way it could
explain the appearance of protons from quarks and gluons. Due to strong in-
teractions between particles, the most powerful tool to this end are computer
simulations on a discrete space-time, but their implementation is “a wonder-
ful problem, because it doesn’t look so easy”. This chapter is an overview
of the contents of this thesis, to introduce the reader to the relevant topic
that will be discussed in more detail in the following pages. Every section
briefly summarizes motivations and insights of the main concepts regarding
supersymmetry on the lattice, that will be the main subject of this thesis.

1.1 Supersymmetry

Supersymmetry is based on the idea that for every boson particle there exists
a corresponding fermion partner and vice versa. Supersymmetry appears as
challenge or solution of problems in many branches of physics, starting from
the more abstract string theory to arrive to more practical question like dark
matter or hierarchy problem. In this thesis the non perturbative dynamics
of strong interacting SUSY model is considered, in the limit in which exact
supersymmetry can be formulated consistently. Exact supersymmetry does
not exist in nature, so it could seem rather strange to focus many efforts to
study it. However there are a lot of motivations for a lattice investigation
of an exact SUSY theory, non perturbative simulations allow for instance to
check from first principles a possible spontaneous supersymmetry breaking
and their related mechanisms.

Supersymmetric theories play a crucial role in particular in the context
of the AdS/Cft correspondence, a quite complex framework that have been
proposed for understanding the mysteries of QCD strong gluodynamics [I].
Quantum corrections coming from a boson are canceled by the correspond-
ing fermion partner in SUSY theories. Finite supersymmetric theories are
therefore possible without the need of an accurate fine tuning of the param-
eters. Many physical observables can be thus computed exactly to all order
in perturbation theory, leading many remarkable results to be tested with
numerical simulations. A non perturbative study of SUSY can be a test of
the effective theories that have been formulated for low-energy dynamics of
supersymmetry. Exact supersymmetry becomes now more appealing, since
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Figure 1.1: Gluons and gluinos can be found as isolated particles only at high
energy and they will form colourless states at low energy due to confinement.
Mesons, glueballs and gluino-glue are the lowest energy states predicted for
N =1 SYM and they will have the same mass if they belong to the same
supermultiplet.

an orientifold equivalence can be formulated between one flavor QCD and
SUSY gauge theories with one supercharge [2, B]: it is possible in this way
to provide some prediction also for QCD starting from SUSY! “One would
be surprised if Nature had made no use of it”. For these reasons this thesis
is focused on the study of the N' = 1 super Yang-Mills (SYM) theory on the

lattice.

1.2 The N = 1 Supersymmetric Yang-Mills
theory

The N/ = 1 SYM theory is the minimal supersymmetric extension of the pure
gauge sector of QCD. The fundamental fields are gluons and their superpart-
ners gluinos. The gluino is a Majorana fermion in the adjoint representation
of the gauge group and it has on-shell the same number of degrees of freedom
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Figure 1.2: The Wilson loop is the path ordered product of all the variables
on the red links.

of a gluon. The N/ =1 SYM theory is confined at low energy like QCD and
elementary particles can be found only in colorless states forming an nontriv-
ial bound spectrum of glueballs, mesons and gluino-glue, a peculiar particle
of adjoint models based on mixing of bosonic and fermionic operators. If ex-
act supersymmetry is realized then particles are arranged in supermultiplets
with equal masses and also bound states will exhibit the same pattern of
mass degeneracy, see Fig.[I.1} This prediction is a good check for restoration
of supersymmetry on the lattice with numerical simulations.

In QCD even-odd parity mesons have a nearly degenerate mass, for exam-
ple the 1’ pseudoscalar meson (JF¢ = 0~+) has mass of 957.78 £ 0.06 MeV
comparable to the mass of the scalar meson f, (J7¢ = 0F), equal to
990 + 20 MeV. There are no explanations for this observed near degen-
eracy in QCD, but in the N’ =1 SYM the two corresponding adjoint mesons
form a supermultiplet and the degeneracy of the mass is ensured by super-
symmetry. In the large number of colors N, of the gauge field, one flavor
QCD is equivalent to N' = 1 SYM and therefore it might be possible that
the small difference between the n” and fy mesons is a small correction of the
order 1/N,., expected to disappear in the limit N. — oo [2, [3].
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1.3 Supersymmetry on the lattice

A finite lattice spacing a can be introduced in order to regularize the N’ =1
theory and to simulate it in a computer. A serious problem arises immedi-
ately because the lattice breaks Lorentz invariance and so SUSY explicitly.
In any case the theory can be formulated in terms of a gauge action and of a
fermion action. The gauge action is based on Wilson loops, the gauge invari-
ant product of link variables (see Fig. , while the fermion action is based
on the Dirac-Wilson operator, whose inverse is related to the propagation
of a gluino in the space-time. In the theory there are two free parameters,
the gluino mass m and the gauge coupling g; the strategy is to use them to
fine tuning the theory to a proper continuum limit in which both the lattice
spacing and the renormalized gluino mass vanish, with the hope that there
supersymmetry is dynamically restored [4].

1.4 Lattice Monte Carlo methods

Computer simulations on discretized space-time are the only viable method
to study the low energy behavior of QCD [5]. Computers are an impor-
tant support for research in many branches of physics, not only in particle
phenomenology but also for example in chaos theory, flow dynamics and
quantum chemistry. Many scientific projects require noways long and expen-
sive simulations impossible without the aid of large scale supercomputers.
Many progresses have been achieved for Monte Carlo simulations applied
to quantum field theories discretized on the lattice. Computer simulations
are therefore one of the most important approach to understand better the
non-perturbative regime of QCD and the limit of applicability of the gauge-
gravity dualities.

Lattice Monte Carlo methods are much more involved in the case of su-
persymmetric Yang-Mills theories [6]. To perform numerical simulations the
fermion fields are integrated out, as in QCD, because a Grassmanian variable
cannot be directly stored in digital format. Unlike QCD, the result of the
fermion integration is the Pfaffian of the Dirac operator due to the Majo-
rana nature of the gluino, see App. [Al The Pfaffian can be related to the
determinant, but it could be a positive or negative quantity. A new serious
problem arises here, because a negative quantity cannot be interpreted as
a probability weight. The sign cannot be simulated directly by the Monte-
Carlo algorithms and so it must be inserted and calculated separately after
in the measurement process. The measure of the Pfaffian is quite nontrivial,
it requires the application of specific maps defined on the complex plane to
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Figure 1.3: The deconfinement phase transition separates the low tempera-
ture regime from the high temperature phase where free gluons and gluinos
weakly interact.

the Dirac operator, but it is a necessary step to ensure the correctness of the
Monte Carlo algorithm.

A Monte Carlo algorithm to produce gauge field configurations has been
implemented from scratch to simulate the A” = 1 supersymmetry, as integral
part of the work for this thesis. The numerical results that will be presented
in the following chapters would have been impossible without the huge effort
to understand many practical informatics problems. The largest part of the
work behind this thesis has been spent to code the final program. Supercom-
puters require for instance that the program “scales well”, meaning that it can
be distributed among a large number of processors. Even several thousands
of cores process in parallel the same lattice to produce a new configurations.
Communications between cores are difficult, because different parts of the
lattice have to be shared in different stage of the computation. An efficient
routine has been implemented to solve automatically this problem.

1.5 N =1SYM at finite temperature

SUSY is explicitly broken at finite temperature due to the thermal statistic
difference between boson and fermion particles: fermions have antiperiodic
boundary conditions in the time direction, bosons instead periodic. Therefore
it could be that supersymmetric Yang-Mills theories and QCD share the
same properties at finite temperature. So finite temperature is like a bridge
between an “ideal world” in which SUSY exists and our real world of the
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Figure 1.4: Chiral symmetry is broken at zero temperature but it is expected
to be restored after a critical temperature. It is however unknown whether
this critical temperature coincides or not with the deconfinement phase tran-
sition.

QCD strong interactions. “It could be”, lattice Monte Carlo simulations are
needed to prove such a scenario.

The N =1 SYM model exhibits confinement as QCD and only colorless
states will appear at zero temperature. At high temperature the theory
behaves as a conformal gas of free gluons and gluinos, therefore we expect
that there will be a deconfinement phase transition in which mesons and
glueballs will melt down, see Fig.[I.3] The order parameter associated to the
deconfinement phase transition is the Polyakov Loop, and it represents the
expectation value of a single isolated fundamental quark. The deconfinement
phase transition will not turn into a crossover for any value of the gluino mass
because of supersymmetry. This significant difference with QCD provides the
possibility of studying the deconfinement phase transition exactly also with
dynamical fermions. Results about the thermodynamical phase transitions
have been published in Ref. [7] and they will be presented in Ch. . The
deconfinement temperature has been found to have a clear signal and a mild
dependence on the fermion mass. A second order phase transition has been
observed in the universality class of the three dimensional Z5 Ising model for
the gauge group SU(2).

The N = 1 super Yang-Mills is indeed similar to QCD because also in
this model there is a classical fermion symmetry, the chiral symmetry, which
is spontaneously broken. However the pattern is different, a classical U(1)
axial, or R symmetry in the SUSY language, is broken by anomaly down to a
discrete Zsn, symmetry. This remaining symmetry is broken spontaneously
down to Z5 by a non vanishing expectation value of the gluino condensate.



20 CHAPTER 1. INTRODUCTION

At zero temperature for SU(2) there are two symmetrical vacua that at
high temperature are expected to form again a unique symmetrical vacua.
There will be a phase transition, but it is not known at what temperature
does it occur, see Fig. [I.4 Some preliminary simulations have been run to
clarify this point, within the current precision the chiral symmetry restoration
coincides roughly with the deconfinement phase transition. More simulations
are required to fully prove such a behavior. This situation seems however
really similar to QCD, where deconfinement and chiral symmetry restoration
occurs around at the same temperature, but in N’ = 1 SYM, thanks to SUSY,
the relations between this two symmetries can be studied exactly.



Chapter 2

Quantum field theories and
supersymmetries in nature

Although supersymmetry holds the
promise of being a fundamental
symmetry in physics, we will study
these theories not because they have an
immediate application to particle
physics, but because they provide a
fascinating laboratory in which one can
probe the limits of quantum field theory.

Michio Kaku [§]

During the XX century, several important progresses have been achieved
in understanding the structure and the physical foundation of the universe.
While general relativity provides a good model of the large scale phenomena
dominated by gravitation, quantum mechanics and quantum field theories
have been successful in describing of the internal structure of the atom and
of its constituents. The unification of these two important theories is one
of the main challenge of physics today. Symmetries have had a central role
in the development of new unified theories, for example local Lorentz invari-
ance is crucial for general relativity and gauge symmetry is fundamental for
describing the nuclear and electromagnetic interactions between elementary
particles.

Supersymmetry (SUSY) is an extension of the same concept of symmetry.
Additional constrains are imposed on the number and on the mutual prop-
erties between bosons and fermions, leading to a theory in which matter and
radiation fields come naturally paired with degenerate masses. Supersymme-

21
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try transforms boson particles into fermions and conversely. This new kind
of symmetry is required by many quantum models of the gravitation, like
SUGRA (SUpersymmetry GRAvitation) or string theory. SUSY is expected
to be discovered at least at the Planck energy scale Mp ~ 10 GeV, where
gravitational quantum effects cannot be neglected.

Supersymmetry has been introduced also as beyond Standard Model (SM)
theory in order to solve difficulties and open questions in the elementary
particle physics, like the “hierarchy problem” and the “vacuum stability”.
Despite of the large energy scale where the degeneracy between bosons and
fermions is expected to be realized, supersymmetry influences and stabilizes
the low energy physics probed by current experiments. A fermion has differ-
ent properties from a boson, in particular quantum corrections have different
sign if they come from a boson particle instead of a fermion. SUSY has
therefore a natural explanation to the surprisingly small mass of Higgs bo-
son compared to the Planck scale Mp; natural in the sense that it is stable
with respect to quantum fluctuations. Without any accurate fine tuning of
the parameters, the large quantum corrections to the Higgs mass coming
from a boson are canceled by the contributions of its fermion superpartner.

Supersymmetry has been intensively studied in the last two decades not
only as a model to unify gravitation and quantum mechanics, but also as a
“tool” for understanding better in general quantum fields and in particular
the theory of strong interactions (called QCD, Quantum ChromoDynamics).
A proton can be viewed as a clouds of quarks and gluons and the coupling
constant o, measures the strength of the interactions between these elemen-
tary particles. At low energy, the coupling constant of the strong interactions
is of order of the unit, oy ~ 1, and therefore perturbative approaches to quan-
tum fields fail completely. Analytical results can be computed for QCD only
in the high energy limit with standard perturbation theory [9, [10], but how
protons and nucleons emerge in ordinary matter is still a mystery today.

In 1997 Maldacena discovered a duality between a supersymmetric quan-
tum field theory at strong coupling and string theory in the classical gravity
limit [1]. Using this duality it is possible to map the analytical calculations
of string theory with perturbative couplings to a quantum field theory in
the non-perturbative regime. How to apply these results valid for a super-
symmetric model to QCD is still an open question. Many efforts have been
recently done for understanding the relations between these two quantum
fields models, the challenge is to try to find a further suitable limit of the
parameters in which a supersymmetric theory reduces to standard QCD.

In the following sections the basic properties of supersymmetry will be
reviewed. They will introduce better the motivations for studying these class
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of theories/[]

2.1 The cosmological constant problem

In general relativity gravitational interactions between bodies are generated
as the effect of the curvature R of the space-time, a four dimensional manifold
with metric g, (z) considered as a dynamical object. The equations of motion
of the matter and of the gravitational fields can be derived from the Hilbert

action
S = /d‘im/— det (g, (2))(R(z) — 2A).

The space-time independent parameter A is called “cosmological con-
stant” and it can be freely added to the action without violating the basic
hypothesis of the general relativity. A can be considered as some sort of en-
ergy of the vacuum, a kind of energy that exists even if no matter is present
in the space. The effect of the cosmological constant on the evolution of our
universe is to increase the rate of its expansion and therefore the value of
A can be estimated directly from cosmological observations. Recent mea-
surements have established that the cosmological constant is closed to zero
[13].

In quantum mechanics, an harmonic oscillator has a ground state with
energy Fj different from zero and equal to

1
Eothw.
2

A quantum field can be considered as an infinite sum (i.e. an integral) of
harmonic oscillators, therefore the zero energy will be equal to

n n

S (=122 (s + 1) [ dhyfke —m? (2.1)

=0 1=0

IS
|
N
53
I

for a theory with n particles of spin s; and mass m;. Notice that a particle
with half integer spin will contribute lowering the value of the sum because
the fermion fields obey to an anticommuting algebra. Ej is a sum of divergent
terms that must be regularized, a reasonable work assumption could be that
there cannot not be momenta bigger that the Planck mass Mp. Therefore
the contribution E} of a single boson particle will be

. Mp Mp
E(’)N/O dkk%/ktm%/o dkk? ~ M. (2.2)

IThere are several detailed and advanced reviews available about supersymmetry. This
chapter has been prepared following [1T], [8] [12].
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In the general relativity context, this vacuum energy has to be summed
to the cosmological constant and cannot be removed by a redefinition of the
zero level as in ordinary Minkowski flat space. Since the Planck mass is of
order of Mp ~ 10* GeV, the left side of Eq. is of order 10'2° GeV,
simply 120 orders of magnitude off from the experimental data [I3]. This
is the largest discrepancy between theory and experiment known in physics
today, a possible renormalization of A should fine tune the cosmological con-
stant accurately with large cancellations. Usually large cancellations in the
parameter of the theory are a signal of a new symmetry that protects the
renormalized quantities by automatically tuning them to the experimental
values.

Each fermion field gives in Eq. a negative contribution to the ground
state energy, suggesting a possible kind of symmetry leading to the small
value of A observed. If for each boson in nature there exists a corresponding
fermion partner with the same quantum number (spin, number of internal
degrees of freedom, etc ...), then the sum Eq. would be exactly zero with-
out the need of any kind of renormalization. This would automatically solve
the “cosmological constant problem”. The symmetry that has this needed
characteristic of equal number of fermion and boson degrees of freedom is
called supersymmetry.

2.2 Supercharges

In supersymmetry an additional set of conserved charges @), is imposed to a
quantum field theory

d

—Q' =0, 2.3

e (23)
with the peculiar characteristic that this conserved charge transforms under
Lorentz boosts and rotations non-trivially as a Majorana spinor. The super-
charge () can be viewed as an operator which transforms fermion states in
boson one and vice versa

Q|boson) = [fermion),
Q|fermion) = |boson).

and the spinor nature of () ensures the consistency of these relations. In
fact if the states are transformed by R as complete spatial rotation of 360

degrees around an axes, then the boson state does not change while the spinor
acquires a minus sign

R|boson) = |boson),

R|fermion) = —|fermion),
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and then it can be deduced that also the supercharge () gets a minus sign
under a full spatial rotation as a spinor operator

RQ|boson) = R|fermion),

RQR'R|boson) = R|fermion),

RQR '|boson) = —|[fermion),

RQR '[boson) = —Q|boson),
RQR™' = —Q.

The spinor properties of () have a deeper understanding and origin in quan-
tum field theory. In fact the Coleman-Mandula theorem forbids any other
possible conserved charge with an integer spin different from a scalar in an
interacting quantum field theory in more than two dimensions. This theorem
has been for a while considered the end of possible unification of Yang-Mills
theories with space-time symmetries until SUSY was discovered as a case not
covered by the hypothesis.

To derive formally the properties of the operator @), it is useful to consider
supersymmetry as the extension of the Poincaré algebra. The symmetries of
the four dimensional Minkowski space-time, i.e. the transformations that
leave invariant the metric 7, = diag(—1, 1,1,1), are translations, boost and
spatial rotations. Infinitesimal translations e* acts on scalar fields as

¢(xu) — ¢(xu + eu) = ¢($) + Euau¢($> = ¢( ) +ie' P, ¢( ) ( 2) )

while infinitesimal boost and rotations €, transform ¢(z,) as

P(r,) — O(zy+ewa’) = o(z) + (2,0, — ,0,)d(x) =
o(x) +ie" Ly o(x) + O(é?).

The Poincaré algebra than reads

(P, P)] = 0,
[Lyws Bl = i(MupPs — mupBu)
[L;wa L ] = i(nzsz,ua + nucrLup - nupLuo' - nuaLpp) .

The supercharges @), has now to be considered to extend the Poincaré
algebra to a more generic “superalgebra”. Schematically, the superalgebra
has the structure of a Z,-graded Lie algebra, meaning that operators can be
labeled to be either “even” or “odd” obeying to the relations

[even, even] ~ even,
leven,odd] ~ odd,
{odd,odd} ~ even.
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The transformation properties of a Majorana spinor under the action of the
Poincaré group and the cyclic Jacoby identity force the “even”-“odd” com-
mutator to be of the form

[P, Q.] = 0, (2.4)
[L;waQa] = i(’yu’)/V_fyuqu)aﬁQﬁ- (25)

The first equality means that the supercharges are translational invariant.
The last missing point is the anticommutator algebra satisfied by two su-
percharges @),. Since the product of two spinor operators transforms as a
vector and since the only vector conserved allowed by the Coleman-Mandula
theorem is the energy-momentum P, then it follows with the standard nor-
malization

{Qou QB} = (C'Yu>aﬁpu . (2.6)

This anticommutator conclude the superalgebra, further possible extension
can be build up if a whole set Q¢, and not only a single conserved supercharge
is imposed to the quantum field theory. The most interesting cases in four
dimensional flat space-time are one (N = 1), two (N = 2) and four (N = 4)
set of conserved supercharges. The theory considered in this thesis is a Yang-
Mills model with only one conserved supercharge.

2.3 Properties of supersymmetric theories

2.3.1 Vacuum energy

One interesting property of supersymmetric theories is the exact vanishing
of the vacuum energy, meaning that SUSY is able to solve the cosmological
constant problem. Depending on the basis of gamma matrices chosen, from
Eq. it follows that there will be always a linear combination of anticom-
mutators {Q., @s} equal to the Hamiltonian Py. The energy of the vacuum
Ey will be now with the gamma matrices basis defined in App. [C]

By = (01P3I0) =~ (22)as (01(Qa Qs + 25Qu)0) 2.7

and if supersymmetry is not broken, then the vacuum state will be annihi-
lated by the supercharges

Qal0) =0
so that it can be concluded that Ey = 0. Supersymmetry therefore has a
natural way to define and fix to zero the energy of the vacuum, without the
need of renormalization and without the arbitrariness of an additive constant.
In other words the vacuum energy is the order parameter for SUSY breaking.
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2.3.2 Equal mass in a supermultiplet

If a boson particle with mass M > 0 exists, then its corresponding fermion
superpartner has that same mass M. From Eq. (2.4)) it follows that

[P,P", Q. = 0,
P?lboson) = M3|boson)
= P?Qlfermion) = Q P?|fermion)
= M32Q|fermion) = M3 |boson),
and therefore Mp = Mp: states related by supersymmetry transformations
have degenerate masses. These states form what are formally called “su-

permultiplets”, analogous for instance to the multiplets of isospin in nuclear
particle physics.

2.3.3 Fermion-boson degeneracy

A supermultiplet contains the same number of boson and fermion particles.
The supercharge operator maps the subspace spanned by a supermultiplet
into itself, therefore it makes sense to consider the trace

Np_r = Trs((—1)"{Qa. Qs})

restricted only to the states S in a given supermultiplet. The operator (—1)F,
formally equivalent to the R rotation operator defined before

(—=1)"|boson) = |boson),
(—=1)¥|fermion) = —|fermion),

anticommutes with the supercharges

{Qa, (-1)"} =0, (2.8)
since (), exchanges boson with fermion states
Qa(—1)F|boson) = Qu|boson) = |fermion) = —(—1)¥ |fermion)
= —(~1)¥Q,|boson),
Qo(—1)F|fermion) = —Q,|fermion) = —|boson) = —(—1)*|boson)

= —(=1)¥Q,|fermion) .
The trace Np_p is zero

Np_r = Trs((—1)"QaQs + (—1)"QsQu)
= —Trs(Qu(=1)"Qp + Qp(=1)"Qn)
= —Trs((-1)"QsQu + (—=1)"QuQp)
= —Np_p,
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using Eq. (2.8)) and the cyclic property of the trace in the last step. The
result that

Np-r = Trs((=1)"{Qa, Qs}) = Trs((—1)" (Cru)agPu) =0, (2.9)
implies that also the trace
Trs((—1)F) = number of bosons — number of fermions = 0
is zero, unless P, = 0 for all u, and therefore
number of bosons = number of fermions (2.10)

in a given supermultiplet.

A massive supermultiplet can be constructed for example with a spin-
Y% Majorana fermion, a scalar and a pseudoscalar boson. This supermultiplet
has a crucial role in the low energy effective theory of N' = 1 SYM. A massless
supermultiplet contains for instance a gauge boson and its corresponding
fermion partner, like for example the gluon and the gluino or the photon and
the photino.

The degeneracy between boson and fermion states is valid as far as P, # 0
holds. However, this is not the general case, an interesting counterexample
arises when the superalgebra is in the adjoint representation, where the rep-
resentation of the translation operator is trivial, P, = 0. The representation
space is constructed simply from the generators itself and indeed the number
of boson generators is different from the number of fermion generators [L1].
An another important case is discussed in the following section.

2.4 The Witten index

When the momentum operator acts on the translation invariant vacuum
state, then P, = 0 on this state and the rule does not hold anymore. In
particular, the number of zero energy states is not constrained and in general
there could be a number of zero boson states different from the number of
zero fermion states. If there are no zero energy states at all, then SUSY is
broken.

Witten discovered that the question whether a supersymmetric theory
could be spontaneously broken or not can be addressed by considering simply
the trace

Iy = Te(-)"),
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this time extended over all the Hilbert space and not restricted to a single
supermultiplet [14]. All the non-zero energy states are paired, that means

Iy = number of zero boson states — number of zero fermion states,
and therefore there are two different possibilities:

1. Iy # 0: in this case there exists at least either one fermion zero state
(I < 0) or a boson zero state (Iy > 0), supersymmetry is not spon-
taneously broken

2. Iy = 0: in this case the number of zero boson states is equal to the
number of zero fermion states. It could be that

number of zero boson states = number of zero fermion states # 0
and supersymmetry is not broken, or that

number of zero boson states = number of zero fermion states = 0
and supersymmetry is broken.

The trace Iy is called Witten index; if non zero, it forbids spontaneous
supersymmetry breaking. The Witten index can be computed at finite vol-
ume V', at weak coupling g or in any other limit which does not alter the
fundamental behavior of the theory [14]. A variation of g or of V' could result
in a rearrangement of the spectrum of the states, but only pairs of fermion-
boson can acquire a positive energy from the ground state. It could be for
instance that a zero boson state acquires a non-zero energy Fp, but as soon
as this happens, then Eq. holds and it forces also a zero fermion state
to acquire the same amount of energy E;. Hence the difference between zero
boson states and zero fermion states does not change by a variation of the
volume or of the gauge coupling. The Witten index has been computed for
the N/ = 1 super Yang-Mills theory, Iy is equal to the number of colors of
the gauge group and this theory cannot be spontaneously broken.

The Witten index can be regularized as

Iy = Tr((—l)F exp (—fH)).

The ground states have zero energy and the other states contributions cancel
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due to boson-fermion pairing, the sum reduces to

Iy = Z( ) exp (—0E;) + Z exp (—fE;) — Z exp (—PE;)

Zero non-zero non-zero
energy boson fermion
states energy energy

states states

= > (=1)"exp(-p0) +

Zero
energy
states

= number of zero boson states — number of zero fermion states
= Tr((-1)"),

and it is completely independent from . The Witten index is similar in this
form to the usual partition function, the boundary conditions of fermions
have to be changed from antiperiodic to periodic in the time direction in the
path-integral formulation due to the effect of (—1)f. A remarkable result
follows from the [ independence of the Witten index: if fermion boundary
conditions are periodic in all directions, then the free energy and all the bulk
thermodynamical quantities are a constant completely independent from the
temperature.

2.5 Non-renormalization theorem

The non-renormalization theorem is a formal statement about the cancella-
tion rule of fermion and boson loop quantum corrections in a set of Feynman
diagrams. The non-renomalization theorem ensures that supersymmetry is
not broken to all order in perturbation theory if the model is classically
supersymmetric at tree level [I5]. Due to this theorem, the only possible
sources of SUSY breaking can appear in an exact supersymmetric theory
as non-perturbative effects, arising as essential singularity of some coupling

1
parameter like e 97,

2.6 Supersymmetry breaking

Since there are not experimental evidences for SUSY in the low energy scales
probed currently by particles accelerators, supersymmetry must be broken in
some way to build a consistent theory of our universe. Dynamical supersym-
metry breaking refers to the possibility that some composite field acquires a
non-zero vacuum expectation value breaking SUSY due to non perturbative
effects in agreement to the non-renormalization theorem. An example of dy-
namical supersymmetry breaking can be found in Ref. [16]. However such
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spontaneous supersymmetry breaking is possible if and only if the index Iy,
is equal to zero. For models where Iy, # 0, the only viable option is to break
supersymmetry explicitly by adding terms in the Lagrangian not invariant
under SUSY transformations.

A soft SUSY breaking modifies the theory altering only the low energy
scales, but keeping intact the ultraviolet physics. The typical example of
soft SUSY breaking is the addition of a mass m to all the superpartners, like
gluinos, gauginos, squarks, etc; high enough to explain the absence of those
particle in the current experimental results. Independently on the value of
m chosen, at very high energy its contribution will disappear and SUSY will
be “effectively” restored: the important properties that are interesting to
solve questions like the cosmological constant problem will be not spoiled.
For Super Yang-Mills theories on the lattice this mass m will assume the
important role of renormalization parameter. In contrast, an hard SUSY
breaking term does not become negligible in the ultraviolet regime. Possible
scenarios where hard SUSY breaking could appear are usually related to
particle phenomenology.
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Chapter 3

N =1 Super Yang-Mills model

We have argued that the pure N’ =1
supersymmetric Yang-Mills theory leads
to a spectrum of massive multiplets of
composite hadrons [...] which become
weakly interacting in the large-Nc limit.
Perhaps disappointingly, SUSY is not
broken [...]

G. Veneziano and S. Yankielowicz [17]

The N = 1 Super Yang-Mills model is the supersymmetric extension of
the pure gauge sector of QCD. The theory is confined at zero temperature,
but nevertheless many non-perturbative properties can be computed analyt-
ically. Predictions has been proposed about the lowest two supermultiplets
of the bound spectrum [I7, (I8, [19], while the chiral condensate and the beta
function can be remarkably computed exactly [3, 2, 20]. In this chapter these
important results are summarized.

3.1 Symmetries and fields content of N = 1
SYM

In four dimensions the simplest supersymmetric Yang-Mills theory can be
constructed imposing only one conserved supercharge. The gauge fields of
this theory are variables of the Lie algebra

A, (z) = AL(:L‘)TZ-F i:l---N2—1,

33
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where 77" are the Lie group generator of SU(N) in the fundamental repre-
sentation
F _F|_ ;rk F
(7 » T | =1 i Tk

The particles of the gauge fields are called gluons and their corresponding
supersymmetric partners are the gluinos. The gluinos are Majorana fermions
in the adjoint representation, therefore they have N? — 1 color degrees of
freedom, as many as the gluons

Mz)=Ai:1---N?>—1.

«

Majorana conditions are imposed over A and the bar spinor A
N = (V)aCas,

where C' is the charge conjugation matrix. Majorana fermions are solutions
of the Dirac equation which satisfy also the self-conjugation relation

= CAT =)\ (3.1)

and this equation clearly states that for gluinos there are no essential differ-
ences between particles and antiparticles.

