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Chapter 1

Introduction

For about 35 years, Quantum Chromodynamics (QCD) has withstood the ef-
forts to understand how the well-known microscopic degrees of freedom (strong-
ly) interact and generate the well-known variety of the hadronic world. A large
amount of evidences was collected that confirm indeed QCD as the right theory
of hadrons. But a satisfactory explanation of the low-energy properties from
first principles is still lacking. We do not know how the QCD vacuum looks
like; we can explain neither the colour confinement nor the chiral symmetry
breaking. Although common lore suggests that QCD in the low-energy regime
should be described by some dual weak-coupled theory, we do not know what
this theory should be.

The construction of a clear physical picture for the strong interactions might
be by itself an excellent reason to go on studying QCD. However, one more and
equally important reason must be considered. While the Quantum Field Theory
(QFT) is the foundation of the success of the Standard Model of Elementary
Particles, and although a large part of the scientific community believes that
somehow we need to go beyond QFT to achieve the quantization of Gravity, we
cannot claim to fully understand QFT. Basically, we have three di[erknt ways
to handle (and actually define) QFT:

e approximating it, by means of a perturbative expansion or a semiclassical
one, like for the Electroweak Model and all the e [edtive models;

e increasing the number of symmetries, in order to constrain some observ-
ables, until these are completely fixed, like for supersymmetric or confor-
mal theories;
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e discretizing it on a lattice and to define a continuum limit through an UV
renormalization-group fixed point (if it exists), like for QCD-like theories.

Unless so much symmetry exists that the theory is completely determined (but
no real system seems to fulfil this requirement), just in the last case we can
deal with the full nonperturbative regime of a QFT, avoiding approximations
at least in principle.

So QCD-like theories o[er a unique workbench. We can define them by a
lattice discretization; we can obtain predictions from first principles by numer-
ical simulations; we can use the other techniques in the list above; and finally
we can compare the results.

1.1 The large-N, limit of QCD

One of the possible strategies to attack analytically QCD is to change some
parameter and then to try a systematic expansion in order to go back to its
original value. When such a procedure is followed, some features of the original
theory may be kept, and others may be lost.

In the perturbative expansion any traces of confinement and of chiral sym-
metry breaking are lost while the high-energy processes are well-described. The
expansion in the quark mass (actually m/Agcp) retains the main low-energy
features of QCD, although in practice it is useful to describe basically the dy-
namics of the quasi-Goldstone bosons of the chiral symmetry.

A third possibility is to change the number of colours N, and to study
QCD in the limit N, = co. This was first proposed in 1974 by 't Hooft [1],
who borrowed this idea from the 1/N expansion of vector models in Statistical
Mechanics. The 't Hooft large- N, limit has several interesting properties. First,
it is a perturbative expansion in the coupling of one-particle states of QCD:
meson resonances do not decay, the meson-glueball mixing vanishes. Then, it
was understood that it is rather a classical limit: the quantum correlations of
observables in the emerging theory vanish. These reasons are enough to state
that the large- N, limit, in spite of the larger and larger number of degrees of
freedom, is somehow a simpler theory than the original one.

However, not enough simple to let us penetrate into the vacuum structure of
QCD. In the last years, the interest in the large- N, limit has raised again, mainly
thanks to the AdS/CFT correspondence and the orientifold planar equivalence
(besides the dimensional reduction and the Eguchi-Kaway-like models, which
are evergreen).
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The idea of AdS/CFT is that the dual of a gauge theory must be a string
theory [2]. Some supports for this conjecture exist for the A/ = 4 super Yang-
Mills, and its dual 11B string theory on the AdSs x S° space. A strong gauge
coupling corresponds to a large string tension; the large-N. limit corresponds to
a weak string coupling. In this regime, the string theory is largely manageable.

The idea of the orientifold planar equivalence [3, 4, 5, 6, 7] is that, if the large-
N, limit of QCD is properly defined by taking fermions in the antisymmetric
representation of the gauge group, QCD becomes in this limit equivalent to the
N =1 super Yang-Mills'. As the number of colours become finite, QCD moves
away from the supersymmetric point. | will go deeper into details, being the
orientifold planar equivalence the main topic of this work.

1.2 Aim of the work

At the present, the orientifold planar equivalence is a well-established and
recognised result. Some analytical predictions for QCD in the large-N, limit
have already been obtained (the quark condensate, the even-odd degeneracy of
states, the exact beta function). An exhaustive project about the orientifold
planar equivalence should include at least two goals: to extend the analytical
results at N, = oo, and to quantify the 1/N, corrections.

The 1/N, corrections are generally hard to handle analytically. Numerical
simulations may help. For instance, the orientifold planar equivalence predicts
the coincidence of a subset of the spectra in two gauge theories, the first one with
Dirac fermions in the antisymmetric two-index representation, and the second
one with Majorana fermions in the adjoint representation; one might simulate
this two theories and measure the spectra, then extract the large- N, limit and
compare the corrections.

The project above presents some serious di [cullties.

e Simulations are very time-consuming. For the pure gauge at various N,
the time required for simulations grows roughly like N2. However, the
heat-bath algorithms commonly used for pure gauge simulations are quite
fast. The result is that simulations at very large N. (although not on

IThe idea of the orientifold planar equivalence was borrowed by a string theory model of
Sagnotti [8, 9]. In this work, I will completely skip this string theory point of view, and |
will focus on the equivalence of field theories. The idea of taking quarks in the antisymmetric
representation was firstly elaborated by Corrigan and Ramond [10] in order to study baryons
in the planar limit.
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large lattices) are available: for instance, in [11], Narayanan and Neu-
berger present simulations at N, = 47 on a 83 x 6 lattice?. With dynam-
ical fermions, the algorithms are intrinsically slower, since the inversion
of the Dirac operator is required. Moreover for fermions in a two-index
representation the time required for simulations grows asymptotically like
NZ. Some care must be taken of the optimization, the implementation of
the fastest available algorithms, and the parallelization.

e The large-N,. limit must be extracted. But it is not possible to know a
priori what a large enough value of N, is. A similar program has already
been developed for the large- N, limit of the Yang-Mills [12, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22]. The simulations show that it is possible to extract
reliably the large- N, limit for a relevant set of observables from data with
N, =2,...,8 and assuming that just the first correction (that is of order
1/NZ in this case) is present. The same conclusion is reached by measur-
ing the mesonic spectrum in the quenched theory. These results suggest
moderate optimism also whether dynamical fermions are simulated. For
fermions in the antisymmetric representation, the extraction of the large-
N, limit might be harder, since corrections of order 1/N, (compared with
1/N?) are expected.

For these reasons that will be discussed in detail later on, even though this
work is a part of the general project of evaluating subleading deviations from the
orientifold planar equivalence through numerical simulations, the production of
the first results will require still some time, probably some months.

Hence, the goal of this work is twofold. The first one is to investigate ana-
lytically the orientifold planar equivalence for theories discretized on the lattice,
at fixed lattice spacing. In section 3.4, the formal proof of Armoni, Shifman,
Veneziano [23] is translated on the lattice and some underlying assumptions are
clarified. In chapter 4, a proof of the orientifold planar equivalence on the lat-
tice in the strong-coupling and large-mass phase is provided. In chapter 5, the
remnants of the center symmetry in the orientifold planar limit are discussed for
the theory on the lattice. In chapter 6, the breaking of the charge conjugation
for QCD with one small compact dimension is investigated.

The relevance of these analyses may be better understood in a historical
perspective. Since the first work of Armoni, Shifman, Veneziano [4] and for some
years, the validity of the orientifold planar equivalence had been questioned.

2The expansion parameter for the pure gauge theory is 1/N2. | said that N. = 47 is large,
in the sense that 1/N2 = 4.5 x 10~% is much smaller than 1.

8
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Thus, some of the works presented here had the aim of clarifying some debated
points, arguing in favour of the orientifold planar equivalence. The chronology
of the events follows.

Date Work
February 2003  Armoni, Shifman, Veneziano published their first
paper about orientifold planar equivalence [4].
December 2004  Armoni, Shifman, Veneziano published the detailed
proof of the equivalence [23].
July 2005 Sannino raises the problem of the center symmetry
matching between SYM and orientifold QCD [24].
November 2005 | published the proof of the orientifold planar equiv-
alence in the strong-coupling and large-mass phase
on the lattice [25].

August 2006 Unsal and Yalelpointed out that the orientifold
planar equivalence holds if and only if the charge
conjugation symmetry is not spontaneously bro-
ken [26]; they showed that the equivalence is not
valid on a space with one compact dimension and
periodic boundary conditions for the fermions.

December 2006 DeGrand and Ho [mhnn published the first simula-
tions about the breaking of the charge conjugation
in QCD with compact dimensions [27]. They gave
some indications about its restoration at large ra-
dius of the compact dimension.

October 2006 Thanks to a private discussion with Armoni, some
su [cieht conditions were identified for the orien-
tifold planar equivalence to be valid on the lattice
beyond the large-mass expansion (see section 3.4).

January 2007 Armoni, Shifman, Veneziano clarified the role of
charge conjugation, and the connection with the
fermion loop expansion of the action, in their
proof [28].

February 2007 Lucini, Pica and I showed that the breaking of the
charge conjugation symmetry implies a baryon cur-
rent around the compact dimension [29]. This fact
strongly supports the restoration picture.
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Date Work
December 2007 Two independent analysis of the center symmetry
in the orientifold QCD are developed by Del Deb-
bio and me (unpublished) and by Armoni, Shifman,
Unsal [30].

The second goal of this work is to develop a parallelized and highly optimized
code for simulating dynamical fermions in a general representation. This goal is
only partially achieved. A first non-parallel version of the code is already avail-
able, and it was used to obtain the results presented in chapter 7. The parallel
version is under development. The main features of the code are described in
chapter 8 in some details.

1.3 Plan of the work

Chapter 2 is a review of the planar limits of QCD ('t Hooft planar expansion,
topological expansion, orientifold expansion). The general formalism of the
coherent states and the loop equations are introduced. In this chapter, the
notation for the whole work is fixed.

Chapter 3 is a review of the orientifold planar equivalence. The main results
are briefly summarized. The dictionary of the observables and symmetries in
SYM and orientifold QCD is discussed in some details. A brief review of the per-
turbative proof, and a discussion of the nonperturbative proof of the orientifold
planar equivalence are presented.

The proof of the orientifold planar equivalence on the lattice in the strong-
coupling and large-mass phase is the subject of chapter 4.

Chapter 5 is devoted to a discussion of the remnants of the center symmetry
in the orientifold QCD in the large-N, limit, mainly through the computation
of the e [edtive potential of the Polyakov loop on the lattice in the large-mass
expansion.

Charge conjugation symmetry plays a central role in the proof of the orien-
tifold planar equivalence: the equivalence is valid if and only if the charge conju-
gation is not spontaneously broken in orientifold QCD. Chapter 6 is an analysis
of the C-symmetry in QCD. In particular, it is shown that the C-breaking in
QCD with compact dimensions implies the generation of some persistent baryon
currents.

10
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From chapter 7, a part devoted mostly to numerical simulations begins.
This chapter is an exploratory study of the large- V. limit of the meson spectrum
with quenched fermions in the fundamental representation, and of the the large-
N, limit of the fermionic condensate with quenched fermions in the two-index
representations. Some aspects of the orientifold planar equivalence between the
guenched theories are discussed.

Finally, in chapter 8 the HiRep code, developed for future simulations with
dynamical fermions in a generic representation, is described.

11






Chapter 2

Planar limits

In order to define a large-N. (or planar) limit of QCD, one must first define
a multicoloured version of QCD. More than one procedure are available, as we
will see in a while. It is important to remark at this stage that, since more
than one multicolour QCD exist, each of those will lead to dilerent large-N,
limit. Therefore, it is quite incorrect to talk about the large-N. limit of QCD.
One should better talk about large- N, limits of QCD, or otherwise one needs to
specify which multicolour generalisation of QCD he is considering. In the first
three sections, | will give a brief review of three diLerknt planar limits of QCD:
't Hooft, topological and orientifold large- N, limits.

All the large-N, limits are characterised by the suppression of the quantum
fluctuations of the observables. In this sense the large-N. limits are similar to
the i — 0 limit for the quantum particle. The underlying classical theory can
be recovered through the formalism of the coherent states, which is reviewed in
section 2.4.

Finally in section 2.5, | will review the Schwinger-Dyson equations for the
Wilson loops in the large- N, limit (the loop equations).

2.1 ’t Hooft planar limit

The simplest multicolour QCD was proposed by 't Hooft [1].

NQCD: SU(N,) gauge theory with N, flavours (Ny is kept fixed) of
fermions in the fundamental representation of the gauge group.

13



CHAPTER 2. PLANAR LIMITS

RS TN
AN / \
—_d X ——— —_d ———
\ N \ /
- \\_’/

-~ ~
/ N\ /)\
___‘\ ~———

7 N/
L P

Figure 2.1: Some diagrams for the gluon dressed propagator. The dashed lines
are the gluons, the full lines are the quarks, the circles are the three or four-
gluon vertices. In the first row, two subleading contributions. The first diagram
is non planar; the second one is planar, but contains a hole (i.e. a quark loop).
In the second row, a leading contribution.

By perturbative arguments 't Hooft pointed out the following facts.

e The 't Hooft coupling A = ¢g2N,. must be kept fixed, as N, increases, in
order to have a non-trivial beta function in the N. = oo limit.

e The expansion in 1/N. rearranges the diagrams of perturbation theory
according to their topology. In the N, = oo limit, only planar diagrams
survive. For this reason, the large-N, limit is also known as planar limit.
In general, each diagram may be interpreted as a polyhedron, whose faces
are the loops containing gluon propagators; purely fermionic loops are
interpreted as holes in the surface. If  is the Euler characteristic of the
polyhedron, then the diagram is of order NX (figure 2.1).

e As a consequence of the previous point, each quark loop contributes with
a 1/N. suppression.

The most remarkable properties of the 't Hooft planar limit derive from a
hierarchy of connected correlation functions of gauge-invariant operators, which

14
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I am going to explain. Let O; denote a set of gauge-invariant operators that
have a finite large-N,. limit. For simplicity, | have in mind operators that cannot
be written as the product of two pieces, that are separately gauge-invariant. It
is possible to choose the normalization of the fields in such a way that the
Lagrangian is:

Ny
N, , _
ﬁ:—ﬁtrFWF“ +;wf (D —my) vy . (2.2

For instance, O; may be chosen among the following operators:

1 — 1 1
- - pv = ; "
N Yy (), N tr F, F* (2), N tr Pexp {z fix A, (x)dz } ,

Yy
y@ren{i (A bow). IR, @2
When it will be useful, I will split the operators O; into a set of pure gluonic
operators G; and mesonic operators H; (I will not consider baryonic operators
for the moment).
In the planar limit, the expectation value of the product of some operators
O; factorizes (factorization property):

Moreover, the N, asymptotic behaviour of the connected correlation functions
can be computed:

(Gy++Gp)eox N2727 (2.4a)
(Hy - H)e x N}=* (2.4b)
(Gy---GpHy - Hy). occ N}72r=s (2.4c)

Let us focus on the two-points functions. Since (G1Gs). is of order of N2,
clearly the operator (; = N,G; creates a glueball state with normalization of
order 1. Similarly, since (H; Hs).. is of order of N !, it is clear that the operator
H, = Ncl/QHi creates a meson state with normalization of order 1. Moreover,
it can be shown that both G; and H; create only one-particle states from the
vacuum [31].

A list of some interesting properties of the 't Hooft planar limit follows.

15
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Meson and glueball resonances are stable. The s-meson interaction ver-
tex (H,--- H,). is of order N'~3. Each additional meson gives a 1/y/N,

suppression. The mixed vertex (G -~ Gy - - H,), is of order No "2,
and the r-glueball vertex (G; ---G,). is of order N'~".Thus each addi-
tional glueball gives a 1/N. suppression. The dominant interaction ver-
texes are the three-particle ones; but still all the interaction vertexes van-
ish in the planar limit. Therefore, mesons and glueballs cannot decay at

N, = 0.

Scalar isosinglet mesons and glueballs do not mix. The mixing ampli-
tude (HG), is of order 1/4/N..

Axial anomaly turns off. In the planar limit, the n’ mass vanishes. At the
NLO, the Witten-Veneziano formula [32, 33] holds:

2, _ gf / (Q@)QO))yr diz 25)

m

The pion decay constant F; is of order /N,, while the susceptibility of
the topological charge Q(x) is of order 1, so the ' mass is of order 1/+/N..

Baryons mass goes to infinity. A baryon is a bound state of N, quarks. By
a heuristic argument, which is precised in [31], the mass of a baryon is
given by the sum of the quark masses, the kinetic energy of the quarks
and the quark-pairs potential energy. The first two terms are clearly
proportional to N.; the potential energy is given by the sum over all the
pairs (that are of order NV?2) of the quark-pair interaction (that is of order
1/N.). Altogether, the baryon mass is of order N..

2.2 Topological expansion

A di[erknt generalisation of QCD to N, colours was proposed by Veneziano
in 1976.114 TdrderTf 102.8515.694 0 3.694 0 3ETqgl 0 0 1 102736f 191.986 cm[]0 d 0 J



2.2. TOPOLOGICAL EXPANSION

_/\
e

Figure 2.2: Schematically, the decay width of the channel 1—2 mesons. The
squared norm ot the amplitude corresponds to a graph with (at least) one loop
(x 1/N.). To obtain the width, a sum over all the possible outgoing mesons is
required (o< N.). Hence, the width is of order 1.

Nf X

n

suppressed anymore. Indeed, a single flavour propagating in a loop gives still
rise to a 1/N, factor, but we have to sum over Ny = uN, equal contributes.
Here, some properties of the topological planar limit follow.

Meson and glueball resonances decay. By adding a meson in the final
states, the amplitude takes a factor 1//N,, thus the width takes a 1/N..
But one more meson means a quark line propagating among the final
states. Thus, the total width takes an extra N. per quark line, when
summing over all the flavours (figure 2.2). Finally, the decay by meson
production is allowed at the leading order.

Scalar isosinglet mesons and glueballs do not mix. The mixing ampli-
tude (HG), remains of order 1/4/N. (no sum over flavour must be per-
formed).

Axial U(1) is anomalous. The »' mass does not vanish. The Witten-
Veneziano formula gives a non-zero contribution to the leading order of
the n’ mass in the topological expansion. However, some other contribu-
tions must be added, and the Witten-Veneziano formula does not hold in
the topological expansion.

Baryons mass goes to infinity. It works exactly like in the 't Hooft large- NV,
limit.