The symmetries of the model uniquely define the action of the theory, that
has to be invariant under the transformation induced by the symmetries over
the fields. Lorentz symmetry is common over all the relativistic theories and
it transforms the fields as

A= Mg,
Al = ALAL,

where A is the proper representation in vector or spinor space of a global
boost/spatial rotation. Gauge symmetry is a characteristic of all the Yang-
Mills theory, the fields change locally as

Mo(2) = Qa()iN]

« )

Au(z) = Qp(2)Au(@)Q (2) — = (0.0p(2))Qp (2), (3-3)

1
g
where Qp(x) and Q4(z) are local matrix transformations acting in the color
space, in the fundamental and in the adjoint representation respectively.

Usually the matrix transformation is in the group SU(N), like SU(3) or
SU(2), in the latter case Qp(z) € SU(2) and Q4(z) € SO(3).
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The last symmetry that can be added to the theory is supersymmetry,
which transforms and mixes gauge fields and fermion fields

Au(z) — A, —2idye, (3.4)
Ao = Ao— 0 FMe, (3.5)

where o, is proportional to the commutator [y,,7,] and F),, is the field
strength: o
Fi, = 0,4, — 0,A;, —igfii AL A

The infinitesimal SUSY transformation is parametrized by a global Majorana
spinor € in the adjoint representation, with a dimension —1/2 in mass units.
These transformations close the algebra of supersymmetry, in fact

00 Al () = —2iX*ye1 — 2iN Y60 — 2i€10,, F Y62
(561 662 - 652551)142(.1') = _2Z.EIO-PVFCLPV7,LL€2 + 272620_[)ch5)er’“€1 (36)

The last commutator can be written as

(0ey0ey — 552661)A2(x) = —ia By e + i@ F €
= =2ia v, vue2 (3.7)
using the fact that F*” is an antisymmetric tensor by definition, that ¢ = ¢/ C

and that Cy,C~! = —~,. Now the product of three gamma matrices can be
proven to be equal to

Vo VoY = Opu Vi + OupYp = Opu Vv — L€opupVo Vs -

The last term proportional to 7,7 is antisymmetric and it has to be con-
tracted with the anticommuting Majorana spinors €¢; and €, therefore its
contribution vanishes. The commutator of two SUSY transformations can
be therefore written as

(0, 0y — 562551)142@) = iF#VGgC’V#€1
€t {Qas Qs As
= e?eg(CVp)aﬂPpAu
= i€?€g<07p)ocﬁap/4u
= iFﬂyegCyﬂel
using the space-time realization of the translation operator P, = i0, and

adding and neglecting terms proportional to the equation of motion. Since
the commutator of two SUSY transformations is equal to the anticommutator
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of the supercharges {Q,, @z}, this proves that the transformations are
a representation of SUSY algebra in the field space.

In terms of Lorentz, gauge and SUSY symmetries and considering only
the gauge sector, the most generic form of the action can be written on shell
as

5= [ (—iTr(FWF“”) 4 ;A(@(ilD)A@))

It looks similar to the action of one flavor QCD, with an extra % factor in front
of the fermion part of the action to avoid double counting of contractions of
Majorana fermions. The most important difference is hidden in the adjoint
representation of the fermions, in fact the Dirac operator I is

ID = 7#((3# + igAZ(x)TiA) )

A

where this time the Lie generators 7/* are in the adjoint representation

(TiA)jk = fijk -

It is trivial to verify that the action is a Lorentz scalar and also invariant
under gauge transformations. If one considers instead the SUSY transfor-
mations , it follows term by term and keeping only leading power of the
parameter €

Fo, = Fi, = 2i(0,A)7e + 2i(0,A) e
=29 £ (AL N y,e + Ny,eAl)

)\a7u>\b — )\a")/,u)\b - )\aVMquFl)pVE - gUpz/F(foVu)\b )

so that the gauge and the fermion part of the action transform as

S — S-— /d%;Fﬁy ((D#S\a)%e — (D,}\a)mﬁ) +

i = v Ma Y a v
+§/d4x(—:0pl,%Fj DU+ My,0, DY e +
+ig/d4:1:5\i%(5\a%e)fi‘;)\j.

The contribution in the first two line vanishes up to total derivatives using
the Bianchi identity, the equation of motion and symmetry property of the
gamma matrices. The last contribution, coming from the variation of the
gauge field in the covariant derivative, vanishes in four dimensions by a Fierz
rearrangement due to the Majorana condition [21].

The equations of motion do not hold off-shell anymore and a Majorana
spinor has four degrees of freedom while a gauge boson only three (the two
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transverse polarization states plus the unphysical longitudinal mode). In
order to ensure supersymmetry also off-shell, an additional boson color field
in the adjoint representation must be added to the action

S5+ /D“’(m)Da(x) ,

without kinetic or interaction terms in order to do not alter the on-shell
physics. The dimension of the field D, is two in mass units. The transfor-
mations properties of the auxiliary field D® under supersymmetry will be
proportional then to the equation of motion of the gluon and gluino fields

Au(x) = A, —2idye, (3.8)
Ao = Ao— 0w Ele—2vD,, (3.9)
D, — ieys7,0uA, (3.10)

so that on-shell transformations reduce again to the form of (3.4)).

3.2 Quantum anomalies and conserved cur-
rents

The N =1 SYM is classically scale invariant, but anomaly appears at quan-
tum level )

T o 9N
Ht 3272
since the trace of the energy-momentum tensor vanishes only when g =
0. The physical consequence of the trace anomaly is the formation at zero
temperature of a bound spectrum of composite particles, like baryons, mesons
and glueballs. Trace anomaly is also present in QCD just with different
numerical coefficients.

Chiral symmetry is instead associated to the transformation U4(1)

(Fa, P

ursoa

A — exp (i0vs) A,
which leaves invariant the action but not the whole partition function. The
axial current J 3 = AV, Y5A is therefore anomalous
2
5 _ g Nc
Ol = 3272

and the group Uy4(1) is broken down to a discrete subgroup Zsy, of transfor-
mations

€pvpo LL(FHEFP7)

9
)\—>exp( e

o 75)>\ nef{l,. . 2N},
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Im (<ﬁ>) Im (<I7L>)

A Re(<AA>) ~ 0 Re(<AA>)

(a) SU(2) (b) SU(3)

Im(<ﬁ>) Im(<f)t>)

0 Re(<ﬁ>) B 0 Re(</1_/1>)

(c) SU(4) (d) SU(5)

Figure 3.1: Scatter plot of the expectation value of the gluino condensate
(A\) for the gauge groups SU(2), SU(3), SU(4) and SU(5). Such diagrams
are possible in the infinite volume limits, the gluino condensate fluctuates at
finite volume around the red points with tunneling between different vacua.

which leaves invariant the whole partition function for theories with fermions
in the adjoint representation. Finally the Zsy. subgroup is spontaneosly
broken at zero temperature down to Z, by a non-vanishing expectation value
of the gluino condensate (\)\), where Z, represents the sign flip

A— —A.

Analytical calculations have shown that the expectation value of the gluino
condensate is

(3.11)

(M) = CA3exp <27rm> :

N,
where C' is a constant, see Fig. [3.1] The N, different values of the gluino
condensate represent N, different vacua of the theory at zero temperature.
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Thus the Witten index for the N/ = 1 Super Yang Mills theory based over the
gauge group SU(N,) is exactly equal to N, and spontaneous supersymmetry
breaking is impossible. This remarkable results have been obtained in [22]
23].

Many interesting conjectures arise from the existence of many different
vacua in N = 1 SYM. Domain walls are stable configurations interpolating
between vacua with different expectation value of the gluino condensate.
Domain walls play a special role in the large N, limit, they should behave as
branes, i.e. as planes where a QCD string can end. Branes can interact with
an exchange of closed strings, interpreted in the strong interaction picture as
glueballs.

Chiral symmetry and trace anomaly are also present in QCD, but in
N =1 SYM they form a chiral supermultiplet structure together with the

supercurrent

2
g~ Ne
aﬂ(xp’y/))'sﬂ = 1671'2

which has a y-trace anomaly under superconformal transformations [17].

104 a
Fl" o, A\,

3.3 The bound spectrum of the theory

At high temperature, the A/ = 1 supersymmetry behaves as a gas of ele-
mentary gluinos and gluons. At low temperature instead the theory exhibits
confinement and it is impossible to find a free isolated color charge. Gluons
and gluinos will form an nontrivial bound spectrum of composite particles
neutrally color charged. An effective action can be formulated to capture the
interactions and the structure only of these degrees of freedom.

There are several hypothesis about the structure of the lightest particles
based on low energy effective theory formulated in Ref. [17, 18, 19]. The
effective Lagrangian for the chiral supermultiplet generated by the current
structure discussed in the previous section is

e 1 s
L=V SD+3{Slog (Ag> —S}F+h.c.,

where « is a dimensionless parameter and A a dimensional flowing scale
A = A(g). The chiral superfield S has on-shell two boson components

¢ = CArAL,
¢* = CS\L)\R )
and a fermion component
X = EFMVO_;U/)\L . (312)

2
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M scalar +
M +
M fermion +
M H M p-scalar +
SUSY -- unmixed SUSY -- mixed S)JéY
ML M p-scalar -
M fermion -
M_
M

scalar -

Figure 3.2: Theoretical expectation of the spectrum of NV = 1 SYM. If
supersymmetry is not broken two chiral supermultiplets appear with two
different masses. Mixing occurs between physical particles, therefore physical
states are mixture of glueballs, mesons and gluino-glues. If supersymmetry
is softly broken by a gluino mass term, the largest corrections affect the
pseudoscalar states, while the scalar states are expected to exhibit only milder
deviations. Picture taken from Ref. [19].

The first term of L.g is the Kéhler potential, invariant under scale, chiral
and superconformal symmetry. It gives the kinetic term for the fields, while
the superpotential should take into account the correct anomaly terms of
the N'=1 SYM. The effective Lagrangian L.g has therefore the form of an
interacting Wess-Zumino model, written on-shell as

1 1 /v %
Lg = (au¢*au¢+z'>z@x)—<““ XRXL)

ad* 3\ ¢ - ¢
—%(¢*¢)2/3 log </§é) log (j;)

2 | XLXr o* XRXL ¢
+§ { = log <A3> + 5 log (M)}

2 * a *
+o - (XTX) {¢ Eﬁ;}&m } .

3o
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The effective potential for the scalar field ¢ has the form

_ Qo \2/3 ¢ ¢*
Ve = —§(¢ ¢)** log <A3> log (/\3> ;
it has a minimum in agreement with Eq. (3.11]) for
(0) = (0") = A°,

with ¢ ~ <5\)\>. The effective Lagrangian L.g describes the theory around
the vacuum of the gluino condensate with n = 0 in Eq. (3.11).

In the effective Lagrangian the fields ¢, ¢* and yx are interpreted as the
two scalar and pseudoscalar meson and the gluino-glue particle. The mass
terms are equal in the above effective Lagrangian for all particles to %a/\.
The pseudoscalar meson 7' would be similar to a Goldstone boson for the
breaking of the U4 (1) axial symmetry, but it has therefore acquired a large
mass proportional to the ultraviolet scale due to anomaly. The same happens
to a fermion and a scalar meson due to supersymmetry, a “SUSY relic” could
explain the similar mass between the fy and the n’ observed in QCD as
discussed in the Introduction.

The glueballs fields have been inserted in the auxiliary fields and inte-
grated out in L. The effective Lagrangian has been extended in Ref. [18] [19]
to consider also the glueball states in the low-energy effective theory. A sec-
ond chiral supermultiplet has been found, formed by a pseudoscalar and
scalar glueball and an another gluino-glue. This second supermultiplet is
supposed to have a lower mass than the supermultiplet of the mesons con-
structed above, see Fig. (3.2
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Chapter 4

Quantum fields and
supersymmetry on the lattice

The gauge-field action (space-time
integral of the Lagrangian) will be
defined on a discrete lattice with spacing
a in Euclidean space-time. The simplest
way to proceed is to consider a
continuum action, substitute
finite-difference approximations for
derivatives, and replace the space-time
integral by a sum over the lattice sites.

Kenneth G. Wilson [5]

Quantum field theories defined in the continuum are plagued by diver-
gences that appear in the calculation beyond the leading order. Further, the
Feynman path integral has only an heuristic and not strictly mathematical
meaning for fields defined in the continuum. In order to solve these difficulties
it is possible to introduce a physical cut-off in the theory, by discretizing the
continuum space time using an hypercubic lattice with points separated by
a distance a. In the Fourier space, all momentum integrals are then defined
in the first Brillouin zone (—g, ﬂ and therefore the ultraviolet divergences
are automatically regularized. In the position space instead, all integrals are

reduced simply to a sum over all lattice points,

/d4x:a4z,

43
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and derivatives are written in terms of nearest neighborhood finite difference

9,6(z) o(x + fla) — ¢(x) _ V,.o(x) '

a a

The lattice spacing a is the only dimensional parameter defined in the
regularized theory and in natural units it has the dimension of an inverse of
amass ([a] = [M~']). Lattice regularization breaks Lorentz and translational
invariance explicitly, therefore all the quantities computed on the lattice will
be effected by discretization errors unless the limit a — 0 is performed.
Renormalization is the central concept behind the calculation of finite phys-
ical quantities that match the experimental results in the continuum limit
a— 0.

In this chapter the formulation of the N' = 1 supersymmetric Yang-Mills
theory on the lattice is discussed]l] After having discretized the action for
the gluon and gluino fields, the main difficulties will arise in the attempt
to formulate a proper continuum limit in which supersymmetry and Lorentz
invariance can be consistently recovered.

4.1 Gluons and gauge fields on the lattice

A gauge field A, in the continuum can be viewed as a map which associates
to every point of the space time a variable in the Lie algebra su(n)

A, x— Au(x) €su(n).

To discretize the gauge field A, on the lattice is it useful to consider the path
ordered exponential map

Unhl|=P {eXp (z’g/vAudx“)} ,

defined as the product of all the infinitesimal parallel transporters between
two neighbor points along the path

UR] = Jim T[T+ Au(@)Ac®) (4.1)

It is clear from the definition that the variables U, () belong to the Lie group
SU(N).

IThere are several detailed books and review about lattice QCD, some of the contents
of this chapter have been prepared following [24], [25] [26].
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Considering a straight path which connects a point = on the lattice to its
nearest neighbor x + i, it is possible to discretize the continuum gauge field

A, as
T+l
A (z) = Uy(z)=P {exp <zg/ Aud:t’“>}

or, expanding the integral around its midpoint
A, (z) = Uy(z) = exp (igad,(z + ji/2)) .

The indirect discretization of A, by the path ordered exponential map
has many advantages which are clear once that the transformation properties
under a generic change of gauge (x) are taken in account. Remembering
that in the continuum space the fields A, (z) transforms as

Alr) = Q(Q:)Au(x)ﬂ_l(:v)%—;Q(x)ﬁuﬁ_l(:v)

= Q) (Aﬂ(x) + ;aﬂ> Of (2) (4.2)
than it follows for one element of the product (4.1

1+igAl, () Ay" = 1+igQ(y) Au(v)Q (y) Ay* — Qy)9, Q" (y) Ay

~ 1+ igQ(y)Au(y)Q () Ay +
—Q(y)Q"(y) + Qy)Q' (y + Ay*)
Q) (y + Ay*) +igQy) A () (y + Ay*) Ay +
gy A ()0, (5) Dy
~ Q(y)QN(y + Ay") +igQy) Au(v) QT (y + Ay*) Ay”
= Qy)(1 +igAu(y) Ay")Q (y + AyH) .

VA, ()2
VA, ()2

12

Therefore a link variable transforms under a gauge transformation Q(z) sim-
ply as
Uu(@) = Uy(2)' = Q2)U, () (2 + i), (4.3)

since all the intermediate transformations in the product will be can-
celed. This simple transformation law helps the construction of operators
and actions in a gauge invariant way for any value of the lattice spacing a.

The link variable U,(z) has the physical interpretation of the parallel
transporter of a quark from the point x to x + ji. If the parallel transport
of a gluino is considered instead, than the fields A, has to be written in the
adjoint representation. In general

Uf(a:) = exp (igaAZ(:v)TbR) ,
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where 7' are the Lie group generators in the representation R. In the fol-

lowing, U,(x) and V,(z) will denote the link variables in the fundamental
and in the adjoint representation, respectively. The adjoint links V,,(z) are
related to the fundamental links U, (z) through the well-known formula

V(@)ap = 2tr(UM(:p)TTfUM(x)Tf) )

This relation can be demonstrated easily with the Hadamard lemma

V@) = SO Uu))

= ;Tr(exp (—iwe (@) )7L exp (iwa(x) 7))

a

1 1 1
— 2Tr((7' +ch2‘[TCF,Tf] wcwd?)'[Tf,[TF TF]]+>TbF)
= (exp (iwe(x)T))? .

In the last row 72 and 7" stand for the generator in the adjoint and funda-
mental representation respectively. In the supersymmetric model considered
in this thesis, the gauge group is SU(2), therefore U, (z) € SU(2) and V,(z) €
SO(3). The generators in the fundamental representation are normalized
such that

1
tr(TFTf) 55,11).

4.2 The Haar measure

In a quantum field theory discretized on the lattice, the functional path in-
tegral has a precise mathematical meaning in terms of standard Riemann
integrals. The sum over all the possible gauge configurations is in fact re-
placed by the sum over all the possible elements of the gauge group SU(N)
for each point of the lattice

/ DA, (z) — / gdU#(x)

denoting by dU,(x) the Haar measure of the group, chosen in order to be
invariant with respect the the right and left transformations

d(HU,(x)) = d(Uy(x)H) = dU,(z) , (4.4)

where H € SU(N). This ensures the needed gauge invariance to the measure
of the path integral. For the gauge group SU(2) the measure reads

40, (z) = (1 - Y ) e (4.5)
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(a) Rectangular Wilson loop (b) Plaquette

Figure 4.1: Wilson loops on the lattice. The Wilson loop is the path ordered
product of all the matrices on the red links.

if an element of the group SU(2) is parametrized in terms of the Pauli matri-
ces as U, (z) = apl +ia;0". Even if the exact knowledge of the Haar measure
is not needed when performing Monte Carlo simulations, it should be always
kept in mind that the factors in front of contribute to the action in order
to ensure exact gauge invariance order by order in a perturbative expansion.

4.3 Wilson loops and gauge action

Gauge invariant operators are the natural basis to write actions and observ-
ables. The simplest gauge invariant operator on the lattice involving only
links is the Wilson loop

Wh = Tr (g Um)) , (4.6)

that is the trace of the ordered product of the U, matrices along a closed
lattice path, see Fig. 4.1(a)l The Wilson loop reduces in the continuum to
the path ordered integral

Wly] = Tr <73 exp (igAAudw“>) , (4.7)
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computed along a closed path . The plaquette is the smallest possible Wil-
son loop on the lattice enclosed on a square path of unit side, see Fig. [4.1(b)|

In the continuum, the Yang-Mills action defines the propagation and the
self interactions between gluons

S / d(FEe) (4.8)

and it can be discretized on the lattice ensuring exact gauge invariance also
for finite lattice spacing a using Wilson loops. Wilson proposed [5] to dis-

cretize the action (4.8) as

— Z ReTr (Uy(z)Uy(x + p)U_p(z+ p+v)U_y(z+v)) , (4.9)

x,u<v

in terms only of trace of the plaquette. It is simple to verify that the Wilson
action reduces to the Yang-Mills action in the naive continuum limit a — 0.
Defined G, () = agAl, ()7, the gauge links of Eq. (4.9) can be written as

Upa) = exp(iGu(a),
Ufz+pu) = exp(iGy(zr +p)) = exp (iG,(z) +iald,G,(x)),
Ut utv) = exp(—iGula + 7)) = exp (—iGy(2) — iD,Gylx)
U_y(x+v) = exp(—iG,(x)),

and using the Campbell-Baker-Hausdorff formula

S,

then the plaquette U, is proportional to the exponential of the field strength
U =~ exp (ia(A,G,(x) — AGL(2)) — [Gu(2), G (2)]) = exp(iga®F,,)

exp(X)exp(Y) ~exp(X +Y +

and expanding in power series of a

1
Tr(U,,) = iga® ZTr VFI — 19 2a*Te (7' 77 F" Fjp + O(a®)

Since Tr(T?) = 0 and Tr(7'77) = §;, in the naive limit the Wilson action

2,7
reduces to Eq. 1}
hm Sw = hm —g*a' Y N FM"EF,, = g2a4 d/ddeF’“’Fw,,
8N T 8N

if the parameter [ is set to [ = 29—];[. The weak coupling limit g — 0 will be
equivalent in the lattice language to the limit 5§ — oo.
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4.4 Gluinos on the lattice

A gluino field associates to every point of the lattice a Grassmanian anticom-
muting variable. A naive discretization of the Dirac equation

(s + g7 Au(x) + M) = 0, (4.10)
connects links to gluino field A(z £ fia) in the following gauge invariant form

21CL%L (UM(I)A(J: + jia) — U, (z — fa) \(z — ﬁa)) +mA(z) =0, (4.11)

and has a discretization error of order O(a?). The Dirac equation has a
trivial constant solution A(x) = ¢ for both the continuum action and its
lattice counterpart in the massless case m = 0 in a trivial gauge background,
U,(z) =1 and A,(z) = 0. This constant solution has a zero momentum
p = (0,0,0,0) in the Fourier space. However there will be on the lattice
other additional fifteen solutions when m = 0 and U, = 1 not present in the
continuum equation, like for example

T
Azx) = | —
(x) = exp (z a:z:)
since by simple complex exponential algebra (n = z/a)
exp (im(n+ 1)) —exp (ir(n — 1)) =0.

These fifteen solutions are commonly called “doublers” in the lattice language
and they have non-zero momentum in the Fourier space p; = (7/a,0,0,0),
pe = (0,7/a,0,0), ..., ps = (7/a,7/a,0,0), ..., p15 = (7v/a,7/a,7/a,7/a).
They lie at the corners of the first Brillouin zone.

The inverse of the Dirac operator represents in quantum field theory the
propagation of a gluino in space-time: accordingly to the Wick theorem, it
will appear contracting pair of fermion fields. To each solution of the Dirac
equation will correspond an infinity, or better a pole of the propagator in the
momentum space. The poles are associated to states of physical particles,
therefore the fifteen additional solutions represents fifteen additional particles
present on the lattice. The correct flavor number is violated in the continuum
limit and in particular SUSY is broken because the fifteen additional particles
have no boson counterpart.

A breaking term can be added to the discretization of the Dirac equation
if it is expected to vanish in the continuum limit. The Wilson term,

1

—%V;VM)\(x) = 5 (Up(@)A(x + fia) = 2M(2) + Un(z — fia) Az — pa))
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added to the naive discretized Dirac equation does not alter the zero mo-
mentum pole and the infrared physics but it removes doublers giving them a
divergent mass proportional to 1/a. Here V7, and V, represent the forward
and backward lattice covariant derivatives. The price of the Wilson term is
hidden in the O(a) discretization errors larger than the O(a?) of the naive
fermions. In addition, a chiral symmetry is broken explicitly and it can be
recovered only in the limit a — 0, since the transformation

A(x) — exp(i895)M(z)
does not factorize anymore as in Eq. (4.10) or Eq. (4.11)).

The Nielsen-Ninomiya theorem states that it is impossible to construct
on the lattice a version of the Dirac equation free of doublers with a local
operator which preserves exact chiral symmetry [27]. An explicit violation
of four dimensional supersymmetry and chiral invariance seems unavoidable
on the lattice for finite values of a. The Wilson fermion action requires
thus a special care to fine tune the theory towards a proper continuum limit
where chiral symmetry and SUSY are not explicitly violated. The physical
equations involved in the fine-tuning will be analyzed in the special case of
super Yang-Mills theories in the following section.

4.5 The Curci-Veneziano action

Curci and Veneziano proposed in 1987 an action on the lattice for supersym-
metric Yang-Mills theories based on the standard plaquette action for the
gauge part and on the Dirac-Wilson operator Dy,

YV + V) —aViVv,
2

1- 1-

for the gluino part of the action.

Following Ref. [4], it has to be ensured that SUSY and axial Ward iden-
tities define together a consistent supersymmetric limit, where the renormal-
ized gluino mass vanishes. The axial Ward identity with this discretization
choice reads on shell

(AL ) =((Xa+Da)...)+0a(...),

13

where “...” stands for any field and 04(...) for their variation under the
axial transformation

Aw) = exp(igs)A(x),
M) = Ax) exp (idys)
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The axial current can be discretized as

Iy = Ma) s Vi(@) Mz + p)

without summation over p in the right hand side of the equation. D4 is the
explicit chiral symmetry violation term when the gluino mass m is non-zero

Dy = 2mA(z) s\ (),

while X4 is the axial symmetry breaking induced by the Wilson term
a \ *
Xa=-3% Mo)uVivu@)}
“w

proportional to aysD, D, in the naive continuum limit. The Wilson term
requires therefore an additive renormalization of the gluino mass

MR:m—MA

and the massless limit defined by chiral symmetry will be then provided if
the bare gluino mass is set to m = M 4. X4 will then reproduce the standard
Adler-Bell-Jackiw anomaly of the continuum theory

2

Neg
5\ __ c v o
(T2 = S (P FP7)

in the limit a — 0.

On the other hand, a non vanishing value of the gluino mass and of the
lattice spacing breaks supersymmetry and SUSY Ward identities have to be
considered to show that they will approach their continuous counterpart in
the limit a — 0. On the lattice, the transformations can be discretized
as

AMz) — MNz)+ouF" (x)e (4.12)

Usz) — exp(igey \T*)U,u(2) (4.13)

where F* is for example the clover version of the open antisymmetric plaque-
tte. The conserved supercurrent S, associated to the SUSY transformations

Su(@) = oapyu ™ Vi(w) Az + 1) (4.14)

and the supersymmetric Ward identity is

(AuS,...) = ((Xs+ Ds)...)+6s(...),
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where Xg is the lattice breaking term and Dg is supersymmetry violation
given by the gluino mass. While Dg is simply

DS = —mUQBFafB,

the explicit expression of Xg is cumbersome and not needed in the following
discussion. Since Lorentz invariance and SUSY are explicitly broken on the
lattice, mixing can occur even between operators of different dimensionality
so that the supercurrent involves a linear combination of a.S,, + 57T},, where

Tu(z) = FuyA(z),

beyond tree level (o = 1+ O(g?) and 8 = O(g?)). The mass term in Dg is
additively renormalized
My =m— Mg

and in principle is not known whether there is a relation between M and
M3 defined by the axial and SUSY Ward identities respectively.

The target continuum theory is supersymmetric, meaning that the gluino
is massless, and without any source of explicit chiral invariance breaking.
The point is to ensure that all these two symmetries will be recovered at
the same point on the lattice in the continuum limit 5 — oo. Curci and
Veneziano have shown that

m—MA :ZSA(g)(m—MS) (415)

where Zsa(g) = 1+ O(g?) [4]. This means that M3 = 0 implies M3 = 0,
so that the chiral and the supersymmetric limit coincide [28]. This result
is of great importance: even if the lattice and the Wilson formulation of
fermions break the fundamental symmetries of the A = 1 SYM, they can be
recovered at the same point in the continuum limit simply by fine tuning the
bare gluino mass m.

4.6 Gluino condensate

A practical definition of zero gluino mass is required in non-perturbative
lattice simulations. To this end, the gluino condensate can be helpful to
define the chiral critical point, that will coincide to the zero gluino mass by
virtue of Eq. . An another possibility will be considered in Ch. . The
gluino condensate (A)) is a bulk quantity proportional to the derivatives of
the partition function with respect to the gluino mass

(AN\) = ——mZ(g,m). (4.16)
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Figure 4.2: Qualitative phase diagram of the gluino condensate at zero tem-
perature. The gluino condensate jumps when the renormalized value of the
gluino mass is zero, with a first order phase transition. The dashed red line
corresponds to the classical bare gluino mass equal to zero, while the blue
line includes the renormalization effects of the Wilson term.

At the critical point the remaining chiral symmetry Zyy, is broken down
to Zy and there will be N, equivalent vacua each characterize by a distinct
value of (A)), see Fig. . A first order phase transition is expected at zero
temperature crossing the critical point by varying the bare gluino mass, where
the gluino condensate jumps from one value to an another. This transition
can be identified on the lattice with numerical simulations and it can be used
to find the point where the renormalized gluino mass is zero, see Fig. [4.2]
For N' =1 SYM the partition function is

1 1.
2(8,m) = [ dAdexp {— [t (4(F5VF;ZV) + (D + m))\b>} ,

and integrating out the Majorana fermion field )\, it can be written in terms
of the determinant of the Dirac-Wilson operator

2(8,m) = [ dvfae(D+myesp (- [t (J(EnEn) )

supposing that for the lattice and the coupling under study the sign problem
does not arise, see App. [Al Exponentiating the determinant one has

Z(B,m) = /dUu exp {—/d4x (i(FﬁyFsl,) + ;Tr(log(D + m)))}
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(a) Gluino condensate (b) Gluino condensate derivative

Figure 4.3: Qualitative behavior of the bare chiral condensate as function
of the bare fermion mass. The value of (A\) “jumps” in correspondence of
the chiral phase transition at some m.. The “jump” is more abrupt when
the spatial volume of the lattice increases (blue vs green line). In this limit,
differentiating the gluino condensate with respect to mass produces a more
and more definite peak.

and expanding the derivative, the chiral condensate is

A\ = ‘1/257 /dU ~Tr((D+m)~ )exp{%—;Tr(log(D—l—m))}

xexp{ /d4 < FﬁyFsy)>}7

since 9, Tr(log(D + m)) = Tr((D + m)~'). This leads to

(AN) = ;/ <Tr((D + m)—1)>

This quantity on the lattice has both multiplicative and additive renormal-
1

ization, the factor ; can be properly reabsorbed and the redefinition of the
renormalization constants Z(ap) and b(apu).

Qualitatively the gluino condensate will jump from an upper to a lower
value in correspondence of the chiral transition moving toward the zero mass
limit, the jump will be more evident in the infinite volume limit. Therefore
it is expected that the derivative of the gluino condensate with respect of the

mass 9 82
1
O] = 1 log(Z(5,m)

called gluino susceptibility, has a peak near the chiral phase transition (crossover
at finite volume), see Fig. |4.3]
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Figure 4.4: The expectation value of gluino condensate (left) has been inter-
polated with a cubic spline as a function of the bare fermion mass (red line),
the interpolation has been derived numerically and compared with the chi-
ral susceptibility estimated with connected and disconnected contributions
(right). Simulation done on a lattice 123 x 4 at 3 = 1.65. The test shows a
perfect agreement.

In order to compute the peak of the gluino susceptibility S, the second
derivative of partition function with respect to the mass has to be computed

0 1 0?
8m<)\)\> V om

Sx = 7 log(Z(3,m)).

Expanding the derivative, it follows
1
— 1 -
VS, = (Z B.m /dU —Tr(( m)” ) exp {-I—QTr(log(D + m))}

ol o)

= L{THD +m) ) = (TH((D 4 m) ™)

2

— S (DD +m) ),

where it is important to keep carefully the order of the square power and the
last term arises from

On(D+m)™) = —(D+m) (0n(D+m))(D+m)™*
—(D +m)?
The first two term are the “classical” disconnected contributions for the stan-

dard deviation of a set of sampled data, the last term is a connected con-
tribution which is expected to vanish in the chiral limit (i.e., zero physical
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quark mass). The result is consistent with the more general result of formula
8 in [29] and with direct numerical tests presented in Fig. [4.4]

Numerical simulations have shown that the chiral condensate has a two
peak structure crossing the critical value of the bare gluino mass [30], con-
firming the conjectures about the nature and the order of the chiral phase
transition [31], B2, 33]. Further numerical results about chiral symmetry will
be discussed at finite temperature in Ch. [I0]



Chapter 5

Improved Actions

In the improvement, additional Taylor
expansion coefficients are replaced by
the ones [...] of the corresponding
continuum-theory functions. Hereby, the
approach to the continuum theory as
a \, 0 is speed up. The terms inserted
into the lattice action to perform that
replacement are "irrelevant" ones of
higher operator-dimension and involve
also next-to-nearest neighbour
couplings.

K. Symanzik [34]

Many efforts have been recently done to study the low energy behavior of
super Yang-Mills theories with numerical simulations on the lattice. Most of
the computer time is usually spent for extrapolating the limit a — 0, where
the Lorentz invariance broken by the lattice is recovered. Discretization
errors are of order O(a) for the Wilson formulation of the fermion action,
larger than the O(a?) scaling of pure gauge theories. An improved version
of Wilson fermions can be constructed following the Symanzik program [34,
35]. The strategy is to add the irrelevant operator O¢y, to the unimproved
Lagrangian

Li = Lu + CstCL )

0/7

Ocr = —Z)\(x)OWF“”)\(x), (5.1)

and to tune the coefficient c,, to an appropriate value where the lattice
discretization errors O(a) disappear from on-shell quantities (like masses of

57
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mesons or particles scattering cross sections). The operator O¢y, is called
clover term, because of the shape depicted by the plaquettes of the lattice
version of F'*”. The Sheikholeslami-Wohlert coefficient ¢, is a function of
the gauge coupling g and it can be expanded asymptotically as

_ 0 1 2 2 4
Csw_csw_'_cswg +Cswg +.

The value of ¢y, can be computed with standard perturbation theory.
In case of QCD, the fermions are in the fundamental representation of the
gauge group SU(N) and ¢y, has been computed both with perturbation
theory up to one loop and non-perturbatively with the Schrodinger functional
formalism [36], 37, B38]. Similar numerical calculation have been done for the
two-flavor adjoint QCD theory, but so far no perturbative calculation of ¢,
has been available. In this chapter the general idea of Symanzik improvement
is discussed and the calculation of the Sheikholeslami-Wohlert coefficient up
to one loop for fermions in arbitrary representation of the gauge group SU (V)
is presented. Applications of the clover improvement will be also considered
for the special case of the N' = 1 supersymmetric Yang-Mills theory. The
calculation presented in this chapter has been published in [39].

5.1 Lattice discretization and Symanzik im-
provements

Operators are classified in quantum field theories as relevant, irrelevant or
marginal, depending on their scaling behaviour under renormalization group
transformations near the critical point. Relevant operators determine the
long range physics, while irrelevant operators have an influence only on short
distances in the ultraviolet regimes. Once that all the degrees of freedom
larger than some energy scale are integrated out, irrelevant operators will
move toward zero while relevant operators will be driven away from the
second order phase transition. Therefore only parameters and coupling con-
stants related to relevant operators have to be accurately fine-tuned to reach
the critical point, i.e. the continuum limit in the quantum field theory lan-
guage.

A continuum operator can be discretized on the lattice in many equivalent
ways, equivalent in the sense that they differ by irrelevant operators. As
classical example, the derivative d,¢(x) corresponds either to

0up(z) = Vig(z) = Pe t fia) — 9(w).

a
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or to

¢(x + jia) — (x — fia)
2a ’

a,uqb(x) — chb(l') =

but V,é(x) has a discretization error of order O(a) while Veg(z) only of
order O(a?)

bx+jia) = o(x)+addlx) + ;f&,&uqb(x) + 0@,
o(z — fia) = é(z) — ad,(x) + ;a281,<9u¢($) +0(a?),

O(a + fia) — d(zr) = adu(x) + O(a?),
o(x + jia) — ¢p(x — jia) = 2ad,é(z)+ O(a?).

The difference of V¢(z) and Veg(z) is an irrelevant operator since

¢(z + fa) — 2¢(x) + ¢(z — fia)
2a

Vio(r) — Veo(z) =

is proportional near the continuum limit to the lattice spacing times the sec-
ond derivatives and it will vanish when a — 0. Other possible discretization
of ,¢(x) are possible, with smaller and smaller errors of order O(a*). When
a numerical calculation of the derivative 0,¢(x) is required, the cost of the
evaluation of more complex expression has to be practically compared with
the advantages of having a better approximation even with larger a and so
less loss of numerical accuracy.

This technique is widely employed to construct more accurate numerical
integrator of ordinary and partial differential equations, for instance to inte-
grate the classical equations of motion of a particle or a fluid. In quantum
field theories the classical calculation based on Taylor expansion of operators
is in general not sufficient to ensure a complete improvement of the oper-
ators. The coefficients have to be chosen by matching linear combination
of operators in Ward identities with the requirement that they must be ful-
filled up to the needed accuracy. The coefficients determined will not differ
so much from their classical value near the continuum limit, but far from
this critical point the complex and non-linear transformations generated by
the renormalization group will change a lot the naive classical expectation.
Non-linear equations will appear and a solution can be found in general only
iteratively for example with perturbation theory or with Monte-Carlo simu-
lations [37].
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Figure 5.1: The diagram represents the lattice version of F),, as the sum of
the plaquettes based over the red point.

5.2 Improving the Dirac Wilson operator

Let SU(N) a special unitary group in an irreducible representation R with
dimension dr. Then the lattice link variables U, f(x) are related to the con-
tinuum color gauge field AZ(m) by the exponential map

Uf(x) = exp (igaAZ(x)TbR) (5.2)
where 77 are the Lie group generators in the representation R:
(', 7] = ifrerd

The generators 7 are N? — 1 Hermitian matrices of size dr X dg.

On the lattice, the fermion part of the action is written in terms of the
links in the arbitrary representation R

Sf_ZA ) Dw (UM (y, z)A(x) .

The action of the Dirac-Wilson operator Dy, over the fermion field A is (Dirac
indices suppressed)

Dw(z,y)Ay) = Mx)—rxH(z,y)\(y)
H(z,yMy) = Y {0 =) U@z +p) + (1 + )0z - w) Mz —n)} -
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The clover term is defined in Eq. (5.1)) and F),, is chosen as the lattice anti-
symmetric sum of the plaquettes P, of Fig. 5.1

Fu(z) = 41@ > (Pu(2) = Pu(2)T).

p<v

The Feynman rules can be obtained expanding the exponential map of Eq. ,
the complete list can be found in [40].

The fermion action has lattice discretization errors of order O(a). For
removing them, it is possible to add to the action the lattice version of the
following dimension five operators

O, = mTe(F"F,),

02 = m2)\)\,
O3 = mS\%AM)\,
Oy = AD,D,)\,

Os = Ao, '),

each of them multiplied by a coefficient ¢; which depends on ¢ and in princi-
ple also m, ¢; = ¢;(g,m). These coefficients can be computed perturbatively
or non-perturbatively directly with lattice simulations. The first three oper-
ators lead to a renormalization of the bare gauge coupling g and of the bare
fermion mass m, they are important in the context of the mass-independent
renormalization scheme but they can be neglected in the following [41].

The complete calculation of the coefficients ¢; that remove the discretiza-
tion errors O(a) is cambersome and rather difficult, but many simplifications
are possible if the removal of O(a) errors is restricted to on-shell quantities
[42]. Examples of on-shell quantities are the masses of particles and scat-
tering amplitudes. Consider for instance the ratio of masses of two meson
particles m(a) and ms(a) evaluated on lattice, it will reach the continuum
value up to O(a) correction

mi(a)

M mata) ~ s+ O@)

and then on-shell improvements require only the removal of such an error.
On-shell improvements have the advantage to do not deal with contact terms
and the Ward identities simplify further the calculation by reducing the num-
ber of operators. For example the equations of motion,

(D@1 ... dn) = MV Q1 ... ) + (0 DA .. dy),
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Figure 5.2: Feynman diagrams contributing to the tree-level amplitude for
the gluino-gluino scattering.

with ¢1 ... ¢, arbitrary fields, relate the above operator Oy4 to a linear combi-
nation of the operators O3 and Os. Therefore this means that the use of the
operator Oy is unnecessary for on-shell improved action and so the coefficient
of the operator Oj is the only one that should be fixed [43, [44], the so-called
Sheikholeslami and Wohlert coefficient c,,,.

5.3 Calculation of the Sheikholeslami-Wohlert
coefficient at tree level for N =1 SYM

The calculation of the Sheikholeslami-Wohlert coefficient proceeds as in stan-
dard QCD. Many possible on-shell quantities can be considered for effectively
performing the calculation of ¢y, the final computed value will be indepen-
dent of this choice [42]. In the original calculation of Wohlert the energy
levels were considered, in this calculation instead the fermion-fermion scat-
tering is used, following Ref. [40]. This choice is natural because the fermion
scattering contains in the simplest way the new interaction vertex of order g
between two fermions and the gauge boson added by the clover term.

In the case of the super Yang-Mills theories, there will be the channel s,
channel ¢ and channel u (Fig. , since the gluino is a Majorana fermion.
The corresponding amplitudes are

z'g2

M, = =)V (=p1,p2)o(2) o)V, (=pa, ps)ulps),  (5:3)
M, = i’;a(pl)VuA(pl,p4)u(p4)ﬂ(p2)V#A(p2,PB)u(p:s) ) (5.4)
M, = iizﬁ(pl)VuA(PlaP3)U(P3)ﬂ(P2>VMA(p2,P4>U(p4) ) (5.5)

where p' and p? are the momenta of the ingoing particles and p* and p? of
the outgoing particle. The spinors v and v are the modes of the Fourier
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transformation of the gluino field,

AMz) = ;/(25% (us(p)bs(p)eik.;c +vs(p)di(p)6_ik'$) 7

3o = X [ g (W@ 50 m)e")

and they satisfy

(i + m)u(p) = 0, (5.6)
(=19 +m)o(p) = 0, (5.7)
u(p) = Cv', (5.8)

) = Cu'. (5.9)

The first two identities come from the equation of motion in momentum
space, while the last two can be verified directly since A(z) and A(z) are not
independent due to the A(x) = A\(z)”C' condition.

The gluon propagator is (working with Feynman gauge A = 1)

g
AP (q) = Z(SABqL?

when ¢ < 7/a, that is far away from lattice distortions that however for the
gauge interactions are of order O(a?).

The vertex function in the momentum space V#A(pl,pg) can be written
directly considering only the interaction gluino-gluino-gluon terms from the
fermion action [45]. From the Wilson fermion action there will be two con-
tributions

S = —a" S N(@)C0 ) AN+ ),

g
St = +a' TN (@ + WO +7) Au(@)A (@),
T,

while the clover term add the interaction

Ser = —aSCij S A (2)Co, FIYM(z) .
T, uFV
Scr, S§ and S}, can be rewritten Taylor expanding up to O(a?) the finite
differences
iga

Sk = igw%)cm (0)9() — L0 (2)CA (20,0 (),

S = ST @A) + “’a(a N (2))C A (2)A\(x) |
chsw

Ser = +a 5 > AN(2)Co,u(0,A,(x)) N\ (@),

T, uFv
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and the vertex function then reads
1 2
p,+Dp a
V (p1,p2) = g4 (z% +at—*£ 5 £ chWQUW(p pu)> , (5.10)

where p; is the ingoing momentum and p, is the outgoing momentum. Notice
that an overall factor 2 is always removed in all terms, compensated by the
extra 1/2 in front of the Majorana action.

The full amplitude contains factors to be improved like

A" VAP, po)ue?) = igu(p) T yu(p?) + ga it e ;p u(p)Tu(p®) +
Figea g Ba(p2) (T o) )~ 2) . (5.11)

The first term corresponds to the continuum vertex function, while the others
are the O(a) lattice artifacts. Using the equations ({5.6) and the properties
of the matrix C'

i(p, — P)ua(p ) owun(p®) = i(p, pi) o (p1)Couy(p”)
pu pu T
2 (

1 1
= —§vff(p1)0w¢1ub(p ) — 5“5(171)0%?2“1)(772) +

1 1
+§vf (") Cp'yun(p®) + 2@5 (p1) CP* s (p)

1) C (VY — oY) us(p?)

= +; v (p )C’p Yuup(p?) — ;Z(pl)C%}ﬁ up(p?) +
+§vz< YO () — 5t ()P unls?) +

P () Cun(p?) = piv, (p1) Cun(p?)
= +2imug (p")Cyuun(p?) — (pp, + 2 )va (0" Cun(p?)

so that the Gordon identity still holds also for Majorana fermions. The first
term leads only to a mass dependent renormalization of the electric charge
and in this context can be neglected. Putting this relation in Eq. (5.11])

WPV p)ul?) = igal ) TAyu0?) + g Leatp T u(?) +

—Y9Cswy (pu "—pu)ua(p )(TA)abub(pQ)'

2

Therefore ¢y, = 1 for removing of the O(a) errors at tree-level. The same
results still holds for the other amplitudes in (5.3]).
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5.4 Clover term and isospectral transforma-
tions

The clover term can be calculated at tree level by requiring that O(a) terms
disappear from the Dirac operator

Dy = ; h#(vz + V) — avzvu} - Csw%UuVFfw )
where
Tty = D0 ute)
_[J(r — _
Vi(a) — b(x) Uu(xa Pz —p)

Clearly the Wilson term in the continuum limit is
}Liil% V:V.=D.D,.

The operator D, D, is a linear combination of the clover term and of the
square of the Dirac operator itself

. 1
DD = YYD, D, =D,D, —1i0,D,D,=D,D, + §JWFW :

collecting all terms
a a
DW = lp + ZO-/LVFLLV - Cswzo-;wFuV + alplp .

If ¢,y = 1 then the remaining D) can be removed simply with an isospectral
transformation of the Majorana field

A\ — exp (ea(D))\,

i.e. a transformation which leaves the low energy spectrum unmodified up
to order O(€?) [25]. This leads to the same result of the previous section.

5.5 Calculation of the Sheikholeslami-Wohlert
coefficient to one loop order in perturba-
tion theory

As shown in the previous sections, the relevant part for the calculation of the
clover coefficient comes from the fermion-fermion-gluon vertex A(p, p)#

Ap, )=y (iv"A + g(B — Cow) + O(a?) + 0(p2,p’2)> R,
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k,p,c

Figure 5.3: Example of one-loop diagram relevant to the calculation of the
clover term. Picture taken from Ref. [40].

where p and p’ are as before the momenta of the incoming fermions and ¢
is the color of the outgoing gluon. The first term represents the continuum
color vertex, while the second one is a lattice artifact proportional to a. At
tree level one finds

B=1+0(g%),

independent of the number of colors and of the fermion representation. Thus
the clover coefficient must be set to the universal value ¢() = 1.

At one loop, the calculation of the vertex involves the reduction of prod-
ucts of matrices 7%

a ?

ZTfo = CRrl,
a
N
ZfabchRTcR = 15
be

N
Sorfirlnft = <C’R - 2) e
b

R
Ta

bl

so that the final results depend only on the number of colors of the gauge
group and on the quadratic Casimir invariant C'r. The latter can be obtained
using group theoretical formulas, see [46] [47].

For example, the Feynman diagram of Fig. has a loop with one gluino
line and two gluon lines. Following the gluino line backward, the first gluino-
gluino-gluon vertex gives a (7.¥)%, being a the color of the incoming gluino.
The gluon interaction changes the color of the gluino from a to e, with an
associated emission of a gluon of color d. Analogously, the second vertex

R

gives a contribution (7, )¢, being b the color of the other incoming gluino.

Gluons interact among themselves to produce the final outgoing gluon with
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Figure 5.4: The plot compares ¢y, between the one loop calculation and the
numerical estimation for the two-flavor adjoint theory of Ref. [4§].

color ¢, colors are contracted in this case with f9¢. The final color factor F,
1s

Fo= (1) (r )" f°, (5.12)

summing over all intermediate states, that means summing over e, g and d.
Using the second formula above, the color contribution can be rewritten as

N
F,= iETf. (5.13)

The integral in the momentum space does not depend on the specific fermion
representation of the gauge group, the results that have been already com-
puted in [40] can be simply multiplied by the new color factor.

At one loop the O(a) lattice artifact coming from the vertex is

B =1+ ¢*(0.16764(3)Cg + 0.01503(3)N) + O(g*),
which can be removed if c{!) is set to
M = 0.16764(3)Cr + 0.01503(3) N .

Numerical estimations of the clover term have been made in Ref. [48] in
the special case of a theory with two fermions in the adjoint representation
of SU(2). The expansion of their results yields

M) (g) = 1+ 0.3468064% + O(g°) ,

sw

in good agreement with our perturbative value of c{!) = 0.36533(4) (Fig.|5.4)).
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5.6 Applications to NV =1 SUSY Yang-Mills
theory

The N = 1 supersymmetric Yang-Mills theory describes the interactions be-
tween gluons and their supersymmetric partners, called gluinos. The gluino
is a spin-2 Majorana fermion in the adjoint representation. A Majorana
fermion obeys the condition

A=\C,

where C' is the charge conjugation operator. As a consequence there is not a
distinction between particle and antiparticle, i. e. the two-point Green func-
tions (A(z)A(y)), (M(2)A(y)) and (A(2)A(y)) do not vanish. The main differ-
ence appears in the combinatorial factors for each Feynman diagram that has
fermion loops. The one-loop diagrams for the fermion-fermion-gluon vertex
have no fermion loops and therefore the previous value of ch can be applied
also to Majorana fermions. The difference between Dirac and Majorana
fermions is expected to be found at order O(g*).

Recent numerical investigations of N/ = 1 Super Yang-Mills theory have
been presented in Refs. [49, [50], where the mass gap for particles in the same
supermultiplet is found to be significantly reduced on finer and bigger lattices.
The use of clover improvement could be helpful for simulating the model also
on coarser lattices, since the finite lattice spacing a is an important source of
supersymmetry breaking. In fact, the SUSY algebra mixes the internal field
symmetry with Poincaré transformations,

{Qa, @s} = (V' Clap by,

where P, is the translation operator. On the lattice only discrete translations
of step a are possible, therefore the supersymmetry algebra is explicitly bro-
ken for a finite lattice spacing and it could be restored only in the continuum
limit (see [4, 5I]). The reduction of discretization errors given by the clover
term can be helpful for restoring SUSY also on coarser lattices.

5.7 Tadpole improvements

The relation between the link U,(z) as a group variable and the continuum
gauge field A,(z) as Lie algebra elements is usually defined through the
exponential map of formula (5.2). The naive continuum limit a — 0

Uyz) =1+ igaAZ(x)Tf + O(a?)
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Figure 5.5: Tadpole gluon diagram responsible of the bad convergence of
lattice perturbation theory.

is used as starting point in the determination of a proper discretized lattice
action. The error in the expansion above is of order O(a?), but quantum
fluctuations can largely modify this behavior. Consider for example the ex-
pectation value of the trace of a single link. Since it is a gauge-variant quan-
tity, its expectation value will be zero for the Elizur theorem [52]. However
it is possible to fix the gauge on the lattice in order to be able to compare or-
dinary perturbation theory with lattice Monte Carlo estimations. Therefore
in some gauge

— ; f i f f ij
(tr(Ui (2))) = 1+ iga(tr(Apli(2)m)) — g*a*(tr(Apli(2) Al (2)7'77))
and remembering that the trace of a single Lie generator 7¢ vanishes
(r (U (1)) = 1 = g*a* (Al () Ay () (5.14)

The expectation value (Az];(x)AZJ;(x» can be represented in momentum

space at first order as a “tadpole” diagram, see Fig. The contribution of
such terms will be proportional to

i 1 s 7T2
f f 2a 4 2a o
() Azt o [ Sdiaex [ ada = 45,

since on the lattice the momentum integral are restricted on the first Brillouin
zone. Putting the result in expansion of the link

2
f 22T _ 2
(U2 () o 1 = P o 1= O(gP)
it is easy to observe that the higher contribution to the leading order are
suppressed just as a power of g% and not as ¢g?a?. The quantum fluctuations
generate so a slowly convergent lattice perturbation theory. This conclusion
has been verified with standard perturbation theory, for example the largest
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contribution to the deviation of the clover coefficient c,,, from its tree level
value comes from the “tadpole” like loop of the gluon.

Lepage and Mackenzie in 1992 observed that it is possible to redefine the
coupling in such a way to subtract the tadpole contribution in the mean-field
meaning [53]. The proposal is to rescale the link variables by a factor ug

chosen in a clever way that the quadratic term cancels from the expansion.
The factor ug could be for example the mean value of the link after a gauge
fixing procedure, or, even simpler, the fourth root of the gauge invariant
expectation value of the trace of the plaquette

Uo = \4/ (Up)

since a plaquette has four links. This rescaling accelerates the convergence
of lattice perturbation theory, it vanishes in the continuum limit if the nor-
malization

lim (U,) =1

B—o0

is used. Tadpole improvement requires also the redefinition of the improve-

ment coefficient ¢y, by
Csw
Csw — —3
Up

which should take effectively into account the large quantum correction of
Csw from the unity.



Chapter 6

Simulation algorithms for
supersymmetry

Instead of choosing configurations
randomly, then weighting them with
exp(-E/kT), we choose configurations
with a probability exp(-E/kT) and
weight them evenly.

Nicholas Metropolis et al. [54]

Lattice regularization allows the development of powerful tools to explore
the non-perturbative low energy regime of strong interacting theories. Monte
Carlo methods have been introduced several decades ago to simulate classi-
cal thermodynamics [54], like for example phase transitions of Ising models.
The knowledge acquired in statistical models has been useful to implement
efficient algorithms also for quantum field theories.

Gauge fields are implemented straightforwardly on the lattice, while the
Grassmannian nature of the gluino complicates drastically the algorithms
required to perform practical simulations. In general fermions on the lattice
require a huge amount of computer time and they are O(100) more expen-
sive than simulations of pure gauge fields. The main challenge today is the
reduction of the cost of fermion algorithms, especially in the massless and
continuum limit, to finally arrive to the fall of the so-called “Berlin Wall”
[55]. Large scale supercomputers are essential to extrapolate reliable results.
Fermions are a special ingredient in supersymmetry and therefore in this
chapter the attention will be focused on the discussion of the main ideas
behind their implementation on the lattice.

71
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6.1 Monte Carlo and importance sampling

Lattice discretization in Euclidean space-time allows to compute expectation
values of observables in gauge theories from well defined integral like

 JdU,Oexp (Zp S ReTr(Up))
B [ dU, exp (ZP %ReTr(Up))

, (6.1)

supposing for the moment a theory without dynamical fermions. This inte-
gral can be computed directly without any perturbative expansion, but the
large number of variables to be integrated, more than ten thousands, for-
bids practically the usage of common quadrature algorithms. However, the
expression (6.1]) is formally equivalent to the average of an observable O in
the canonical ensemble. The exponential can be interpreted as a statisti-
cal Boltzmann weight and it will suppress many configurations and regions
of possible values of the link variables U,(x). “Importance sampling” is a
technique to explore the phase space around the configurations {U,}; that
give largest contributions to the integral (6.1)). The expectation value
can be then approximated as the sum of the observable evaluated over the
configuration {U,};

(0) ~ ;ZO({UH}i). (6.2)

Markov chains are stochastic processes employed to ensure an exact equiva-
lence between the two members of the previous equation in the limit N —

ool

6.2 Markov chains

A Markov chain is a discrete stochastic process formally defined by the dis-
tribution P(Cy_; — C}) that provides the probability for a transition from
the state C;_1 to a new state C;: in a Markov chain a new state is generated
with a probability which depends only on the state C;_; and not on all the
other previous C} with k <t — 1.

The probability distribution P(C;_; — C}) can be arranged in a square
stochastic matrix if the number of possible states is finite, but there are no
special problems in generalizing what follows even for an uncountable set

!There are several reviews about lattice Monte Carlo methods, this chapter has been
prepared following Ref. [56].
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of states. A stochastic matrix 7" has all entries positive and the sum of all
elements in a row is equal to one

v

Ej 07
>.T; = 1. (6.3)
J

The second equation simply reads that a new state will be generated with
probability one, while the first inequality reflects the probabilistic nature of
T. The element T}, is in fact the probability for the transition from the state
Clk] to C[l]. Therefore the probability P[Cy — C,,], to be in the state C,
after n steps starting from Cj, is

P k— m Z ZTkllﬂlb . 'ﬂn—lln = (T XT XX T)km = (Tn)km

The states will be visited after a large number of iterations by the Markov
chain with a probability independent from the initial state and dependent
only on the spectral properties of T', assuming aperiodicity and ergoticity of
the stochastic process. The matrix 7" has the largest eigenvalue equal to one
Amax = 1, expressing the condition . The eigenvector vy., associated
defines the probability distribution I [i] of the asymptotic states C;

ZH T, = T[] (6.4)

independent by definition from the Monte Carlo time ¢.
The task is now to find a matrix 7" in order that the asymptotic distri-
bution is equal to the exponential of minus the target quantum action

M. [i] = ;exp (—BS[C).

A possible solution?] can be found by looking for a stochastic process which
proposes a random change T° of the field configuration

T’ij = TCZ] Z#]

Ty = Z Cl]

i#]

under the symmetric restriction

Moo 1Ty = Moo 5] T4 (6.5)

2but in principle not unique!
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known under the name of “principle of detailed balance”. The matrix c¢;; is
uniquely determined using Eq. (6.5))
Moo [i] T ci; = Na[1]T 55

that means that the following condition must hold

= : (6.6)
if it is possible to come back from the newly proposed state to the original
one with the same probability

0 _ 70
7S5 = T4
The ratio z of II.[j] over II[7] is equal to

oo []
Moo 7]

z= = exp (=B(5[C5] = S[Ci]))
imposing as solution the target quantum distribution. Supposing further
that an element c¢;; depends only on this ratio z

cij = F(2),

then from Eq. the unknown function F has to satisfy the following
relation

F(z)
F(1/z)
There are many solutions to this functional equation, the two most important
are

F(z) = min(1, 2), (6.7)
that defines the “Metropolis” method and
z

F(z) = 6.8

() =1 (63)

that defines the “heat-bath” method.

6.3 Metropolis algorithm and Hybrid Monte
Carlo

The Metropolis algorithm has been proposed many decades ago to study the
equation of state of a classical gas of rigid spheres [54]. Many important
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applications of the Metropolis algorithm have been found in spin system,
classical and quantum fluid mechanics, statistical field theory and quantum
mechanics. The core of the Metropolis method is the algorithm chosen to
propose a new configuration. The spin of a single site can be randomly flipped
for an Ising Zy model, if the action of the new configuration is lower than
the action of the old configuration, AS < 0, then the spin flip is accepted.
Otherwise a random number between zero and one is generated and if it is
smaller than exp (—AS) the new configuration is accepted, otherwise it is
refused keeping the old configuration and proceeding to visit an another site
of the lattice.

A random change of one of the variable of a given configuration can be
applied to all field models, for gauge theory the new link variables has to be
generated with an uniform distribution with respect to the Haar measure.
The Metropolis algorithm will effectively behaves as a sort of random walk
exploring the configuration space. A random proposal can however become
very inefficient especially near the continuum limit, when the correlation
between distant point of the lattice appears as signal of the propagation of
physical particle. In that case a random change regardless the state of the
nearest neighbor is likely to be often refused. Further a change of a single site
can become inefficient for models where the computation of the action has
an high cost, like in theories with dynamical fermions, and a parallel change
of many link variable would be feasible.