17
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2.3 Orientifold planar limit

The last version of multicoloured QCD | will consider can be understood on
the basis of the following simple fact: the antifundamental representation of the
group SU(3) coincides with the antisymmetric two-index one. In fact, thanks
to the invariance of the fully skew-symmetric ¢;;;, tensor, a one-to-one unitary
map exists between the two representations:

1 ; ; ke
q; = §6iijJk Q7* = kg,
g—U'q iC1Q —UQUT . (2.6)

The field describing quarks and antiquarks can be equivalently thought as a
vector or as an antisymmetric matrix in the colour space. |1 want to stress that
it does not make any dilerknce at N. = 3, but we obtain completely di [erent
theories at N. # 3. Thus, Armoni, Shifman and Veneziano in 2003 [3] proposed
the orientifold QCD.

OrientiQCD: SU(N.) gauge theory with n; flavours of fermions in the

antisymmetric representation and n(fF) flavours (both n(fF) and ny are
kept fixed) of fermions in the fundamental representation of the gauge

group.

By perturbative arguments, the following facts are established.

e The one-loop beta function of the 't Hooft coupling A\ = 2N, is:

2.7)

A2 {11 2N, -4 (F)2}

A=
AN =-gz (3~ 3N, '/ 3N,

it remains finite if X is kept fixed as N, increases.

e Since quarks have two indices, quark loops are not suppressed in the planar
limit.

e The expansion in 1/N, rearranges the diagrams of perturbation theory
according to their topology, like in the 't Hooft expansion. But now,
fermionic loops are faces and not holes in the diagrams. In the N, =
limit, only planar diagrams survive (figure 2.3).

18
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! 55 1NN W Ly -
—_— / ,\\\ _— S / ,\\\ —_—
VAN VAN

Figure 2.3: Some diagrams for the gluon dressed propagator, in the double lines
notation. The dashed double lines are the gluons, the full double lines are the
quarks. Double parallel lines mean the adjoint representation, double oppo-
site lines mean the antisymmetric representation. Both diagrams are leading
contributions.

I want to explore the hierarchy of the connected correlation functions of
gauge-invariant operators. Again, let O; denote a set of gauge-invariant opera-
tors, that have a finite large-N. limit, and that cannot be split into two pieces
which are separately gauge-invariant. For instance, O; may be chosen among
the following operators (¢ is the fermion in the antisymmetric representation):

c

1 — 1 1
— Yy (), —trF, F*"(z), -— trPexp {17{ A (ac)d:(;”},
N2TH N, a N, Lo

1 — Y 1 —
si@as e {i [ A, v, AL u@) . @)
As before, | will denote G; the gluonic operators and H; the mesonic operators.

As in the 't Hooft planar limit, the expectation value of the product of some
operators O; factorizes (factorization property):

(O1-+-Op) ~{01)---(Og) . (2.9)

Since quarks and gluons have the same weight in the planar limit, the N, asymp-
totic behaviour of the connected correlation functions is diLlerknt from the 't
Hooft large-NV,:

(Gy---G,)e ox N2 (2.10a)
<H1"'Hs>c O(NCQ_QS (Zlob)
(Gy---GrHy - Hg), ox N272r=2s (2.10c)
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By analyzing the two-points functions, we conclude that the operator G; =
N.G; creates a glueball state with normalization of order 1; and the operator
H; = N_H; creates a meson state with normalization of order 1. Both G, and
H; create only one-particle states from the vacuum.

From a phenomenological point of view, the 't Hooft planar limit underesti-
mates the quark term in the action. The orientifold expansion have it in common
with the topological expansion, to be a possible remedy to that problem.

Meson and glueball resonances are stable. Indeed, each additional me-
son and each additional glueball to an interaction vertex give a 1/N, sup-
pression. The dominant interaction vertexes are the three-particle ones,
and those are of order 1/N... Therefore, mesons and glueballs cannot decay
at N, = o

Scalar isosinglet mesons and glueballs mix. Indeed, the mixing ampli-
tude (HG). is of order 1.

Axial U(1) is anomalous. The Witten-Veneziano formula is not valid with
fermions in a two-index representation. Moreover (through the orientifold
planar equivalence) it can be shown that the »’ mass stays di [erknt from
zero in the planar limit.

Some baryons survive. Indeed, baryons can be constructed by contracting
one antisymmetric fermion with two fundamental fermions.

However, from a theoretical point of view, the orientifold planar limit opens
new perspectives thanks to the orientifold planar equivalence. Armoni, Shifman
and Veneziano argued that each Dirac fermion in the antisymmetric representa-
tion can be replaced by a Majorana fermion in the adjoint representation, in the
planar limit [4, 3, 5]. Therefore, in the planar limit OrientiQCD is equivalent
to the following theory:

AdjQCD: SU(N,) gauge theory with n flavours of Majorana fermions
in the adjoint representation of the gauge group.

For the moment, | want to focus on two simple consequences that make the
orientifold planar limit attractive:

e in the planar limit, the confinement in OrientiQCD is associated with the
existence of a center symmetry;
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e for ny = 1 massless fermion in the antisymmetric representation, Ori-
entiQCD becomes supersymmetric in the planar limit; the value of the
chiral condensate and the even-odd degeneracy in the bosonic spectrum
are predicted.

2.4 Large-N, limits as Classical Mechanics

The factorization of the expectation values of products of gauge-invariant
operators is a common properties of the large-N,. limits. If G is a gauge-invariant
operator, the factorization property implies:

(AG%) _ (G?)
L —<G>2—1—>0. (2.11)

Therefore, the quantum fluctuations are suppressed and a Classical Mechanics
should be somehow recovered. The functional integral measure should be con-
centrated on a single gauge orbit, called the master orbit. The ground state
should be represented by a set of classical configurations of the fields (which
are vectors and matrices with infinite components!), connected to each other by
some gauge transformations. Although this idea is quite old, any attempt to
compute the master orbit was unsuccessful.

An alternate way to understand the Classical Mechanics underlying the
large- N, limit of gauge theories was proposed by Yaledn 1981 [35]. The pro-
posed mechanism is analogous to emerging of Classical Mechanics in the i — 0
limit for the point particle. | want to briefly review it, without pretending to
go deep in the details. The following formalism will be used in reviewing the
proof of the orientifold planar equivalence by Unsal and Ya[e1see section 3.5),
and in the analysis of the center symmetry (see chapter 5).

In the Quantum Mechanics of the point particle, the coherent states are
characterised by the fact that their uncertainties in both position and momen-
tum vanish as & — 0. A set of coherent states can be generated applying the
Heisenberg group (the group of translations in position and momentum spaces)
to an initial coherent state (for instance, a real Gaussian state with center in the
origin and width proportional to v/%). This set is overcomplete. The overlap
between two coherent states vanishes in the & — 0 limit; in other words, the
coherent states become orthogonal. Roughly speaking, the coherent states are
the classical states; the classical observables are defined by two properties: their
expectation value on the coherent states must have a finite limit and they must
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become diagonal with respect to the set of coherent states as # — 0. The com-
mutator of two classical observables defines the Poisson brackets in the 4 — 0
limit. The position, the momentum, the Hamiltonian are classical observables.
If |£(R)) is the coherent state that defines the classical state £ in the i — 0 limit,
the value of the Hamiltonian at ¢ is:
. P*(§)
h(§) = lim (E(M|H|E(R) = = ~= + V(2(E)) - (212

—0 2m

The ground state in the 4 — 0 limit is the minimum of the classical Hamiltonian
h(e).

The same philosophy may be applied to the large- N, limit of a gauge theory,
with a complication. Because of the gauge symmetry, the physical states are
gauge-invariant; it is natural to look for a classical Hamiltonian written as a
function of only gauge-invariant classical observables. Let us focus on U(N,.)
Yang-Mills discretized on the lattice. The Ya[etonstruction schematically fol-
lows.

Spatial lattice. The three-dimensional space is discretized as a lattice £. Two
nearest neighbour sites x,y € £ are connected by a link o = (zy); @
denotes the reversed link. £*,, £=, £_, will be the sets of respectively
the positive, the negative and all the links. Similarly, £3, £5, La, will be
the sets of respectively the positive, the negative and all the plaquettes.
Finally, C as the set of all the closed paths, and C, as the set of all the
closed path starting with the link «.

Quantum structure. The kinematic variables associated with the link « are
the parallel transport U, € U(N.) and its conjugate momentum E, €
u(N.), which is the flux of electric field through a surface of area a? or-
thogonal to a.. The algebra of these operators is defined by the following
relations (for each o € £1)):

EM=EY EA = AdjUJAPEP, Ul =U,4 (2.13a)
(B EZ) =if*PCES, (B3 EZ]=if*PCES, (2.130)
[EA U, = -TAU,, [E} U, =UT", (2.13c)
[E2,E,] =0 (2.13d)

while variables on di[erent links commute.
If x is a site in the lattice, the electric flux through a small closed surface

surrounding the site is given by Zymmeﬁ_‘ E {4y, this is the generator of
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the gauge transformation in x. The Hamiltonian is:

AN, 5 2N,
H="= > B+ v > RetrU(p), (2.14)
acLt, peLd
where E, = 1/N. >, TAE2 and U(p) is the parallel transport along the
plaguette identified by p. In general, if T" is a path, U(T") is the parallel

transport along T'.

The states can be represented as wave functions ¥(U) on the space of all
the link variables {U,}. The operator U, acts multiplicatively on these
wave functions. If d2 is the left Lie derivative with respect to the link
variable U, in direction T4:
] —iwT4 ) — ]
dAU(U,) = lim 2 Ua) = 2(U) (2.15)

w—0 w

the operator E2 is represented by —id?. Finally, the operator EZ is
proportional to the right Lie derivative:

s —iwTA —_r
EAG(U,) = i lim Y Wae™™ )= 2(U)

w—0 w

(2.16)

Coherence group. The coherence group is the analogous of the Heisenberg
group for the point particle. It it parametrized by the following functions:

e aset of gauge-invariant unitary di Ledmorphisms ¢, (U) € U(N.), one
per each link «;

e a gauge-invariant hermitian di Ledmorphism (U) € u(N,); it will be
convenient to decompose it as a sum of closed paths

(U) = erU(T). (2.17)

rec

The generic element V(¢,%) of the coherence group is a unitary opera-
tor on the Hilbert space and it is defined through its action on the link
variables and their conjugate momenta:

VU VT =0 (U)Us = @0(U) (2.18a)

VELVT =171 W] 0]

X {Eg —dj {NQ try(U) + %log J(U)} } , (2.18b)
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where J;;‘f(U) is the Jacobian matrix of the change of variables U —
o(U):
JAP(U) = 2itr [(d2®s)(U)(U)'TP] | (2.19)

and J(U) is the relative Jacobian determinant.

It can be shown [35] that the set of operators V(¢,1) is closed under
composition and inversion, and that the coherence group acts irreducibly
over the Hilbert space. Finally, the representation of the generic element
V(¢,1) on the wave functions is computed:

N (p(U)) (2.20)

V(g )U(U) = 0

It is useful to identify the Lie algebra of the coherence group, as the set
of the following operators:

A(mb)zz’Ncu{a(UH 3 [Eaba<U)+ba<U>Ea1} . 2

acLt

where a(U) = 3 rcearU(T) and bo(U) = > ree. ba,rU(I') must be her-
mitian.

Coherent states. The coherent states can be obtained by applying the ele-
ments of the coherence group to the state characterised by the constant
wave function ¥, (U) = 1. The coherent states are written as:

1 72
Ty 5(U) = TU)elN ry(U) (2.22)

If properly normalized, the elements of the coherence algebra have finite
expectation values on the coherent states:

1
Ma,b) = lim - (Wy,g|Aa,0)[Ty.4) - (2.23)

Canonical structure. The coe [ciehts ¢ of the decomposition in the equa-
tion (2.17) and the expectation values of the Wilson loops

1
Wr = o (Ty gl tr UT)[Wy,4) (2.24)
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identify the coherent state ¥,, . These observables have a well-defined
large- N, limit and can be chosen as coordinates of the classical phase
space. Moreover, it can be shown that Wr and «r are canonically conju-
gate.

Classical Hamiltonian. The classical Hamiltonian is given by the large-N,
limit of the expectation value of the quantum Hamiltonian on the coherent
states:

o1
h(, W) = lim o (Wy g|H[Ty,g) =

A _ 1
:Zz/ﬁth,F'T/)r + )\wthRlF,wr -5 Z (W, +W)) ., (225
peLd

where the matrix Q and the vector w are defined as:

Qrp = lim Ni<x11w,¢|[d§ trUD))d2 tr U)Wy ),  (2.26a)
c 00 c
wr = — lim l@, |dAdA tr U ()| Wy ) (2.26b)
N, oo NCQ P,¢1%a Yo P,/ - :

What changes by introducing fermions in the adjoint representation? The
simplest lattice fermions are the staggered ones, since these are local and do not
involve gamma matrices. The quantum Hamiltonians for the matter is:

Hp=N.AmY &) tr (v(@) (@) + = Y nla)tr (v(@) Uad()UL) ¢

21
a=(zy)
(2.27)
where the fermion field obeys the anticommutation rules:
1
{v3(2), o ()"} = < Oindjuly - (2.28)

The Hilbert space is given by the tensor product of the Hilbert space of pure
gauge times the fermionic Fock space.

The elements of the coherence algebra are decorated Wilson loops, which
are Wilson loops with the insertion of fermionic fields. To synthetically describe
these decorated Wilson loop, it is useful to extend the original lattice in the
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following way: the extended lattice £ has the same points as the original lattice;
from each point, n; extra links, connecting the point with itself, emanate. This

ny extra directions will be identified by the versors e; (with i =1,...,nf). The
link variables associated to the extended lattice are:
U, if @ =«
Us = { () if & = (z,+e;) - (2.29)
i (z)f if &= (z,—¢)

The set of all the closed paths in the extended lattice will be denoted by C (C.,
identify the set of the closed paths starting with the link «). The coherence
algebra is defined as the set of all the operators:

A(a,b) = iNotr S a(U, ) + Y [Baba(U,9) + bo(U,)Es] ¢, (2:30)

aclt

where a(U, ) = Yo arU(T) and bo (U, ¥)) = Yo ba,rU(I') must be hermi-
tian.

The construction of the coherent states and of the classical Hamiltonian
follows the same lines as for the pure gauge theory. It is useful to point out for
the future (for details see [36]) that the Hamiltonian can be written as a sum of
elements of the coherence algebra, and the classical Hamiltonian is defined also
in this case as:

W)= Jim_ %(qf\m\m . (2.31)

2.5 Loop equations

The expectation values of Wilson loops satisfy a closed set of infinite equa-
tions in the large-N, limits. These loop equations are the Schwinger-Dyson
equations for the Wilson loops [37, 38]. These equations will be useful in the
proof of the orientifold planar equivalence in the strong-coupling and large-mass
phase on the lattice (see chapter 4).

Let us focus on the simple case of pure U(N,) Yang-Mills on the lattice. The
setup for this section is the formalism of the functional integral on the Euclidean
space-time, discretized as a four-dimensional lattice.

Let U(T") be the parallel transport along the closed path I" and define the

Wilson loops as:

W (T) = Ni tr U(T) . (2.32)

C

26



2.5. LOOP EQUATIONS

It is convenient to introduce the left Lie derivatives with respect each link vari-
able:

dAUs = —iTAU,00p . (2.33)

Since the Haar measure is invariant under left-multiplication, the integral of the
Lie derivative of anything must vanish. In particular,

/ a4 [e—SW)dg‘W(r)] dU =0. (2.34)

Introducing the Wilson action

2
S[U] = NT (1 _ itﬂf@)) , (2.35)

pELn

where p is the generic (either positive or negative) plaquette, di Lerentiating and
summing over the index A (this sum is not explicitly written), we obtain

N W)+ 5 3 @WORW e 0. @36)

The loop equations are precisely the previous ones (for each «), once the deriva-
tives are explicitly computed and the large- V. is taken. The final result will be
given in equation (2.47), while in what follows I will give a sketch of the proof.

Concentrate on the first term of the previous equation. Assume that the
path I" goes through the link « only once. | will write I' = oI’y to indicate that
the two paths are equal modulo redefining the starting point. Thus,

. .
dAW (D) = 5 did tr UaU () = —NL tr TAU (al'y) . (2.37)

c

By using the completeness of the 74 matrices 3 , Tig‘T,j} = 1646k,

e XA:dadaW(F) =7 zA:tr TATAU (al'y) = —s. U(r) =—5w(r).

(2.38)
In this case, the second derivative of the Wilson loop is simply proportional to
the Wilson loop itself. Assume now that the path I' goes through the link «
twice, I' = al'yal's. The derivative has two terms, and the second derivative
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has four terms:

d;‘W(F) = —Ni [tr TU (al'als) + tr U(aly)TAU(al)] (2.39)

C

— ZdAdA = —N12 S [t (142U (alyals)+
© A

+ 2tr TAU (al'1)T4U (al's) + tr U(al'1)(T#)?U(als)] =

_ _% 2 (T) + 2W (aT'y )W (aTs)] . (2.40)

Consider now the case in which the path T" goes through the link « and the
reversed link &, I' = aI'yal';. The Lie derivative acts on Uy as:

diUs = +iUsT*50p - (2.41)

It is easy to verify that the second derivative is:

1 1
. ZA: dAdAW(T) = =5 WD) 2w (@)W (Is)] . (2.42)

The generalisation to a path T', going C,(T") times through the links « or @,
is straightforward:

LS AW D) = CuOWT) + Y W(al)W(alo)t
€A

Fl,FQEC
I'=aljal's
+ Y WaWIa) - Y. WI)W(Ty). (2.43)
Fl,erc Fl,FQEC
I'=alyal's I'=al1al’:

This equation will be schematically written as:

Z d2dAW (D) = Co (D)W (D) +
+ > - > (W(T))(W(Ta)) o (2.44)
self-intersections self-intersections

with parallel link  with opposite link

where it is understood that the closed path T is self-intersecting and the inter-
section point splits it into two closed paths I'; and I'y; the sum runs over all the
possible pairs of I'; and T's.
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Consider now the second term of the equation (2.36), and let o be a link
that belongs both to the path I" and the plaquette p. Computing the derivatives
and summing over the index A, one obtains:

N> D adw(IT)diw (p) = Nicx

A p€Lp
XZ Z (—i)tr TAU (al'y) + Z itr TAU Ia) p x
A I'ieC I'ecC
I'=aly I'=aly

X Z (—i)tr TAU (apy) + Z itr TAU (p1&v)

pELD pELn
p=api p=ap:
= g —= E W (aIl'1aps) Jr* E W(I'1ip1)
I'ieC PECD PELD
I'=aly p=ap1 p=ap1
1
—+ E — E Flpl — 5 Flozploz (245)
I';eC ;DEED pELn
I'=al'y p=ap1 pP=ap1

This equation will be schematically written as:

—2N.Y Y dAW ()i W (p) =

A p€eLp

- > - > (W(Tp)) ¢ » (2.46)

T and p€Lg join I and p€Lg join
with parallel link  with opposite link

where it is understood that the closed paths I" and p have some intersection, and
it is possible to open and glue the two paths in the intersection point to obtain
the compound path I"p; the sum runs over all the paths p (here, plaquettes) and
over all the intersection points of " and p.

Putting altogether in the equation (2.36), using that the expectation value
of two Wilson loops factorizes in the large-N. limit, and summing over all the
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links of the path I", we obtain the loop equations:

[CIW(I)) + > - > (W))W (L)) o =

self-intersections self-intersections
with parallel link  with opposite link

e 2 I S SR (247)

I' and p€Lg join I' and p€Lg join
with parallel link  with opposite link

where |I'| is the length of the path.

In the loop equations, just the expectation values of Wilson loops are in-
volved. Unfortunately, we have no guarantee for the uniqueness of the solution,
since we are dealing with a system of infinite quadratic equations. The physical
picture of this fact is simple. The loop equations (in the limit of continuum
time) must be equivalent to the static Hamilton equation derived from the
Hamiltonian (2.25). A solution of the loops equations corresponds to some sta-
tionary state of the Hamiltonian. Of course, only the absolute minimum of the
Hamiltonian is the real vacuum of the theory.

Nevertheless, the loop equations are useful to compute the solution in the
strong-coupling phase. In this case, we know that the absolute minimum can be
expanded in powers of the inverse of the coupling constant in a neighborhood
of A = co. Since the insertion of one more plaquette is weighted with a A~!
factor, this kind of solution is unique and can be computed iteratively.

As X decreases, it might happen that the strong-coupling solution becomes
just a relative minimum of the Hamiltonian and another absolute minimum
appears. This mechanism is realised in the solvable two-dimensional theory [39].
Two solutions of the loop equations are known. One can be obtain through a
strong-coupling expansion and the other through a weak-coupling expansion.
These two solutions are well-defined for each value of the coupling constant.
But in a strong-coupling region, the solution obtained through strong-coupling
expansion corresponds to the real vacuum of the theory. While lowering the
coupling, a third order phase transition occurs at some point and the other
solution becomes the lower energy one.

In conclusion, the loop equations are su [cieht to characterise the pure gauge
theory in the strong-coupling phase in the large- N, limit. But outside of the
strong-coupling phase this is not true, and the knowledge of the Hamiltonian is
also required.
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Chapter 3

A review of the orientifold
planar equivalence

The orientifold planar equivalence is the equivalence in a common sector
(the neutral sector) of the following theories in the large-N, limit:

OrientiQCD : SU(NV.) gauge theory with n; flavours of Dirac fermions in the

antisymmetric two-index representation and n}F) flavours (both n}F) and
ny are kept fixed) of Dirac fermions in the fundamental representation of
the gauge group;

AdjQCD : SU(N.) gauge theory with ny flavours of Majorana fermions in the
adjoint representation of the gauge group.

The neutral sector is defined by bosonic, single-trace, gauge-invariant, C-
even observables (C is the charge conjugation symmetry). A dictionary between
the observables in the neutral sectors of the two theories will be compiled in
section 3.1 [5].

At N, = 3 the OrientiQCD becomes the usual QCD. The equivalence is
valid for any number of flavours and for any value of the masses of the fermions.
Moreover, if ny = 1 and the fermion in the antisymmetric representation is
massless, the OrientiQCD is equivalent to A/ = 1 super Yang-Mills (SYM) in
the planar limit. Some analytical results of SYM can be transferred to QCD up
to corrections of order 1/N,, as we will see in section 3.2 [3].

Even with massive fermions, the colour confinement and the area low for
the Wilson loops are consequences of the center symmetry in the AdjQCD.
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The deconfinement transition is characterised by the spontaneous breaking of
this symmetry. An identical mechanism must be realised in the planar limit
of the OrientiQCD. The approximate center symmetry of OrientiQCD and the
e Ledtive potential for the Polyakov loop will be discussed in chapter 5 [24, 30].

In the present chapter, a brief review of the proofs (both perturbative and
non-perturbative) of the orientifold planar equivalence will be presented [5, 23,
26]. In the next chapter, | will discuss in details the proof of the orientifold pla-
nar equivalence on the lattice in the strong-coupling and large-mass phase [25].

3.1 Dictionary between neutral sectors

3.1.1 The gauge sector

The kinematics of the gauge sector is the same in the two theories. In order to
identify the neutral sector, it is su [cieht to see how single-trace gauge-invariant
operators transform under charge conjugation symmetry. The transformation
law for the gauge field A, (x) = Y, A2T4 follows:

Cr AL (n)C = ~AT () = FlAu ()] (3.1)

where F denotes the antifundamental representation of the gauge group. Clearly,
the operators:

tr F,, F"  tr E,, FH (3-2)
are C-even. While, if T is a closed path, the Wilson loop W (T") transforms as:
CTw(T)C = W(I)*, (3.3)

therefore only its real part belongs to the neutral sector.

3.1.2 The quark sector of OrientiQCD
Since the bilinears of fermions in the fundamental representations contribute

only to the subleading order, I will focus only on the Dirac fermions ; (with
i =1,...,ny5) in the antisymmetric representation. Under spatial parity and
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charge conjugation, 1 transforms as':

PTw($07 f)lp = 70¢($07 _f) ) (383.)
CT¢(x(),f)C = in%ﬂZT(fo»f) . (3.8b)

The generic local gauge-invariant fermionic bilinear is obtained by contract-
ing the v;4); with a product of gamma matrices and a flavour matrix A/;;. The
rules of transformation for the bilinears are:

PIYT My (w0, Z)P = 1yl Mot (o, — ) (3.9a)
CIPT M (x0,%)C = (—1)* YT M (20, 7) (3.9b)

where I is a product of #I" gamma matrices, and I’ = ~v,I'f4.

In order to obtain eigenstates of the charge conjugation, it is useful to choose
M as a real symmetric .S or an imaginary antisymmetric k. The transformation
properties of hermitian combinations under parity and charge conjugation are
listed:

IThe notations for the current chapter follow. The Minkowskian metric tensor is g, =
(1,-1,—1,—1). The matrices for the two-component spinor algebra are:

Op = (1275:) ) 6u = (12:_5:) 5 (34)

7 7
Nuv = Z (Uua'u - Uua',u) ) Nuv = Z (5'#0'1, - &VUH) ’ (3.5)

where o; are the 2 x 2 Pauli matrices. The gamma matrices are

(0 o4 _ (12 0
w=(a W) =8 5)- 36)

Finally it is useful to introduce the matrices:

% v 0
Opv = Z[Vu»%} = (77;6 ﬁw> : 3.7
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Observable P C

PSY +1 +1
ihy5SY -1 +1
_w7u Sy Gup -1
1/{7//75 Sy —Gup  +1
'@Z}UJLuSw JupGor  —1

YRy +1 -1
Ry -1 -1

_1/1%31/} Gup +1
%M% Ry e -1
wowa JuuGor  +1

3.1.3 The gluino sector of AdjQCD

Let \; with ¢ =1,...,n; be the two-component Majorana fermions in the
adjoint representation of the gauge group. Under spatial parity and charge
conjugation, A transforms as:

PiXa(zo, )P = 0o\ (x0, —T) , (3.10a)
Ct A a(0, Z)C = aada(zo, T) , (3.10b)
where a4 = —2tr(T4T4) is a sign, that assure that the gluino obeys the same
law of transformation as the gauge field:
CT> " Xa(wo, H)TaC = = Aalwo, £)T} . (3.11)
A

Clearly all the possible single-trace gauge-invariant fermionic bilinears, that
do not involve the insertion of the gauge field, are invariant under charge conju-
gation. In order to obtain an identification with the bilinears of the OrientiQCD,
it is useful to consider the transformation properties of hermitian combinations
under parity. As in the previous subsection, S is a real symmetric matrix in the
flavour space and R is real antisymmetric.

Observable P
i)\TUQS/\ — Z')\TO’QS/\* +1
)\TO-QSA + )\TUQS)\* -1

)\Tz‘rﬂSA —Gup
)\T&,LR)\ up

iNT 091 RN — iAT 1,00 RN gupguw
/\T0'277;WR)\ + /\TﬁuuU2R)\* —9upGvv
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3.1.4 Dictionary of observables and symmetries

Putting altogether the results of the previous two sections, and providing
that the fields are normalized the same way in the actions, a table of correspon-
dence between operators follows?. From the equality of the correlation functions
of these operators, particles in the common sector can be identified.

Operator in OrientiQCD Operator in AdjQCD JE T States (if ny=2)
Re W (T) Re W (T) 0t | P-even glueballs
'l/;'l/) %’/\T(TQ/\ - i’)\TUQ)\* 0+ |O’>
—itpysep AT oA + ZAToa A" 0~ i)
$ S IXNTaaSA — EAToa SN 0t |ag)
—itpy5Sp gATUQSA + %)\Tags/\* 0= | |79, |7%) +|77)
YRy A5, RX = | ilpt) —ilp)
1/_)’Y;L’Y5w /\Ta-p,)\ 1t |h1>
1550 NN (B9, [6F) + by
QZO';WRQZJ éATUQUHVRA - %ATﬁHVUZR/\* 1t Z|bir> - Z|bf>

Moreover, in the massless case the vectorial fermionic bilinears are the
Noether currents of the flavour symmetry. Therefore a matching between sym-
metries is also possible.

AdjQCD The symmetry breaking pattern is:
SU(nyg) x Zon.n, — O(nyg) X Ly . (3.13)

The first Zs ., comes from the anomalous U(1)g 3. Since the generators
of these symmetries are fermionic bilinears and those belong to the neutral

2The exact matching of the normalizations is obtained by substituting

1 A
v~ 75 (o)
in the bilinears of the OrientiQCD. The factor 1/\/5 gives the right matching of the number
of degrees of freedom in the bilinears.
3The general formula for the axial anomaly in a gauge theory with one Weyl fermion in
the representation R, is:

P — % (iIXTog, AT) (3.12)

SR A (@) = —20RIQE)

where tr{R[T4]R[TE]} = C(R)§4B. If a is the angle of the axial rotation, the corresponding
anomalous Ward identity is:

O Py ysip(z)) a4 =

(3.14)

0 0
5=(0) = ~2C(R)55(0) (3.15)
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sector, we conclude that the chiral symmetry maps the neutral sector into
itself.

OrientiQCD If quarks in the fundamental representation are present, the chi-
ral symmetry is

F F
SU(ng)r x SU(ng)r x SUMS )L x SUMY)r x U x U(1)a —
— SU(TLf)V X U(l)‘Q/ X 2 , (3.17)
where nch) = Ny —ny is the number of fundamental flavours. The U(1)%
term is generated by the number of antisymmetric and fundamental quarks

separately. The axial non-anomalous symmetry is generated by the fol-
lowing combination of axial currents:

Ny—ny ;F) nro
s =ny Z XiVsTuXi — 35 Zﬂfﬂsmﬂ/a ; (3.18)
i=1 ¢ i=1

where 1); are the antisymmetric quarks and y; are the fundamental quarks.
Since the fundamental quarks do not belong to the neutral sector, in the
large- N, limit, the relevant symmetry subgroup is:

SU(’I”Lf)L X SU(nf)R X U(l)v X ZQ(NC_Q)nf — SU(nf)V X U(l)v X 2 .

(3.19)
Unlike the AdjQCD, this symmetry does not map the neutral sector in
itself. 1 want to identify the stabilizer of the neutral sector, that is the
symmetry subgroup that leaves unchanged the neutral sector.

Let us focus first on the baryonic number U(1)y . Its generator ¢y, does
not belong to the neutral sector, therefore the baryonic number does not
belong to the stabilizer.

Let us come now to the chiral part. The key is to write the generators
of SU(ny) as an orthonormal set of real symmetric traceless matrices S*

(with a = 17...,%) and imaginary antisymmetric ones R® (with

For ny Majorana fermions in the adjoint representation (C(R) = N.):
0
[ole"

An axial rotation of angle o = 27/(2Ncny) corresponds to a shift of 27 of the 6 angle.

(0) = 72Ncnf%<o> . (3.16)
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b=1,..., NQ;N). The Noether currents associated to the SU(ns)r, x
SU(ny)g chiral symmetry are:
P58, iy R, iR, St (3.20)
Only the first two belong to the neutral sector. By computing the com-
mutators:
(1559, 755% ] = [S9, %] = i fa& iR (3.21a)
[155%,iR") = v5[S%, iR = i f&% 755 (3.21b)
iR iRY] = if2y" iRY" (3.21c)

it is clear that these two neutral currents are a representation of an
SU(ng)r that mix the vectorial and axial components. The axial part
is spontaneously broken and the remaining iy, R’y currents generate
the subgroup O(ny)r. In conclusion, the symmetry pattern of the neutral
sector:

SU(TLf)T — O(nf)T (322)
exactly matches the continuum part of the symmetry pattern of AdjQCD.

Besides the chiral symmetry, the AdjQCD action is invariant under the ac-
tion of the center Z . The presence of this symmetry leads to the confinement
of the non-abelian electric charges. In the large-N, limit, the group symmetry
becomes U(1). Naively, one might say that, since the center symmetry acts mul-
tiplying the Polyakov loop by a complex phase, only a Z, subgroup maps the
neutral sector in itself. Thus, this symmetry should be recovered in the large- N,
limit of the OrientiQCD. Unfortunately, this argument is incorrect. Indeed, the
center symmetry is not a symmetry of the Hamiltonian (a unitary operator on
the Hilbert space cannot be defined), but just a symmetry of the action. This is
connected to the fact that the Polyakov loop is not properly an observables, but
simply the Lagrange multiplier for the Gauss constrain. Moreover as pointed
in [30], a dilerent full U(1) symmetry is dynamically recovered in the sector
generated by the Wilson loops with zero winding number around the temporal
compact dimension. A more detailed analysis of the e[edtive action for the
Polyakov loop is required, and this will be done in chapter 5.

3.2 Relics of SUSY in QCD

Consider now the case of ny = 1 flavours of massless antisymmetric quarks.
In the large-N, limit, OrientiQCD is equivalent to SYM. Thanks to supersym-
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metry, some analytical results can be obtained in SYM; those can be transferred
in QCD up to subleading corrections [3].

e The beta function is the exact NSVZ beta function:

1 3N.o?

Bla) = T2 T (Neo) /(27 + subleadings . (3.23)

e The degeneracy of even/odd parity bosonic states. For instance:

Mgy

1
=140 (N> . (3.24)

Mg

e The gluino condensate in SYM is exactly known:

0 . 6N?2
- §<ATU2A ) =-= Adyar - (3.25)

(AN = %<AT02A>

From the equality of the beta functions clearly Agy = Aogr, provided
that the same renormalization scheme is used. This is not the case,
because the above result in SYM was obtained through a Pauli-Villars
scheme, while the quark condensate in QCD is usually defined through a
DRED+MS scheme. However, the di[erences between these two schemes
are subleading [7]. Therefore, the following prediction follows:

. 6N2 _
(Ypy = *TAOR + subleadings . (3.26)
This formula can be improved. Indeed, the quark condensate depends
on the renormalization scale, and the same conclusion holds for the 1/N,
corrections. One can pull out the RG dependence and write the quark con-

densate as a function of a RG invariant function C(N.) = 1+ O(1/N.) [7]:

(50 = 5N Fexp (~ s KN (a2

3.3 The perturbative proof

The orientifold planar equivalence can be proved in the perturbative expan-
sion [5]. Basically, after developing the technology to obtain graphs for theories
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with fermions in the two-index representations, a map is established between
the graphs of SYM and orientifold QCD in the planar limit.

Of course, the equivalence at each order of the perturbation expansion does
not guarantee the full equivalence of the two theories. In fact, for two strong
coupled theories the perturbation expansion gives us no information about the
vacuum. Nevertheless all the perturbative results obtained in SYM can be used
for orientifold QCD (for instance the beta function).

In this section, | will not report the proof. | want just to stress some crucial
facts that will be useful in what follows.

e The Dirac fermion in the antisymmetric (AS) representation can be split
in two left-handed Weyl fermions, one in the antisymmetric representation
and the other in the conjugate of the antisymmetric representation (AS).
In order to perform a perturbation expansion, we need to fix the gauge.
Since neither the gauge fixing term, nor the Fadeev-Popov term depend
on the fermions (and thus are the same in SYM and in orientifold QCD),
I will simply keep them implicit. The interaction terms in the Lagrangian
of orientifold QCD are the following:

Line = g4} (Yo" AS[Tc]x + 70" AS[Tc]n) - (3.28)

Since the Lagrangian is quadratic in the fermionic fields, the fermionic
propagators form closed oriented lines in graphs. Each x-line linking &
interaction vertex is proportional to

while the 7-lines are proportional to:

Now, we can group the graphs, in such a way that two graphs are in the
same class if one is obtained from the other by simply replacing some y-
lines with n-lines or viceversa. These classes of graphs are proportional

to:
tr {AS[Ta,] AS[Ta,] -+ - AS[Ta, ]} + tr {AS[Ta,] AS[Ta, ] --- AS[Ta, ]} -
(3.31)
e In the SYM is much easier, each fermionic line is proportional to:
tr {Adj[T'a,| Adj[T'a,] - - - Adj[T'a,]} (3-32)
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e If we label with N the fundamental representation of SU(N) and with N
the antifundamental one, the rules of the product of representations give
the following results:

N x N =Adj+1, (3.33a)
NxN=AS+S . (3.33b)

In the planar limit the singlet is negligible and AS ~ S. Thus, asymptoti-
cally:

tr {Ad_] [TAl] AdJ [TAQ} e AdJ[TAk]} ~

>~ tr {RNXN[TAl]RNXN[TAz] T RNXN[TAk]} )
tr {AS[TAJ AS[TAz] s AS[TAk]} >~

3 (RN [T Rnn [T+ BT}
tr {E[TAI] E[TA2] .. E[TAk]} ~

~ —tr { R [T, [ R [ Tas) - - Ruxw [ Ta ]}

N —

(3.34)

The 1/2 factor in the previous relationships for the AS and AS represen-
tations balances the presence of two Weyl fermions in orientifold QCD,
giving the same number of degrees of freedom like in SYM.

e The generators in the two-index representations are easily computed:

RusnlTal =Ta®1+1@Tx (3.35a)
RNxN[TAl =Ta®14+1®Ta, (3.35b)
RyxnlTal =Ta®1+1®Ta, (3.35¢)

where Ty = —T; is the generator in the antifundamental representation.
Clearly the validity of the orientifold planar equivalence is based on the
possibility of substituting somewhere T4 < T4. This is not possible in
general. However, in the large-N limit, just graphs that can be drawn
on a sphere without self-intersections survive (the planar graphs). The
fermionic lines split the sphere in disconnected pieces. Having chosen a
fermionic line bounding a disconnected piece, the interaction vertices along
that line are classified as internal and external to the piece (see figure 3.1).
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+1/2

As+As

Adj

Figure 3.1: On the left side, a typical planar graph. The fermion may belong
to an arbitrary representation. In the planar limit, the fermionic line factorize
in two oriented lines (right side), representing traces of products of 77s (if the
line is oriented in one side) and traces of products of 7"s (if the line is oriented
in the opposite side). The antisymmetric representation has two contributions,
corresponding to the two Majorana fermions in the action.