An improved algorithm is needed to provide a better new configuration
to the Metropolis acceptance test. The microcanonical ensemble is generated
by the uniform probabilistic weight given to all configurations with a given
energy E considered as a control parameter. While the gauge coupling is an
input parameter in the canonical ensemble, in the microcanical ensemble it
would become an observable as well as the mass of the particles. Practical
simulations can be implemented in the microcanonical ensemble integrating
numerically the equation of motion, assuming ergoticity, but numerical er-
rors will slowly drive the simulation toward configurations with an energy
far from the selected E. To solve this problem the idea is to combine both
microcanical steps in the canonical ensemble, that means to submit periodi-
cally the configuration to the metropolis step after a numerical integration of
the equation of motion for a time of length ¢. This algorithm is called “Hy-
brid Monte Carlo” [57]. The numerical integrator of the equation of motion
has to be chosen to be reversible and symplectic area preserving in order to
satisfy the principle of detailed balance. A reversible integrator produces the
same state if a numerical integration of time ¢ and then of reversed time —t
is performed.
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6.3.1 Hybrid Monte Carlo for lattice gauge theories

In relativistic quantum field theories the time is a dimension and not simply
a parameter. Therefore an additional time dependence 7 is added to the
system, for example a link variable will be denoted as U,(Z,t,7) = U,(x, 7).
The fictitious time 7 will parametrize the trajectory of the system in the
phase space. The momenta are independent variables from the fields in
the Hamiltonian formalism of classical mechanics, therefore the partition
function can be multiplied by the quadratic Gaussian integral

[ Tl druo,7) expl=Te(m o, 7y 7))

T,

and the free field m,(z, 7) is interpreted as the canonical variable conjugate
to the link U,(x,t). The whole partition function is

/ncu )T U@y ) exp {—H (m, (z. 7). U (z). A))}

H = Ta(ryer)myle, ) + S,(U0)) + M) Dy U (@]ACR),

and H is the Hamiltonian. Since the variables 7, (x, 7) belong to the cotan-
gent bundle and the links U,(z,7) are unitary matrices, then m,(x,7) is a
traceless antisymmetric matrix in the Lie algebra su(n)

N2-1

Tz, 7) = Z (2, 7).

a=1
The equation of motion for U(x, ) simply reads

d
EUM(.CE, 7) = m,(x, 7)U, (2, 7), (6.9)
preserving carefully the order of the matrix multiplications. The equation of
motion of the momenta 7, (z, 7) are

) = g () S ) = <F. (610

but the derivative of the gauge and fermion action with respect to a gauge
link has to be defined properly.
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6.3.2 Derivative of a function with variables in a Lie
group

To begin, it is worth to remember that a link variable U, f(x) in representation
R can be expanded as

Uf(az) = exp (wq(x)Th) ,

where exp (X') denote the exponential map. The T4 are the matrix generators
for the representation R; to switch the link to another representation R’ only
the generators have to be replaced

U () = exp (iwa(2)THy)

while the parameters w,(z) are left unchanged. The same link can appear
in different representation in the action. For instance, the links are in the
fundamental representation for the gauge part of the action, while the same
links are in the adjoint representation for the fermion part of the NV = 1
super Yang-Mills theory.

The derivative respect to the link variable of some function f of the gauge
field Uf(x) in the representation R is defined as

0
,Du’x’f(Uu@“n)) = 5u,u’5x,x’ Z Ow f(exp (ZwaT}%)Uf(x»

a

. (6.11)

we=0

which effectively represents the zero limit of the incremental ratio of f with
respect to a variation preserving the group element structure of U f(x) [46].

The derivative of a link variable V' in the adjoint representation A will
be with this definition

) o
DywcVu(r) = (5%#,5%1/ajexp(zwaTA)Vu(:c)) (6.12)
c wae=0
O 00 2 1T5 V() (6.13)
D,u’x’cvlj(l') = _6;1,;1’600796"&.‘/;;[(7;)1—12 (614)

and similarly for the fundamental representation. A practical calculation of
the derivative of the fermion action is performed in App. [E]

6.3.3 Numerical solution of the equations of motion
The equation of motion and (6.10) can be integrated numerically with

a further discretization of the fictitious time 7 in steps large e. An update
U, (€) of the momenta is simply

wu(x, ) = Ur(e)my(z, 7) = mp(x, 7+ €) = m,(x, 7) — €F,
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keeping unchanged the links U, (z, 7), while an update of the links U (€) is
Ue,7) = U (U, 7) = Uy, 7 + €) = exp (emale, 7)) Up(, 7),

keeping the momenta fixed. The symbol “exp” denotes as usual the expo-
nential map.

The simplest reversible scheme to numerically integrate the equations
of motion can be constructed by the following chain of link and momenta

updates
U, (e/2) Uy (e) Uy (€/2),

the specified final time 7y = Ne will be reached after N repetitions of this
scheme. This integrator is called Leap-Frog and it converges toward the
exact solution as O(e?). Many other numerical integrators are possible with
a smaller discretization error.

6.3.4 Implementation of the Hybrid Monte Carlo al-
gorithm
All the ingredients are now ready to finally implement the Hybrid Monte

Carlo algorithm. A link configuration is generated for example randomly
and the following steps are iterated starting from £ = 0

1. Generate randomly with a Gaussian distribution the momenta 7, (z,0).
Set the link to their initial configuration U, (z,0) = U,(x). Measure
the energy E; = H(m,(z,0),U,(x,0)).

2. Integrate numerically the equations of motion for a time 7 in N steps of
e length (7 = Ne), to produce a new configuration of links U, (z, 7) and
momenta 7, (z, 7). Compute the energy Ey = H(m,(x,7), U,(z,7)).

3. Accept or reject the new configuration U, (x,7) with probability
min(1,exp(E; — Ef)).

Set the configuration Cj, = U,(z,0) or Cy = U,(z,7) accordingly and
proceed to the next iteration k = k + 1.

The expectation value of an observable O can be then computed as the
mean

1 N
oN k=ko

for very large number of configurations N the starting point of the sum can

be freely chosen to be kg = 0. However for finite N, it is better to skip
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the first few configurations to give an adequate thermalization time to the
system. An estimation of the number of configurations which have to be
skipped can be done analyzing the autocorrelation time.

6.3.5 Autocorrelation time

The stochastic matrix T" has one eigenvector equal to the equilibrium statis-
tics corresponding to largest eigenvalue A,.x = 1. This probability dis-
tribution is approached asymptotically for large number of steps at a rate
depending on the second largest eigenvalue \y. Supposing in fact to start the
simulation always in the state C4, then the probability Ilg[i] at ¢ = 0 is

Io[i] = dia
and the probability after n steps will be
(5] = (T7);:oli] = (T"); - (6.15)
The final result is more clear if the initial state is decomposed in eigenvectors

y[i] = 11l + cova + Z CrUk (6.16)
k=3

so that it is possible to see that Il is reached at an exponential rate with a

. 1
time constant 7 = es]

ML) = (T")ulloli] = el 42Xy + D cxAjug
k=3

P I {—n (-@)} LOm).  (6.17)

The eigenvalue Ay determines also how much a configuration generated at
the step k is correlated to the configuration at & + n. High correlation
will result in poor exploration of the phase space and slow convergence of
the sum (6.2)). If Ao approaches the unity, than the thermalization time
and the autocorrelation between two consecutive configurations will increase
drastically.

The autocorrelation time can be measured from the connected correlator
of observables separated by n steps

(0(0)0(n)). = ;]zkj O(k)O(n + k) — (}V ; O(k)) ~ exp (—n7) (6.18)
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promoting effectively the Markov chain to a five dimensional theory, the
four common spatial dimensions plus the Monte Carlo time. The Monte
Carlo time has a physical dimension not necessarily equal to one; it contains
information about how 7 scales approaching the continuum limit a — 0

B
prl

TR — (619)
The critical coefficient z depends on the target quantum action, on the spec-
ifying update algorithm and especially on the topological properties of the
model simulated. A random-walk Metropolis algorithm has a well-known
classical z = 2, while the Hybrid Monte Carlo is characterized classically by
z = 1. The HMC is therefore much more efficient than a standard random
walk Metropolis algorithm. If there are different topological sectors, in the
continuum limit they can act as a barrier because the whole configuration
has to change discontinuously to modify the global topological properties. In
this case z could be very large or even infinite, meaning that the five dimen-
sional theory is non-renormalizable. To solve this problem it is possible for
example to change to boundary conditions of fields from periodic to Dirich-
let in the time direction, allowing the topological charge to flow through the
boundaries [58, (9.

6.3.6 FErrors in Monte-Carlo estimates

The equation (6.2]) is only an approximation of the true expectation value
(O). Tt can be proven that the deviation of the Monte Carlo estimate from
the true value scales as

(0) — ;V;O(k) ~0 (&) | (6.20)

meaning that errors slowly reduces at a rate independent from the dimen-
sion of the configuration space, i.e. the number of sites and links chosen to
approximate the field theory. Quadrature method can converge faster, but
the error will grow exponentially for large number of variables keeping fixed
the number of configurations used.

A practical algorithm to estimate the error from a simulation is presented

in App. B

6.4 Majorana fermions on the lattice

Fermions are Grassmannian anticommuting variables and they cannot be
represented by a real number on a computer. However, since fermions ap-
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pear in the action only in the bilinear form, Majorana fermion field can be
integrated out leaving the Pfaffian of the Dirac-Wilson operator

/ DA(x) exp (—A(@)(Dw +m)A(x)) = PHC(Dy +m)) (6.21)

as can be seen directly expanding the exponential and applying the rules for
Grassmannian integration, see App. [A] The Pfaffian of a matrix is propor-
tional to the square root of the determinant, for the Dirac operator in the
adjoint representation the Pfaffian is

P{(C(Dw +m)) = (H )\i) (H \Ajy) : (6.22)

AER )\jE(C

where the product over real or complex eigenvalues is considered without
degeneracy. Due to the square root, naively Majorana fermions can be con-
sidered as “one halt” flavor.

The Pfaffian can be positive or negative

Pf(M) = sign(Pf(M))/| det(M)], (6.23)
where the function
sign(Pf(C'Dw)) = { 1_1 ggggg; ig (6.24)

is introduced for correctly handling the lost sign of the Pfaffian in the root
of the square of the Dirac Wilson operator. This leads to the famous “sign
problem” since a negative quantity cannot be interpreted as a Boltzmann
weight. The Witten index of the N' = 1 super Yang-Mills theory is non-zero
and naive arguments and practical observations suggest that the sign of the
Pfaffian will be positive in the continuum limit, see Ref. [60]. At finite lattice
spacing instead configurations with negative sign of the Pfaffian will appear
as a lattice artefact approaching the chiral limit. The sign of the Pfaffian is
inserted as a reweighting factor when computing in practical simulations at
finite lattice spacing the expectation value of an observable

i1 580(C;) (6:25)

a severe sign problem will appear when YV | sgn(C;) =~ 0 causing large fluc-
tuations in above expression.
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6.5 HMC algorithm for Majorana fermions

The computation of the square root of the determinant of the Dirac Wilson
operator Dy, is prohibitively expensive and it forbids a simple implemen-
tation of the Metropolis algorithm. A first manipulation can simplify the
problem, considering that

det(vs) = det(C) =1, (6.26)

it is possible to rewrite the square root of the determinant as

| det(M)| = det(y5)y/] det(Dw)| = /| det(vs Dw)| = y/det((35Dw)?).

since det(A)det(B) = det(AB). The matrix (y5Dw)? = D?% is Hermitian
and it has positive eigenvalues, properties that can be used to write an effec-
tive action for Majorana fields that can be used in the Hybrid Monte Carlo
method.

6.5.1 The R algorithm

A first attempt can use the formula
det(M) = exp {tr(log(M))};

the partition function for N'=1 SYM can be written as

7= [ DU,sen(CDw) exp (—Sg + iTr{log((%DWf)}) |

Considering the equations of motion, the derivative of the logarithm of a
matrix has to be computed, leading to an expression

25((75DW)2)}

77 Tr{log((v:Dw)?)} = 2Tf{(75DW) U, (x)

0
oU,(x)

in which appears the inverse of the square of the Dirac-Wilson operator. The
inverse of the Dirac-Wilson operator can be estimated using noise techniques,
leading to the “R algorithm” [61]. A set of N random vectors ¢, (z), for
example Gaussian, chosen to fulfill the conditions

(Pn(z)) = qun(x):o
<¢n(x)T¢n(y>> = 7Z¢n n = :Eya
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can be used to approximate the inverse in the large N limit with

if the vector 7, (y) is the solution of the linear system

(Vs Dw )i = On (6.27)

so that

*Znn M = ('75DW)_1(1:7Z)(VSDW)_I(wuy)<¢n(z)T¢n(w>>

= (1Dw) (2, 2) (1 Dw) " (W, ¥)d:0 = (35Dw) (2, y),

in the limit N — oo. The linear system of Eq. can be solved efficiently
with Krylov space methods, see Ch. However the fermion force is only
approximated and therefore the reversibility of the numerical trajectory can
fail. The results obtained has to be extrapolated to zero integration step size
€ to give a result free of systematic errors.

6.5.2 The RHMC algorithm

An exact algorithm can be constructed if instead a Gaussian approximation

deiA = / Dg(x) Do (z) exp {~¢' (x) A(x, y) b (y)}

is used directly for the determinant and not for only the force. The above
expression converge for complex vectors ¢(z) if the matrix A has positive
real eigenvalues. The fermion action is written as

1
det((D%)~1/*)

= [ DoDg! exp {6 (2)(DR) ), 0)8()} (6.28)

Jdet(D?) =

and the fields ¢(z) are called pseudofermions. They are generated at the be-
ginning of the classical trajectory and not considered as dynamical variables.

Sampling the distribution is straightforward, since the pseudofermion
partition function is invariant under an invertible matrix transformation
¢ (x) = M(z,y)o(y). First generate a complex random vector ¥ (x) with
entries Gaussian distributed, then set ¢(z) to

o(x) = (DF)*) (@, y)u(y). (6.29)
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The problem is how to compute the matrix ((D?)"®)(x,y). To this end a

rational approximation of z!/® of the form
1/8 Ck
x E 6.30
T+ by ( )

is introduced, the determination of the coefficients ¢, and by is left to the
Remez algorithm discussed in App. [D} Solving the Dirac equation for many
different shifts

(D%{ + bk)nk =, (631)

allows to compute the expression (6.29) as
¢($) = Z Cr Mk »
k

with an error that depends only on the precision of the solution of the linear
system and of the approximation ((6.30]) [62].

The force generated by the equation of motion can be computed if ((D%)~*)(x, )
is expressed as new rational approximation of the form , leading to the
Rational Hybrid Monte Carlo (RHMC). The alternative would be the PHMC,
that uses a polynomial approximation, see App. [El The derivative of a single
term of the rational approximation is

0 c (D% + by)
t__k — ol H Tk
U, (z) {¢ D%,+bk¢} o, (x) (6.32)

if m is the solution of the equation (6.31]) with the appropriate by coefficient.
The derivative of the Dirac-Wilson operator is computed in App. [E]
The steps of the RHMC are then iterated starting from k£ = 0

1. Generate randomly with a Gaussian distribution the momenta 7, (z, 0)
and a random vector ¥ (z). Set the link to their initial configuration
U,(z,0) = U,(z). Set the pseudofermion field to

o(2) = (DulUa(2,0)1%) /%) (@, y)v:(y), (6.33)

where Dy[U,(z,0)] is the Dirac-Wilson operator evaluated on the link
field U,(z,0). Measure the energy

E; = H(r,(2,0),U,(2,0)) + ¢! (z)y(x).

2. Integrate numerically the equations of motion for a time 7 in N steps
of € length (7 = Ne¢), keeping constant the pseudofermions, to produce
a new configuration of links U,,(z, 7) and momenta 7,(x, 7). Compute
the energy

Ep = H(mu(x,7),Uu(,7)) + ¢ () (Dr[Up(2,7)]) V) (2, )0 (y).



6.6. THE WRHMC ALGORITHM 85

3. Accept or reject the new configuration U, (z, 7) with probability
min(1,exp(E; — Ey)).

Set the configuration Cy = U,(z,0) or Cy = U,(z,T) accordingly and
proceed to the next iteration k = k + 1.

6.6 The WRHMC algorithm

The density of the eigenvalues near the origin increases for small quark
masses. As consequence the inverse of the operator D% is dominated by the
low modes and the linear system gets close to the point det(D?%) ~ 0
where a (unique) solution does not exists. The force of the fermion action
depends on the inverse of the Dirac-Wilson operator and it will be dominated
by the large fluctuations of eigenvectors corresponding to the near-zero eigen-
values.

Near-zero eigenvalues control the infrared physics which is changed only
a little following a classical trajectory in the phase space. This observation
provides the nice idea to separate the numerical integration of the ultraviolet
from the infrared modes, in order to speedup the acceptance rate, the run-
ning time and the stability of the RHMC. This technique has been widely
employed in recent lattice simulations, see for example [63]. In this section
the method of Ref. [64] is applied to the RHMC, implementing a new al-
gorithm that one could call “WRHMC” (Weighted Rational Hybrid Monte
Carlo).

6.6.1 Multiple time scales

If the total Hamiltonian is the sum of several contributions

Hr(q,p) = Ho(q,p) + Hi(q,p) + Ha(q,p) + ... , (6.34)

it could be that some of the H, (n < ¢) are computationally simple to
integrate while the others not. A large decrease of the computational demand
and of numerical integration errors can be achieved if in addition the forces
defined by the Hamiltonians H,,

_ OHyu(p,q)

dq
generate a separation of scales, in the sense that they can be ordered by
increasing magnitude

F, (6.35)

]l > | |l (6.36)
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Sexton and Weingarten proposed a scheme to integrate better the force Fj
with a step size € inversely proportional to the magnitude ||F,||. Supposing
for simplicity an Hamiltonian with two terms

Hr(q,p) = Ho(q,p) + Hi(q,p), (6.37)

such that ||Fp|| > || Fi||, two different step sizes €y and €; are introduced for
the numerical integration of the equations of motion of Hy and H;. ¢y and ¢
are required to satisfy further the condition €; /¢ = N, with IV integer. The
updates of links and momenta are ordered such that the force Fj is integrated
precisely with N more steps

U (1/2) U o /DU (e)U(eo/2) ) U (er/2).
where

Ue)m(x,7) = mu(z,7)— e,
Up()mu(a, ) = mu(e,7) — el
The ratio €;/¢€g is usually tuned to

e _ |5l
e |

and it requires to have a rough estimate of the magnitudes || Fo|| and || F7]|.

6.6.2 Separation of scales in RHMC

The action for the N/ = 1 super Yang-Mills theory on the lattice is ready
for a first application of the separation of different time scales, if Hy is set
to the gluon action and H; to the fermion action. The computation of the
gluino force requires expensive linear systems to be solved, while the gluon
force has a larger magnitude and it is simple to be evaluated.

Further improvements are possible by a separation of ultraviolet and in-
frared modes of the Dirac-Wilson operator. To this end, a weight function
w(z) is introduced, like for example simply

w(r) ==z,

to require to the Remes algorithm a better precision of the rational approx-
imations of 2=/ for the eigenvalues far from the origin. The coefficients by,
obtained from a weighted rational approximation are different from the one
when w(z) = 1, in particular the minimal shift by is usually several orders of
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Figure 6.1: Plot of the rational approximations used to separate the force in
ultraviolet and infrared part.

magnitude larger. Since the convergence to the solution of is dictated
by the smallest shift b, this implies a very fast computation of the force.

Three different Hamiltonians are therefore used for the HMC. H is sim-
ply the gluon action, while H; and H, are coming from the split of the Dirac
operator. H; is the fermion action generated by the approximation f; of
o~ 1/* using w(x) = x, while H, is the action generated by the residual differ-
ence between f, and f;, the former being the approximation of z~/* using
w(z) = 1. Additional practical evaluations shows that the force coming from
H; is already several time larger than the force generated by Hs, therefore
a three level integration scheme based over the separation of scales leads
approximately to a factor three of speedup.

A practical demonstration of the idea of the algorithm is shown in Fig. [6.1],

assuming the use of determinant breakup (see Sec. [6.7.2)). In Fig. |6.1(a)|is

shown a plot of the “ultraviolet approximation” of z=1/32 i.e. a rational
functional
(@) 0.0320359 n 0.285421 n 676.638 n 0.00376429 (6.38)
T) = .
! r+0.446146 = +4.05823 2« + 736.271 x4 0.0328166

which approximates precisely f for 2 1. In Fig. [6.1(b)|is shown a plot of
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the rational approximation fy(z) of z71/32
fl@) = 0.00045153 i 0.00287559 4 0.0142944 n 0.0676906
2 1 40.00510132  z +0.0433161 =z +0.260406 = + 1.34216
0.47533 1087.97 0.0000414535

+x + 7.87664 + x + 1203.89 * x 4 0.000277322 (6.39)
which is precise both in the “ultraviolet” and in the “infrared”, i.e. for z 2 0.
The first function f; is used to approximate the ultraviolet modes of the Dirac
Wilson operator, while fo(x) — fi(x) is used as correction factor which effec-
tively operates only in the infrared modes of the Dirac Wilson operator (as
it can be seen from Fig. [6.1(c)] the function fo(z) — fi(z) is different from
zero only when x < 1). The separations of scales can be accomplished inte-
grating the action coming from fi(x) more precisely than the action coming
from fo(z) — fi(x), which depends on the infrared modes only slowly chang-
ing during a classical trajectory. Notice that the smallest number in the
denominators of (6.38)) is much larger than the smallest coefficient in the
denominator of (0.03 > 0.00027), this implies a faster convergence for
fi(x) of the multishift solver and a cheap evaluation of the ultraviolet force.

6.7 Tools for Monte Carlo simulations

6.7.1 Improved integrators

Leap-frog integrators have a numerical discretization error of order O(e?),
other high order schemes can further reduce the error to O(e%), O(e®) or
even smaller. However these schemes increase in complexity requiring a huge
computational cost. They suffer also of numerical instability, the final error
can even diverge quite rapidly if the step size € is not small enough.

To solve this problem Omelyan et al. proposed an algorithm aim to reduce
the relative size of the error O(e*), but not its scaling [65]. General benefits
of this approach are larger step size ¢ with the same numerical error and
stability of leap-frog and only a little larger numerical effort. An example of
such an integrator is

U (Ne)Uy (e/2)U (1 — 2X)e)Uy (e/2) U (Ne)

where A & 0.193 is a parameter that can be tuned such that the size of
the error O(e?) is minimal. An Omelyan integrator can be combined with
multiple time scales schemes and in general it provides an integration of the
classical trajectory three time longer than the unimproved leap-frog with the
same numerical error [66].
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6.7.2 Determinant breakup

The condition number ¢ of an operator is defined as the ratio between the
largest and the smallest eigenvalue (in modulus)

)\max
)\min .
A large condition number occurs when A,;, — 0 and it signals a near sin-
gular matrix. In other words, a large condition number is the origin to the
difficulties in solving large linear systems with iteration methods.
The action of the gluino can be split in N equal pieces, noticing that the
determinant can be factorized as

Yaer(D2) = ( 4N,/det(D§,)>N .

Each term *{/det(D%) of the product is exponentiated and associated to an
independent pseudofermion field. The resulting condition number ¢y of the
operator (D%)~Y4N in one term of the action

S} = ¢l(2) (D)™™ (@, y)i(y)

is simply N-root of the original condition number c¢; of (D%) Since
Cp = (cl)l/ N < ¢, the calculation of the force of S} is cheaper and fluctuations
are reduced. Near the critical point, the gluino action is factorized in many
pieces to take advantage from the determinant breakup.

CcC =

—1/4

6.7.3 Twisted mass as parameter to regularize
the RHMC

As stated before, the Dirac-Wilson operator becomes ill conditioned when
k is closer to its critical value k. and near zero mode start to proliferate.
The Krylov space solver fails to converge and the rational approximations
cannot be computed anymore with accuracy. The heatbath and metropolis
step will be plagued by a systematic error almost impossible to correct and
the observables will be not anymore distributed accordingly to the correct
probability weight.

Many solutions have been found for reducing this problem, based on the
properties of the near zero mode of the Dirac-Wilson operator. A basic
idea is to regularize the square of the Hermitian Dirac-Wilson operator D%
introducing a factor p?

det(D%) = det(D?% + 1) (%) (6.40)
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and considering determinant inside the bracket as a global correction step
for the metropolis [67]. The value of u has to be tuned to optimize the
acceptance rate and the speedup given to the Krylov space solver. If p is
closed to zero then the ratio of the determinant will be almost equal to one
and a good acceptance rate can be achieved. On the other hand, any larger
value of p will improve the convergence rate of the Arnoldi methods.

The RHMC algorithm can be therefore written as

1. Start from a configuration {Uprp} and propose a new configuration
{Uxgw} distributed accordingly to

VD% + p?exp(—S,) .

The RHMC trajectory and the Krylov space solver will be regularized
by the positive shift introduced by 2.

2. Accept or reject the new configuration with probability P = P({Uorp} —
{Unew})

P = min (1, i det (Df; (Unew)) det (D7 (Uovp + MQ))) . (6.41)

2
H
det(D% (Uowp)) det( D3 (Ungw + p12))

The shift introduced in Eq. (6.40) on the action is effectively equivalent
to introduce a “twisted mass” to the fermion action

D% = Dw + 1uys,

proportional to 5. Since a global reweighting is done at the end, the twisted
mass can be simply considered a trick to regularize the RHMC.

The ratio of the determinants can be evaluated stochastically. Us-
ing the properties of Gaussian integrals

d D2 2
St = [ dods’ exp (=61 (DD + 7)o}

Adding and removing a quadratic free term ¢'¢

d D2 2
w — [ dods! exp {6/ (DR) (D} + )6+ 616 - 96} |

it is possible to write the ratio of the determinants as

det(D3? + p?)

doon) = (exp {0 (DD + 1) 6 + 610}

gauss
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It can be proven that this formula converges if the minimal eigenvalue Ay,
of (D%)(D% + p*)~! is bigger than 0.5.

Therefore the following two steps are needed to evaluate the ratio of the
determinants for the global metropolis step

1. Generate a random complex vector ¢ Gaussian distributed. Compute
x = (Df + )"0,
using a conjugate gradient solver and set p; to
pr=0'¢— o' Dx.

2. Repeat step 1 a sufficient number M of time and return the fourth root
of the average as estimate of the ratio of the determinants

| det(DF + 12 _ 4 izp
det(D?%) M~

It can be shown that the algorithm is correct and satisfies the principle of
detailed balance for every choice of the number of noise vector M. However, a
small number of noise vector can give fluctuating estimation which drastically
reduce the acceptance rate of Eq. , the parameter M has therefore to
be tuned directly during the simulation.

To further reduce the impact of the fluctuations on the final acceptance
rate it is possible to use again the idea of “determinant breakup”, factorizing

the ratio to compute as
2 2 ~
4 det(DH tu )
det(D?%)

and repeating the metropolis step a number N of time.

Global correction steps are affected by problems concerning the scaling
of the acceptance rate as a function of the volume. As the volume increases,
the fluctuations of the ratio of the determinants could increase proportionally
and thus lead to a bad acceptance rate. The shift u has a strong influence
only over the smallest eigenvalues of D?. However, it has been suggested
and numerically found that the lowest eigenvalues have a mild fluctuations
when the volume increase. Therefore it can be possible to apply a twisted
mass global reweighting also for large volume.
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Figure 6.2: The green link is smeared using the red links.

6.7.4 Smearing

Smearing is a standard technique for reducing the fluctuations of the gauge
field and improving both rotational symmetry and chiral symmetry. A single
link is effectively smeared averaging it with respect to its nearest neighbors.
The matrix €2 is the sum of the product of the links of the plaquettes with
the link U, (z)

Q=Y (Ve + WU(x + )T (@) + Uyl + 1= 1) U = )/ Uy 1)) .

see Fig. 6.2l The link U,(x) can be smeared as U,(z)2, but a projection
is required since the sum of special unitary matrices is not anymore special
unitary. A simple Gram-Schmidt orthogonalization does the job, but this
projection is not invertible.

A “differentiable smearing” is analytical in respect to the w, variables
of the links and it is strictly required for a well defined force in the HMC
dynamics. A possible approach would be

X
XtX

Unew =

where X = QUprp and the square root of the matrix must be implemented
as some polynomial /rational approximation. This matrix would be automat-
ically special unitary.
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An another way is to consider

1 1
Uniw = exp (2(9T —0) = T - Q)1> Uowp -

C
Since the exponential map is analytical, the whole map is differentiable. In
particular
oo MTL
exp(M)=>» — (6.42)
— nl
=0
The whole expression can be simplified if we use the Caley-Hamilton theorem,
“every matrix n X n is a zero of its characteristic polynomial”

Pu(M) = 0 (6.43)

n—1
MY = Y M (6.44)
=0

The formula (6.44]) allows a reduction of the infinite sum in the exponential
map, only powers ¢ < n will effectively appear in the expansion

n—1
exp (M) =Y M’
=0

with coefficients ¢; which are not constant and depend on the matrix M.

Smearing in this form can be used to reduce the fluctuations in the Hybrid
Monte Carlo algorithm, it can be also used along a spatial slice of the lattice
to remove the excited states contributions from the correlator of a physical
particle.

6.8 Testing the implementation of HMC al-
gorithm

The HMC for Majorana fermions is quite complex and coding error can
unfortunately easily happen. Some trick or identities are required to check
the correctness of the final implementation.