The colour traces in (3.34) factorize in an internal trace and an external
one:

tr {AJ[Ta,] AdJ[Ta,] -~ Adi[Ta, ]} ~
~ 2tr {TAIl -~-TAIp}tr {TAE1 ---TAEq} ,
tr {AS[Ta,] AS[T4,] - - AS[Ta, ]} ~
:tr{TAI Ta, }tr{TAE ~-~TAEq} :
tr {AS[T'4,] AS[Ta,] - -- AS[T'a,]} ~
~ (= 1)ptr{TAI : ’AI} { --TAEq}. (3.36)

o Each piece of a planar graph contains some traces of products of 7”s alone
or T”s alone, whose colour indices are contracted with some f4gc coming
from the vertices of interaction. For instance, see the piece represented in
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Figure 3.2: One piece of a planar graph.

figure 3.2; it is proportional to:
tr {TATBTC} tr {TATD} fBCD . (337)

Since [Tg,Tc] = ifscpTp and fpep is a completely skewsymmetric ten-
sor, the following equalities hold:

tr {TaTpTc}tr {TaTp} fecD =
= 7% tr{Ta[TB,Tc|} tr {TA[T& TC]} =
= fBCD tr {TATD}U‘ {TATB,Tc} s (338)

which is exactly the expression (3.37), after substituting 77 « T4. This
result has a general validity: in each connected piece of a planar graph we
can invert the colour flux without change the value of the graph.

3.4 The nonperturbative proof on the lattice

A nonperturbative proof of the orientifold planar equivalence is presented
in [23]. Unfortunately, it contains some hidden assumptions that | want to
make explicit in this section. Moreover, in the cited paper, the authors keep
implicit the regularization of the considered field theories. | will proceed in a
di Cerent way in the section, by explicitly using the lattice regularization.

In order to avoid the complications related to the sign problem in the defi-
nition of the Majorana fermion (see section 4.1), | will discuss the planar equiv-
alence of the following two theories:
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2AdjQCD. Gauge theory with two Majorana fermions with mass m in the
adjoint representation. Its e [edtive action for the link variables is:
2N2
A

Soa4i[U] = — Z Re W (p) — log Det(aDag;[U]) - (3.39)

pELD

20rientiQCD. Gauge theory with two Dirac fermions with mass m in the
antisymmetric two-index representation. Its e[edtive action for the link
variables is:

2
S0, U] = _27])\\70 Z Re W (p) — 21log Det(aDag[U]) . (3.40)

pELD

To keep the discussion as simple as possible, I will take a finite lattice. In this
case, at fixed N, the system has a finite number of degrees of freedom.

Let us consider a Wilson loop W(T') = 1/N.trU(T"). In order to prove
the orientifold planar equivalence, one should prove the equality (W (I'))244j =
(W(T'))20, in the planar limit. The idea is to write these expectation values
in terms of expectation values over the vacuum of pure Yang-Mills (-)o. For
instance, for the 20r:

1

Z2Or
B (Det(aDas[U])?W(T))o
~ (Det(aDas[U])?)o (3.41)

(W())20r =

/ W(T)e Y™ Det(aDas[U])? dU =

Since in the planar limit the system has infinite degrees of freedom, it can
develop spontaneous symmetry breaking. In this case, the expectation value of
the Wilson loop can be computed only after having chosen one of the degenerate
vacua (for instance, by restricting the domain of the functional integral). On
the other side, the unrestricted limy_,o. (W (T")) gives the expectation value over
a statistical ensemble of all the vacua. Let us make the following:

Assumption 1. The pure Yang-Mills (at zero temperature) has a non-degen-
erate vacuum in the planar limit.

This assumption seems in agreement with our knowledge of the pure Yang-Mills,
but no proof of it exists. It will be crucial in what follows. For the moment,
we need no assumptions about the vacua of 20r and 2Adj. Thus, a priori
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the expectation value (3.41) is computed over a statistical ensemble pag in the
planar limit, and:

(Det(aDas[U])?*W (L))o
(Det(aDas[U])?)o

tr (pasW (L)) = (3.42)

As we will see in section 4.2, the fermionic e [edtive action can be expanded
as:

log Det(aDg[U]) = Y~ MM C(a)NZWr(a) , (3.43)
aeC

where C is the set of all the closed path linking nearest neighbours on the lattice,
L(«) is the length of the path a, C(«) is a representation independent coe Lcieht,
Wg(«) is the Wilson loop along « in the representation R, and i = am + 4r for
Wilson fermions. Notice that, for a two-index representation, Wr(«) is defined
as 1/N2trR[U(«)]. By substituting in the equation (3.42) and expanding the
exponential, one is temped to write in the planar limit:

=5 Liaw)
r(pasO) = Z Z Wc(al) co-Clay) %

n ai,...an€C

X2 N2 (W (D) Was(ar) - - - Was(an))oe » (3.44)

where (-)¢. is the connected expectation value on the vacuum of the pure Yang-
Mills. This is possible only under the following:

Assumption 2. The large-ri expansion converges and commutes with the pla-
nar limit.

At this point, by using the assumption 1 and the factorization property, one can
show that

1

—(W(F)WAdj (Oél) R WAdj (Oén)>0c 3 (3-45)

(W(C)Was(ai) -+ Was(an))oe = on

in the planar limit. Let us see how this is possible in a simple case, if there are
only two Wilson loops from the hopping expansion:

(W(T)Was(a1)Was(az))oe = %<W(F)WAdj(al)WAdj(042)>0c : (3.46)
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The Wilson loops in the two-index representations can be written in terms
of the corresponding Wilson loops in the fundamental representation:

1W(FF)} (3.47a)

2
Wag;(T') = [W(T) N2 (3.47b)
in the planar limit. By using the formulae above and the factorization property
of the planar limit (that holds only if the vacuum is a pure state), the connected
expectation value for the antisymmetric representation is written as a sum of

some contributes (for details, see [23]):

(W(T)Was(a1)Was(az))oe =
= (W(I)W (a1)W (a2))o(W (@1))o(W (a2))o+
+ (W)W (1)) o(W ()W (a2))o(W (az2))o+
+ (W)W (az))o(W ()W (a2))o{W (a1))o - (3.48)

Thanks to the assumption 1, the pure Yang-Mills vacuum is invariant under
charge conjugation, and the expectation values are invariant under the substi-
tution U — U'. Thus, we can substitute

(W(a1))o(W(az))o — (W(a1)T)o(W(az)T)o
in the second line of the equation (3.48), and
(W(a)W(az))o — (W(a1)"W(az))o
in the last two. We obtain:

(W(I)Was(a1)Was(az))oe =

= (W)W (a))W (az))o(W (a1))o (W (az)")o+
W)W i

(w(rw
= 4(W(T)Wagj(o1)Wagj(az2))oc s (3.49)

+

_|_
/Q\/\
no

as we want to prove.*

4In the general case, it is useful to introduce a diagrammatic representation of the connected
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P URN P URN

N /,’ it 6,/(\.11
\.O"—t/o r ‘.O-’—t/. ;-
N - N -

Figure 3.3: Two ASV diagrams contributing to (W (T')Wg(a1)Wgr(a1))oe. ON
the left, a graph of the OrientiQCD. On the right, a graph of the AdjQCD. Since
each of these two graphs is obtain from the other one by inverting the colours
of the central cluster, they have the same value.

Figure 3.4 An ASV diagrams (for OrientiQCD) contributing to
(W(T1)W (T2)Was(a1)Was(a1))oe. The orientifold planar equivalence does not
hold for this connected expectation value. Indeed, no corresponding graph exists
in the AdjQCD.
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Finally, if assumption 1 and 2 are fulfilled, in the planar limit:
tr (pasW(I')) = tr (paq;W(L)) - (3.52)

I want to discuss now the assumption 2. At large enough mass of the
fermions, the vacua of both the two theories 20r and 2Adj are expected to
be almost similar to the vacuum of pure Yang-Mills and the assumption 2 is
expected to be fulfilled. We will see in section 4.2 that the hopping expansion
(with Wilson fermions) is uniformly convergent if 7 > 32. Here, the orientifold
planar equivalence must be valid. As the mass decreases, some symmetry might
break down and a phase transition might occur in one of the two theories with
fermions. In such a case, the large-m expansion (even if convergent) cannot

expectation values of the form:
NZE(W (1) - W(Tp)Wr(aa) - Wr(ar))oc - (3.50)

This expression is represented by a sum of graphs (in what follows, ASV graphs), according
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give the right value for the expectation values and there is no reason for the
orientifold planar equivalence to be still valid. On the other side, if no phase
transition occurs, the large-ri expansion determines the expectation values at
each value of the mass, by means of analytic continuation. Therefore, the ori-
entifold planar equivalence is expected to hold in this case.

3.5 The role of the C-symmetry

From the discussion in the previous section, clearly if no phase transition
occurs as the mass of the fermions decreases, then the orientifold planar equiv-
alence holds. In the paper [26], a stronger result was found: it is su [cieht to
check that the charge-conjugation (C) symmetry is not spontaneously broken.

This result was established by using the formalism of the coherent states for
the planar limit [35]. | want to review here the main ideas of the proof; the
reader should refer to [35, 26] for the details.

Let us start from an SO(2N,.) gauge theory with fermions in the adjoint
representation. The generators of SO(2N,) are the 2N, x 2N, antisymmetric
matrices. It is useful to write an explicit basis for the Lie algebra so(2N.).
Let {S,} and {R,} be two basis for respectively the real symmetric and an-
tisymmetric N, x N, matrices, and define the matrix J = io,. Then, the set
with:

1®Ro, J®@S., 01®@Rs, 03®R, (3.53)

is a basis for the real 2N, x 2N, antisymmetric matrices. Since the set {R,,S,}
is a basis for the Lie algebra u(V.), the elements {1 ® R,,J ® S,} identify a
subset U(N.) C SO(2N.). Given a matrix U € U(N.), its image in SO(2N,) is

RjlU=1@ReU +J@SmU . (3.54)

The gluino field A belongs to the adjoint representation of SO(2N.). As a
representation of the subgroup U(N,), it is instead reducible. Decompose the
gluino field as:

A=RjN+0:®@E+0-Qx, (3.55)
where A\ € u(N,), ox = % (01 £ 03), and &, x are N, x N, antisymmetric
matrices. Under a U(NN.) gauge transformations, it is straightforward to prove
that:

R[UJAR;[U]T = Rj[UNUT] + 0 @ U EUT +0_ @ UxUT . (3.56)
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In words, the gluino A is decomposed in a Majorana fermion X in the adjoint
representation of U(N..), and in a Dirac fermion (quark+antiquark)

b= (—ié{f) (3.57)

in the antisymmetric representation of U(N,).
Similarly, one can decompose the gauge field:

W, =Ry[A] +04®B,+0_® B . (3.58)

At this point, the game appears clearly. The SO(N.) gauge theory with
Majorana fermions in the adjoint representation (parent theory) contains the
degrees of freedom of both AdjQCD and OrientiQCD (daughter theories). One
can kill the extra degrees of freedom with a projection, by imposing the con-
strains (J = J ® 1y.):

e JW,Jt =W, in both cases;
e JAJT = A for AdjQCD, or JAJT = —A for OrientiQCD.

A map from the parent coherence algebra to the daughter ones is defined:
choose an operator in the parent coherence algebra and change each field opera-
tor with the corresponding projected field. The coherence algebra of the parent
theory is split into the bosonic and fermionic parts. Fermionic operators have
a zero image in OrientiQCD (no fermionic operator can be built with fermions
in the antisymmetric representation). Moreover, only some subalgebras of the
daughter theories are reached by this map. To identify these subalgebras, it is
useful to introduce the SO(2N.) gauge transformation K = o3 ® 1., Which
acts on the projected fields as:

KW, K" =" A4 Ry[T}] (3.59)
A
KAKT =) "MRy[Ti] -0 @ x+o_ €. (3.59b)
A

The operator K is mapped into the charge conjugation symmetry in the daugh-
ter theories:

ApAT — ApATS (3.60a)
MTy — MTS ) — —iyth™ . (3.60b)
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Since K is a gauge transformation in the parent theory, the coherence algebra
must be invariant under the action of K. This means that the image subalgebras
in the daughter theories can contain only C-even operators. In the following table
the map between parent and daughter theories is represented. The neutral sector
is the sector common to all the three theories. It is the set of the C-even bosonic
operators.

AdjQCD | BosoNic C-EVEN | FERMIONIC C-EVEN | Bosonic C-opp | FERMIONIC C-ODD

SO(N.,) | Bosonic | FERMIONIC |

NEUTRAL SECTOR

The isomorphisms between neutral sectors of coherence group, coherence
algebra and coherent states do not imply yet the equality of the expectation
values of the classical observables. Indeed one has to show that the degrees of
freedom, that was killed by the projection, decouple from the neutral sector in
the large-N, limit. The details of this proof can be found in [36].

Finally, in order to prove the equivalence of the dynamics of the neutral
sectors of the three theories, it is su [cieht to show that the Hamiltonian of
the daughter theories are obtained from the Hamiltonian of the parent theory,
through the projection operation. This fact comes straightforward for the gauge
part, and is a little bit more laborious for the fermionic part.

Summarising, expectation values inside the neutral sector are the same in
parent and daughter theories; the neutral sector evolves into itself and the dy-
namics is the same in parent and daughter theories. This is not yet the ori-
entifold planar equivalence: the equality of the vacuum expectation value of
classical observables in the neutral sector should be proved. This is automat-
ically guaranteed if the vacuum belongs to the neutral sector, that is if the
vacuum is invariant under charge conjugation.

Therefore, the invariance of the vacuum under charge conjugation is a su [=—1
cient condition for the orientifold planar equivalence. But if we consider the one
massless flavour case, we know that charge conjugation is not spontaneously bro-
ken in SYM, therefore the invariance of the OrientiQCD vacuum under charge
conjugation becomes also a necessary condition.

Whether the C-symmetry is spontaneously broken or not in the orientifold
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QCD is not a trivial question. In [26, 40] it is shown that properly compactify-
ing the spatial dimensions with periodic boundary conditions for the fermions
the C-symmetry is spontaneously broken only in the orientifold QCD and the
orientifold planar equivalence does not hold. | will give some more details on
this issue in chapter 6.
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Chapter 4

The equivalence in the
strong-coupling and
large-mass phase on the
lattice

In this chapter, | will give a proof of the orientifold planar equivalence at
fixed lattice spacing and in the phase of strong coupling and large mass. |
published the proof in [25]; it is based on the expansion in powers of 1/\ and
1/m of the functional integral. | will follow here a di [erent (and more synthetic)
strategy based on the formalism of the loop equations. All | need to assume is
the factorization property of the large-N. limit (this fact is proved in [25]).

Consider the following theories discretized on the lattice.

AdjQCD. Gauge theory with a Majorana fermion with mass m in the adjoint
representation. Its e [edtive action for the link variables is:

N? 1
\ Za%eW(p)—§1ogDet(aDAdj[U]). (4.1)

pELn

SaqilU] = —

AsQCD. Gauge theory with a Dirac fermion with mass m in the antisymmetric
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two-index representation. Its e [edtive action for the link variables is:

2
Sas[U] = J\;C > ReW (p) — log Det(aDas[U]) . (4.2)

In order to define the Majorana fermion, the Wilson discretization of the Dirac
operator is suitable:

N . 1
aDzy = zy — Koy = Mgy — ) Z { (r = %) RUL(2)]6y 0+ant
o

+(r+7) RIUW (2 — )] 0y o—ap} (4.3)

where 7 = (am + 4r) is the inverse of the hopping parameter!. In the action of
the AdjQCD, the square root of the fermionic determinant is used to describe
the Majorana fermion. This is generally not allowed, because of a sign problem.
Nevertheless, it is right in the large-mass phase. This issue will be discussed in
section 4.1.

Once again, | want to discuss the meaning of the strong-coupling and
large-mass expansion. The planar equivalence should be valid for any gauge-
invariant observable, with a well defined vacuum expectation value in the planar
limit. Assuming the factorization property, one can choose a single Wilson loop
W(T) = 1/N.trU(T") without losing generality. After fixing the number of
colours and the lattice volume, the vacuum expectation value of W (I') can be
expanded in powers of A= and m !

(WD))N, A1) = a; ;(N)A "7 (4.5)

The planar limit a; j(00) = limy_. a;,; (V) is well-defined. In section 4.3, the
loop equations will be generalised to the case of theories with fermions. By
solving the loop equations (section 4.4), the coe [Ciehts a; ;(co) are computed,

in both AsQCD and AdjQCD. We will finally conclude that AdeM(oo) =

a“};QCD( ). However, in general the large- N, limit cannot be exchanged with

the strong-coupling and large-mass expansion. This fact is well known in pure
gauge theories, where a bulk (non physical) transition appears as N, becomes

LIn the current chapter space-time is Euclidean. The gamma matrices are

_ (0 1 _ (0 o _ (12 0
70—(12 0)’ %—(_m 0)’ 75—(0 _12>~ (4.4)
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infinite ([39] for the analytical computation in two dimensions, and [41] for nu-
merical simulations in four dimensions), and it is connected with the discussion
at the end of section 2.5. Although a solution of the loop equations has been
found, it gives the expectation value of the Wilson loops with respect the vac-
uum (i.e. the absolute minimum of the Hamiltonian) only in the phase connected
with the point A = m = oco.