A first simple check of reversibility can test the correct implementation
of the numerical integrator. A configuration is generated with a numerical
integration of the classical trajectory for a time-length ¢, then the time is
reversed and a new integration for a time-length —t is performed. If the
algorithm is correct, at this point both the momenta and the link fields must
be equal to their original configurations.
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€ | Naep (exp(AH))—1
0.025| 5  -0.0003(150)
0.05 | 5 0.009(110)
0.075 | 5 0.11(37)
01 | 5 0.56(1.23)
0125 | 5 2.6(6.4)
015 | 5 11(33)
02 | 5 270(1800)

Table 6.1: Test of the Creutz equality on a lattice 4% x 8 of RHMC for SU(2)
SYM. All the values are compatible with zero within the errors.

The Creutz equality,
(exp(—AH)) =1, (6.45)

provides an another useful test of the correctness of the implementation of
algorithm. AH is the difference of the Hamiltonian from the beginning at
the end of the classical trajectory in phase space. The Creutz equality follows
from the observation that if a configuration C'is generated with a probability
distribution function

P(C) = 5 e (=5(C))

then the expectation value of the ratio between two probabilities is one

- <§(<g,))>=<exp{<—s<c>+s<0'>>}>

= (exp(—AH)),

due to the probability normalization. An example test of the equality is
shown in Tab. G.11

For large enough volume the acceptance rate of the Metropolis algorithm

should scale as
<Aﬂu

P,.. = erfc (
2

where “erfc” is the complementary error function. Notice that due to the
Creutz equality in general (AH) > 0 (Jensen’s inequality). A plot to verify
this scaling is shown in Fig. [6.3] The last possibility is to check directly the
O(€*) scaling of the error of the leap-frog, as shown in Fig. [6.4]

The force corresponding to the fermion action has many terms acting in
color, spin and real space. A correct analytical implementation can be hard
especially if the clover improved Dirac-Wilson operator is employed. However
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Acceptance prediction
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Figure 6.3: Acceptance scaling vs. (AH) on a lattice 43 x 8.

a mismatch between the action and the force can be easily detected. The
force can be evaluated in fact using only the knowledge of the action S[U](z)

do(we) = Slexp (iw,7*)U]() Q—wS[eXp (—iw, ) U] () 7

so that the limit can be performed numerically

F = Za: (lim da(wa)7“> :

wae—0

To final test the correct normalization of the clover term, $ and x can be
set to zero keeping kcg, finite [68]. In this limit for SU(3) with fundamen-
tal fermions a perturbative expansion of the plaquette expectation value is
known up to O(c?,)

Cow 475
P)=— 1 o4 Csw |
T ( RETY )

the comparison with a Monte Carlo simulation is shown in Fig. [6.5]
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Leapfrog prediction
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Figure 6.4: (AH) as a function of the step size € on a lattice 43 x 8.
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Figure 6.5: Comparison between Monte Carlo simulation and perturbative
expansion of the plaquette on a lattice 8%.



Chapter 7

Scale setting in lattice super
Yang-Mills theory

The present status provokes the
questions: How well do we control our
computations? Is our data ready for a
continuum extrapolation?

Rainer Sommer [69]

All the observables measured on the lattice are dependent on the lattice
spacing a and on the bare couplings of the action, like g or the gluino mass m.
The lattice spacing is the only dimensional quantity present on the lattice
regularized theory. For instance, it is possible to measure from a Monte
Carlo simulation the correlation length £ of an operator ® for a given gauge
coupling g and gluino mass m, by fitting the exponential decay of the form

(@(0)B(1)) = exp (—z)

in terms of the free parameter ¢ for large distances t. This result reads that
the correlation length for that given gauge coupling g and gluino mass m is
equal to & lattice spacings. The excitations of the field ® will have then an
associated mass Mg equal to

1 f(B,m)

dependent on ( and k.

The term “scale setting” refers to a procedure to give a value to the lattice
spacing a in physical units like fermi or femtometers, or equivalently to give
a physical value to the mass Mg for example in MeV.

97
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7.1 Renormalization group equations

The starting point is to observe that in the continuum limit the mass Mg
cannot be dependent on the unphysical cut-off a used to regularize the theory,

therefore J a )
g,m
LMy = — 2D

do” * da a

Expanding this equation yields

d flg,m) flgm) 1 <adf(9am)dg+ df(gm)dm) (7.1)

:O:—i —_
da a a? +a2 dg da ““dm  da

=0.

and nontrivial solutions exist, if and only if the gauge coupling g depends
on the lattice spacing a, g = g(a), meaning that the gauge coupling changes
varying the scale where it is measured. The gauge coupling g for the N =1
SYM in four dimensions, being dimensionless, can depend on the scale a only
through a dimensionless functional relation of the form

9= g(ah)

where A is a physical quantity with the dimension of a mass absent in the
classical theory and generated by the quantum fluctuation via trace anomaly
[70]. A theory is said to be renormalizable if the explicit dependence on
the ultraviolet cut-off a can be reabsoberd by the “running” of the gauge
coupling ¢ (or also by the other couplings and parameters if any).

The expression

d d

6(9) = _a%g(aA) = _dln(a)

g(al)

is called Callan-Symanzik [-function and it tells how the gauge coupling
changes for a variation of the cut-off @[] The 3-function can be computed in
a perturbative expansion

B(g) = —bog® —big® + ...

and the first two coefficients are independent from the scheme chosen for
the calculation. The g-function is known exactly from instanton calculation
in the special case of the pure Super Yang-Mills theory based on the gauge
group SU(N,)

8(g) = L N DN

167 1 — Nt 2N)

'Here 3 has not to be confused with the inverse of the square of the gauge coupling.



7.2. USEFUL OBSERVABLES TO SET THE SCALE ON THE LATTICE99

F(r) F(r)

0.25F \ 035¢F
020k \ 0.30F
\ _ 025¢ . .
015" \ Linear+Coulomb 020k
010 - 015¢
inear 010} .
0.05f g
Coulomb e
L L I r 1 1 L Il r
2 4 6 8 2 4 6 8

Figure 7.1: Left: Force between static quarks as a sum of a linear confining
and a Coloumb term. Right: Calculation of the force on a lattice 16* with
S = 1.65 and k = 0.1600, a®’c = 0.250. Smearing is applied to improve
the signal, but it introduces deviations from the expected behavior for small
distances.

the result is called Novikov-Shifman-Vainshtein-Zakharov (NSVZ) S-function.
The first two coefficients are universal, i.e. scheme independent. When the
number of supercharges is equal to four, then the S-function vanishes exactly
to all-order in perturbation theory: the coupling does not run and N = 4
SYM is a conformal theory without a mass-gap. For N/ = 1 instead the
functional relation

dg(al) g 3N.

dn(a) — 16721 — Neg?

can be solved and inverted to give the lattice spacing dependence as a function
of the gauge coupling

1 8
a(g):Kexp 3N )

The lattice spacing a(g) vanishes when the gauge coupling approaches zero
and therefore ' = 1 SYM is asymptotically free. The continuum limit
correspond to the limit g — 0.

7.2 Useful observables to set the scale on the
lattice
The knowledge of the value of lattice spacing a is crucial for converting all

the measured quantities in physical units to test the agreement with the
experimental data or simply to compare results between different actions.
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Therefore to set scale it should be chosen an observable easy to determine
with accurate precision on the lattice and affected by few systematical errors,
that otherwise would disastrously propagate to all the physical predictions
done by Monte Carlo simulations. During the last two decades, in particular
three of them have been successfully tested for many different theories: the
Sommer parameter rq and the Wilson flow scales ty and wq. The latter will
be discussed in the following sections.

The Sommer scale ry and the string tension ¢ are pure gluonic observables
in the sense that require the computation of the expectation value of Wilson
loop W(R,T). The potential between two static quark-antiquark pair in the
fundamental representation is

T—o00

V(R) = — lim 1og< W(R,T) )

W(R,T +1)

In a confining theory, at large distance the potential has an expansion of the
form

V(R)20R+g+2+...

R R?
where ¢ is a parameter called “string tension” with the dimension of the
square of a mass ([o] = [M?]). The string tension can be used to set the

scale, but it assumes a linear confining potential for large distances which
could not be the case when dynamical fundamental fermions are coupled to
gluons. Alternatively the scale can be set implicitly by choosing a value rg
such that

reF(ry) = 1.65,

where the reference value 1.65 is chosen to minimize lattice discretization
errors [71) [72]. The Sommer parameter requires only expectation value of
Wilson loops to be computed. While the measurement of Wilson loops is
cheap, noisy signals affects the measure of the interquark force at large dis-
tances where the lattice artefact are negligible, see Fig. Systematic
errors appear when different choices of the limits and of the functional form
are employed to fit the force F'(r), considerably increasing the complexity of
the measure of the Sommer parameter .

7.3 Mass dependent and independent schemes

The equation has also a term proportional to the derivative of the
lattice spacing with respect to the gluino mass. As consequence a part of
the dependence on the scale can be reabsoberd by the renormalzation of the
gluino mass.
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Figure 7.2: Behavior of t*(E(t)) on a lattice 16* with 3 = 1.65 and xk =
0.1600. The green line marks the point where Eq. (7.3) holds, \/tg/a =
2.22(1).

Observables used to set the scale are normally chosen to have a weak
dependence on the fermion mass. However a mild, but not negligible, linear
dependence is normally observed for ry as a function of the renormalized
fermion mass Mpg. In this situation, two different approaches can be naturally
applied to set the scale. In a mass dependent renormalisation scheme the scale
is set separately at each value of Mg, and consequently the lattice spacing
depends on the gluino mass

a=a(fB, Mg).

In the second approach the lattice spacing is taken to be independent of the
gluino mass Mg,
a=a(f).

Therefore in this case the linear behavior of r( is interpreted as a physical
dependence of its value on the fermion mass [73]. This approach is called
mass independent renormalisation scheme and it requires an extrapolation of
the observable used to set the scale to a fixed reference value of Mg (typically
but not necessarily M = 0).

7.4 Wilson flow

To improve the scale setting, beside rg, other efficient solutions have been
found using the Wilson Flow to set precisely the scale on lattice simulations.
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The Wilson flow can be considered effectively as the continuous generaliza-
tion of the stout smearing. The starting point is to introduce an additional
fictitious time ¢ as fifth dimension where the gauge fields U, (x) generated by
the Monte Carlo simulations are “continuously smoothed”. The continuous
smoothing procedure is fully specified by the partial differential equation

Oviat) = ¢ {a S e T”} Vil 1), (72)

with the boundary conditions

V#(ZL’, t)|t:0 - Uu(x) )

where V,,(x,t) denotes the link at fictitious time ¢ and U, (x) the link of the
original lattice.

The Wilson flow removes ultraviolet divergences, meaning that local gauge
invariant operators measured at positive time flow have the property to be
automatically renormalized. Quantities constructed from the V,(z,7) links
have a well defined continuum limit and they can be used to set reliably the
scale in practical lattice simulations.

The scale ty has been introduced in Ref. [74] as the flow time ¢ where the
equation

2(E(t)) = 0.3 (7.3)

is fulfilled, see Fig. The scale ty has the same physical dimension of the
string tension, i.e. the square of a length. The gauge energy E(t) is defined
as

1 a a
E = ZGMVG.UV’
where G, is the antisymmetric clover plaquette represented in Fig. [5.1]
The scale wy has been introduced in Ref. [75] as the square root of the
flow time t where the condition

tit2<E(t)) =0.3 (7.4)
dt

is satisfied, therefore wy has the same physical dimension of the lattice spac-
ing. It has been demonstrated that wy is an improved scale less sensible to
lattice artifact. According to the observation of Ref. [75], the difference be-
tween the Symanzik action and the Wilson action as discretization of Sgayge is
not relevant but the Wilson action is computationally cheap. For this reason
the Wilson action is chosen to integrate the flow equation on the lattice.
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Volume  f3 K ama Vio/a wo/a 7(to)
2P %48 1.60 0.15500 0.5788(16) 1.5672(13) 1.5102(14) 21
243 x 48 1.60 0.15700 0.3264(23) 1.7904(11) 1.7202(37) 10
243 x 48 1.60 0.15750 0.2015(93) 1.8986(53) 1.8410(63) 42
309 % 64 1.75 0.14900 0.2385(4) 3.1438(67) 2.9833(59) 50

323 x 64 1.75 0.14920 0.2035(5) 3.270(17) 3.097(25) 45
323 x 64 1.75 0.14940 0.1604(15) 3.362(15) 3.205(20) 35
323 x 64 1.75 0.14950 0.1294(24) 3.551(36) 3.413(40) 65

32 x 64 1.90 0.14330 0.2874(8) 4.72(04)  4.46(05) 163
325 x 64 1.90 0.14387 0.2123(4)  5.73(13)  557(19) 440
325 x 64 1.90 0.14415 0.1742(4)  5.71(12)  5.49(11) 296
328 x 64 1.90 0.14435 0.1413(6)  5.96(12)  5.76(14) 502

Table 7.1: This table shows the results of the measurements of the scale.

7.5 Measure of wy and ¢t

The measure of the Wilson Flow scales has been done for three different [
and many different K = le —5 on the ensemble of configurations generated
to study the spectrum of the N/ = 1 super Yang-Mills theory based on the
gauge group SU(2) [49, 50]. The Symanzik improved action has been used to
discretize the gauge action, while the Dirac-Wilson operator with one-level

stout smeared links has been used for the fermion action.

The integration of the Wilson flow has been done every six configurations,
skipping the first few hundreds to ensure thermalization. The results are
summarized in table[7.1] The scale wy and ty have a small dependence on the
gluino mass for a given . Employing a mass independent renormalization
scheme, the scale is extrapolated to the chiral limit and set to be equal
to the extrapolated value for all the fermion masses. The gluino mass is
proportional to the square of the (adjoint) pion mass, defined in a partially
quenched approach [76].

7.6 Matching the S-function

As discussed above, the 3-function has been computed for the N' =1 SYM
model in Ref. [20], the first two perturbative coefficients are universal and
scheme independent; they can be used to compare lattice results at different
gauge coupling ¢ [77]. The Wilson flow quantities t, and wy are therefore
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20 z

1.6 17 18 19 2.0 '8
Figure 7.3: Scaling of wy compared to the expected asymptotic behavior (red
line).

expected to scale as
wo(g1)
wo(g2)

up to finite volume corrections and lattice discretization errors. The function
F(g) is the integral of the inverse of the -function

=exp (F(g1) — F(g2)), (7.5)

g dg/
F(g) = 30 (7.6)
and it reads explicitly for small g
47?
Flg) = ——

for the gauge group SU(2) up to an unessential integration constant.

The scaling of Eq. ((7.5)) has been checked taking the value of wqy at 5 =
2Ne — 1.9 as reference point, see Fig. . The agreement with Eq. 1) is
very good. The relative deviation from the exponential scaling,

_w(1.9) ox (8 —1.9)
= e T D

is K ~ 1.007 for § = 1.75 and K ~ 1.13 for g = 1.6, the latter induced
mainly by lattice artefacts and higher order terms in the S-function.
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7.7 Measure of the topological charge with
the Wilson Flow

Run Volume f K (a*xtop) X 107°
Al 24% x 48 1.60 0.15500 160(19)
A2 243x48 1.60 0.15700 102(9)
A3 243 %48 1.60 0.15750 85(7)
Bl 322 x64 1.75 0.14900 17(2)
B2 323x64 1.75 0.14920 12(1)
B3 329 x64 1.75 0.14940 11(1)
B4 32%x 64 1.75 0.14950 10(3)
Cl 32°x64 1.90 0.14387  1.01(14)
C2 323x64 1.90 0.14415 1.59(18)
€3 32%x 64 1.90 0.14435 1.02(8)

Table 7.2: This table shows the results of the measurements of the topological
susceptibility.

The topological charge can be defined to be the integral

1

ror = 1672

| el L EL)
for a given field configuration in the continuum. The topological charge is
defined on the lattice with the same antisymmetric discretization of the field
strength tensor of Fig. [5.1] contracted with the e tensor

1 v po
Qlat = W Ze,uupoTr(Fu F? )7

but on the lattice the quantity Q. is affected by ultraviolet fluctuations
and in general it is not an integer. A possible solution to the problem is
a smoothing procedure, needed to suppress the short distance fluctuations
and to recover a proper definition of the topological charge in the continuum
limit [78]. To this end the Wilson flow itself has been used to smooth gauge
fields, as in Ref. [79].

As shown in Fig.[7.4(a)] for large enough flow time ¢ the topological charge
reaches a near integer value. Following Ref. [79], the raw lattice topological
charge is converted to an integer as

Qtop = round(anat (t))a
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Figure 7.4: Left: Topological charge for a given configuration as a function
of the flow time ¢, on a lattice 323 x 64, 8 = 1.9 and k = 0.14435. Right:
distribution of the topological charge at t = 50 for the same run.

choosing a large smoothing flow time t. The real constant « is chosen in
order to minimize the expectation value

R(a) = {(aQa — round(aQuay))?).

Near the continuum limit it is expected that o ~ 1, i.e. that the distribution
of Qat is already centered nearby an integer without requiring an additional

multiplication parameter, see Fig. [7.4(b)|and Eq. (7.5(a)]).
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Figure 7.5: a) Plot of R(«) for the lattice 32° x64 at 3 = 1.75 and k = 0.1494,
the minimum of R(«) is located at @ = 1.055. b) Extrapolation to the
continuum limit of the topological susceptibility Xiop-

The topological susceptibility xiop

_ <Q$0p> - <Qt0p>2
Xtop - %
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Figure 7.6: Monte Carlo history of wy on a lattice 323 x 64, 3 = 1.9 and
k = 0.14435. wy is measured every six configurations.

has been measured, the results are shown in Tab. The value of Xiop
extrapolated to the chiral limit confirms the topological suppression for SYM
mentioned in Ref. [80].

7.8 Autocorrelation time of flow observables

The autocorrelation time of the topological charge increases drastically near
the continuum limit, possibly resulting in a topological freezing depending on
the boundary conditions applied to gauge fields in the time direction [58] [59].
The scales wy and ¢y exhibit a very long correlation time especially near the
continuum limit, similar to the behavior of the autocorrelation topological
charge.

Autocorrelations should scale classically as a=* with z = 1 for the hybrid
Monte Carlo (HMC) algorithm. The lattice spacing is increased roughly by
a factor 3 between 5 = 1.9 and = 1.6, however the autocorrelation 7 ()
of ty at = 1.9 is approximately twelve time larger than the autocorrelation
of the same observable at 5 = 1.6. The scaling of 7(;) seems to indicate
z 2 2 and therefore a possible coupling of the observables used to set the
scale with the topological charge.
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7.9 Correlations between topological charge
and the scale wy
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Figure 7.7: Comparison of the Monte Carlo history (a) of the wJ! with w3
and (b) of the wd! with wi*, on a lattice 323 x 64, 8 = 1.9 and x = 0.14435.
The magnitude of the peaks increases drastically when the reference value to
set the wy scale is larger.

The Monte Carlo history of wy has been considered to further investigate
the nature of the long autocorrelation of this observable. The wy scale can be
defined for a single configuration without the need of an ensemble average as
the time when the integrated flow for that configuration matches the specified
condition of Eq. . In Fig. is shown the Monte Carlo history of wy
for a lattice 322 x 64, with 8 = 1.9 and x = 0.14435. The value of wy seems
to have large fluctuations with a long period and in particular very strong
upward spikes emerge.

Wilson flow scales depend implicitly on the reference value chosen in
Eq. . Small reference values will produce large lattice artefacts on the
final results, while wqy and ty will be affected by non-negligible finite volume
effects for larger reference values. The scales wy are defined to be the square
root of the flow time where the condition

tit2<E(t)> =u (7.8)
dt

is satisfied and wu is varied to study how the correlations are affected by
different choices of the reference value. Here and in the following it is set
simply wy = wi3. In Fig. the comparison of the Monte Carlo history
of w)! in comparison with wi? and w)* is presented, when the value of u
is small then the fluctuations and the spikes are significantly reduced, but
when the value of u is increased then the spikes are even stronger.
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Figure 7.8: Probability distribution function of (a) wi? and of (b) wi? re-
stricted to the topological sector |Qiop| = 1 (green) and |Qop| = 4 (red), on
a lattice 323 x 64, 3 = 1.9 and xk = 0.14435.

An increase in the value of u translates into a larger flow time needed to
match the condition ([7.8)), which effectively means that a larger smoothing
induced by the flow equation is applied to the configurations. Large flow time
will remove the ultraviolet divergences and the system will be brought to-
ward a classical configuration, as observed in the previous section. Therefore
one might argue that spikes and large fluctuations are related to topological
effects. Using the results of the previous section it has been possible to com-
pute the value of wy{ restricted only to configurations with a fixed definite
topological charge.
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Figure 7.9: a) Linear fit of the dependence of w{ on the topological sector
for u equal to 0.1 (green), 0.2 (yellow), 0.3 (purple) and 0.4 (blue). b) Slope
coefficient m as a function of the reference value u.
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The distribution of wi* and w3 are shown for the same run in Fig. [7.8|for
two selected topological sectors, |Qtop| = 1 and |Qsop| = 4. The distribution
of wy? restricted to the topological sector |Qop| = 1 seem to be rather
broad and it has a mean value larger than the distribution of the topological
sector |Qtop| = 4. The same behavior appears for the restricted distributions
of w*, but with a slightly larger gap between the two mean value of the
distribution. This result is important because it shows that there is a coupling
between the value of wy and the topological charge. The spikes observed
in Fig. [7.6] are produced by the fluctuations of wy when the simulation is
stuck at low values of the topological charge, when the distribution of wy is
broad. The long periodicity is induced by the interchange during the Monte
Carlo time between the topological sectors around zero, characterized by
large expectation value of wy, and the topological sectors far from the origin,
with a small mean value of wy.
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Figure 7.10: (a) Slope coeffient m as a function of (wom,)? at 8 = 1.9 for w->.
(b) The same as Fig. [7.9(a), but for § = 1.75 and x = 0.1494. The value of
m linearly extrapolated to the chiral limit is m((wom,)? = 0) = —0.69(14).

In Fig. [7.9(a)| is presented the expectation value of wy restricted to the
various topological sectors for four different u for the same run on a lattice
323 x 64, with 8 = 1.9 and k = 0.14435. The behavior of wi(|Qiep|) is linear
for all u but it has a stronger slope when the reference scale u is large. A
linear fit has been done of the form

(wg)(|Qrop|) = M| Quop| + ¢ (7.9)

and the resulting slope coefficients m are presented as a function of w in
Fig. The modulus of the slope m has an increasing behavior for large
u, that means that the dependence of w( on the topology is strong when u is
large. This behavior confirms our previous claim about the topological origin
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of the spikes in Fig. [7.7, when u is large the smoothing effects of the Wilson
flow are large and the configuration is driven toward a classical point where
the influence of topology is strong. As result, the autocorrelation time of w4
is around 800 configurations, more than twice larger than the autocorrelation
time of w)! of around 300 configurations. The dependence of the slope m
has been further investigated as a function of the adjoint pion mass squared,
observing that it increases approaching the chiral limit, see Fig. [7.10(a)]

The dependence of the scale on the topological sector could be interpreted
as a finite volume effect. To conclude the analysis the same systematic cal-
culation has been done on the lattice 323 x 64 but at 3 = 1.75, where the
physical volume is approximately seven time larger than at 5 = 1.9. The
dependence of the various w§ on |Qop| is presented in Fig. [7.10(b)l The
dependence of the flow scales on the topology is completely disappeared at
this large physical volume. Finite volume effect seems to be the origin of
the dependence of wy on the topological sector observed before on the finer
lattice at 5 = 1.9.

7.10 Scale setting with w

The detailed analysis of the Wilson flow observables wy and t, leads to the
conclusion that there is a substantial dependence of wy on the topological
sector appearing as a finite volume effect, in agreement with the previous
discussion on the topic for the Sommer parameter ro of Ref. [81], 82].

Scales based on the Wilson flow require a delicate fine-tuning to correctly
handle finite volume and lattice artefact errors. However a result free from
finite volume effects can be ensured if there are no couplings with the topolog-
ical charge and these couplings can be determined precisely. The final results
have fairly small statistical and systematic errors, thus wy can be used to set
the scale in practical extrapolations to the chiral and to the continuum limit.
Practical observations supports eventually a use of a small flow time to set
the scale, at least for N' = 1 SYM model and within the current precision,
the ratio of w¥ and w{? is flat for u > 0.1 (see Tab. [7.3).

This conclusion could depend on the theory under study, in particular
on the number colors IV,, on the number of fermions N; and on their repre-
sentation. However it is possible to believe that a dependence of the scale
on topology is developed for sufficient large reference scales independently of
the theory. Systematic studies in this direction are encouraged, in particular
if the proposal of enlarging the reference flow time of Ref. [69] is accepted.
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Chapter 8

Supermultiplets on the lattice

Our claim here is that, contrary to
widespread beliefs, SUSY and the lattice
can happily coexist. [...] The simple
idea behind our proposal is that, rather
than try to have some version of SUSY
on the lattice, one should let the lattice
spoil SUSY if it so wishes. Our
requirement is that SUSY, like chiral
symmetry, should only be recovered in
the continuum limit.

Curci and Veneziano [4]

Supersymmetry is explicitly broken for finite values of the lattice spacing
a. The Curci-Veneziano action has only two parameters, the gauge coupling
g and the gluino mass m, to fine tune the lattice theory to a critical point
where dynamical restoration of the basic symmetries of ' =1 SYM is ex-
pected to occur. Numerical Monte Carlo methods are required to explore the
non-perturbative physics of the strong supersymmetric interactions, the crit-
ical point can be reached only with complex extrapolations. There are many
possibilities to understand how far current simulations are from the target
supersymmetric theory. The first idea is to measure a lattice equivalent of
the Ward identities generated by SUSY transformations. Many studies in
this direction has been done in the past, see Ref. [83, 49, 50]. An another
interesting possibility is to check the restoration of the mass degeneracy be-
tween particles in the same supermultiplet, in order to verify the predictions
that has been formulated in Ref. [84 [18, [19].

113
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8.1 Adjoint pion and gluino mass

Simulations at fixed gauge coupling ¢ but with different bare gluino mass
m can be used to perform the first extrapolation to the chiral limit. i.e.
to the point where the renormalized gluino mass vanishes. In the Wilson
formulation of lattice fermions, chiral symmetry is explicitly broken by a
term proportional to the lattice spacing

Ow = arj\DuD“/\ ,

where r is the Wilson parameter. Even if Oy is irrelevant and therefore
it vanishes naively in the continuum limit @ — 0, the fermion mass m is
not protected anymore by chiral symmetry and it can acquire large quan-
tum correction proportional to 1/a coming from diagrams where loops of
gauge particles connect to a fermion line. In other words, the fermion mass
renormalizes additively in the Wilson formulation as a common scalar field,
which means that zero bare fermion mass m does not imply zero renormal-
ized fermion mass. Fine tuning of m is needed to bring the theory to the
point where terms that break chiral symmetry explicitly vanishes to all order
in perturbation theory.

In QCD with two fundamental fermions, the pattern of spontaneous chiral
symmetry breaking is SU(2), x SU(2)r — SU(2)y, leading to three massless
bosons by the Goldstone theorem: the three pions 7%, 7, 7~ If the SU(2) X
SU(2) g symmetry is explicitly broken by a non vanishing quark mass m, then
pions will acquire a mass M, proportional to the amount of chiral symmetry
breaking. Perturbative and non-perturbative arguments can be used to show
that m oc M2, relation usually written in the form of the well known Gell-
Mann-Oakes-Renner equation

my = F2M2

where Y and F). are the chiral condensate and the pion decay constant re-
spectively [85]. Therefore in QCD there is the natural way to set the renor-
malized quark mass to be proportional to square of the pion mass and to
define accordingly the chiral limit.

In N = 1 SYM, the spontaneous chiral symmetry breaking pattern is
between two discrete groups Zsn, — Zs, where N, is the number of colors
of the gauge theory. Since no continuous group is broken, there will be
no Goldstone bosons in /' = 1 SYM helpful to define the chiral limit and
the gluino mass. Nevertheless it is possible to add to the action an extra
gluino A to mimic the two flavors structure of QCD, with the care of adding
also an associated ghost boson field in order to not modify the partition
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Figure 8.1: Pion mass estimation for a lattice 103 x 20 with 3 = 1.65 and
rk = 0.1875. Logarithm of the correlator (left) and effective mass plot (right)

function. The partially quenched approach allows the construction of chiral
perturbation theory and the use of the “adjoint pion mass” to define the
chiral limit, such that m oc M? also in /=1 SYM.

8.2 Computation of the pion mass and of the
critical point

The pion mass can be extracted from the asymptotic behavior of the con-
nected correlator

C(2,) = Trapincolor {1505 (#,9)75 D, (v, 7) (8.1)
that has an exponential decay for large distance |z —y| in the Euclidean space

Clz,y) ~ crexp(—Mzlz —y|) + D cpexp(=M |z —y|).

n>1

The masses M denote the contribution to the correlator coming from
(pseudo-)excited states with compatible quantum numbers. Keeping in mind
that the pion is not a physical particle in N' = 1 SYM, it is possible to fix
the renormalized gluino mass to be proportional to the square of the adjoint
pion mass M?2.

An alternative and more formal definition of the gluino mass can be given
in terms of the SUSY Ward identity, it has been proven numerically that both
definitions gives compatible results to define the point where the gluino mass
vanishes.

On the lattice, the pion correlator can be computed once that the
inverse D !(z,y) is known. Using a point source ¥« (7, @, ¢) located at the
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Figure 8.2: Extrapolation of the critical k. from a lattice 103 x 20 at 3 = 1.65.
At k. ~ 0.199 both the pion mass and the renomalized gluino mass are
expected to vanish.

origin, with non zero spin and color component o’ and ¢

7vZJo/c’ (ZL‘, «, C) = 5:505040/500’
the linear system
Dwna’c’ = wo/c’
can be solved for 7.~ with standard Krylov space solver. Using 75 Hermitic-
ity
D'y = (DN
the correlator (8.1)) can be rewritten summing over the different combination
of color and spin for Yy« (x, o, c) as
C(ﬂ?’ y) = Z |770t'0'(y7 «, C)‘2 )
requiring the solution of 4(N? — 1) linear systems and not the expensive
knowledge of the full inverse D' (z,y).

A zero momentum projection is employed to practically extract the phys-
ical pion mass

C(t)=>_ C(Z,0;7,1)
57

where the sum runs over all the spatial lattice points of a time-slice of the
lattice. Two contributions arise for C'(t) at large ¢ due to the (anti)periodic
boundary conditions

C(t) ~ exp{—M,t} +exp {—M.(T — 1)}, (8.2)
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Connected Disconnected

X Y X Y

Figure 8.3: Connected and disconnected contributions. The pion has only
connected contributions (left), but 7’ and fo mesons have also disconnected
contributions (right).

being 7" the temporal extend of the lattice in the time direction. The effective

gives a reliable estimation of the pion mass in the window 0 < t < T'/2,
otherwise it is possible to direct fit Eq. , see Fig. [8.1]

The critical bare mass where the pion mass vanishes can be extracted
from a linear fit of the points (x, M?), with k = 1/(2m +8), as demonstrated
in Fig. [8.2] The linear behavior of the square of the pion mass extends even
to relatively low regimes of .

8.3 17’ and f

The ' and fy are two mesons with symmetries and correlation functions
similar to their QCD counterpart. The mass of those meson are estimated
from from the connected correlation functions of the operator

Op = 5\75)\
for the 7, and of the operator

Og = A\

for the fo.
The correlator of the ' reads on the lattice after the fermion field con-
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Figure 8.4: Lattice representation of the gluino-glue correlator, the inverse of
the Dirac-Wilson operator connects the field strength at two different points.

tractions

1 _ _
Cy = (D (V5 (D)5 (Dt e ))
1 _ _
~575 2T (35D )ee) Tr (35 (D))
and it has connected and disconnected contributions. A disconnected contri-
bution can be depicted as a gluino moving forth and back to the same point

in a loop, see Fig. 8.3l The disconnected contributions are dominant in the
zero gluino mass limit and they have noisy signals.

8.4 Gluino-Glue

The gluino-glue is a spin one-half particle present only in theories with adjoint
matter. Being a Majorana fermion, it has two possible states. The mass of
the gluino-glue can be extracted from the correlation function of the operator

Ogg(z) = (Uur/)ab’FW(x))‘B(x)

and gauge invariance is ensured if the field strength is written in the adjoint
representation. The explicit correlator reads on the lattice

C(.T, y) = <(Uij)a,3Tr(Fij(x)Ta)D17V1 [-TB> ay,p, b]Tr(Flm(y)Tb)(Ulm>pa> )

where a summation over all repeated indeces is intended, see Fig. 8.4 The
field strength can be represented on the lattice for example with the clover
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Figure 8.5: Wilson loop correlation functions contain information about glue-
ball masses.

discretization. The correlator has no disconnected contribution and therefore
it has good signal. Spatial smearing can be employed both for the links in
the Dirac-Wilson operator and in the field strength.

The ground state of the gluino-glue is expected to belong to the low-
est supermultiplet, while the first excited state should belong to the second
supermultiplet with higher mass.

8.5 Glueballs

Glueball masses are extracted from Wilson loop connected correlators

Cog = (W(2)W(y)) = (W(2))(W(y)),

see Fig. 8.5 Wilson loop correlator are quite easy to compute, but they
usually have bad signals, variational smearing is used to reduce the noise
and the excited states contribution.

8.6 The chiral limit

Masses of particles are extrapolated to the chiral and to the continuum limit
to see if there is a dynamically restored supersymmetry. The particles are
measured for different gluinos masses at a fixed lattice spacing and then
the result are extrapolates to zero, see Fig. The pink series of points
are the results from § = 1.6 while the black ones from 5 = 1.75. The
pink results are extracted therefore from a coarse lattice with a larger lattice
spacing than the black points. As it can be clearly seen in the extrapolated
results, the mass gap between the gluino glue and 7’ is significantly reduced
on finer lattice, suggesting that the latest results are really pointing to the
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Figure 8.6: Chiral limit at 5 = 1.75 of the gluino-glue and 7’ particles, picture
taken from Ref. [49]. The yellow line marks the chiral limit, i.e. the point
where the renormalized gluino mass vanishes.

supersymmetric limit in which particles in the same supermultiplet have the
same mass. Further studies are needed to have at least three of four points to
try an extrapolation to the continuum limit and a proper estimation of the
masses of the other particles, like glueballs and excited states. A preliminary
attempt in this direction is presented in the following section.

8.7 The continuum limit

The continuum limit is the extrapolation to a — 0 after that the chiral
limit is performed. Masses are obtained from measurements with different
gauge coupling g and thus a precise determination of the lattice spacing is
required. The spectrum has been measured at two different lattice spacings
at # = 1.6 and 8 = 1.75 using a fermion action with one-level stout-smeared
links [83, 49]. Preliminary results are available for a third lattice point at
£ = 1.9. The scale wy has been measured reliably in all these points in
Ch. ; the lattice spacing is proportional to @ = 1/wg and it is set in mass
independent renormalization scheme. The extrapolation to the continuum
limit is presented in Fig. The extrapolation is a linear function of a
since the lattice discretization errors are O(a) for the Wilson action without
clover improvement. This behavior is clearly visible for the extrapolation of
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Figure 8.7: Extrapolation to the continuum limit of the Sommer parameter
79, the gluino-glue mass mgy, and the 1’ mass m,y.
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the Sommer parameter. The mass of the 1’ seems to suffer larger lattice dis-
cretization errors, while the mass of the gluino-glue is roughly constant. The
Sommer parameter has even larger discretization errors. This discrepancy
means that a different choice of the observable used to set the scale could
lead to a significantly different behavior of the extrapolation to the contin-
uum limit, in particular of the slope. The final value extrapolated should
instead be finally equal regardless on whether ry or wy are used.

The errors on the single point are quite large, coming from large fluctua-
tions of the chiral extrapolation, masses of bound states obtained at different
gluino masses do not exhibit a precise linear behavior and have large relative
errors. A larger number of configurations is needed to reduce the statistical
error. New simulations with heavier gluino mass are a further cheap pos-
sibility to reduce the final error, if a linear behavior persists also for large
values of the squared pion mass. Finally, a reduction of the final error could
come from a careful consideration of the cross correlations between w, and
the connected correlators of the particles.

The final extrapolation to the continuum limit of the Sommer parameter
is

’I“o/’LU() = 221(12) .

The gluino-glue has a mass in units of wy of
womgy = 1.04(13),
compatible with the mass of the n’
wom,y = 1.20(15) .
Fixing the physical value of wy to a conventional 800 MeV
wo =~ 0.57¢g ~ 0.25 fm,

the 7' has a mass of 960(120) MeV, while the gluino-glue has a mass of
832(104) MeV.



Chapter 9

Eigenvalues of the
Dirac-Wilson operator

You have probably gathered by now that
the solution of eigensystems is a fairly
complicated business. It is. It is one of
the few subjects covered in this book for
which we do not recommend that you
avoid canned routines. On the contrary,
the purpose of this chapter is precisely
to give you some appreciation of what is
going on inside such canned routines, so
that you can make intelligent choices
about using them, and intelligent
diagnoses when something goes wrong.

W.H. Press, B. P. Flannery, S. A.
Teukolsky, W. T. Vetterling [36]

The Dirac-Wilson operator Dy, has a central role in theories with dy-
namical fermions and it allows topological calculation even in pure gauge
models. The smallest and especially the zero eigenvalues control the infrared
behavior of QCD and of N'=1 SYM in the continuum limit. In particular,
the Banks-Casher equation relates the density of the eigenvalues of Dy, near
the origin with the expectation value of the chiral condensate [87]. Chiral
Random Matrix Theory (ChRMT) is an effective model that has been pro-
posed and successfully verified to describe the local and scaling properties of
the eigenvalues of the Dirac-Wilson operator [88]. In this chapter the basic
properties of the spectrum of Dy, are discussed for ' =1 SYM.

123
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(9.2)
(9.3)

where K is the complex conjugation operator. An antiunitary operator has

the property

(9.1)

Dy is not Hermitian,

~v5 Dy is an Hermitian operator. The 5 Hermiticity holds for all

fermion representations and it is independent from the gauge group.
unitary operator

. A similar statement is

T
m

W

T

-

=C'DyC
where C' is the charge conjugation matrix. This property holds since the

w =

Dy, = 45 Dws,
T

[Cvs K, Dw] =0

D
({Uy[Ug) = (o]4)).

Symmetries of the Dirac-Wilson operator

In addition, the Dirac-Wilson operator with links in the adjoint represen-
Cvs K which commutes with Dy,

tation satisfies

Figure 9.1: Distribution of the eigenvalues of the Dirac-Wilson operator Dy,

in the adjoint representation for a lattice 4* over a quenched SU(2) gauge
configuration with f = 1.3 and x = 0.1850.

9.1

The Dirac-Wilson operator satisfies the 5 Hermiticity relation
valid always for the adjoint representation: there is an anti

that can be directly verified using 757,75
adjoint links have real elements and C~'v,C = —y

while H
U
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9.2 Biorthogonal basis of eigenvectors
The Dirac-Wilson operator is not Hermitian, meaning that right eigenvectors
Dy |¢n) = An|én) (9-4)
have to be considered separately from left eigenvectors
Diy|tn) = pultin) - (9.5)

In general no relations exist between |¢,,) and |1,,), in particular |¢,) # c|y,)
with ¢ € C. However taking the adjoint of Eq. (9.5)),

(¢n| Dw = (¢nlpr (9.6)
the uniqueness of the spectrum of the eigenvalues impose
p:; =An- (97)

Multiplying Eq. (9.4)) by (.| on the left, Eq. by |¢,) on the right and
relabeling repeated indexes

(Un|Dwom) = (Unldm)py, (9-8)
<wn‘DW’¢m> = )\m<wn‘¢m>v (9.9)

a subtraction of Eq. with Eq. yields to an equation
(P = Am ) (¥n|dm) =0,
that implies that the eigenvectors can be chosen to be biorthogonal
(V| Dm) = Onm (9.10)
due to Eq. .

Left and right eigenvectors define a biorthogonal basis in terms of which
the Dirac-Wilson operator can be decomposed as

Dy = ZAR‘¢R><¢TL|7

under the assumption of diagonalizability [89].
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9.3 Degeneracy of the eigenvalues of Dy

If |¢,) is a left eigenvector with eigenvalue Af, it follows from Eq. (9.5)),
Eq. (9.4) and Eq. (9.1)

75DW'75|77Z}7L> = /\:L|77Z)n>

Multiplying this equation by U-~s

UDws|tn) = MU7s|¢n) -

since the operator U has the complex conjugation operator which transforms
A in A,. Using the fact that U commutes with Dy from Eq. (9.2)), there
exists thus a second eigenvector

associated to the eigenvalue A. Linear independence from |¢,) has to be
ensured to prove a double degeneracy. It follows from

(Un|Us|¥n) = (UU7s¢n|Uthn)
= —(15UulUthn)
= —(¥n|Utn)
= —(¥nlUns|tn),

where in the first line the antiunitary operator property (9.3 has been used,
in the second line the fact that

UU = -1,

in the third line fyg = 75 and in the final line the commutation relation
between U and s
[UJ /75] =0.

This sequence of relations implies (1, |U~s|tn) = (¥n]x) = 0. If |x) would
be linearly dependent to |¢,), then this product could not be zero due to
Eq. . This complete the proof that every eigenvalue of the Dirac-
Wilson operator is doubly degenerate, a sort of generalization of the Kramer
degeneracy [90), 8S].

If |¢,) and |x,) are two given degenerate eigenvectors corresponding to
the eigenvalue A, there are also two degenerate eigenvectors corresponding
to the eigenvalue \*

UDwl¢n) = UNon) = DwU|pn) = XU|dy) ,
UDwlxn) = UMxn) = DwU|xn) = X'Ulxn),
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using again Eq. and remembering that K acts also on \ leaving \*.

From these properties, the eigenvalues are organized by groups of four,
for a given A there is a corresponding \*, each doubly degenerate. If \ is real,
then there are no other constraints apart that there will be an another pair of
real eigenvalues A # . If one of these pair across the origin, then the Pfaffian
change its sign. There exist many bounds on the maximal and minimal real
and imaginary part of A\, a typical distribution of the eigenvalues is presented
in Fig. [9.1]

The eigenvalues of H = 75Dy, are real and also doubly degenerate, but
remarkably there is no known relation with the eigenvalues of Dy .

9.4 Computing eigenvalues of the Dirac-Wilson
operator

The Dirac-Wilson operator is a sparse matrix of dimension 4V (N? — 1) x
4V (N? — 1), assuming adjoint fermions on a lattice of finite volume V =
NyN,N_.N;. The number of non-zero elements of Dy scales linearly with
the volume V' of the lattice, as illustrated in Fig.[9.2 The full storage of all
the elements of Dy, is unpractical, even for a small lattice 8* and N, = 2
it would require an amount of memory of the order of 40 gigabytes. The
calculation of all eigenvalues at once is impossible; a good algorithm for
searching eigenvalues and eigenvectors will focus only a specific region of the
spectrum trying to have advantages from the sparse structure of Dyy.

The “Power method” constructs a sequence of vectors which converges
to the eigenvector of the eigenvalue with the largest real part. Considering
for simplicity the Hermitian operator H = 5Dy, each step of the iteration
multiplies the previous vector by H

Nh+1 = Hnn )

starting from a random vector 7y. The cost of such an iteration will scale
linearly with the volume due to the sparse structure of Dy,. Since H is
Hermitian, the initial vector 79 can be written as a linear combination of
eigenvectors ¢y

m = Y. kb,
k

= Ormo,

and the first iteration of the “Power Method” will output a vector 7,

m=Hno=>_ crhdy . (9.11)
P
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Figure 9.2: Matrix plot of the modulus of the Hermitian Dirac-Wilson oper-
ator v5 Dy, to each element corresponds a color proportional to its absolute
value. A white pixel corresponds to an element that is zero. The sparse
structure of Dy, emerges when the lattice size increases, from 2* to 5 the
density of non-zero entries decreases drastically.

After n iterations, the vector n, will be

N = H"no = ch<)\k)n¢k = Ao%o {Co + <)\2> C22 + ()\3> C303 + ... }
k )\1 )\1

and the terms in the curly bracket will converge to ¢y in the limit n — oo
supposing an increasing ordering A; > Ao > A3 > .... If the eigenvalues are
doubly degenerate, as in the case of H in the adjoint representation, then
the “Power Method” will converge to a linear combination of the subspace
generated by the two largest eigenvalues. An orthogonal projection of the
remaining vectors with respect to the largest ones will converge to the second,
the third, and the next largest eigenvectors. This generalization is known as
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Arnoldi algorithm, this method diagonalizes H restricted to the Krylov space
K,, defined as
K, = span{no, Hno, H*ng, ..., H"no} .

Mapping and transformation of H are required to reach other regions of the
spectrum, for example the eigenvalues closed to the origin of the complex
plane can be extracted from a Krylov space generated by the inverse of H
[91].

When a large number of eigenvalues and iterations is considered, the
orthogonalization process can be numerically unstable and restarting the
whole algorithm from the obtained approximation of the eigenvectors can be
necessary. Efficient implementation of the Arnoldi algorithm with advanced
technique of restarting are available in literature and coded in the ARPACK
package. In the code a naive version of the Arnoldi method is implemented for
extracting the spectrum close to the origin of H, while the library PARPACK
is used with mappings in the complex plane to compute the sign of the
Pfaffian.

9.5 Eigenvalues and chiral anomaly

The N/ = 1 SYM has a classical U(1),4 axial symmetry, meaning that the
transformation
A= N =exp (—iwys)A (9.12)

leaves the action invariant when the gluino mass is exactly zero. This sym-
metry is known as the R-symmetry U(1)g in the SUSY language and it
corresponds to the relative rotation of the left- and the right-handed Weyl
components of the gluino field A. It does not commute with the supersymme-
try transformations, since there are no equivalent “pseudoscalar” rotations
of the gauge field A,,.

A fermion transformation like acts effectively as a change of vari-
ables of the partition function Z(\). Provided that the action is invariant,
Z(N') can still be unequal to Z(\) because of the variation of the measure
D). The determinant of the Jacobian J can give a non trivial contribution

DX — det(J)"'DN = det {exp (—iwy;)} DA
as soon as J differs from the identity. Using the identity
det(J) = exp (Trlog(J)),
one would naively conclude that det(J) = 1

det {exp (—iwys)} = exp (—iwTr(7s))
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since Tr(s) = 0. This conclusion is however unwarranted, since the trace
extends on all the physical states of the theory and must be regularized
[78]. Applying the same procedure used to define the Witten index, Tr(~s)
is regularized as

Iy = lim Tr(y5 exp (=P ). (9.13)

and the trace evaluated in the continuum on the eigenvectors of /). The con-
tinuum massless Dirac operator is anti-Hermitian and has purely imaginary
eigenvalues. The operator I) anticommutes with s

{75} =0, (9.14)

in contrast to Eq. , and all the non-zero eigenvalues appears in complex
conjugate pairs i\, and —i\, along the imaginary axis with eigenvector |¢,,)
and 75|¢n)

ID’V5‘¢7L> = _’75m|¢n> = —iAaY5/0n) -

The eigenvector pairs |¢,,) and ~s|¢,) are orthogonal

A (Pn|Vs|Pn) = <¢n|'75m|¢n> = _<¢n|w75|¢n> = (w|¢n>)T75|¢n>
= =i (@nlV5]00),
(Dn|V5|dn) = 0if i), # 0. Asin the case of the Witten index, I is completely
independent from [
It — Tr(ysexp (—31D))
= > (Salrsldn) exp(—=50) + D (Pnls]0n) exp(=H(in)?)

Z€ero non-zero
modes modes
= § : <¢n|75|¢n>7
Z€ero
modes

since due to the 5 orthogonality condition all the contributions from non-
zero eigenvalues cancels exactly.

In the subspace spanned by the zero modes, the Dirac operator and ~;
commutes and can be simultaneously diagonalized. The eigenvalues of 5 are
+1, 42 = 1, therefore the index I counts effectively the difference between
zero modes of opposite chirality

Ir=v=ny—n_. (9.15)

On the other hand, a direct evaluation of the left side of Eq. (9.13)) is
possible with differential calculus techniques. The function used to regularize
the sum exp (—BIPID) is effectively the operator solution of the heat equation

0
%u(x,ﬁ) + DDu(z,B) =0,
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so that given the initial condition u(x,0), its evolution is

u(z, B) = (exp (—BPD))u(z,0).

The parameter [ assumes with this interpretation an effective smoothing time
similar to the fictitious time ¢ of the Wilson flow, see Ch.[7] The operator
exp (—3IP1D) can be represented by the integral of the heat kernel H(x,y; 3)

u(a, 8) = (exp (~BPP)u(x.0) = [ d"yH(z,y; Hu(y. 0):

in the limit 8 — 0 the heat kernel reduces to the delta Dirac distribution in
n dimensions

lim H(z,y;5) = 8"(z —y).

From the physical point of view the operator exp (—31)1)) smooths the initial
function u(x,0) and it links short range distances for § small to long range
topological properties for 3 large. The trace of the operator 5 exp (—SIDID)
can be written in terms of H(z,y; ) as

/ dnyTrspin,color (75H(Z/, Y; 5)) .

The heat kernel can be asymptotically expanded for small 3

1 e )
H(x,y;8) = 2By > aj(z,y)p,
7=0

the crucial point is the computation of the coefficients a;(z,y). It can be
proven that the first n/2 — 1 coefficients vanish, ensuring convergence, while
the difference of zero modes of opposite chirality of Eq. is encoded all
in the coefficient a,,/»(z,y) [92].

A simpler but informal proof can be given expanding the heat kernel in
the Fourier space of the free plane waves. The square of the Dirac operator
is

1
D =D,D"+ ia#,,F’“’ ,
the exponential can be Taylor expanded for small field A,
1
v exp{—BPP} = qzexp {—5 (DHD“ + QJWF“”)}

Vs exp {—£0,0"} — g exp {—£0,0"}v50,, F* +

2

+ﬂ8 eXp {_Baﬂau}f}/f)o’w/gpaFuprg + Tty
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neglecting higher order terms. The trace is evaluated on the complete set of
the planar wave equation u¢(k) = uexp (ikx), being u¢ a vector in spinor
and color space. On this set u$(k) the standard ~y-trace rules are valid and
Tr(vs) = 0, Tr(y50,) = 0 and Tr(v50,,0,0) = 4€upo- The final trace then
reads

2
Iy = 52 / d'2d"k exp {— Bl k" Y e 1Y FP

The integration in the momentum space is then simply a factor (473)~2 for
small 3, canceling the 52 in front of the last equation [78]

1
3272

Iy / d* 26,90 Treotor (F" FP7) (9.16)
This final integral is related to the coefficient a,/; of the asymptotic expan-
sion discussed above. Note that the trace in the color space gives a factor
proportional to the number of colors N, for fermions in the adjoint represen-
tation.

The right-hand side of Eq. is the field definition of the topological
charge Qyop. This is the content of index theorem of Atiyah and Singer proven
in 1963 [93], 94} ©95], which has a significant importance for the structure of
the low modes of the Dirac-Wilson operator. The index theorem states that
the difference between zero modes of opposite chirality is remarkably equal
to the topological charge. The Wilson term breaks Eq. on the lattice,
therefore the equivalence between topological charge and zero modes exists
in this fermion formulation only in the continuum limit.



Chapter 10

Phase diagram for N =1 SUSY

At finite temperature supersymmetry is
a broken symmetry and its effects are
therefore somewhat hidden. It is
plausible that finite temperature QCD
and finite temperature supersymmetric
gauge theory are not all that different.

Barton Zwiebach [96]

Monte Carlo simulations on the lattice have been able to explore the
non-perturbative thermodynamical behavior of many different gauge mod-
els. Strong interacting particles can be found only in colorless bound states
at low temperature and their liberation occurs only at high temperature due
to asymptotic freedom. A deconfinement phase transition has been found
for many non abelian Yang-Mills theories without fermions, see for example
Ref. [97, 08]. A milder deconfinement crossover has been observed in full
QCD, including also up, down, and strange quarks [99, 100l [T0T]. A slightly
sharper transition has been found looking for the restoration of chiral sym-
metry. Quark condensation occurs in QCD at zero temperature and only at
high temperatures chiral symmetry is realized, providing an another differ-
ent (pseudo-)critical phase transition. Recent numerical investigations have
shown that the restoration of chiral symmetry takes place at temperatures
near the deconfinement transition [I02]. The physical connection between
the two critical temperatures remains, however, unclear due to the lack of an
exact order parameter [103].

Only few non-perturbative results are known for supersymmetric Yang-
Mills theories (SYM) about their phase diagram at finite temperature. In
general, the fundamental symmetries of SYM theories have two opposite

133
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thermodynamical behaviors. Scale and chiral invariance are expected to be
restored at sufficient high temperature, but on the contrary supersymmetry
itself is explicitly broken for any non zero value of the temperature due to the
thermal statistic difference between boson and fermion particles. In the time
direction periodic and anti-periodic boundary conditions must be imposed
on fermionic and bosonic fields respectively. At zero temperature, in the
infinite volume limit, this difference can be neglected and exact SUSY can
be formulated consistently. At finite temperature, the temporal direction is
compactified and boundary conditions will break the supersymmetry between
fermions and bosons [104]. Therefore it does not exist an high temperature
limit in which a possible spontaneously or explicitly broken supersymmetry
can be restored by thermal fluctuations [I05]. This intriguing property was
subject of many theorical studies in the past, in particular for understanding
the nature and the pattern of this temperature induced SUSY breaking, see
Ref. [106] for a review.

A great interest to study supersymmetric Yang-Mills theories at finite
temperature comes from the application of the AdS/CFT conjecture [I] to
the description of the QCD quark-gluon plasma (QGP). The equation of
state of QCD approaches the conformality after the deconfinement phase
transition with substantial deviation from the expected perturbative behav-
ior, even for temperatures of the order of 800 MeV [107]. This open question
could be solved in supersymmetric extensions of QCD and analytical string
calculations can provide a theoretical understanding of the mysteries of QCD
thermodynamics. The AdS/CFT conjecture is a duality between string the-
ory in the classical limit and strong coupling N = 4 SYM in four dimensions
[108]. N' =4 SYM is a conformal theory and therefore reductions are needed
in order to relate the results to a theory like QCD with a mass-gap. Finite
temperature is a possibility to break both supersymmetry and conformal in-
variance of N' =4 SYM [I08] and therefore it could be possible that many
basic properties are shared between supersymmetric models at finite temper-
ature and the QCD quark-gluon plasma.

The subject of this chapter is the phase diagram of the N' = 1 super
Yang-Mills theory at finite temperature. Part of the content of this chapter
has been published in Ref. [7]. The N =1 SYM is confined at zero temper-
ature and a deconfinement phase transition occurs when mesons, glueballs
and their bound superpartners melt down. The Polyakov loop is an exact
order parameter for the deconfiment transition for any value of the fermion
mass, because the gluino is in the adjoint representation. Therefore the rela-
tion between deconfinement and chiral symmetry restoration can be studied
exactly in the supersymmetrical limit and numerical simulations can provide
a better understanding of the thermodynamics of strong interactions. Finite
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temperature does not preserve the SUSY transformations between bosons
and fermions and thus thermodynamical results could be generalized also to
models without supersymmetry. A comparison with the phase diagram of
QCD is therefore possible. Dual gravity calculations proved that confinement
implies chiral symmetry breaking for a class of supersymmetric Yang-Mills
theories [108], 109].

10.1 Finite temperature SUSY

The stating point for the finite temperature formulation of any quantum field
theory is the canonical partition function Z(/3)

Z(B8) = Tr(exp (—BH(8))) (10.1)

where (3 is related to the inverse of the physical temperature, g = H;T. The
partition function can be written in terms of a sum of energy eigenvalues F,

of the Hamiltonian H

Z(8) =Y _(nlexp (—=BH(¢))In) = > exp (=BE,).

The trace (|10.1)) can be evaluated also in the path integral formalism,
with the same calculations of zero temperature studies it is possible to show
that

Z(8) = / D(bexp{— /0 ? / d%ﬁ(qﬁ)}, (10.2)

where the time dimension is compactified with length equal to 3]

The boundary conditions are periodic for boson fields and antiperiodic for
fermion fields. The difference between the boundary conditions of fermions
and bosons has the important consequence that supersymmetry is broken at
any finite temperature. At zero temperature, where the length of compacti-
fied temporal dimension goes to infinity, the fields are not sensible anymore
to any boundary conditions. At finite temperature instead the symmetry
between bosons and fermions is broken and therefore supersymmetry is not
realized anymore.

More formally, it is possible to consider the supersymmetry transforma-
tions ¢, of the thermal average of a generic fermionic operator O(¢) [104]

0.0(¢) = EH{QW O(¢)} (10.3)

'Here f3 is proportional to the inverse of the temperature, it must not be confused with
the square of the inverse of the gauge coupling.




136 CHAPTER 10. PHASE DIAGRAM FOR N =1 SUSY

evaluated at finite temperature

(6.0)s = Tr(e,{Q,,0}exp (— H))
Tr(e,Q,0 exp (— B 7)) + Tr
Tr(e,Oexp (—BH)Q,,) + Tr
Tr(e,0Q, exp (—BH)) + Tr

— 23 (0l 0Quln)nlexp (-

- 2Zn\euoczurn>exp< BE,) (10.5)

where in it is used the fact that the supercharges commute with the
Hamiltonian. In the zero temperature limit, S goes to infinity and only the
vacuum states |0) with Ey = 0 give a contribution to the sum. If supersym-
metry is not spontaneously broken, then (),|0) = 0 and therefore any varia-
tion of any operator with respect to supersymmetry vanishes, (6.0)s =

This implies that supersymmetry is conserved. If instead [ # oo, then any
state |n) gives contributions to the sum and the supersymmetric charge in-
terchanges only fermionic and bosonic states. In general, without any other
specification about the operator O, (6.0) 4 # 0 and supersymmetry is broken.

The situation would be different if

Zp(B) = Tr((—=1)" exp (~BH(9)))
is used instead of the standard partition function. It can be shown that

Zp(3) corresponds to the standard partition function in the path integral
formalism but where periodic boundary conditions are applied also to the

fermionic fields. Now the sum (|10.5)) is
(00)s = 23 (nle,0(=1)" Quln) exp (—BE,) ,

If supersymmetry is not broken, the states with positive energy will come in
pairs and summed now with different signs due to the (—1)¥ operator. The
contribution from all the states will be exactly zero and only the vacuum term
will survive, if supersymmetry is not spontaneously broken then (6.0)s = 0
for any temperature. From this argument it is possible to conclude that
periodic boundary condition for fermions preserves supersymmetry while the
antiperiodic one breaks it.

10.2 The finite temperature phase diagram

The phase diagram is considered here in function of the gluino mass and of
the temperature. Different regions are characterized in the phase diagram
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by the expectation value of order parameters related to confinement and to
fermion condensation.

10.2.1 Center symmetry and confinement

The N/ = 1 SYM is an asymptotically free theory, expected to behave at high
temperatures as a conformal gas of free gluons and gluinos [3I]. The order
parameter for the deconfinement phase transition is the Polyakov loop

Ny
P, = 12Tr{H U4(:Z‘,t)} .
4 z t=0

The expectation value of the Polyakov loop has the physical meaning of the
exponential of the negative free energy of a single static Dirac quark in the
fundamental representation

(P) = exp <—];:1> .