4.1 About the Majorana fermion
On the continuum, a Dirac fermion belonging to a real representation of the
gauge group can be kinematically described as two Majorana fermions. It is

possible [42] to follow the same procedure on the lattice. Let us consider Wilson
discretization for fermions ¢ and ¢, and define

1 _ i _
M= 5 0=CoT) = % (b+CP7) | (4.6)

where C = ivy: is the charge conjugation matrix. These are Majorana fermi-
ons, in the sense that they satisfy the condition:

Aj=AC. 4.7
The fermionic action can be written in terms of the Majorana fermions:
- a ) )
ahDag;[UTY = 3 (AT +iA) CDag[U] (M —iXs) =

a ~ 7 ~ 7 ~
=5 2 A DaglUIN = AT Daai[UP2 + 5AS DA, (48)
j=1,2

where DAdj = (CDpq;. Since the fermions belong to a real representation of
the gauge group, by a straightforward computation, it is found that D,g; is an
antisymmetric matrix. Now, Grassmannian variables anticommute,

AT Dagj[lUIN = AT Dagj[U)T A2 = AT Dagi[U] A2, (4.9)

and the fermionic action in equation (4.8) reduces to:

— a ~
atpDaat) = 5 > A Dagi[U]; - (4.10)
j=1,2
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Finally, the action for a Majorana fermion is obtained:
Sp = %ATDAdj [U]X . (4.11)

The fermionic degrees of freedom can be integrated out. For Dirac fermions
the determinant of the Dirac operator is originated; instead for Majorana
fermions the Pfa Lanlof the matrix aDaq; comes out:

/ 3N DX X = Pf(aDpg;[U]) - (4.12)

If the dimension of the matrix A is 2n, the Pfa [anlis:

1
PH(A) = —raipranfnAaipy - Aanp, - (4.13)

From equation (4.10), clearly Pf(D)%? = Det(aDagqj), but in general noth-
ing can be concluded about the sign of the PfaCanl However | claim that
the Pfa [anlis positive in the large-mass phase and therefore Pf(aDag;[U]) =
Det(aDagq;[U]). Let us see how to obtain this result.

Both the Pfa [Canland the determinant are polynomial in the variable .
If V' is the number of points in the lattice, aDaq; is a squared matrix with
4V (N2—1) rows. Thus, the Pfa [anlis a polynomial with degree d = 2V (N2—1).
If 0; are the (doubly degenerate) eigenvalues of the matrix K 44; defined in the
equation (4.3), the following formula holds:

Pf(aDag[U]) = [[ (i +6:[01) . (4.14)

As a function of m, the Pfa [Canlis continuous and it can change its sign only
when — matches some of the eigenvalues &;[U]. If §[U] is the highest eigenvalue
in absolute value, the Pfa [Canlcannot change its sign for 7 > 6[U] and from its
behaviour at m — oo we must conclude that it is positive.

Let us assume (but I will prove it in a moment) that 6[U] is smaller than a
constant M, independent of the gauge configuration, the volume of the lattice
and the number of colours. In this case, for each mass with i > M the Pfa [anl
is positive and we can implement Majorana fermions by using the square root
of Det(aDag;[U]).

At this point, | want to show that the eigenvalues of Ky are smaller than
32. Let us consider the traces Tr K;. By making explicit the dependence on
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the site indexes:

Tr KIT% = Z tr (KRIIIQKRCEQCES te KR:L’]'II) . (4.15)

E BRI 203

Since the matrix Ky has non-zero elements only between nearest neighbours,
contributions to the sum come only from n-ples (x1, zo, . . ., z,) that make closed
paths linking nearest neighbours on the lattice. Let us define C,, as the set of
such loops. Moreover, given w in C,, | define Kr(w) as the ordered product of
Kgr on w. Now, KR, is a matrix with both spin and gauge indices; however,
the spin part and the gauge one are factorizable. Actually, the gauge part is
exactly the parallel transport along the link (z,y), so one can write:

TrKp = Y Kr(w)= Y cw)trRUWw)], (4.16)

weC, w€eC,
where ¢(w) is a coe [cieht independent of the gauge configuration defined by:

(-1

on tr (1 — Yag—ay) o (1= Yar—a1)] (4.17)

c(w) =
with v, = £, and w(w) being the winding number of the path w around the
time direction (this (—1)®() factor takes into account the antiperiodic boundary
conditions for the fermions).

I have kept these formulae with a generic representation, as they will be
useful in what follows. At the moment, let us return to the adjoint represen-
tation. | want to obtain an upper bound for Tr K7 ;. By choosing r < 1, one
sees that the elements of the matrices r =+, are less (in absolute value) then 1,
thus |c(w)| < 2™. Furthermore, the Wilson loops are traces of unitary matrices
with N2 — 1 rows, thus tr Adj[U(w)] < N2 — 1. Finally, let us consider that
the number of closed loops is less than 16™V. In fact, this is the number of all
(both closed and open) paths, that is simply counted by fixing a starting point
and by choosing a direction at each step.

Putting all together, one writes the following upper bound:

2d
>_ o]

As n grows, only the highest term gives a contribute to the previous sum, and
the desired relationship §[U] < 32 is finally found.

| Tr K3;[U]| = <4V(N2 —1) x 327 . (4.18)
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4.2 Hopping expansion

The fermionic e [edtive action is:
Sp = —NylogDet (1 —m 'Kg[U]) , (4.19)

up to an additive constant. The first step to obtain a large-mass expansion is
the hopping expansion of Sg. It is obtained by expanding the logarithm of the
Dirac operator as a power series in the hopping parameter /'

SFNlemnnTrK}%NfZ > m;n

n=1 wel,

c(w) trR[U(w)], (4.20)

where | have used the decomposition (4.16). This gives the expansion in Wilson
loops of the fermion e [edtive action. The coe LCiehts c(w) are real and represen-
tation independent. As | have shown in section 4.1, the eigenvalues of Kaq; are
less (in absolute value) than some M, uniformly in the number of colours and
of the lattice volume. Therefore the hopping expansion converges if m > M.

4.3 Loop equations

For a generic two-index representation R, remembering that Wx(w) is de-
fined as 1/N? tr R[U(w)] and using the hopping expansion, the total e [edtive
action is:

sl =55 3 Rew(p) - NpNZYS Y

pELn n=1 weC,

m;n D Wr(w),  (420)

where Ny must be chosen equal to 1 for the AsQCD and equal to 1/2 for the
AdjQCD. The loop equations for these theories are obtained following the same
procedure as in section 2.5, and can be written synthetically as:

/ a2 [e 5D atw ()| av =0, (4.22)
or substituting the action, equivalently as:
LA Ne A A
N (dada WD) + =5 > {daW (D) dg W (p))+
pELn
o0 m_n
+NNGY > - (w{dAW (D) dAWr(w)) =0 . (4.23)

n=1 wGCn
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From the relationships (3.47), the Lie derivatives d'Wx(w) can be computed:

dAWas(w) = W(w)dAW (w) — 2]1\[ dAW (ww) | (4.24a)
d3Wagj(w) = W(w)d2AW (@) + W(@)diW (W) . (4.24b)

Substituting in the case of AsQCD, neglecting the subleading term in the
formula (4.24a) and using the factorization property, the loop equations in the
large- N, limit become:

Nl ) + 5 S @AWW @)+

pELn
PN Y P W) W O w) VR0, @25)
n=1 welC,

I want to point out that the terms like
1/Ne(didgW () and  Ne(dg W (I1)daW ()

are of order 1 in the large-N,, as already seen by explicit computation in sec-
tion 2.5.

Instead, the loop equations in the large-N. limit for AdjQCD are:

W) + N7 S (dAW (D)L o)+
¢ pELn

W (@) {da W (D)da W (w))+

m\g

5y

n=

_
€

€Cn

iz

n=

W(@)WAAW (D)W (@) “=%0.  (4.26)

w\z

—

Since for each path w € C,, the reversed one @ also belongs to C,,, and since
¢(w) = ¢(w), the last two terms in the Lh.s. of the equation above are equals.
Moreover, if the C-symmetry is not spontaneously broken (and so it is in the
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strong-coupling phase), then (W (©)) = (W(w)):

e i > min@(w)<w(@)><d2W(F)d£W (w))+
2 n
n=1 weC,

(o9}
PP

() (W () (AW (D)W (2) =
n=1 wel,

Ny 3

)W) WD W) @2D)
n=1 welC,

Therefore, the loop equations for the AdjQCD are completely equivalent to the
loop equations (4.25) for the AsQCD in the large-N. limit, in a phase that does
not break the charge conjugation. It is useful to remember that this result is
based on a large-mass expansion.

For sake of completeness, | will write the loop equations after having explic-
itly computed all the Lie-derivatives, as done in the equation (2.47):

ICIW(I)) + > - > (WIT))W(Ty)) o =

self-intersections self-intersections
with parallel link  with opposite link

et T D DR L s

I' and peLg join I" and peLp join
with parallel link  with opposite link

9]
>
n=1

> - > c(w) (W (w)) (W (Tw))

I' and weCl,, join T and weC, join
with parallel link  with opposite link

n
(4.28)
4.4 Solution of the loop equations and planar
equivalence
Even if the loop equations are the same in the two theories in the large-N,
limit and in the large-mass phase, this does not imply the equality of the solution

because the solution of a non-linear infinite system of equations is in general
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not unique, as already discussed in section 2.5. However, if one considers only
solutions which can be expanded as a series of powers of both 1/\ and 1/m,
the solution is actually found to be unique. Therefore, in the strong-coupling
and large-mass phase, the expectation values of the Wilson loops coincide in
AsQCD and AdjQCD.

Let us see how to prove the uniqueness of the solution. Since we are in-
terested in a power expansion of the solution, the equations (4.28) is solved
iteratively, by truncating each time at an higher order.

We inductively search the solution at the order A\~%m~7 for some fixed pair
(i,7), by assuming that the solution at all the lower orders exists and is unique.
In the equations (4.28), the highest order (4, j) clearly appears only in the l.h.s.,
while the r.h.s. is completely known. Consider now a closed path I" without
self-intersections. The loop equations become:

|T|{W(T")) = something depending only on the lower orders .

The solution for this equation exists and is unique. For a generic closed path I'
with k self-intersections:

IC[(W(IT)) + > - > (W))W () o =

self-intersections self-intersections
with parallel link  with opposite link

= something depending only on the lower orders .

In the second term of the l.h.s. only loops with at most k& — 1 self-intersections
appear. Thus, by induction the solution truncated at the order (4, j) exists and
is unique for each closed path T'.

In the case of i = j = 0 since ‘something depending only on the lower orders’
is zero, the unique solution for a non-trivial path T" is (W(I")) = 0. Again by
induction, one concludes that the solution exists and is unique at each order
(4,7). And this is precisely what we wanted to prove.
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Chapter 5

The center symmetry in the
planar limit

Where center symmetry is present, it implies the confinement of the colour.
Its spontaneous breaking leads to the deconfinement transition. For a gauge
theory discretized on the lattice, the action of the center is defined as:

Uo(zo = 0,x) — ulp(zg = 0,%) , (5.1)

where z( is the coordinate along the time direction, and « is an element of
the center. The center transformation counts the winding number of Wilson
loops around the time direction. If the loop I wraps w times around the time
direction, the transformation rule is:

W (D) — w“W(T) . (5.2)

Since the action for pure gauge is given by the sum of plaquettes, that have zero
winding number, it is invariant under the action of the center.

The generic representation R of the gauge group induces a representation of
the center subgroup, that can be labelled by an integer Ny (with 0 < Ng < N.),
the N-ality of the representation:

Rlu] = v™* | R[uU] = u™* R[U] . (5.3)

Clearly, if matter in a representation with zero N-ality is present, the theory is
still invariant under the action of the center. Otherwise, invariance under some
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subgroup could survive. In the following table the theories relevant for this work
are summarized.




5.1. POTENTIALS FOR THE POLYAKOV LOOP

5.1 Potentials for the Polyakov loop

In this section, | will define some useful functions of the Polyakov loop on
the lattice discretized theory. The fermionic representation will be kept generic,
unless explicitly specified. In what follows, it is useful to distinguish the tem-
poral from the spatial coordinates = = (x,x), and the temporal link variable
Uo(zo,x) from the spatial ones U, (x¢, ).

Define the parallel transport 2 around the temporal dimension and the
Polyakov loop P:

Q(:E) :UO(Oa"B)UO(Lw)UO(Tf 1,$) ) (54)
P(x) =trQ(x) . (5.5)
One can use the gauge invariance and fix the temporal gauge:
1 if 2o =0,..., 7 —2
U = . 5.6
(20, @) {Q(w) 11 (5.6)

The action S(Q,U,,) (the fermions have been integrated out) is invariant under
time-independent gauge transformations. The Fadeev-Popov determinant for
this gauge fixing is one, thus the measure of the functional integral is simply:

exp{—S(Q,U.)} [[ dUu(zo,z)]]d=). (5.7)
H,Zo,T x
At this point, the following functionals can be defined.

Probability distribution of 2(0). It is obtained by integrating out all the
degrees of freedom, except 2(0) =

5 1
-S(Q) _ 1 —5(Q,U,)
e Z/ o016 [[ dUu(zo.x) ] dx). (5.8)

n,xo,T x#0

If f(Q) is a function of 2 in a single point, its expectation value is given

by:
£(€) / F(Q) e 5@ qhy . (5.9

Probability distribution of the Polyakov loop. It is defined as the expec-
tation value of the delta function of the Polyakov loop:

e NV = (5 (z - Ni tr Q>> = /5 (z — Nitr Q> =S g0 . (5.10)

C C
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The function V(z) is often referred as e [edtive potential of the Polyakov
loop. But in this chapter | will adopt a di [erknt definition, which will be
given below.

Generator of connected expectation values. It is obtained by coupling
the Polyakov loop to a complex external source:

e ot
W(a,a) = —% log <exp {—NW}> . (5.11)

Expanding as a power series of the source:

1 atr Q)+ atrQf
T p—— <exp {_Na;a}> .

C

V(G e
>
n!

N2—n
n=1 ¢
o0 pta tr Q)P (b QT)q>
1 1 <(
—-1— _Z — aPal <, 5.12
¥ () gt e

p,q=0

Since the connected expectation value of N, loops is at most of order
N2-", each term of the previous expansion keeps finite in the large-N,
limit.

Generator of one-particle irreducible graphs. It is the Legendre trans-
form of the generator of connected expectation values:

® atrQ+atrOf
<trQ eXP{*NcMD

atrQtatrQt ’
N, <eXp {—N072 }>
az +az
2

The definition above works only if the map (a,a) < (z,z) is invertible.
This is true in the strong-coupling phase, and is assumed true if no sym-
metry is spontaneously broken, as at low temperature. | will refer to the
function T'(z, z) as the e [edtive potential of the Polyakov loop. In general,
it is dilerent by the function V(z); but it can be shown that the two
function coincide in the limit of infinite spatial volume.

2(a, @) = 20,W (o, @) = (5.13)

I(z,2) = W(a,a) — (5.14)
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The center action is a symmetry if and only if the e [edtive potential I'(z, z)
is invariant?. Because of the Legendre transform, the e [Edtive potential is not
so easy to compute. Since z(uq, @) = uz(a, &),

az(a, @) + az(a, &)
2 )

Iuz,uz) = W(ua, ua) — (5.15)
and the following implications hold:

center is a symmetry < I'(uz,az) =I'(z, 2) & W(uo, ua) = W(a,a) . (5.16)
Therefore, the functional W («a, &) encodes full information about the center
symmetry. The terms of the expansion in equation (5.12) are classified in ta-
ble 5.1 according to their symmetry properties.

Term in W Symmetry

p=gq mod 2 Zs
p=gq mod N Zy,
P=q u()

Table 5.1: Symmetry properties of the Polyakov connected correlators
((P)P(PT)9).. We say that G is a symmetry group for the Polyakov connected
correlator if it is invariant under the transformation Q(x) — uf(x) with v € G.
Note that G is not necessarily a subgroup of the center.

5.2 The connected graphs in the large-mass ex-
pansion

The formalism of the large-mass expansion has already been developed in
section 3.4. | want to briefly review some formulae. The fermionic e [edtive
action can be written as a sum of Wilson loops in the appropriate representation:

SHQUL) = clw) trRIUW)] (5.17)

weCl

2In principle, one should consider the e [edtive potential of a generic loop arbitrarily wrap-
ping along the time direction. This can be done using the same formalism that | will develop
in the current chapter. However | will assume that the Polyakov loop completely characterise
the center symmetry.
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where R[U] is the matrix representing U in the representation R, and w indicates
a generic closed path on the lattice with length L(w). The coe [ciehts ¢(w)
depend on the spin structure of the chosen discretization of the Dirac operator
and are independent of the colour structure. They are of order of %), where
m is the bare fermion mass. It will be convenient to split the set C of all the
closed paths into the union of the sets C(w) of the closed paths with winding
number w around the thermal dimension.

The generic connected expectation value of Polyakov loops can be formally
thought as a function of the coe [ciehts ¢(w). In the large-mass phase, it can
be expanded as a power series around c(w) = 0:

ﬁ((ump(tr Qhey, =
wn) d™((tr Q)P (tr Q1)9),,
- Z nl w;}ﬂ 2 - de(wy) - - de(wn) 50 ' (5.18)

The derivative in c¢(w) corresponds to the insertion of a vertex tr R[U(w)] in
the expectation value. Since the derivative must be computed at Sy = 0, each
term in the expansion above can be written as combinations of the connected
expectation values in the pure Yang-Mills, as shown in some explicit examples
later on. Therefore the asymptotic behaviour of the connected expectation
values in the theory with dynamical fermions can be reconstructed from the
asymptotic behaviour of the connected expectation values in the pure Yang-
Mills one.

5.2.1 Pure gauge

Let wy,...w, be some closed paths and wy,...w, be their respective wind-
ing numbers around the thermal direction. Consider the generic normalized
connected expectation value in the pure Yang-Mills theory:

(ILtr U(wi»c,YM
NZT" '

(5.19)
As already seen in chapter 2, this quantity is always finite in the large-N, limit
(it could be also 0 and in this case | will say that the leading order is not
saturated). The following cases are given.
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e > .w; # 0 mod N.. The expression in (5.19) transforms with a multi-
plicative constant under center transformations. Since the center symme-
try is not broken in the confined phase, the expression is exactly zero for
every value of N..

e > .w; =0 mod N, but >~ w; # 0 (see figure 5.2, 5.3). The expression
in (5.19) is invariant under Z y_ but not U(1). By the strong-coupling ex-
pansion (see section 5.5) it is possible to prove that it vanishes in the large-
N, limit. This result can be extended beyond the strong-coupling phase,
under the commonly accepted assumption that the U(N.) and SU(N.)
Yang-Mills theories di[edin the large-N. limit only for subleading contri-
butions. If the gauge group were U(N.,), the expression in (5.19) would be
exactly zero for every value of N.. Since we are interested in the SU(N,)
gauge group, it must be zero in the large- N, limit.

e The loops with winding number di [erknt from zero appear in pairs of loops
with opposite winding number (see figure 5.1). In particular ) w; =
0. From the strong-coupling expansion (see section 5.5) the expression
in (5.19) in this case is dilerent from zero in the large-N, limit. It is
natural to assume that this result extends beyond the strong-coupling
phase.

e > .w; = 0 but some of the loops with winding number w # 0 cannot be
paired with a loop with winding number —w. Although the expression
in (5.19) is invariant under the center (both Z,_ and U(1)), in the strong-
coupling phase (see section 5.5) it vanishes because of the topology of
the torus. | cannot say if this result extends beyond the strong-coupling
expansion, but anyway | will not use it in this work.

5.2.2 Adjoint fermions

For fermions in the adjoint representation, the full theory is still invariant
under the center group Z, and the large-N. behaviour of the connected corre-
lators is expected to be the same as for the pure gauge theory.
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Figure 5.1: Representations of some connected expectation values of products
of loops with net winding number equal to zero, in pure Yang-Mills. The first
oneis (tr Q) tr QT>C,YM; the Polyakov loops are connected by an oriented surface
that wraps around the thermal dimension. In the strong-coupling expansion,
the surface is tiled by plaquettes coming from the Wilson action; two (or more)
products of group elements associated to each link of the lattice are integrated
with respect to the Haar measure. This graph yields a contribution O(N?). The
second graph represents ((tr Q trQ)2).yy; the two tubes are glued together

through an hole. This graph is O(N2).

5.2.3 Fundamental fermions
When fermions in the fundamental representation are considered, the generic
term of the r.h.s. of the equation (5.18) is:
1 d™{(tr Q)P (trQH9) . ¢
N27P=9  de(w) - - de(wp)

Sy=0
((tr Q)P (tr QN tr U(wy) ... tr U(wn))e,
Ng_jl_q Wn)leYM (5.20)

The expectation value that appears in the numerator of the r.h.s. of (5.20) is
at most of order N2-P~4=", since it contains p + ¢ + n loops. Thus for n # 0,
the whole term is at most of order N 1. If p = ¢ the Yang-Mills contribution

70



5.2. THE CONNECTED GRAPHS IN THE LARGE-MASS EXPANSION

Figure 5.2: Graphical representation of (tr(QY)).vwm for N. = 3. The surface
wraps N, times around the thermal direction and ends in the gray area, that
represents the integration of the product of N, group elements, all oriented in the
same direction. This integration yields a non-zero value, because the product
of N. fundamental representations of SU(N.) contains a singlet, given by the
contraction with the completely skew-symmetric tensor. This graph yields a
contribution O(N?).

Figure 5.3: These graphs are the would-be leading contributions of respectively
(tr Q)ym and ((tr 2)?).ym. They are forbidden by the topology of the thermal
dimension.

(n = 0) dominates the sum. Otherwise, the leading contribution is at most of
order Nt

(PN e (trQ)P(tr QN7 oy

N2—P—a - N2-P—d ’ fp=q,
tr Q)P (tr Q7)9),. 1 .
(( ])ngpfq) Jek _ o <N> C ifpiq. (5.21)

For p # ¢, the 1/N, scaling is only an upper limit for the asymptotic be-
haviour. However in the case of the expectation value of the Polyakov loop, the
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O(N_ 1) is saturated by the contribution:

(wn) dm(tr Q).
Z n! Z N2 p—q de(wy) -+ - de(wy)

W1 ... Wn Sy=0
1 - 1
= Z c(w){trQ trU(w))eym + O (NQ) . (5.22)
¢ wee(-1)

Recall that C(—1) is the set of the closed paths on the lattice which winding
number equal to —1 around the thermal dimension.

From the large- N, behaviour of the coe [ciehts of the Taylor expansion, we
see that, in the large- N, limit, the functional W is the same for Yang-Mills and
for the theory with fundamental quarks:

lim Wg(a,a) = hm Wy p (o, @) =

N.—oco
\a|2p li < >c,YM

a Z (p'2p) 2 N oo NCQ—QP

(5.23)

This is the manifestation in this particular sector of the theory of the usual
subleading contribution from the fermion determinant when fermions are in the
fundamental representation.

5.2.4 S/AS fermions
Again, in the generic term of the r.h.s. of the equation (5.18):

1 d{(tr P (tr 29, s/as

2—p—q - ’
N?Z de(wy) -+ - de(wy) -

(5.24)

each derivative in ¢(w) produces the insertion of a vertex tr R[U(w)]. When the
fermions are in the (anti)symmetric representation, we can use the algebraic
relationships:
(trU)? £ tr(U?)
5 .
In general, the insertion of some terms of the form (tr U')2/2 will discon-
nect the expectation value ((trQ)?(tr Q*)‘QC,S/AS. In order to gain some con-
fidence with these computations, I report in the following subsections the ex-
plicit computation of the leading orders of ((tr2)?).s/as, (tr Qtr Q). s a5 and

trS/AS[U] = (5.25)
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(tr Q>C,S/As- The end of the section is devoted to a discussion of the general
case.

Before entering into the details of the computations, | summarize here the
results:

(tr P (tr Q1)) /a8 .
NEP =0(), if p— ¢ even
(tr P (tr Q1)) /a8 1
NZa =0 Ik if p — ¢ odd and N, odd
tr Q)P (tr Q1)7),
(i) (;_ _) Jos/As =0, if p— g odd and N, even (5.26)
Nc p—q

Hence the large-N. limit for the functional W vyields:

lim Wg/as(a,a) =

N.—o0
— 1 (tr QP (tr Q1)) 5 a8
=1- E —aPfa? lim : . (5.27)
lg! —00 2—p—
p,q=0 pq: Ne Ne P
p—q even

Since all the terms with p —q even contribute to the sum, we get Wg,a5(, @) =
Ws/as(ua, ue) in the planar limit if and only if v = 41. Therefore a Z,
symmetry is recovered in the large-NN, limit.

Computation of (tr Q>S/As

Let us start with the single-derivative term in the expansion (5.18):

1 d(tr Q>S/AS

N, de(w)

F{<

85=0

tr R[U(w)])ym — <trQ>YM<trR[U(w)]>YM}:

rQt
{ O [tr U(w)]2)ym £ (tr Q2 tr[U(w)Q])YM} -
{ tr U >c,YM + 2<t1‘ Q tr U(w))c’YM <tr U(w))c’YM

j:(trQ tr[U(w)?))e. YM} . (5.28)
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Let w be the winding number around the thermal dimension of the closed path
w. | shall analyse each term in turn. The term (tr Q) [tr U (w)]?). vy saturates its
N_ 1 behaviour only if 1+ 2w = 0, that corresponds to the invariance under the
action of U(1). But this equation has no integer solution, therefore the highest
order is never saturated. The only non zero contribution come from loops that
satisfies 1+ 2w = kN, (both £ and N, must be odd). In this case, the first term
goes like N 2.

The second term <trf2 trU(w))e,ym(tr U(w))e,ym Saturates its N, asymp-
totic behaviour only if each factor is separately invariant under the action of
U(1). This corresponds to the equations 1 + w = 0 and w = 0. For the discus-
sion in the general case, these equations imply again the condition 1 + 2w = 0,
that corresponds to the over all invariance of the product under the action of
U(1). Again, this equation admits no solution and the leading order is not sat-
urated. We can look for subleading contributions. Since we want (tr U(w)).,ym
not vanishing, it must be w = kN.. Requiring that (trQ trU(w))e,ym IS not
vanishing, we get 1 + w = 1 + kN, = k' N, that means (¥’ — k)N, = 1. Again,
this equation has no solution, therefore the second term is always zero.

The necessary condition for the last term (tr Q) tr[U(w)?])..yym to saturate
its NV behaviour is again 1+ 2w = 0. Looking for subleading contributions, we
have to request 1 + 2w = kN,.. This equation admits a solution if both & and
N, are odd, as for the first term. But unlike the first term, the last one goes
like N L.

Putting all together, the single-derivative in equation (5.18) is of order N2
and this behaviour is summarized by the formula:

1 d<trQ>S/AS _ 1 A 1

Consider now the generic term in the expansion (5.18). | will not write the
explicit expression, but it should be clear that it can be written as a sum of
products of connected expectation values in the pure Yang-Mills theory. Let w;
be the winding number of the path w;. If we require that some of these products
saturates the leading contribution, then this product must be invariant under
the action of U(1). In a formula, the sum of all the winding numbers must
vanish:

142 w;=0. (5.30)

The factor 2 is due to the two-index representation. For each closed path w;
with winding number w;, a loop tr R[U (w)] with N-ality equal to 2w; is inserted.
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The equation above has no solution, therefore the leading order for (tr Q)C‘,S/AS
is not saturated. This argument lets us to conclude that:

. (tr Q>S/As
1 — = 5.31
i 0, (5.31)
but we still cannot say if it is a O(1/N,) or rather a O(1/N?2) as the single-
derivative term suggests. Since this is not essential to the main discussion of
the center symmetry, | state simply the result as:

DD S

n=0 koddwec(ch l)wl -Wn

... (5.32)

4" (tr Qe [U (@)2).
( 55=0

c(w)e(wr) - -+ e(wn) de(wy) - - - de(wy,)

Computation of {(tr Q)2>C)S/AS

I want to check here that the leading term of ((tr Q)2>C7S/As, which is ex-
pected to be N?, is actually dilerent from zero. This can be easily shown by
computing the single-derivative term in the expansion (5.18). Starting from
the definition of the connected correlator: ((tr)?).s/as = ((tr2))s/as —
(tr Q>§/AS, and assuming that w is a generic closed path with winding number
—1 around the thermal dimension, we can rewrite the single-derivative coe [=—1
cient of the expansion of ((tr Q)2>C7S/AS as:

d<( Q)2>c S/AS

) |y,
= SV U@y =
= 2 LU P U )P + 200D U@ evnaltr® rU(@)evas} =
= (1 U@))eyn (09t U())exat + O ( Nl) ; (5.33)

(as illustrated in figure 5.4). This is exactly a O(N?) term.
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Figure 5.4: This graph is a leading contribution of ((tr)?).s,/as. The pair of
blue loops represent the insertion of a vertex tr R[U(w)], due to the derivative
with respect to c(w).

Computation of (tr Qtr QT>C’S/AS

This is the easiest example: since terrﬁT is invariant under the action of
U(1) by itself, the zero-derivative term (tr Qtr Q7). vy in the expansion (5.18)
trivially saturates the N? behaviour of (trQ tr Q. s/as-

The generic (tr QP (tr QT)q>C7S/AS

As already discussed in the case of (tr Q>C7S/AS, each term in the expan-
sion (5.18) of the generic connected expectation value can be written as a sum
of products of connected expectation values with respect the YM vacuum. Each
of these connected expectation values contains some trQ’s and tr Q1’s from the
original expectation value, and some tr U(w) from the derivatives with respect
the coe [cieht ¢(w). When the derivative with respect to ¢(w;) is computed, a
[tr U (w;)]? or a tr[U(w;)?] is inserted. In both cases, if w; is the winding number
of the path w;, a parallel transport with 2w; winding number is inserted. A nec-
essary condition for the leading order to be saturated is that the overall winding
number, that is the sum of all the winding numbers of the operators involved,
must be zero (this corresponds to the invariance under action of U(1)). In a
formula:

P—q+2> wi=0. (5.34)

This argument implies that p—q must be even. If it is odd, the leading behaviour
cannot be saturated.

Now | want to show that this is also a su [cieht condition, by explicitly
constructing a term that saturates the leading behaviour. The p = ¢ case is
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trivial since the leading behaviour is saturated by the pure YM term:

(e QP QD) es/as _ (r QPN (5.35)

2-2 23,
NP NP

Consider now the p > ¢ case (the opposite can be obtained by charge-conjuga-
tion). If w is a path with winding number —1, a leading contribution comes for

instance from (see figure 5.5):

1 d"{(tr Q)P (tr Qh)9),
Zpa de(w)”

S5=0

P =) (rQ) " [rUw) "= (tr ) Yevmr
(ﬂ) [(%‘1)!} Nemre
R (5.36)

Figure 5.5: This graph is a leading contribution of {((tr Q)3 tr QT>C,S/AS. The pair
of blue loops represent the insertion of a vertex tr R[U (w)], due to the derivative

with respect to c(w).

5.3 The effective potentials in the large-mass ex-
pansion

The analysis of the connected graphs in the previous section exhausts the
issue of the center symmetry. However, | want to compare my results with the
prediction in [24] about the e[edtive potential of the Polyakov loop. Sannino
gives general formulae for the e [edtive potential I'(z, z) for small z, keeping only
the lowest terms relevant to determine the correct symmetry group.
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Pure gauge or adjoint fermions.

[(2,2) = ag2Z + as(22)* + an, (2 + 2N°) (5.37)

Fundamental fermions.
[(2,2) = b1(2 + 2) + ag2Z 4 a4(22)? + an, (2N 4 2M°) (5.38)
S/AS fermions with N, even.
[(2,2) = by(22 + 22) + a02Z + a4(22)? + an, (2N + 2N) (5.39)
S/AS fermions with N, odd.
D(2,2) = b1(2+2) + ba(22 + 22) + ag2Z + ag(22)* + an, (2N + 2V¢) (5.40)

In the large- N, limit not all the coe Lciehts survive. In particular:

lim apn,(N:) =0, (5.41)

00
for all the theories; moreover, in the case of fundamental fermions:

lim b1(N,) = lim by(N,) =0, (5.42)

N.—o0 N.—o0
while in the case of S/AS fermions:

lim b1 (N,) =0 lim by(N,) #0, (5.43)

—00 N.—oco
I stress that this behaviour is constrained by the symmetry properties derived
in the previous section. Nevertheless, | want now to check explicitly the last
two equations.
5.3.1 The b; coefficient

Since a(z, 2) = —20.I'(z, 2), from Taylor expansion of the e [edtive potential:
1
bl = 621—‘(0’ O) = —iao s (5.44)

where «y is the real source, defined by the condition z(ag, ag) = Z(ap, ap) = 0,
that is the same as:

(8a + aa)W(OZ(), Oéo) =0. (545)
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Using the series expansion of W («, @), the above condition becomes:

r () L (—ap)” e tr Q)2
(s _ aoy ((n +°i>, & th_zzl De g, (5.46)
=0 ) ¢

Since <t;]7ﬂ> vanishes in the large- NV, limit, the equation can be solved iteratively.

At the leading order:

o = & + subleadings . (5.47)
No((Retr 0)2),

Expanding the denominator, the b; coe [cieht is:

by = — (tr €2) + subleadings , (5.48)

Nt QP + (r 0)2). )

and it vanishes in the large- V.. limit, with both fundamental and S/AS fermions.

5.3.2 The b, coeflficient

The second order in the Taylor expansion of the e [edtive potential is obtained
by inverting the Hessian matrix of the functional W:

2b2 a2 o 1 giW 8a5aW -t
< 4 2by > 0)=-7 ( dudaW 02w ) (@) (549)
The entries of the Hessian matrix in the large-N, limit are:

1 ((tr 0)? exp {—Ncao Re tr Q})
62W(a0) = — = +
(exp {—Ncao Re tr Q}>

=

2

((trfl exp {—Ncao Re tr Q})) B

i <exp{—Ncao %etrfl})

] =

:-i%ﬂﬁﬂ+m (5.50)



CHAPTER 5. THE CENTER SYMMETRY IN THE PLANAR LIMIT

1 ([ tr Q)2 exp {chao Re tr Q})
8Q8QW(QO) = —

4 <exp{—Nca0 %trﬂ}) "

1 (tr Q) exp{—Ncao ?Retrflb 2

41 A =
4| (exp {—Ncao Re tr Q}>

__ i(\trfl|2>c+... (5.51)

Computing the inverse of the Hessian and putting altogether, one obtains:

Qo = — <|trQ‘2>C (5 52)
T ()22 — ([P '
by R{GIDSZ. (5.53)
2 {{(r )2 - (w02}

In particular, the a5 coe Lcieht is always of order 1; the b, coe [cieht is of order
N1 for fundamental fermions, while it is of order 1 for S/AS fermions.

5.4 The center symmetry in the Hamiltonian for-
malism

I want to obtain the same results of the previous sections, using the Hamil-
tonian and coherent states formalism. | believe that this approach allows to
have a deeper picture of the center symmetry, and its remnants in the large-N,
limit.

The center symmetry is not a symmetry of the Hamiltonian. Indeed the
center acts only on the temporal component of the gauge field, which is not a
real degree of freedom of the theory: it is the Lagrange multiplier for the Gauss
constraint. | want to review here this issue.

If H is the Hamiltonian of the gauge theory on the lattice (notations are the
same as in section 3.5), the partition function is given by:

Z = Tr(e PHP) | (5.54)

where P is the projector on the gauge-invariant states. If g is an element of the
gauge group, let G.[g] denote the unitary operator, which acts on the Hilbert
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space by producing the gauge transformation ¢ in the point . Thanks to the
invariance of the Haar measure, the projector P and the partition function can
be written as:

P / IT {G=[0))a0 ()} (5.55)

Z(8) = / Tr (eﬁH ng[sz(m)]> [Tdo=) . (5.56)

If {¢),} is a basis for the Hilbert space, the trace in the integral can be
written as:

Tr <eﬁH 19 [Q(wn) = (Wnle P (5.57)

n

where 1/)7(52) is obtained by applying the gauge transformation € to the state v,,.
From the equation above, Q(x) is the SU(N.) phase that the state v,, acquires
after a translation around the temporal direction. By writing the element matrix
of e7#H as a functional integral, one sees that Q(x) is the parallel transport
around the time direction and Ni tr 2(x) is the Polyakov loop.

All the potentials of section 5.3 can be written using the Hamiltonian for-
malism. For instance, the probability distribution of Q(0) is:

(O %/Tr {e—ﬂH ggw[g(w)]} H dQ(x) . (5.58)

Q(0)=0 =#0

If u is an element of the center, a center transformation is defined as Q(x) —
uf2(x). It does not aledt the degrees of freedom in the Hamiltonian, but only
the Gauss constrain.

e~ Su) _ %/Tr {e—ﬁH E[gw[ug(w)]} H dQ(x) . (5.59)

Q(0)= z#0

When a center symmetry is present, it is not a symmetry for the quantum
system in a proper sense: it is not implemented by a unitary operator on the
Hilbert space. It is a symmetry only of the potential S(Q).

This fact implies that an analysis of the center symmetry in the large-N,
via the coherent states formalism cannot be developed in a straightforward
way, like for the chiral symmetries (see section 3.1). Indeed, in the coherent
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state formalism, the Gauss constrain is completely solved by taking only gauge-
invariant observables as degrees of freedom. Thus, no analog of the Polyakov
loop exists.

One can use a trick to go round this problem. Indeed, it is possible to rotate
the system (in the Euclidean space-time) and interpret the gauge theory on an
infinite space and at finite temperature, as the same theory at zero temperature
and on a space S; x R? with antiperiodic boundary conditions for the fermions.
After the rotation, the Polyakov loop becomes the parallel transport around the
spatial compact dimension, and the center acts now on the physical degrees of
freedom of the theory. If X is a plane orthogonal to the compact dimension,
and £* (%) is the set of all the positive links departing from sites of ¥ and
orthogonal to it, the center acts as:

Consider a Wilson loop W (T") in the space lattice. The center symmetry counts
the winding number w(I") of the Wilson loop:

W(T) — uwOwW() . (5.61)

It is clear that, unless u € Z,, the center mixes the real and imaginary parts
of the Wilson loops, therefore it does not commute with the charge conjugation
symmetry.