Therefore a non-vanishing value of (Pr) means that a state with a single iso-
lated quark exists, i. e. deconfinement. Deconfinement is associated with the
spontaneous breaking of the center symmetry, defined by the transformation
of the gauge fields in a fixed time-slice at t = t':

Us(#, ) = Us(7,) = exp (2m]$> U@ ) ne{01,...,N.—1}.
A similar phase rotation cannot be reabsorbed by a gauge transformation due
to the periodic boundary conditions applied to gluon fields in the time direc-
tion. In contrast to QCD with fermions in the fundamental representation,
center symmetry is left invariant by both the gauge and the fermion part of
the action in the case of N/ = 1 SYM. In fact, the Wilson-Dirac operator
is written in terms of links in the adjoint representation that are unaffected
by complex rotations. On the other hand, the Polyakov loop transforms
non-trivially under the center transformations

Pr — P. = exp <2m”)PL,

NC
and it is thus an exact order parameter for the deconfinement transition
for any value of the gluino mass m. The pattern for the center symmetry
breaking is hence the same as in pure SU(V,) gauge theories, and it is pos-
sible that the Svetitsky-Yaffe conjecture [I10] is valid for N'=1 SYM. This
conjecture implies a deconfinement transition of second order for the gauge
group SU(2), corresponding to the universality class of the Z, Ising model in
three dimensions.
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Figure 10.1: Two test particles are strongly interacting and the chromody-
namical flux is confined into a small tube. In the case of N' =1 SYM, the
flux tube can be effectively described as either bosonic or fermionic string.

10.2.2 Static mesino and Polyakov loopino

Even if supersymmetry is broken at finite temperature, it could be in any case
interesting to ask what SUSY transformations imply for the order parameter
of the deconfinement phase transition. A single Polyakov loop is changed
into a fermion under SUSY transformation as

Pi(x) — Difa) =YY G ()

%

Glia = <U4(*T7 0) T U4(SL’, t/))§(74)§)‘%<x7 tl)(Ta)i(U4(x7 t/) e U4($, Nt))f

with the insertion of a gluino A smeared along the Wilson line. The operator
Dy, is the supersymmetrical partner of P, a “Polyakov loopino”, and it has
effectively the quantum number of a Majorana fermion. Gauge invariance
of D(x) is ensured by the adjoint representation of the gluino field, since
clearly

Us(z,1) Qp(x, t)Us(, 1) (2, +1)
Mg (z, )T, Qa(z, g T,
Qu(z,t)y = 2TI‘(QF<:L‘,t)TaQF(Z',t)TTb)
Az, )T, = Qp(z, ) (N (z, ) T,) Qe (z, 1) (10.6)

%
%

and therefore the matrix gauge transformations Qp(z,t) cancels at the inser-
tion of the gluino field as well as at the other points of the Polyakov loop.
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While the correlator of two Polyakov loop P, represents the expectation
value of a meson, the correlator C**(z — y) of two D%(x)

C*%(a —y) = (Di(2)DL(y))

represents the expectation value of a mesino. When external static quarks in
the fundamental representation couple to a pure supersymmetric gluodynam-
ics, their quantum states will be a mixture of mesons and their superpartner
mesinos [I11]. From the effective string point of view, the chromodynamical
flux is confined inside a small fluctuating tube connecting the two external
sources due to the linear behavior of the strong potential. The fluctuation
of the flux tube is then quantized in terms of a bosonic effective string. In
the N/ = 1 SYM, gluinos are the supersymmetrical partner of the gluons
and they are expected to give contributions to the chromodynamical flux,
therefore also a fermionic string is expected to emerge in the infrared regime
of the long range strong supersymmetric interactions.

It is well known that a non vanishing expectation value of the Polyakov
loop (Pp) implies the disappearance of the string tension, the linear term
of the logarithm of the Polyakov loop correlator. From first principles, since
SUSY is broken at finite temperature, this does not ensure automatically that
also the correlator C*?(x — y) would loose its linear behavior when (Pp) # 0.
It would then be an interesting investigation the study of the behavior of
C*(z — y) at finite temperature.

10.2.3 Chiral phase transition

As discussed in the previous chapter, the N'=1 SYM has a classical U(1)4
axial symmetry broken by quantum fluctuations. The chiral Ward identity
has a dependence on N, absent in QCD

2
3\ g v o
8,“];‘ = au(A’YM')/B)‘) = N, QEMVpJFM F? )
327
typical of gauge models with fermions in the adjoint representation.
The anomalous contribution to the axial transformations can be absorbed
in the periodicity of the parameter ©O:

O —60-2Nw (10.7)

if the angle w assumes one of the values w = %, n=20,...,2N. — 1. The
remaining chiral symmetries thus form the group Zsy,. Numerical investi-
gations [30] have confirmed the conjecture [31], 32] B3] that this invariance

is spontaneously broken at zero temperature by a non-vanishing expectation
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Mg
A
<AA> > 0
First Order Second Order
Critical line Critical endpoint T
<> < 0

Figure 10.2: Expected phase diagram for chiral symmetry breaking of V' = 1
SYM with gauge group SU(2). The chiral condensate (A\) is the order pa-
rameter of the chiral phase transition. Each non-zero value of the renormal-
ized gluino mass My introduces a source of chiral symmetry breaking. At
low temperatures, moving from positive to negative gluino masses Mg, the
chiral condensate jumps from a positive to a negative expectation value. The
phase transition is therefore of first order with a coexistence of two different
phases. The line of first order phase transitions is expected to terminate in
a second order endpoint.

value of the gluino condensate (5\)\) # 0 to a remaining Z, symmetry corre-
sponding to the sign flip A — —\. The complete pattern of chiral symmetry
breaking is thus

U(l)A — ZQNC — Zs. (108)

The phase transition associated with the spontaneous breaking Z;n, —
Zy is of first order at zero temperature: the expectation value of the chiral
condensate jumps from positive to negative. The system is in this respect
similar to a Zy, Ising model (Zn, = Zan,/Z2), with the gluino conden-
sate corresponding to the spontaneous magnetization and the renormalized
gluino mass to the external magnetic field. This similarity suggests that
for the gauge group SU(2) there is a critical temperature TSP of a sec-
ond order phase transition and a phase with restored Z; symmetry at high
temperatures, see Fig. [10.2]

There are three possible scenarios for the relation of deconfinement and
chiral symmetry restoration. T might coincide with the deconfinement
transition temperature T9¢°"" but other scenarios are possible from first
principles. If they do not coincide either a mixed deconfined phase with
broken chiral symmetry broken or a mixed confined phase with restored chiral
symmetry exists, see Fig. [10.3
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Figure 10.3: Possible scenarios for the phase diagram of N' =1 SYM. The
two chiral phases are separated by a crossover for M, # 0 (dashed red lines)
and by a phase transition in the massless limit. The orange line represents
the deconfinement phase transition, present for any value of M. (a) In the
supersymmetric limit chiral and deconfinement transition coincide. (b) A
mixed confined phase occurs with chiral symmetry restored. (c¢) A mixed
deconfined phase occurs with chiral symmetry broken.

Finally, the remaining part of the U(1)z symmetry broken by the anomaly
could be effectively restored in high temperature limit.

10.3 The deconfinement phase transition

Simulations have been done for different spatial and temporal lattice extents
to study the deconfinement phase transition, with lattice sizes N2 x N, =
8 x 4,123 x 4, 16% x 4 and 10® x 5. Different spatial volumes estimate the
influence of finite size effects and different temporal extents probe for lat-
tice artifacts. The details of the simulations, done around critical point, are
summarized in Table [10.1] The autocorrelation between consecutive config-
urations generated by the RHMC algorithm increases drastically near the
critical point of the deconfinement transition and more statistics is needed
to compensate this effect. Many tunnelings between different phases are
needed to estimate correctly the scaling behavior requiring a large amount
of computer time.
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N Ny B Neont. T ngc

4 8 1.65 150000 400 0.1600(50)
4 12 1.65 80000 1100 0.1600(50)
4 16 1.65 40000 1600 0.1580(50)
5 15 1.65 20000 1500 0.1850(25)
5 15 1.62 20000 1500 0.1925(20)
5 15 1.60 20000 1500 0.1950(20)

Table 10.1: The table summarizes the number of measurements Ngo,¢., pro-
duced at the k% value, for estimating the deconfinement transition using
the action without stout smearing. The autocorrelation time 7 is computed
for the Polyakov loop at the critical point.

P
<|Py> X
0.30F °
0.25F .

0.20
0.15¢

-
N Wb OO
T T T T T T
i

0.10F

0.12

0.14 0.16 0.18 0.10 0.12 0.14 0.16 0.18

(a) Polyakov loop (Pr) (b) Polyakov loop susceptibility xp

Figure 10.4: The expectation value of the Polyakov loop and of its suscepti-
bility on a 123 x 4 lattice at S = 1.65.

The bare gluino mass
1 -8k
2K

is varied for each NN, and for each f to locate the exact point of the deconfine-
ment phase transition. Fig. demonstrates this approach for a lattice
size 123 x 4 and 8 = 1.65, where the Polyakov loop starts to rise at x ~ 0.15.
The point of the phase transition can be determined more precisely by the
maximum of the Polyakov loop susceptibilityﬂ

(10.9)

m =

xp = V{(IPLl*) = (IPc])?). (10.10)

2Here the susceptibility is defined in terms of the modulus of the Polyakov loop. While
this choice does not alter the position of the peak, it introduces a non-zero value of yp
below the critical point.
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Figure 10.5: Finite size scaling for the susceptibility x(|P.|) at § = 1.65 and
k = 0.160. The red line is the expected scaling for a second order phase
transition in the universality class of the Z, Ising model, the purple and the
green lines represent instead a first order phase transition and a cross-over,
respectively. The colored shadows indicate the errors from the extrapolation

of Eq. (10.11)).

The susceptibility shows a clear peak at x = 0.160(5), this point defines
the deconfinement phase transition for a supersymmetric Yang-Mills theory
broken by the renormalized gluino mass corresponding to the bare m =
—0.875. The critical point defined in this way has only a mild finite volume
dependence, which is impossible to distinguish with the current precision.

The finite size scaling of the susceptibility yp contains information about
how the correlation length diverges in the infinite volume limit and about the
order of the phase transition. The susceptibility has a scaling dependence on
the volume,

v ()

which is linear for a first order phase transition (z = 1), flat for a crossover
behavior (z = 0), and non-linear, with x = 0.657(4), for a second order phase
transition in the universality class of three-dimensional Z; Ising model [112].
The ratios of the Polyakov loop susceptibility is computed for V5 = 8% and
Vi = 123,16% with N, = 4 and the resulting volume dependence is shown in
Fig.[10.5l The Svetitsky-Yaffe conjecture is in good agreement with the data
and a possible change from the second order phase transition of pure gauge
theory to first order induced by gluinos seems to be excluded.

As a further evidence for this statement the distributions of the Polyakov

(10.11)
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Figure 10.6: Polyakov loop distribution on a 122 x 4 lattice at 3 = 1.65 and
various k.

loop at different values of x demonstrate the slow continuous emergence of
a new peak in addition to the central distribution of the absolute value, see
Fig.|10.6] This is in accordance with the divergence of the correlation length
at a second order phase transition.

The peak of the Polyakov loop susceptibility, Eq. , defines a critical
combination of bare parameters (k, ), see Table m The associated critical

temperature,
1

N,a’
can be compared to other relevant scales of the model and between simula-
tions at different gauge couplings only if a common observable is used to fix
the scale as explained in Ch. [7] The parameter wy is measured to this end at
zero temperature at these values with new simulations, see Table [10.2] The
supersymmetric limit can be extrapolated once that the value of the adjoint
pion mass is computed in a partially quenched approach.

In the mass independent scheme the scale wy is first extrapolated to the
chiral limit w§ and used for all the simulations with the same 5. The tem-
perature is w§T, and the gluino mass is then proportional to (w§m, ,)?. The
points ((wim, )% wiT.) are linearly interpolated, and the deconfinement
temperature is extrapolated to

(10.12)

M};’S = (wima )* = 0.

The linear fit shown in Fig. clearly indicates that the deconfinement
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N, N, 3 K aMar wp/a w§/a
20 10 1.65 0.1600 1.7182(09) L.179(02) 1.428(36)
20 10 1.65 0.1825 1.1138(20) 1.310(09) 1.428(36)
20 10 1.65 0.1850 1.0277(24) 1.340(09) 1.428(36)
20 10 1.65 0.1875 0.9342(22) 1.326(13) 1.428(36)
20 10 1.62 0.1900 0.9398(26) 1.258(23) 1.359(34)
20 10 1.62 0.1925 0.8331(29) 1.207(23) 1.359(34)
20 10 1.62 0.1950 0.7067(44) 1.384(31) 1.359(34)
20 10 1.60 0.1950 0.8159(62) 1.277(20) 1.307(30)
20 10 1.60 0.1975 0.6868(40) 1.351(26) 1.307(30)
20 10 1.60 0.2000 0.4980(58) 1.553(31) 1.307(30)

Table 10.2: The table summarizes the zero temperature measurements done
for setting the scale without stout smearing. wg/a is the mass dependent
value while w§/a is the mass independent one, i. e. obtained by extrapolation
to (woma )% = 1.

transition occurs at lower temperatures when the gluino mass is decreased,
wg To(Mpa0) = 0.0190(22) M10 4 0.2432(45). (10.13)

The final extrapolation to the supersymmetric limit Mgg = 0 leads to
wi T = 0.2432(45), (10.14)

where the quoted error is only statistical.

Instead in a mass-dependent renormalisation scheme, the scale is not
extrapolated first to the chiral limit. The lattice spacing is allowed to
change with the gluino mass and the temperature wy7, and the gluino mass
(woma_»)? will be determined with the wy measured at zero temperature with
the same x and 3. The points ((woma )%, woT,) with wy determined at the
same value of the bare parameters x and 3 at the phase transition are linearly
interpolated,

wo Ty(ME°) = 0.01234(7) M 4 0.2441(26) , (10.15)

where Mp3° = (wom, »)?. The interpolation is shown in Fig. [10.7(b)l The
slope is different due to the change of renormalisation scheme. However, the
final extrapolation to the supersymmetric limit leads to the compatible result

woT, = 0.2441(26)

but with a smaller error due to the more precise determination of the scale
for points with heavier gluino masses.
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Figure 10.7: The critical temperature of the deconfinement phase transition
is extrapolated to the supersymmetric limit by extrapolating the results to
the point where (wom, )? is equal to zero. The four points plotted in the
two figures can be found in Table [10.2]

For a comparison of N'=1 SYM and pure gauge theory, the scale wqy/a
has been computed at infinite gluino mass on a lattice 18* and 3 = 1.829.
The chosen [ is the critical value for the deconfinement transition of pure
SU(2) Yang-Mills theory with a Symanzik improved gauge action at N, = 6
[T13]. The measured value of

wo/a = 1.7649(78) (10.16)

leads to
woT. = 0.2941(13) (10.17)

for pure SU(2) Yang-Mills theory.
The ratio of the deconfinement temperatures for pure and supersymmetric
Yang-Mills theory is thus

T.(SYM)

— 0.826(18 10.18
T.(pure Yang-Mills) (18). ( )

where the comparison is of course dependent on the observable chosen to set
scale. Introducing physical units by setting 7, = 240 MeV for the critical
temperature in pure gauge theory, a physical value of the deconfinement
phase transition temperature for N' = 1 SU(2) supersymmetric Yang-Mills
theory can be obtained

T. = 198(4) MeV . (10.19)

In the analysis of the deconfinement transition there are no evidences for
contributions from negative Pfaffians even at the largest values of .
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10.4 The chiral phase transition

The order parameter of the chiral phase transition is the gluino condensate.
A non-zero expectation value of this parameter signals the breaking of the
Z, remnant of the U(1)g symmetry. The bare gluino condensate is defined
as the derivative of the logarithm of the partition function with respect to
the bare gluino mass parameter,

< T 0

Mg =———1log(Z(5,m)). 10.20

W) =~ log(Z(5,m)) (10.20)
Chiral symmetry is broken by the Curci-Veneziano action with the Wilson-
Dirac operator for the fermions, and the bare gluino condensate (A\)p ac-
quires an additive and multiplicative renormalisation

MR = ZsA(B)((AN) 5 — bo). (10.21)

At zero temperature a first order transition is expected when the bare
gluino mass is changed, crossing a critical value corresponding to Mz = 0.
Close to such a transition the histogram of (A\) shows a two peak structure
in a finite volume. The transition can be identified with the point where
the symmetry of the two peaks changes, as done in [30]. Such an analysis is
independent of the renormalisation described in Eq. (10.21)). At finite tem-
peratures the first order chiral phase transition extends to a phase transition
line at Mg = 0, terminating in a second order end-point. Beyond that point
the transition changes from first order to a cross over, see Fig.[10.3] For this
reason, considerations on the renormalisation procedure become important
for the precise localization of the phase transition.

The additive renormalisation is removed by a subtraction of the zero
temperature resul‘lﬂ

(A)s = (A5 = (AN -
The calculation of the renormalisation constant Z5,(f) can be avoided in
a fixed scale approach, where the bare coupling 5 and k are fixed and the
temperature is changed by a variation of N..

The bare gluino condensate is obtained from the trace of the inverse
Wilson-Dirac operator,

_Zilog(g(ﬁ,m)) — _Z(ﬁl,m)gﬁ?n <eXp (;trlog(DW(m))>>

L (i)

3Notice that with this convention the chiral condensate will be zero at zero temperature
and non-zero at very high temperature.

Sg
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Figure 10.8: a-b) Chiral condensate and its susceptibility on a 123 x N, lattice
at = 1.7, kK = 0.192; c-d) Polyakov loop and its susceptibility at the same
parameters. T, refers to the deconfinement transition temperature obtained
from an extrapolation to the supersymmetric limit using Eq. .

Here and in the following (O)g, denotes the functional integral with respect
to the gauge part of the action, i. e. Z(5,m) = <exp (%tr log(DW(m)))>S ,
where a positive Pfaffian is assumed. The trace of the inverse Wilson—Dirz:c
operator is evaluated with 20 random noise vectors using the stochastic es-
timator technique. The simulations are done on a lattice 123 x N,, with
N; € {4,...,11}, 8 = 1.7, and £ = 0.192. A simulation at zero tempera-
ture, i. e. N, = 12, has been performed to determine the adjoint pion mass
am,_. = 0.388(9) and the value of the scale wy/a = 2.070(38).

The subtracted chiral condensate starts to rise at N, ~ 7, but its be-
havior is quite smooth due the crossover nature of the transition away from
the supersymmetric limit, see Fig. . For a better identification of the
pseudo-critical transition point, the peak of the chiral susceptibility x. is de-
termined. This observable is equal to the derivative of the gluino condensate
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Figure 10.9: Comparison of connected (left) and disconnected (right) contri-
butions to the chiral susceptibility on a 123 x N, lattice at 8 = 1.7, k = 0.192.
Notice the different scale used in the two plots.

and it has connected and disconnected contributions

Xe = _*W 10g<Z(g> m))

_ _Zi <;tr(DW1) exp (;tr 10g(DW(m))> >Sg

_ _5 {<itr(D;V1)2> - <itr(Dv—Vl)>2 - <;tr(DI}/2)>} (10.22)

The connected contribution is expected to vanish in the supersymmetric
limit. In the range of parameters that considered in this investigation the
disconnected contribution is already dominant and the connected contribu-
tion can be neglected for a localization of the peak, see Fig. [10.9] In that
respect the relevant dynamics of the phase transition is already close to the
one at a vanishing renormalized gluino mass. Even though the connected
contribution is negligible, the complete observable is considered in the fol-
lowing, to ensure the absence of additional systematic uncertainties in our
extrapolations.

The results of the simulations are shown in Fig. Even though
there is quite a broad central region, a visible peak can be identified corre-
sponding to the value at N, = 9. For comparison, the Polyakov loop is shown
in Fig. . It acquires a non-vanishing expectation value at N, = 8. This
small deviation is consistent with the scenario of a chiral symmetry restora-
tion and a deconfinement phase transition at the same temperature.

In order to provide an upper limit for the chiral symmetry restoration
temperature, new simulations have been done approximately at the super-
symmetric limit, i. e. around the value of x where the adjoint pion mass
is expected to vanish, following the approach of [30]. This corresponds to
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Figure 10.10: Distributions of the chiral condensate on 123 x N, lattices at
S = 1.7 and kK = 0.194. For N, = 5 the distribution is compatible with a
single Gaussian, while for N, = 8 a second peak emerges.

k = 0.194 at 3 = 1.7. The lattice sizes were chosen to be 123 x N, with
N, € {5,6,7,8}. Note that these simulations cannot be done at large values
of N., due to the long time needed for a convergence of the conjugate gradi-
ent algorithm in zero temperature limit. The distributions are displayed in
Fig. [[0.10] At high temperatures, like N, = 5, the distribution is close to
a Gaussian without any indications for a double peak in the gluino conden-
sate. At N, = 8, on the other hand, a small second peak emerges from the
distribution. Therefore, at these low temperatures the transition, close to
the supersymmetric limit, becomes consistent with a first order chiral phase
transition. Moreover, this suggests that the transition happens in the region
between N, = 7 and N, = 8. It is another indication that the chiral phase
transition and the deconfinement transition are close to each other: assum-
ing that the value of wy does not change so much going from « = 0.192 to
k = 0.194 an upper limit for the supersymmetric chiral critical temperature
can be estimated to be T\ (Mgr =0) S 1.5T..
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The sign of the Pfaffian has been measured on 200 configurations. At
k = 0.192 no negative sign occurs, whereas at k = 0.194 around 8% of the
configurations have a negative sign on the 123 x 8 lattice. Hence the simula-
tions at the supersymmetric limit provide only an estimate of the transition
point. In further studies the contributions with a negative sign have to be
taken into account more carefully; alternatively, with a larger amount of
computing time, the supersymmetric limit can extrapolated from a region
without a relevant sign problem.

10.5 Phase diagram

The phase diagram of N' = 1 super Yang-Mills theory can be finally drawn
based on the results discussed in the previous sections. The deconfinement
phase transition has a good signal for all values of the gluino mass and the
finite volume scaling seems to be in agreement with a second order phase
transition in the universality class of the three dimensional Z5 Ising model.
The chiral phase transition emerges in the chiral limit and it occurs roughly
at the same temperature of the deconfinement phase transition. Numerical
simulations seems to support the phase diagram (a) of Fig. , but further
studies closer to the continuum and to the massless limit are required to
fully support this scenario. A very different phase diagram has been found
for a similar gauge model but with four Majorana fermions in the adjoint
representation of the gauge group in Ref. [IT4], chiral symmetry restoration
occurs in this theory after the deconfinement phase transition. From this
perspective N’ = 1 SYM appears more similar to QCD.



152 CHAPTER 10. PHASE DIAGRAM FOR N =1 SUSY



Chapter 11

Compactified N = 1 super
Yang-Mills theory

Prove that for any compact simple
gauge group G, a non-trivial quantum
Yang-Mills theory exists on R* and has
a mass gap A > 0.

A. Jaffe and E. Witten, The Millennium
Prize Problems

Confinement is still an open mystery of QCD. The hope is to find an
approach to study strong interactions analytically even deep in the strong
coupling region. New techniques are required to realize this dream, a very
famous approach is the t-Hooft limit [I15]. Yang-Mills theories simplify
drastically if the gauge coupling g is sent to zero and the number of colors IV,
to infinity keeping fixed the 't-Hooft coupling ¢?N,. In particular, scattering
and vacuum energies receive their largest contribution in perturbation theory
only from planar Feynman diagrams.

Volume independence and correlation function factorization have been
conjectured in the large N, limit, in the sense that the theory in a hypercu-
bic lattice 1¢ with only one site is equivalent to the full theory in L9 [T16].
Unfortunately confinement is not preserved in this limit, the center symmetry
of the Polyakov loop is broken and the hypothesis that lead to the volume re-
duction are not fulfilled [117]. A possibility to solve this problem is to couple
the gauge fields with quarks in the adjoint representation of the gauge group.
Fermions of the AV = 1 super Yang-Mills theory fulfill this requirement. The
model can be thus compactified in a torus R3 x T and studied for small
compactification radius. Gluinos are expected to restore confinement, if pe-
riodic boundary conditions are applied to them in the time direction [118].
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Under this assumption, confinement mechanisms can be studied analytically
for small compactification radius. In this chapter preliminary numerical evi-

dences are shown for these conjectures. The picture of the phase diagram of
compactified N'=1 SYM has been presented in Ref. [119].

11.1 Confinement in compactified N = 1 su-
per Yang-Mills theory

Fermion boundary conditions have a strong influence on confinement in the
compactified N = 1 super Yang-Mills theory. As seen in the previous chapter,
the study of the theory at finite temperature requires antiperiodic boundary
conditions to be applied to fermions in the compactified time direction. The
temperature is proportional to the inverse of the compactification radius R.
In the “thermal theory” supersymmetry is explicitly broken unless R — oc.
As discussed before, confinement is also broken at high temperature for a
small critical R of length approximately equal to one fermi in QCD units.

The situation is different if one spatial direction is compactified, or equiva-
lently, if periodic boundary conditions are applied to all fields in all directions.
In the Hamiltonian formalism, these boundary conditions are equivalent to
the trace of the Witten index

tr[(_l)Fe—H/R] _ Z e(—En/R) _ Z e(—En/R) _ - D)\DAMG_S[’\’A],
Sntes e

in this case supersymmetry is not broken and it is expected to play a relevant
role on deconfinement. In particular, confinement is expected to persist for
all compactification radius R. Gluinos cancel quantum contributions coming
from gauge bosons in the “compact theory”, the effective potential of the
Polyakov loop is flat at one-loop in perturbation theory for ' = 1 SYM
(where Ny =1/2)

Vir= (Ny = 3 ) oo 3 IT(@) 2, (L)

being € the path ordered product of the temporal Wilson line [120], [118].
Supersymmetry guarantees that such a behavior holds to all order in per-
turbation theory. Confinement in compactified N/ = 1 SYM is hence the
result of non-perturbative instanton contributions to the effective potential
[121]. The effective potential becomes instead attractive if additional Majo-
rana fermions are coupled to gauge fields: center symmetry is stabilized for
Ny > 1/2 (Dirac counting of degrees of freedom).
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Figure 11.1: Histograms of the Polyakov loop with periodic boundary con-
ditions with 8 = 1.7 and £ = 0.1915 on a lattice Left) 14*® x 8 and Right)
143 x 4.

Supersymmetry is dynamically realized on the lattice in the continuum
limit and the gluino mass has to be fine-tuned in the Curci-Veneziano action.
The exact cancellation between fermions and bosons is broken, a lattice study
of the compactified N' = 1 SYM is however a good test for understanding
how and in which limit supersymmetry is restored. Numerical simulations
can prove further the conjectures of Ref. [I18], in particular it has to be en-
sured that there are no intermediate deconfined phases between the small R
regimes, where the analytical calculations are available, and large R, the final
target theory where one hopes to prove confinement. In fact, the analytical
calculations done at small R would be meaningless at large R if there would
be an intermediate deconfined region occurring between two phase transi-
tions R; < R < R,. It is therefore of great importance to prove, at least
numerically, that there are no phase transitions in the supersymmetric limit.

11.2 Numerical simulations

Periodic and antiperiodic fermion boundary conditions have been compared
with numerical simulations on a lattice with a spatial volume 143, at 3 = 1.7
and K = 0.1915. The Polyakov loop expectation value is zero at Ny = §,
but disappointingly the theory is clearly deconfined at N, = 4, regardless
on the fermion boundary conditions, see Fig. The center symmetry of
the Polyakov loop is broken for small compactification radius R also when
periodic boundary conditions are applied to all fields, in apparent contradic-
tion with the conjectures that have been formulated. However confinement
is expected to survive continuously in the compact theory only in the chiral
limit, the “Witten index partition function” could be more influenced by the
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Figure 11.2: Histograms of the Polyakov loop with periodic (violet) and
antiperiodic (purple) fermion boundary conditions on a lattice 10® x 1, with
f =1.7and a) kK =0.1920 b) k = 0.1935.

gluino mass term.

Monte Carlo simulations are on the other hand computationally more ex-
pensive in the massless limit. Preliminary tests have been done to understand
if periodic boundary conditions applied to fermions preserve confinement at
least for very small compactification radius. The lattice has been reduced
to 10® x 1. In this setup only one site is present in the time direction and
the lattice is effectively dimensionally reduced to R3. The histograms of the
Polyakov loop are shown in Fig.[11.2] The expectation value of the Polyakov
loop is zero both at K = 0.1920 and at k = 0.1935, closer to the critical point
ke =~ 0.194. When antiperiodic boundary conditions are applied to fermions,
center symmetry is spontaneously broken even stronger in the massless limit.
This difference is a clear evidence that periodic boundary conditions have a
strong influence on confinement. A confined region exists at small compact-
ification radius R and for sufficiently small but non vanishing gluino mass,
and two deconfinement phase transitions occur when R is increased. Further
simulations have been discussed in [I19], observing that the deconfined re-
gion shrinks and disappears in the chiral limit. The gluino mass term breaks
supersymmetry, ruining the exact cancellation between bosons and fermions
which should forbid deconfinement. However, even for positive fermion mass
m, the influence of gluinos is strong enough to recover confinement for small
R in a wide region of the bare parameters.