Let us come back to the orientifold planar equivalence. The SO(N.) parent
theory has a Zs symmetry in the large-N. limit. This symmetry is mapped
through the orientifold projection in the Zs symmetry of the OrientiQCD in
the large-N. limit. Instead, the AdjQCD has a U (1) symmetry in the large-N,
limit, but only the Z, subgroup maps the neutral sector into itself. At this
point, the matching of the symmetries is complete.

5.5 Appendix: The planar limit in pure gauge on
the lattice

In this work | am interested in computing connected expectation values of
products of closed loops in pure Yang-Mills theories. The Boltzmann weight e~
in the path integral can be expanded in a series in 1/\. The expansion of the
Wilson gauge action produces a series of monomials of elementary plaquettes.
The expectation values are computed by integrating each link variable over the
group manifold, and non-vanishing results are obtained only when the plaquettes
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from the expansion of the action produce a tiling of a surface whose boundary
is given by the closed loops. Each plaquette in this expansion appears with a
factor of N.. The rules for the SU(N,) group integration are known in detail; |
will use here the following integrals:

1
/ AUV, Ul g, = 5000 ma Gty (5.62a)

c

/ dUU71]1 Ui2j2 UlTlml Ul];mz =

1
= N2 _1 (6i1,m16j1,l16i2,m26j2712 + 5i1,m25j1,l25i2,m15j2,l1)
1
- m (5i17m16.i27126i27m26.i17l1 + 6i11m26j2«,116i2~,m16j1~,12) )
(5.62b)
1
/del'j“]1 . UichNc = mql”'iNchl”'ch . (562C)

Each trace over color indices (i, 7,1, m) contributes a factor of N... Collecting all

contributions one obtains that each diagram is proportional to NX, where x is

the Euler characteristics of the surface spanned by the tiling, see e.g. Ref. [43].
For the diagram considered in this work:

x=2-2H 2B, (5.63)

where H is the number of handles, and B the number of boundaries of the
surface. The number of boundaries is given by the number of closed loops. One
can readily see that the planar limit is obtained by considering surfaces with
H=0.

Let us now describe in detail the computations that appear in the derivation
of the results in section 5.3.

Consider the connected expectation values:

<ﬁtr U(wi)> . (5.64)
=1 c,YM

I will prove that the leading N2~ behaviour is saturated if loops with winding
number di Cerknt from zero exist in pairs of opposite winding numbers.
The easiest case is
(trU(wy) trU(w2))y e
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with w; = —ws. In this case the surface connecting the two loops is a cylinder,
wrapping |w; | times around the thermal dimension (see figure 5.1). Notice that
it is essential that the loops have opposite directions, since the cylinder cannot
be twisted because of the topology of the torus. Since the surface is planar, this
diagram saturates the leading behaviour of the connected expectation value:

(trU(wy) trU(wa))yare = O(N?)  with w; = —ws . (5.65)
Consider now the more complex case of
(tr U(w1) tr U(ws) tr U(ws) tr U(wa) )y m,c

with wy = —wy and ws = —wy. The planar surface is built by connecting each
pair of loops with a cylinder with an hole, and than gluing the two cylinders
through the boundary of the holes (see figure 5.1). The Euler characteristic of
this surface is Y = —2 therefore the corresponding diagram behaves like N 2.

The above procedure can be iteratively generalized to the case of an arbi-
trary number of pairs of loops. Moreover an arbitrary number of loops with
zero winding number can be included simply adding holes to the surface. The
resulting surface is always planar.

Consider again the generic connected expectation value in equation (5.64).
If some loop w; with winding number w; di[erent from zero is not paired to a
loop with winding number —w; then the leading behaviour cannot be saturated.
Since this fact is not crucial for the present work, I will illustrate it in some
simple cases.

For n = 3 and w; = we = 1, w3 = —2, the connected expectation value

(trU(w1) tr U(ws) tr U(ws))vas,e

still have zero net winding number. Anyway it is not possible to build a surface
connecting this three loops because of the topology of the torus. One can ask if
it is possible to use the four-link measure to get a leading contribution. | want
to convince the reader that this is not the case. | will proceed by small steps.
First of all, one can deform each loop by taking a contiguous plaquette from
the expansion of the Boltzmann weight and integrating the common link, as
depicted in figure 5.6. If tr(AU) is schematically the loop and N A~ tr(UTB)
is the relevant term of the action:

N AT / dU tr(AU) tr(UTB) = A\~ tr(AB) . (5.66)
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In this way, the loop is replaced by the deformed one times a factor 1/X. One
can use iteratively this procedure for each loop until the glued plaquettes shape
three cylinders that end in three loops in the same spatial point (figure 5.7).
Now let us start to integrate one of the links of these three loops, by using the
four-link formula in (5.62b). If we want to integrate the link U, we can write
the three loops schematically as tr(AU), tr(AU), tr(UTATUT AT) (remember that
they all are coincident). The result of the integration is:

/ dU tr(AU) te(AU) tr(UT ATUT AT) =

2
=31 tr(AATAAT) —
2N, 2N?
*Ng—ch(Ng—l)*O' (5.67)

2
N, (N2 —1)

In the last line | used the fact that A is the product of all the links but U and
therefore it is a unitary matrix. We can conclude that this kind of diagrams
does not contribute to the connected expectation value.

A j

Figure 5.6: The equation (5.66) is represented. In the left side, the big loop
tr(AU) and the plaguette tr(UTB); in the right side, the deformed loop tr(AB).

The last non-trivial case | want to illustrate is n = 1 and w; = N.. In
this case the connected expectation value (tr U(w1))v s, IS invariant under the
center Zy,, but not U(1). Therefore a non-zero contribution can be constructed
only using the N_-link integration formula for SU(N,) in equation (5.62c). By
using the same construction as above, the loop tr U(w;) can be deformed (with-
out introducing extra N, factors) into a loop wrapping straight in the thermal
direction (see figure 5.2), that can be written schematically as tr[(AU)™<]. In-
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Figure 5.7: The connected expectation value (tr U(w;) tr U(ws) tr U(ws))y e
with w; = we = 1, wy = —2. The four-link integration in the gray area makes

vanish this contribution, as explained in equation (5.67).

tegrating the link U:

1
/dUtr[(UA)NC] = i Civive Aiviy  Ajuing v =
—detA=1. (5.68)

This is a subleading contribution since the leading term of the expectation value
of a single loop is expected to be proportional to N..
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Chapter 6

Breaking of the charge
conjugation symmetry

The role of the charge conjugation symmetry in the proof of the orientifold
planar equivalence was widely discussed in chapter 3. Briefly, the equivalence
was proved first in [23]; in this proof it was implicitly used that the C-symmetry is
not spontaneously broken. An alternative proof may be found in [26]; it has the
merit of clarifying that the invariance of the vacuum under charge conjugation
is both a necessary and su Lcieht condition for the validity of the orientifold
planar equivalence.

While the invariance under spatial parity has been rigorously proved [44] for
vectorial gauge theories on the R* space-time (Lorentz invariance is essential),
no analogous result exists for the charge conjugation.

It is well known [45] that, in a space with some su [ciehtly small compact
dimension (with non-trivial cycles) and with periodic boundary conditions for
the fermions, the charge conjugation, spatial parity, time reversal and CP7T
symmetries are spontaneously broken in QCD. This result can be extended to
the SU(N.) gauge theory with fermions in the antisymmetric representation
(OrientiQCD). Therefore, when some small compact spatial dimensions and
periodic boundary conditions for the fermions are considered, the orientifold
planar equivalence does not hold [26, 46, 40].

The dependence of the symmetry breaking on the boundary conditions, the
breaking of P, the breaking of CP7 give convincing evidence that all the discrete
symmetries are restored at large enough size of the compact dimensions.
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In our work [47], we! have investigated the physical consequences of the
breaking of the discrete symmetries, that is what local observables can be used
to detect it. Since CP (as well as P7 and C7) remains unbroken, we can easily
say which observables cannot be used: the masses of particles and antiparticles
are still degenerate, the baryon number is still conserved. We will show that
the breaking induces the generation of baryon currents, propagating along the
compact dimensions. It is worth noticing that a non-zero expectation value for
a current breaks the Lorentz symmetry, and therefore it must be zero in the
limit of infinite volume.

This current is similar to the supercurrent observed in superconductors.
However, there is a fundamental di[erence: unlike the case of superconductors,
in QCD in a compact not simply connected space the current is still conserved,
since the U(1) baryon symmetry (which in the case of QCD is a global sym-
metry) remains unbroken. The persistent flow is induced by the spontaneous
breaking of discrete symmetries. In this case, pairs of quarks and antiquarks
condense in the vacuum, while the total baryonic number is zero. The quark
and the antiquark move with opposite momenta along the compact dimensions.
The total momentum is zero, but there is a net baryonic current.

The breaking of the charge conjugation symmetry and its restoration at large
volume have been investigated by means of lattice simulations also in [27, 48].

6.1 Breaking of discrete symmetries

Consider a gauge theory with gauge group SU(N.) and N flavours of fun-
damental (F) or antisymmetric (AS) Dirac fermions. The manifold on which the
theory is defined is R? x T,, where d +n = 4 and T}, is a spatial n-dimensional
torus. For simplicity, the torus has the same extension R in all the compact
dimensions. Moreover, spatial directions are closed with periodic boundary con-
ditions for both fermions and bosons.

In what follows, (z,).=1,..4 are the coordinates on R?, while (Za)a=1,....n
are the coordinates of the compact dimensions.

The relevant quantities are the eigenvalues of the parallel transports around
the compact dimensions:

. R . (A) . (A)
diag Pexp z/ Ag(z,2)dzg | = (e“’lo (@2) e“)NCa(z’Z)) ) (6.1)
0

1This work is done in collaboration with Biagio Lucini (Swansea) and Claudio Pica (BNL).
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The e [Edtive potential for those eigenvalues is defined as?:

einV(Ul,..A,UNC) — / eiS H§<
k

0! (x) dmdz) DADYDI .

(6.2)

The absolute minima of V(vy,...,vN,) give the expectation values for the set
of the eigenvalues. If the C-symmetry is broken, the set of eigenvalues is not
invariant under the substitution v — —v. In the one-loop approximation, the
e [edtive potentials respectively with fundamental and antisymmetric fermions
are given by [49]:

N(‘. NC

Ve(@,...,0n,) = Y (0,5 — ;) = 2Np Y f(m, ) , (6.3a)
,J,_l pot

Vas(¥h, ..., 0N Z f(0,¥; —U;) — 2Ny Z f(m,T; + ;) , (6.3b)
1,7=1 1<j=1

. 1 [(mR\’<=Ko(mRk) _ 5 (1~ _
Wlth f(m,v) = ﬁ (7|'> Z TSIH 5]{/’ 0 5
E#£0

where K, is the modified Bessel function of the second kind of order 2 and
the sum runs over n-index integer vectors k. For m > L~', Ky(mLk) ~
e~™mLk, /7 /(2mLk) and the sum in f is dominated by terms with k£ = 1. This is
true also in general, the higher frequencies in the sum being quickly oscillating
with amplitude suppressed at least as 1/k*. The first term of equations (6.3a)
and (6.3b) gives rise to an attraction between the eigenvalues. The second term
produces an unconstrained absolute minimum at v; = = for the fundamental
fermions and v; = x/2 for the antisymmetric fermions. When the SU(N,)
constraint is taken into account, the minima respectively for fundamental and
antisymmetric fermion are:

+8=lr  for N. odd
(M1 =" =VEnN, = Ne ‘ 6.4a
e YEN {w for N, even ( )
+ 8 for N, odd
Viag)1 = = VAN, = 4 5 for N.=0 mod 4 . (6.4b)

:I:]\ij\jf1 for N.=2 mod 4

2We drop the subscript o where this does not lead to ambiguities.
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CHAPTER 6. BREAKING OF THE CHARGE CONJUGATION SYMMETRY

The spontaneous symmetry breaking shows up as a non-zero imaginary part
of the Wilson line. Hence, with fundamental fermions and N, even, there is no
symmetry breaking. Otherwise P, C, 7, CP7T are broken. This result is due
to the spacial periodic boundary conditions for the fermions. The validity of
the calculation in the non-perturbative regime has been checked on the lattice
in [50], and the discrete symmetries are shown to be broken for R below the
fermi scale.

6.2 Baryon currents

The Wilson line wrapping around a compact dimension is an order parameter
for the symmetry breaking. However, if the theory is not invariant under P, C,
T, we expect this to be reflected by some local observable. This observable must
be odd under the broken symmetries, but even under the combined action of
two of them. The spatial components of the baryon current j,, = (Zf\’:fl Vivai)
satisfy this property.

Why should we expect a non-zero baryon current? A non trivial vacuum
expectation value of the Wilson line means a non-zero value of the gauge field
in that direction. Since the system is translationally invariant along the compact
direction, the value of the gauge field must be constant (note that in the presence
of toroidal topology a constant field cannot be gauged away). The background
gauge field acts as a non-trivial source for the baryon current. Hence, we expect
this current to be dierknt from zero.

Let us focus on fermions in the fundamental representation. In order to
compute the expectation value of the baryonic current, we define the partition
function of the system in presence of a generalised “chemical potential” p,:

Z(u) :/ DADzZJDw
Ny
exp i +1> [ 7)1 = A~ para —m)by(0)d'a . (6S)
F=1

Since the insertion of the u-term has the same e[edt as shifting A, (x,z,) —
Aq(x,x4) + paly, (the gauge action is not aledted by this shift), or as shifting
the phases of the eigenvalues of the Wilson lines v, (x) — vak(X) + Rita, the
partition function can be obtained as:

Z(M) _ einV(vf-i-R;t,---,v;*vc-&-Ru) (6‘6)
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Figure 6.1: The baryon current (one-loop approximation) vs. mR at di [erent
values of N..

On the other side, as the chemical potential in (6.5) acts like a source for the
current, which is obtained by deriving the partition function with respect to u,,:

. i dlog Z
= = * . -7
Ja Van dﬂ/a Rn n—1 Z a’l)k NC) (6 )

Using the one-loop expression for the e [edtive potentials in (6.3a) and (6.3b),
we obtain for the baryon current:

_ NyN (mR)? <~ Ka(mkR)kq sin(kv*)
o) =——5 5> > : (6.8)
k#0

(Ja) 1s zero when v’ = 0 or v = « (i.e. when the symmetry breaking does
not occur in direction «), is odd under v} — —v%, goes to zero when m — oo
(figure 6.1).

For fermions in the antisymmetric representation, the right relationship is:

<.]Oé - Rn 1 Z avk; NC) =
Nch(mR) Ky (mkR)kq sin(2k7*)
=L 3> s . (6.9)
k£0
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CHAPTER 6. BREAKING OF THE CHARGE CONJUGATION SYMMETRY

(jo) is zero when v is a multiple of /2, in particular when N, is a multiple of
4 even though the C-symmetry is broken; while it is diCerknt from zero in the
other cases.

6.3 The lattice calculation

In order to get a better handle on the properties of the baryonic current in
the broken phase beyond perturbation theory, we have performed a lattice sim-
ulation using four flavours of staggered quarks coupled to an SU(3) gauge field
(the two considered representations are equivalent in this case). The number of
flavours has been fixed as the minimal one for which the staggered action has an
undoubtedly well defined continuum limit. For the pure gauge action we have
used the standard Wilson form S¢ = 3>, (1 — 3 trUp), where 3 = 2N./g?
is the coupling of the theory, Up is the path-ordered product of link variables
around the elementary plaquette P and the sum runs over all plaquettes P. For
the fermionic part we have used the simple staggered action

Sr =3 @)y (K@U + ) — c.c) +am Y x(0)x(@),  (610)

x

with n,(z) = (-1) Loy (no(x) = 1), x acomplex three-vector, am the mass in
lattice units (a is the lattice spacing) and c.c. stands for the complex conjugate
term to the first one in parentheses. More complicated formulations of the
action or choice of another discretized form for the fermionic fields would have
added extra complication with very little payback for the problem at hand.

Using as a base the publicly available MILC code 3, we have performed a
simulation for 8 = 5.5 and am = 0.1. The physical scale has been determined by
measuring the Sommer parameter ro [51] on a 24 x 163 lattice, where the three
equal spatial directions Ny have been closed with periodic boundary conditions
and the temporal direction N, with antiperiodic boundary conditions for the
fermions, while the gauge fields are periodic in all directions. We find ary =
4.0(1); since the Sommer scale is ~ 0.5 fm, the lattice spacing is a ~ 0.125 fm,
which means that L, = aN, ~ 2 fm and L; = aN,; ~ 3 fm. Hence, in physical
units the lattice is large enough for the calculation to be reliable and the spatial
volume is such that C, P and T are not broken.

We then studied the system with the same 3 and m on a 24 x 42 lattice,
with the same boundary conditions as above. The spatial geometry is a three-

3See http://www.physics.utah.edu/~detar/milc.
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Figure 6.2: Scatter plot for 1000 measurements of the Wilson line in one com-
pact direction on a 24 x 43 lattice at 8 = 5.5 and am = 0.1. The directions
corresponding to the three cubic roots of the unity are indicated by the black
solid lines.

torus, while the size of the temporal direction is large enough for the system
to be confined. In this setup, Ly ~ 0.5 fm. A quick check of the vev of the
spatial Wilson loops shows that the system is in the broken symmetry phase.
An example of the obtained distribution for (W) is displayed in figure 6.2, which
shows (W) clustering around e?™.

The discretized version of the baryonic current can be obtained like in the
continuous case, by relating the physical fermionic degrees of freedom to the
staggered ones. Defining the massless Dirac operator as

D™ = (@) (Up(@)8y,045 — Ul (& — 1)8y,0— ) (6.11)
1

and the four matrices
KoY = ny(2) (Un(@)6y.000 + Ul — 1)6y.0-5) (6.12)
the current reads 1
_ —17
)= 75T ((D +m) K) . (6.13)
In order to evaluate the current on a given configuration, we have taken
100 stochastic estimates. Since the current is an antihermitian operator in the
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02 x Imj, .

Figure 6.3: The imaginary part of the current and the imaginary part of the
Polyakov loop in one compact direction as a function of the Monte Carlo sweeps.