The average of the plaquette expectation value in the spatial and in the
time direction encodes information on how the pure gauge part of the theory
reacts to a variation of the spatial volume V' and of the compactification
radius R. It is therefore interesting to observe that for periodic boundary
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conditions the spatial plaquette is almost equal to the temporal plaquette,
while a large gap is observed for fermion antiperiodic boundary conditions.
The compact theory seems therefore to realize the predicted volume inde-
pendence.

Monte Carlo simulations can check non-perturbatively the shape of the
effective potential of the Polyakov loop. To this end, the number of Majo-
rana fermions Ny/2 is considered as a continuous parameter. In Fig. [11.4
is presented the histogram of the Polyakov loop for three different Ny/2 at
= 1.7 and Kk = 0.192. When the number of fermions is lower than the
critical value, Ny = 7/16 ~ 0.44, the center symmetry is broken and the
Polyakov loop is non-zero although characterized by a broad distribution.
The Polyakov loop is distributed instead around the origin when Ny = 1/2
or Ny = 9/16 ~ 0.56. The raw standard deviation o is equal to 0.036 for
Ny = 9/16, smaller than o at Ny = 1/2, equal to 0.052, in agreement with
the theoretical expectation of formula [11.1]

11.3 Phase diagram of compactified N = 1
SYM

The phase diagram of compactified N' = 1 SYM is strongly influenced by
the gluino mass term. The deconfinement phase transition line continues to
exist unchanged even for quite small gluino mass. However there are strong
evidences that there exists a second line that appears for some gluino mass,
below this second line the compact theory is again confined. This scenario
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is similar to the theory with two adjoint fermions Ny = 2 investigated in
Ref. [122]. The two lines meet at some positive critical gluino mass, after
which the compact theory is continuously confined [I19]. More simulations
are required however to prove this final picture.



Chapter 12

Conclusions

I consider that numerical methods have
a comparable role with analytic
thinking, experiment, and observation in
physics [...] I am confident that there
will be surprising breakthroughs
achieved by numerical studies, perhaps
even on questions as basic as: Why does
the universe exist?

Kenneth Wilson [123]

The research of N/ = 1 super Yang-Mills theory on the lattice has been
fruitful to explore the non-perturbative regime and to test the correctness of
the several conjectures that have been proposed by several authors so far.

The largest part of the work done in this thesis has been spent in the
develop of the code to implement the Hybrid Monte Carlo (HMC) algorithm
for ' = 1 SYM. The program is the core of all the results that has been
presented in this thesis. Many algorithms have been adapted and reformu-
lated to handle gluinos on the lattice. The separation of ultraviolet from
infrared modes of the Dirac operator, used in combination with the RHMC,
has been found to speedup the performance significantly with respect to the
previously used algorithms.

The continuum limit is the most important ingredient behind the viability
of supersymmetry on the lattice. The extrapolation to zero lattice spacing
requires however a careful definition of the scale. As discussed in Ch. [7] the
scale wy based on the Wilson flow provides a precise determination of the
lattice spacing in fully agreement with the theoretical perturbative expecta-
tions. The systematical errors are under control and therefore the wy scale
can be used to extrapolate the continuum limit of the mass spectrum. The
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discovered correlation between the Wilson flow and the topological charge
could lead to a deeper understanding of the topological properties of N’ =1
SYM.

The study of N'=1 SYM at finite temperature has been able to provide
the first determination of the phase diagram of the theory. The interplay
between the chiral and the deconfinement phase transition has been found to
be similar to QCD, where quark liberation and chiral symmetry restoration
occur nearby at the same temperature. Further studies are needed to explore
the equation of state, but the current numerical simulations have been able
to capture already many important aspects of the thermodynamics of N' = 1
super Yang-Mills theory.

The N' = 1 SYM theory with periodic boundary conditions applied to
fermions is a further important direction of research. First results have been
published in Ref. [I19]. The “Witten index partition function” corresponds
effectively to study NV = 1 SYM with one spatial direction compactified.
Periodic boundary conditions applied to fermions preserve supersymmetry.
The exact cancellation between fermion and boson states leads to a theory
that should be always confined and in particular invariant with respect to
a change of the length of the compactified spatial dimension. This invari-
ance provides a beautiful way to observe supersymmetry realization directly
with lattice simulations: the first simulations presented in Ch. [I1] are very
promising and motivate future studies.



Appendix A

Determinant, Pfaffian and
Grassmannian integrals

Pfaffians and determinants are the result of the Grassmannian integration of
fermion fields in the path integral. In this appendix the difference between
Dirac and Majorana fermions is discussed.

A.1 Grassmann variables

A set of Grassmann variables {Uy, ..., W, } satisfies an anticommuting alge-
bra

which implies that ¥;U; = 0. The Grassmann integral is uniquely defined by
/ dWa = 0, (A.2)

/ dW,al;, = a, (A.3)

with a real (or complex) standard commuting variable. Integrals over several

variables can be computed recursively, remembering that the anticommuting
rule extends over the differentials

hence for example

/d\pld%@l% . /d%d\l/l\lfl% S /d%% — 1. (A5
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A.2 The determinant

The determinant of a square matrix A = a;; of dimension n x n is defined as

det(A) = ) sign(r) f[la,r(i)i, (A.6)

TI'GSn

where S, is the permutation group of the set {1,2,3,...,n} and sign(m) is
equal to —1 if the the permutation can be reorder with an odd number of
interchanges or +1 otherwise. If the matrix A is symmetric (or Hermitian), an
orthogonal (or unitary) rotation can be applied to transform A to a diagonal
matrix, where the non-zero entries are the eigenvalues. The determinant
of a matrix is invariant under unitary or orthogonal basis transformations.
In this case the determinant is thus just the product of all eigenvalues. It
is instructive however to visualize explicitly the meaning of the above sum
without any further assumptions on A.

A generic term that contributes to the sum of the determinant can be
easily visualized as a path on the matrix elements. Consider for instance a
4 x 4 matrix. An element can be selected randomly starting from the first
column (for example a3y, red point on the left)

and the relative row is marked as “deleted” (third row, orange line on the
right). In the next step, an another element is chosen randomly in the second
column among the free non-“deleted” remaining a;; (for example a2, red
point on the left)

and the its row is marked as “deleted” (first row, the new orange line on the
right). This step is iterated in the third row;
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the element a3 is selected between the free a;3 and the second row is marked
as “deleted”. In the last step, only the fourth row is free and the remaining
element a4y is selected,

concluding the algorithm. The multiplication of all elements encountered in
the blue path represents just one contribution to the determinant, in this
example asiaisaszaqy. Its sign is given by the sign of the permutation of
the indeces of the chosen rows. In this case {3,1,2,4} can be rearranged to
form {1,2, 3,4} with two exchanges, therefore sign(m) = +1. The complete
determinant is the sum of all the n! possible different paths that can be
obtained from this algorithm starting from the first column.

This algorithm to evaluate determinants arises naturally from a Grass-
mannian integration of the pseudo-Gaussian exponential

/d\Ill AT, ATy L AT, exp {+H(TiayT)) ), (A7)

where the U are considered independent variables from W. Only terms up
to the n-th power can contribute to the Taylor expansion of the exponential,
the (n 4 1)-th power will contain at least two equal ¥; which vanish due to
the anticommuting rule W;W; = 0. The first term of the Taylor expansion
of the function exp is just one, but the Grassmann integral of a constant
vanishes due to Eq. 1' The next term is \i/iaijlllj, summing over all
repeated indeces. A Grassmann integration can be performed on ¥; and U,
the result

Z(—l)W)/( ﬁ d\l/p) ( ﬁ d\pq) aij (A.8)

p=1,p#i q=1,q#j
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is an integral over 2(n — 1) variables and it is zero because the integrand
is again a constant. Iterating, the integral vanishes always for the terms in
the Taylor expansion up to the n-th power. The n-th power (\ifia,ij‘lfj)” has
instead enough ¥ and ¥ to saturate the rule of Eq. . It is the product of
n bilinears of the form \Tfiaij\lfj, they are bosonic and they can be reordered
such that the j indeces of the ¥; are in a increasing order. The first term
in the product could be for example \Ilgagl\lll, the next Wodgy ¥y or \I/gagl\lll.
However the term

@2&21\111@2&22\1/2 ce (A9)

is zero regardless of what ... is, since WoW, = 0. This is the equivalent to
the rule “delete a row once that it has been already selected” used before.
The same applies to

@2(121@1@3@31\111 ceey (AlO)

because W1W; = (0. Therefore W,, U3 and all other ¥; have to appear one
after the other starting from W;; this rule is equivalent to “proceed column
by column” in the algorithm before. The only freedom left is the order of the
different \ifj, they can appear in many random combinations: as before the
sum of all the possible “random paths” on the matrix A has to be consid-
ered. Finally the Grassmannian integration will leave numerical factors like
(11033 . . . A4,. The anticommuting nature of the variables ¥ and U gives the
equivalent of the sign of the permutation of the row-indeces. The result of
the integration is hence exactly the determinant of the matrix A

det(A) = /d\Ifl AT, ATy L AT, exp {+H(Tiay,T)) ). (A.11)

A.3 The Pfaffian

The Pfaffian of a square antisymmetric matrix A = a;; of dimension 2n x 2n
is defined as
det(A) = Z sign(w) H aﬂ(gi_l)ﬂ(zi) s (A12>
i=1

TESan

where Sy, is the permutation group of the set {1,2,3,...,2n} and sign(r) is
the sign of 7 defined as before.

Also the Pfaffian has a geometrical meaning as sum of products of ele-
ments on paths along the entries of A. Only the upper triangular part of
A has to be considered since A is antisymmetric. An element a;, can be
selected starting from the last column
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but this time the elements in the row ¢ and in the column ¢ are both marked
as “deleted” (sixth orange row and sixth orange column for the red point ags
in the pictures above). Moving backward, the algorithm choose randomly
a free point in the previous column and in the upper triangular part of A

for example in this case a;7, marking the first row and the first column as
“deleted”. Moving backward, the sixth column is already marked as deleted
and the algorithm jumps directly to the fifth column. In the fifth column the
element ass is chosen

the fifth row and the fifth column are marked as “deleted” as before. In the
last step the only free element ao4 left is selected

val |
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and the algorithm stops since all columns are now marked as “deleted”. The
product of all elements in the blue path aggairassass represents a contribu-
tion to the sum that above defines the Pfaffian. Notice that the product
has four matrix elements while the matrix has dimension eight. The sign
of a given contribution is given by the sign of the permutation of the row
and column indeces. In this example the permutation {6,8,1,7,3,5,4,2}
reduces to {1,2,3,4,5,6,7,8} with an even number of exchanges, therefore
sign(m) = 41. The Pfaffian is finally just the sum of the possible paths
starting from the last column.
The Pfaffian is the result of a Grassmannian integration of the form

1
[dn - dxaesp {+2(AiaijAj)} , (A.13)

where A = q;; is an antisymmetric 2n x 2n matrix (if A would have been
symmetric, the integral would vanishes due to the usual rule A\;A\; = 0). The
factor % is included to avoid double counting. Repeating the same argument
as before, the only non vanishing contribution of the Taylor expansion of
the exponential is the nth-power. Note again that the matrix has dimension
2n x 2n, the power is only n to the fact that there is just one Grassmannian
variable A, (A\;a;;A;)" ™ will contain already 2(n + 1) variables \; and it will
be impossible that none of them is repeated at least once. The bilinears
Aia;jA\; can be rearranged in a decreasing order with respect to the second
index. Omne notices that in the product a term Azas;A\; forbids an another
bilinear like Asagi A1, but also AgassA3, because this time A3 can appear in
the left or in right of an element a,;. This is the equivalent to the rule “after
selecting the row ¢, mark as deleted both the row and the column 7" used
before. The argument proceed then as in the previous section, in conclusion
the new Grassmann integral is equal to the Pfaffian of A

PE(A) = [dAr - dhayexp {+;(Aiaijxj)} . (A.14)

A.4 Difference between the integration of
quarks and gluinos

The Grassmannian integral over ¥ and U considered in the previous section
can be naively seen as an integral over the “Grassmann complex plane”,
with the identification z = z 4+ iy — ¥ and Z = 2 — iy — U. The integral
only over A\ is instead a sort of “real Grassmann integral”. Majorana and
Dirac fermions are in fact in correspondence with real and complex scalar
field. Complex scalar ® or of Dirac fermion ¥ appear in the path integral
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as D®TD® or DUDV. The path integral of a real scalar ¢ or of Majorana
fermion A has only one half of the integration variables, namely D¢ or DA,
due to the “reality condition” ¢f = ¢ or A = ATC. Therefore the result of
the Grassmann integration of quark fields is the determinant of the Dirac
Wilson operator Dy, while gluinos leave the Pfaffian of Dy .

Any real antisymmetric matrix A of dimension 2n x 2n can be reduced
after an orthogonal transformation to the form

0 XN
N0 0 0
0 X
0 N 0 0
A= . . 0 A , (A.15)
-, 0
0

0

where 2 x 2 blocks contain the imaginary part of the complex conjugate pairs
of the eigenvalues +i)\; of A. An orthogonal transformation of the fermion
field leaves the measure of the path integral invariant, regardless on whether
fermions are Majorana or Dirac. However an integration of a Dirac fermion
field leads to the determinant

det(A) = f[ A2, (A.16)

which is positive. An integration of the Majorana fields leads instead to the
Pfaffian

Pf(A) = ﬁ A (A.17)

and Pf(A) can be positive or negative. The “delete both column and row”
rule for the Pfaffian is therefore the origin of the sign problem in Monte-Carlo
simulations.
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Appendix B

Data analysis

Monte Carlo techniques compute the expectation value of an observable O
in terms of the sum
1 N

(0) = [ DO exp (=5(6) = lim + 3 0[C],

C;=1

where the configurations C; are assumed to be distributed accordingly to
the weight exp (—S(¢)). In any computer simulation the number of the
configurations available will be of course finite, therefore only an estimation

of (O) is possible
1 N
(0) = (On) = 7 2. OlC]
Ci=1

and the task is to provide an error for (Oy), that means to assign the proba-
bility that a given value of the observable O is equal to the true expectation
value (O). Supposing that the simulation is able to explore the full phase
space without barriers, the distribution of Oy, computed with independent
simulation, will be Gaussian centered at (O), but of course it would be mean-
ingless to perform many different simulation only to compute the standard
deviation of such distribution. The clever strategy extracts all possible infor-
mation from the available data set itself using the idea of resampling, that
amount to generate new data set from which estimate mean and standard
deviation of the original. There are two principal resampling techniques,
bootstrapping and jackknife.

Given the original set S = {O[C}]}, the resampling technique used by the
bootstrapping simply produce a new set S; choosing randomly N elements
of S without care about repetitions. For example given

S ={0[C1],0[Cy], O[Cs], O]C4], O[C5], O[Ce] }
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a possible S; would be
S1 = {0[Cs], O[Cy4], O[Cs], O[Cy4], O[Ch], O[C4]}

This procedure is iterated M time to produce M different sets S,,. The
mean value (O,) is measured on each S, giving M different a resampled
distribution of O. The distribution of the (O,,) is Gaussian, if there are no
problems with bias or with the original statistic. It is possible to demonstrate
that the best estimation bias corrected for the expectation value (O) is

(0) =2(0x) ~ 32 2(0,),

n

where (Oy) is the raw mean of the original set; with an error oo

o=\ N ton= 23 Lo - (4 S0u))

n=1 m=1

where op is the standard deviation of the resampled set of M elements gen-
erated by the (O,).

The error would be underestimated if there is an autocorrelation between
two consecutive configurations C;. Blocking techniques are commonly used
to correct this problem, the observables are first averaged block by block
before applying the bootstrapping. For instance, given the set S of before,
one step of blocking would result in

gl _ O[C1] + O[Cy] O[Cs] 4+ O[Cy] O[C5] + O[C§]
2 ’ 2 ’ 2 '
This procedure is repeated until the error of the bootstrapping oo stabilizes.

An analytical relation exists between the original error oo and final error o§
correct to take into account the autocorrelation

c\2 (UO>2
p— B-l
(076)* = 2L, (B.1)
being 7i,¢ the integrated autocorrelation time
1 & CO(®)
Tint = 5 T+ E e
2 = C(0)

2
1 1
Ct) = — 2 A0[Cu]OIC]} = { = D OlG] ¢
N nes N nes
Practically the sum cannot be extended up to infinite, a cut has to be applied
[124]. The knowledge of 7, allows to correct directly the error for autocor-
relations, conversely the final error estimated with blocking technique allows

the calculation of 7y, by inverting Eq. (B.1)).



Appendix C

Gamma matrices

The anticommuting Clifford algebra of the gamma matrices in an Euclidean
space reads

{’y;m/yu} = 26;“/1 (Cl)

In the representation used in the code and in the thesis, the gamma
matrices are explicitly

00 0 —
00 — O
1 0 0 O
0 0 0 -1
0O 01 0
-1 0 0 0
0 0 —2 0
0 O 1
0 — 0 O
0010
0 0 01
01 00
In this basis 75 is Hermitian and diagonal
10 0 O
01 0O 0
00 0 -1
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and the charge conjugation operator C' = 57, is

0 -1 0 0
1 0 0 0
¢= 0 0 0 1
0 0 -120

The matrix C' satisfies the properties
C=-C"1=-0".
Finally, the o,, matrices are defined as

)
Ouy = 5[7/17 '711] :

(C.7)



Appendix D

The Remez algorithm

The approximation of a function is one of the most challenging and most
studied topics in analysis and in the mathematical theory of the minimiza-
tion. The starting point for a polynomial or rational approximation f (x) of
a function f(z) in a given interval (a,b) is to choose a norm that measures
how large is the “distance” between the guess f(z) and f(z). Two different
possibilities have been more often studied in literature, the first one is the
“sup-norm”

norm(f, g) = Zl(lpb) |f(z) = g(=)],

where f and g are two generic functions. The second one is the “integral
norm” defined by

worm(f,9) = [ |f(x) — g(x)lde.

or also in a different way as

b

norm(f,g) = [ (f(x) - g(x))dr

An approximation f(x) will be possibly able to minimize only one of the
previous norm but not all in the same time. In lattice QCD both of the possi-
bilities were intensively studied and in the case of polynomial approximation
both of the approaches give good results. For a rational approximation the
best known way, the Remez algorithm, implies in contrast to work strictly
with the “sup-norm”.

The problem to solve is the search in the space of the rational functions
F, of degrees (n,m)

Q(x) q+qr+- -+ gnz™
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X(f1(x)-x %)

0.00004

0.00002

[y

—0.00004 |

—0.00002

Figure D.1: Error function err(z) for a rational approximation of x7/32 with
a weight function w(z) = x. Notice the oscillations of err(x) alternating
between the same maximum and the same minimum ~ £27°, indicating the
convergence to the optimal rational approximation.

the minimum of the “sup-norm” in the interval (a, b)

err= iy { sup fute)60) -~ FaI} (.1)

f(x)€Fr | z€(a,b)

where the weight function w(z) is introduced to give more importance to
some region of (a,b) for the final approximation.

Normalizing f(x) in such a way that ¢y = 1, then there are m + n + 2
unknown parameters, the m+mn+1 coefficients of the rational approximation
plus the absolute error err. The error function

ertf)(x) = w(z)(f(x) - f(x))

in general will have m + n + 1 zeros and m + n + 2 extremal points (i.e.
maximum or minimum). The theorem of the de la Vallée-Poussin ensure that
when the minimum of the absolute error is reached then the m +mn+ 2
extremal points will have all of the value err. In other words, once that
the rational approximation reaches its optimal value, the function err[f](z)
oscillates m 4+ n + 2 times between —err and +-err.

The problem to solve is still highly non-linear but now it is possible to in-
troduce a recursive algorithm for finding the optimal solution. Every polyno-
mial or rational function approximation is uniquely defined up to a constant
in terms of m + n root points, where or P(z) or (x) is zero. The Remez
algorithm searches at every step first the best estimation of the root points
given err and then the best value of err given the root points [125] [126]
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1. Choose randomly m + n points in (a,b) and combine them with the
extrema a and b to have m + n + 2 root points z¥. Set k = 0.

2. Solve the system

Pk (LL’l)

w(x;) + (=1)'erry = f(zi)w(z;)

Pilzi) and the error

to compute the m + n + 1 unknown coefficients of oL
err,. Since the system is non-linear, the equation can be solved at the
best numerically with a root-finding algorithm. The result will be an
alternating rational approximation in correspondence of the points z;,
but it does not mean that the maxima of the error function are exactly

at x; as required to find the best approximation.

3. Move the point z¥ to the maxima of

err(w) = ‘w(m) (f(x) - ggg)

Y

k+1

i .

to have a new set of m + n + 2 root points x

4. Continue to step 2, and set £ = k + 1 until convergence, until when
the error erry is sufficiently close to the maximal value of err(x), see

Fig. [D.1]

The convergence of the algorithm is difficult to prove, depending strictly
on the initial guess for the root point. In general the algorithm is able
to converge quite quickly toward the optimal solution if the function f is
sufficiently smooth. Chebyshev root points could be a good initial guess, but
it is possible that they are quite far from being closer to the best solution.
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Appendix E

Computation of the fermion
force for the HMC algorithm

The Dirac Wilson Operator Dy, with clover improvement term is defined as

Dyv(a) = (@)= 3 (1= n)Unla)ila +p)+
+<1+%>U*<a:— (e = p)) +

+csw Z Z ouwF" ()

u 0 v=0;v#p
where F),,(z) is here defined without antisymmetrization

1

Fw(l‘) = ZQW/

Qu(r) = Uu@)Us(z+ mUj(z +v)Ul(x) +
+UT( U (z = v)U(x = v + p)Uji(x) +
U, ()U}(z + v — U}z — )Uu(x — p) +
+UT($ WUz — v — @) Uyu(z — v — p)U, (v — v)

Due to the symmetries of 0, = —%[%, 7], only the traceless antiHermitian
part of (), will give contribution to the clover term.

In the following the Dirac Wilson operator Dy, is factorized with the

177



178 APPENDIX E. FERMION FORCE

“even-odd® preconditioning

Ree DCO
o= (5 2

B 1 0)/( Re 0 1 R.'De,
 \ DoR 1 0 Ro—DoeR:'Dey )\ 0 1

= LXxDwypxU
The resulting determinant of Dy is

det (Dy) = det (Ree) det (Ryp) det (Q),
Q = 75(1— Ry DocR.! Do)
where a 75 is inserted to have an Hermitian operator.
The partition function reads using the ”even-odd” preconditioned Dirac
Wilson operator

7 = /HDU z)exp (=S, — S¢),

where Sy is

Sy = =Ny log (det(R.c)) — Ny log (det(R) + 61 ((Q'Q)~ ) o,

for a theory with Ny number of fermions (Ny =1/2 in N'=1 SYM)

As discussed in Ch. |§| in the simulation program Q is treated stochasti-
cally by the pseudofermion ¢, while R,, and R,, can be computed exactly.
The hybrid Monte Carlo algorithm are generates configurations in the mi-
crocanonical ensemble with a final metropolis step, following the equation of
motion.

In this appendix it is calculated the expression of the fermion force

0
F=—— =D .
8Uﬂ(w)8f IMG(Sf)

The calculation will be done by parts. First consider

D (o (@@ )0)

where for the moment the indices x, . and a of D are suppressed. This

PN N
derivative can be calculated directly, approximating (QTQ)_Tf with a poly-
nomial when Ny =1 or Ny = % and then derive it, or in the last case one
can consider that
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and so
D(QIQ)F(OI))F) = D(QIQ)F)OID)F + (0O FD(Q'Q)F)
= 0,
DIO'Q)F) = —(Q'O) D)) F)(0'Q) 7

Now for computing D((Q Q)T) and (@TQ)_

mial approximations

E.0.1 Derivative of a polynomial PH(QTQ)

A polynomial B, (QTQ) of order n which has exactly n roots in the complex
plane in complex conjugate pairs (z;, z) can be written as

P(Q'Q) = co(Q+2)1(Q+2) ... (Q+202) (Q+20p2) .. (Q+2)(Q+21).
It follows that the derivative Dp = D(P,(QTQ)) of P, is
Dp = coDQNQ+ 2)" .. (Q+ 202) (Q + 2ny2) . (Q + 2)(Q + 21) +
+00(Q +20)"D(QY) . (Q + 202) (@ + 2ny2) - (Q + 2)(Q + 21) +
+oo(@ +2)1(Q + 22) .. (Q + 202) [ (Q + 2ny2) ... (Q + 22)D(Q),

It is possible to collect all terms together defining for every k < n

¢ itk=0
PF =1 (Q+ z)pr ! it k < (n/2)
(Q + zoper) TR 1 i (n/2) < k <n
to have a more compact relation. In this way, considering that Qf = Q
Dp = CoZ (=) ID(Q)p !

n/2 n

- coz C=NDQ)™ 4 ¢ S (NIDQ)y i
i=(n/2)+1
n/2 n/2 R +
- COZ =D +coZ( (") IDQ)y D)

n/2
= 2¢Re (Z(W”‘“)TD(QN)“_”) 7

=1
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since the derivative operator D(Q) is Hermitian.

E.0.2 Derivative of Q

The derivative of Q can be calculated easily, even if it includes a lot of terms

75D(Q) = _D(R;ol)DoeRe_elDeo - R;olp(Doe)Re_elDeo -
~R Dy D(R;NDeo — R Do RID(Dey).
As before
D(R,'R,) = D(1)=0
D(R(;OlROO) = D(Rgal)ROO + R(:olD(ROO) = 0
D(R,,) = —Ry,D(Ro)R,,
D(R.') = —R.D(R.)R;
and so

vD(Q) = R;'D(Roo)R; DoeR: Doy — RyID(Doe) Ro Doy +
+R Do R D(Ree) R, Doy — R, Doe R D (D) .

E.0.3 Derivative of D,,
The derivative Dpop = DyyeDeo(, v, a3y, B,0) of De,, and also of D,., is

Dpop = (a0 (TVu(2))an (15 (1 = Vi) a0ty +
+5(ﬂc—u7w’)5(u7u’)(_ivu<x - N)Tc)ab(%(l + Vu))aﬁfsxfu,ya

where it is omitted a constant factor of —k. All can be rewritten in a simpler
form, contacting with two generic vectors 1 and p

nT(I>aaDw’u’cDeo(x7 a, a3y, 67 b)p<y)5b )

as

1 (2)aaProrpW)ss = 1'(2)aa((TVi (@) ar(35(1 = Yur))app(@’ + 1) ap —
01 (@ + 1) aa (V@) T)ab(15(1 + 7)) app(@) a1

in compact form the left side of the last equation is

Te {iTVi (') 95(1 = ) (p(2' + p') @ (&) + (2’ + ') @ pt(a)) } .
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E.0.4 Derivative of R.. and log(det (R..))

The derivative of the even and of the odd part of the Dirac Wilson operator
1S

Dyrye(log(det (Ree))) = Dyrpre(Tr(log (Ree))) = Tr(Re_;Dx/M/c(Ree)) .

The even part R, is
k 3
Ree(xa a,azy, ﬁa b) = 5(x,y)6(a,6)6(a,b) + 6(m,y)zcsw Z (O-,ull>aBF'uV<x>ab .

V>, =0

Since there is d(, . everywhere, the calculation of RZ! need only calculation
of matrix inverse in color and Dirac space

Ree($7 «,ay, 67 b)_l = 5(ar,y)Ree<au as; 67 b)(‘r)_l .

When ¢, # 0 the derivative is not trivial and

k 3 5
Dx’u’cRee(‘ra «,azy, 5a b) = 5(:{:,3})105111 E (O-u’u)aﬂpm’u’cFu (x>ab )
v=0,v#p/

where the sum is only over v. Considering that F'*(x) = iQW, to conclude
this step one has to calculate only D¢y, = Dy e Q™ ()

Do, = O@ayiTiVu(x)V,(z + M)VJ(Z‘ +)\Vi(z) —
—5(I7x/)iVJ(x — )V (z —v)V, (v —v+ ,u)VJ(x)Tfl +
+6(fv—u,x’)ivl/(x)v;j (x+v-— ILL)VZ/T (=) T3Vu(z — p) —
—5(3;_,1@/)2'\/;(1: — )TV (x — p — V(e —p—v)V,(z—v)+
—I—(S(x_M_V,x/)iVJ(ac — )Vl (x —p— T3V(r —p—v)V(x —v)—
vy Vo @)V (@ + v — ) TSV — ) V(@ — ) +
+(5(x_,,,x/)ivj(x — )TV, (x —v)V,(z —v + M)VJ(J)) —
OtV (@)Vi (2 + )V (@ + 1) T3V (2)

Notice that these derivative terms don’t vanish only for six points on the
lattice.
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o G. Bergner, P. Giudice, I. Montvay, G. Miinster, S. Piemonte: Influence
of topology on the scale setting, in preparation

o G. Bergner, S. Piemonte: Compactified N = 1 supersymmetric Yang-
Mills theory on the lattice: Continuity and the disappearance of the
deconfinement transition, [arXiv:1410.3668 |[hep-lat]|.

o G. Bergner, P. Giudice, G. Miinster, S. Piemonte, D. Sandbrink: Phase
structure of the N=1 supersymmetric Yang-Mills theory at finite tem-
perature, JHEP (2014) in press, [arXiv:1405.3180 [hep-lat]].

e S. Musberg, G. Minster, S. Piemonte: Clover fermions in the adjoint

representation and simulations of supersymmetric Yang-Mills theory,
PoS(LATTICE 2013) 065 [arXiv:[1311.6312 [hep-lat]|.

e S. Musberg, G. Miinster, S. Piemonte: Perturbative calculation of the

clover term for Wilson fermions in any representation of the gauge
group SU(N), JHEP 05 (2013) 143 [arXiv:/1304.5741 [hep-lat]|.
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