Euclidean space, we expect its imaginary part to develop a vev, while the real
part should average to zero. In figure 6.3 we show the behaviour of the imaginary
part of the baryonic current in a compact direction as a function of the Monte
Carlo sweeps, and we contrast such behaviour with that of the imaginary part
of the Wilson line in the same direction. Not only does the plot show that
the baryonic current is dilerent from zero, but it also strongly suggests that
there is a correlation between the value of the current and the value of the
Wilson line. In particular, the modulus of the imaginary part of the current
grows when the modulus of the imaginary part of the Wilson line grows, the
sign being opposite between the two. This is better shown by figure 6.4, which
displays the behaviour of the current in another compact direction. In this
case, the system makes a transition between the vacuum identified by the phase
of the Wilson line being %w to the other vacuum and then back. Noticeably,
the current changes sign exactly at the points in which the imaginary part of
the Wilson line changes sign, with its magnitude always tracking closely the
magnitude of the phase of (IW). The sum of the terms with |k| = 1 in the
current (6.8) is proportional to (W). The strong correlation between the two
quantities suggests that the non-leading terms in (6.8) do not a [edt significantly
the behaviour of j,.

Transitions between the dilerknt vacua like those shown in figure 6.4 are
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Figure 6.4: As in figure 6.3, but in another compact direction. The system

shows a transition between two vacua. The transition probability is finite, due
to the finite lattice extension.

possible because of the finite spatial size of the system. We have verified that
increasing ( at fixed lattice extensions N, and NN;, which corresponds to decreas-
ing the physical volume, the frequency of the transitions increases. Likewise,
decreasing 5 decreases the likelihood of a transition taking place.

Since the baryonic current is zero for symmetry reasons in the symmetric
phase, its behaviour in the broken symmetry phase makes it legitimate to use
that current as an order parameter for the symmetry breaking. For consistency,
we have also checked that the real part of the current in the compact directions
and the zero component are zero also in the broken symmetry phase.

In order to evaluate the magnitude of the current, we averaged over directions
for which no tunneling between the two vacua took place. We find

| Sm(ja)| = 0.060 =+ 0.002 . (6.14)

It is instructive to compare this number with the one loop expression (equa-
tion (6.8)), which gives (j,) ~ 0.037473(4), where the error is a conservative
estimate for the truncation of the sum. Hence, quite remarkably the one loop
calculation pins down the correct order of magnitude even for a compact dimen-
sion with size of the order of 1/Agcp. Non-perturbative e [edts could explain
the discrepancy between the perturbative formula and the measured value. Be-
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sides, our calculation being at one single lattice spacing, we do not have any
handle on the size of discretization errors. For this reason, a careful compar-
ison between the perturbative expression and the lattice result should be the
subject of a more detailed study, which is beyond the scope of this paper. Our
preliminary Monte Carlo results for the current closer to the continuum limit
show substantial agreement between the measured value and the perturbative
formula.
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Chapter 7

Some results in the quenched
theory

In this chapter, | will present some results that my collaborators and | have
obtained by using the HiRep code that we have developed (for details, see
chapter 8).

The first result! 1 want to discuss (section 7.2) is the computation of the
condensate of fermions in the adjoint and antisymmetric representations, in
the quenched theory and in the large-N. limit [52]. It is worth to stress that
the large- N, limit of the gauge theory with dynamical fermions in a two-index
representation is not quenched, because the fermionic action is of order O(N?),
just like the gluonic one. Thus, | am considering now a simpler (trivial, for
some aspects) case than the hypothesis of the orientifold planar equivalence. As
we will see in section 7.2, the orientifold planar equivalence is expected to hold
also in the quenched case for the mesonic observables. Therefore, the aim of the
computation of the fermionic condensate in the quenched theory is three-fold:

e to test the HiRep code, by comparing our results with the existing ones
for N. =2,3;

e to check the orientifold planar equivalence in a simpler case;

e to understand how large the 1/N, corrections are.

IThis work is done in collaboration with Adi Armoni (Swansea), Biagio Lucini (Swansea)
and Claudio Pica (BNL).
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The condensate is computed at fixed lattice spacing (¢ ~ 0.145 fm). The
main results can be summarized in the chiral limit by the formulae:

1, 0.449(17)  0.550(55)

Nz <z/np>syqu_ (m = 0) = 0.2269(26) + NN ..., (7.1a)
1, 0.449(17)  0.550(55)

2 () ps g, (= 0) = 0.2260(26) — === — ===+ ..., (7.10)
1 0.301(39

7 W) g = 0) = 0.2290(20) - 220 (710

The first two corrections are found to describe very well the data up to N, = 3.
The orientifold planar equivalence is proved to work in this simple case within
the statistical errors of the computation:

lim <1L1/)>As - </\)‘>Adj
Ne—oo  /OAS + OAdj

The second result? | want to discuss (section 7.3) is the computation of the
mesonic spectrum in the large- N, limit, in the quenched theory with quarks in
the fundamental representation [53]. Of course, this computation is not related
to the orientifold planar equivalence. However, the computation of the mesonic
spectra in the full theories with fermions in the two-index representations in the
large- N, limit is one of the main goal in the long-term project of checking the
orientifold planar equivalence. Since no results about mesons in the large-N,
limit existed until the Lattice 2007 conference?, it was natural to begin from
the simplest case.

In our work, we computed the masses of the pion and the rho, and the
PCAC quark mass at N. = 2,3,4,6 as functions of the hopping parameter of
the Wilson fermions. The chiral and large-N. extrapolations are performed.
We find that the 1/N?2 corrections are always manageable and small. The two
central results are summarized by the parametrisation:

1/2
am(N,) = (1.262(8) - 0'32‘56)) (i —5.945(4) + 0'0‘335(6)) . (13)

=0.64. (7.2)

2This work is done in collaboration with Luigi Del Debbio (Edinburgh), Biagio Lucini
(Swansea), Claudio Pica (BNL).

3In an earlier work, Narayanan and Neuberger [54] computed the pion mass on small
lattices by using the hypothesis of the volume-independence in the large- N, limit.
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and

0.62(3)
-

C

am,(N,) = (0.539(3) ) + (0.5224(8) + 1'%”) a*mZ(N,) . (7.4)

C

An analogous computation was simultaneously and independently performed
by Bali and Bursa [55]. The agreement of the results (see section 7.3.4 for a
discussion) is a remarkable cross-check of the HiRep code.

7.1 Setting the scale in the quenched theory

Several strategies can be used to tune the physical scale as N, grows. It was
already pointed out that, in order to have a well-defined large- N, limit, the 't
Hooft bare coupling A = ¢g2N.. should be kept constant. Thus, one can think to
fix the coupling g at N. = 3 by fixing for instance the string tension, and then
to change N, while the 't Hooft coupling \ is constant.

This is not the best method when one wants to perform numerical simu-
lations indeed. The value of the string tension (in units of the lattice size) at
N, = 3 should be chosen not too small in order to avoid finite-volume e [edts and
not too large in order to avoid discretization e [edts. Typically, one has a rea-
sonable window for the string tension. As N, grows, the string tension changes
and approaches some finite limit, that is not known a priori. In particular, it
might exit from the window in which both the finite-volume and discretization
errors are under control.

A possible way out is to force the value of the string tension in units of
the lattice spacing to be the same as N, grows. In this case, the 't Hooft
coupling is not constant and approaches a finite limit at large-N.. Any other
physical observable with a finite large-N,. could be used to fix the scale. When
all the other observables are expressed in physical units, the large-N, limit is
independent of the criterion used to fix the scale. This is not true for the
subleading corrections.

For the simulations described in the following sections, the values of g =
2N./g* have been chosen in such a way that the deconfinement phase transition
occurs at the critical temperature T, = (5a)~*. Using the value T, = 270 MeV,
for the lattice spacing a we get a ~ 0.145 fm. The values of 5 were measured
in [18] for N. = 2, 3,4, 6,8, and are summarized in the following table:
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B
2.3715
5.8000

10.6370
24.5140
44.0000

CO@-b(A)I\JﬁZ

7.2 The fermionic condensate at large-/V,

7.2.1 Analytical equivalence

In the quenched theory the condensate of Dirac fermions is equal to the
condensate of Majorana fermions in the adjoint representation, in the large-N,
limit. More precisely:

. 1 - ) 1
Nlclinoo N702 <ww>As,quenched = Nlclinoo Nig <)\/\>Adj,qucnchcd =
- Nlclinoo 2]\/'62 <ww>Adj,quenched ’ (75)

where 1) is a Dirac spinor, while X is a Majorana spinor.

Here, 1 want to prove a more general proposition. The eigenvalues dis-
tribution (normalized to 1) of the Dirac operator for fermions in the generic
representation R is defined as:

Nev
p(N) = Nl S 0O = AUy ar (7.6)

where A, [U] are the eigenvalues of the Dirac operator at fixed gauge background,
and N,, is the number of eigenvalues. Since in the adjoint representation a
Dirac fermion can be always split into two identical non-interacting Majorana
fermions, the eigenvalues distribution (normalized to 1) of the Majorana opera-
tor is exactly the same as the Dirac operator. In what follows, all the eigenvalues
distributions are to be intended as normalized to 1.

I will show now that in the quenched theory the eigenvalues distribution of
the Dirac operator for the antisymmetric representation is equal to the eigen-
values distribution of the Dirac operator for the adjoint representation, in the
large-N,.
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In practice, | will consider the staggered discretization of the Dirac operator
in the generic representation R:

Dyy = mbyy + Kypy =

= mdzy - % Zm(fﬁ) {R[Uu(x)](sz,wﬂ - R[Uu(x - ﬂ)]Téz,yﬂl} . (7-7)

The eigenvalues of the staggered Dirac operator are of the form m + i\, where
A is real, and they are present in pairs of complex conjugates. The operator
H = D'D = m? — K? has doubly-degenerate eigenvalues of the form m?2 4+ \2;
in particular, it is positive definite. Clearly, assigning the spectrum of D is
completely equivalent to assign the spectrum of H, once that the mass is fixed.
Since it is more convenient to deal with real positive eigenvalues, in what follows
I will refer to the eigenvalues of H, rather than D.
In this case, the eigenvalues distribution is defined as:

p(r) = dRLV S (3 = m? = XUy, (7.8)

[e3

~—

where dg is the dimension of the representation. It is also useful to consider the
Laplace transform of the probability distribution:

~ _ 2z _ 1 z(m2+)\§[U]) o 1 zH
p(z) = /p()\)e d\ = iV g <e >YM =i (Tre >YM .

This function can be expanded in loops, by expanding the exponential: 9
o0 = g (1), -
=y X S =
Y C S Ry (10

n=0 ’ w€Cap

Since the spectrum of K is bounded, the series converges and its radius of
convergence is infinite. Thus, (z) is an analytical function on the whole complex
plane.

Consider now fermions in the adjoint representation. Since the upper bound
of the K operator is uniform in the number of colours (for Wilson fermions, |
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showed that in section 4.1; for staggered fermions, it works in an similar way),
the large- N, limit commutes with the infinite sum:

zm

s )" rU 2N
EILHOOPAS = g - > (”)Nliinmm' (7.12)

w€ECap

This function is still analytical on the whole complex plane. Since in the large-
N, limit, using the charge conjugation invariance of the pure Yang-Mills:

<[trU(w)]2>Y1\/I (| tr U(w)|2>YJW

NN, 1) ST N2o1 (7:12)
one can obtain:
e o (—2)"  (laUW)?)
i pas(e) = = Z 2 o) fim T =
n=0 w€ECan ¢ ¢
= Jm paqi(z) - (7.13)

The equality of the Laplace transform immediately implies the equality of
the eigenvalues distributions. The relationship between the condensates can be
obtained by integrating the eigenvalues distribution:

_ 1 _ m _
<w¢>quenched = V <TI‘D 1>YM = V <TI‘H 1>YM =
= E/ Tre H dt = de/ p(—t)dt . (7.14)
Vv 0 0

The second equality comes observing that D! = (m—K)/(m?—K?) = mH '~
KH~! and the trace of the second term vanishes, since the eigenvalues of K are
present in couples of opposites. By taking the large-N, limit:

1 N2 <ww>Ai ,quenched m/ lim pAS( )dt =

N.—o00
1
- m/ hm pAdJ )dt = NEHIOO Nig <ww>Adj,quenChed ) (7.15)

The large-N. limit and the integral can be exchanged because the Laplace
transform is controlled by the lowest eigenvalue in the range ¢ € [0,00), i.e.

()| < et
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7.2.2 Separating the 1/N, corrections

The fermionic condensate in the (anti)symmetric representation contains
corrections of order 1/N, to the planar limit. In the quenched approximations,
some analytical relationships allow to separate the even corrections from the
odd ones.

The fermionic condensate in the quenched approximation is analytical for
each positive mass?, and it is uniquely identified by its series expansion (al-
though the series could have a finite range of convergence):

<1’[;w>quenched = % m2(77+1) Z trR U( )]>YM . (718)

n=0 w€ECap

Consider now the antisymmetric and symmetric representations. By using
the formulae:

tr AS[U] = %[(trU) —w?)] | (7.19a)
%[trU )? +tr(U?)] (7.19b)

4The Laplace transform of the eigenvalues distribution is clearly analytical as a function
of the mass. I will explicitly write the dependence on the mass:

2
eftm

A(—t,m) = Tr et K . 7.1
p=t,m) drV < re >YM (7.16)

In order to investigate the analyticity close to the positive real axis, it is useful to consider
complex values of the mass of the form m = |m|e’ with 0 < mupin < |m| < Mmax and
€ < emax < 1. The absolute value of 5(—t,m) and its complex derivative can be bounded
from above, uniformly in the mass, with a function that is integrable in t € (0, 00):

(=t m)| < e i cox(ema) (7.17a)
dp —tm?2 . )

‘di(_t7 m)’ = _thed = <rI‘r_etK2>YA4 < 2tmmaxe—tmfmn cos(2emax) . (7.17b)
m R

For the dominated convergence theorems for the Lebesgue integrals, this is enough to conclude
that the integral fo —t,m)dt has a complex derivative with respect to m. Thus, it is
analytical.
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the condensates are written as:

_ | m > 1 [tr U(w)]?
@W%MMwﬂW{VZ%WMH>§:d@<QN;NM}i

w€ECap
me~_ 1 (U @)y as
n=0 w€Can

Both the expressions in the curly brackets are finite in the large- N, limit. More-
over, since they are expectation values of gluonic operators, they contain only
powers of 1/N2. | will write schematically:

1 - 1 1 1

N2 <¢¢>quu_ =f (NQ,m) + NI <N2,m> , (7.21a)
1 - 1 1 1

ﬁ <¢¢>As7qu_ = f <W7m> - ﬁcg <J\727m> . (721b)

The functions f and g describe respectively the even and odd corrections to the
planar limit of the fermionic condensate in the (anti)symmetric representation.
They can be computed by inverting the equations above.
The condensate in the adjoint representation gets only even contributions in
1/N,. By using the formula:
tr Adj[U] = |[trU|* =1, (7.22)

the condensate is written as:

- > 1 trU(w)?
<ww>Adj,qu. =N¢ {117/1 Z m2(n+1) Z c(w) L ]C\([}Q Jru } -
n=0 c

wECanp
m — 1
- {Vzmzml) > c(w)} : (7.23)
n=0 w€Cay

I will write schematically:

1 - -1 1 _
W <wz/]>Adj,qucnchcd = f (]\](?’m> - 27]\762 <ww>frcc ’ (724)

where (1)) is the condensate of free fermions. The functions f and f are
unrelated at generic N.. However, at large- N, the orientifold planar equivalence
holds; while at N. = 2 the symmetric and the adjoint are the same representa-
tion, and the antisymmetric is the trivial representation. Therefore:

f(ovm) = f(ovm) ) f(1/4’ m) = f:(l/47m) . (7.25)
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EARNE m
é 52(7)38 .012, .013, .014, .015,
_ .016, .017, .018, .019, .02,
4 10.6370
.04, .06, .08, .1, .2, .4, .6,
6 | 24.5140 812468
8 | 44.0000 | "7 T T T

Table 7.1: Bare parameters used the simulations of the fermionic condensate.

7.2.3 Details of the simulations

A Monte Carlo ensemble of gauge fields is generated using the Wilson action.
The link variables are updated using a Cabibbo-Marinari algorithm [56], where
each SU(2) subgroup of SU(NV,) is updated in turn. Microcanonical and heat-
bath steps have been alternated in a ratio 4:1. | will call sweep the sequence of
four microcanonical and one heat-bath update.

We chose the staggered discretization of the Dirac operator:

Dyy = Mgy + Koy =

= mbay — g 3 @) {RUM@)6ey 1 — BUW — )]0,y s} - (7.26)

The complete set of bare parameters used in our simulations is summarized in
table 7.1. For this work, we run simulations for N. = 2,3,4,6,8 and for the
symmetric, antisymmetric, adjoint representations. We used a N2 x N; lattice
with the size Ny = N, = 14 (which corresponds to about 2.0 fm). For the
fermion fields we used periodic boundary conditions in the spatial directions
and antiperiodic boundary conditions in the temporal direction. For the gauge
field we used periodic boundary conditions in all directions.

The fermionic condensate is computed from the formula (7.14), that | rewrite
here for convenience:

() = % (Te(m® — K37, (7.27)

where the trace is estimated stochastically with one noisy vector per configu-
ration. In general, this noisy sources are complex. However in the case of the
adjoint representation, the staggered Dirac operator is real and the noisy vector
can be taken also real. In this way, we are simulating four (since the fermions
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are staggered) flavours of Dirac fermions in the (anti)symmetric representation
or four flavours of Majorana fermions in the adjoint representation.

The values of the masses have been chosen in an interesting window for the
condensate. As the quark mass changes, the condensate goes through three
diCerknt regimes (see the figure 7.1). Since the lattice volume is finite, no
chiral symmetry breaking is expected, therefore in the limit of zero mass the
condensate vanishes. This fact is well-known for the staggered fermions [57, 58].
Let us write the condensate in terms of the eigenvalues of the massless staggered
Dirac operator K:

— 1 m
<¢1/)> = V ; <M>YM . (7.28)

The staggered Dirac operator has an average gap in the eigenvalues. For much
lower masses than the gap the condensate is proportional to the mass (region I).
If the volume increases, the gap shrinks and the condensate becomes diLerent
from zero in the chiral limit. The same behaviour is expected as N, increases,
since in the planar limit the condensate is independent of the volume [20, 59].
However at fixed number of colours, as the mass increases the value of the con-
densate is less sensitive to the lowest eigenvalues, and it becomes approximately
independent of the volume (figure 7.2). Practically, a sudden change in the slope
of the condensate occurs. The condensate still increases with the mass (region
I1). At some value of the mass, the condensate starts to decrease and the 1/m
asymptotic behaviour at large mass is recovered (region I11). The region | is not
interesting, since here the condensate is heavily aledted by the finite volume
e [edts. Thus, the masses are chosen in order to explore the regions Il and II1I.

The algorithm used for the inversion required in (7.27) is a multishift CG.
This enables us to compute all the condensates corresponding to di [erknt masses
simultaneously. For all the inversions we required a relative precision of 10~°.
We found that the average number of applications of the Dirac matrix required
is about 2500 for masses greater than 1.2 x 1072,

7.2.4 Numerical results

The condensates for the antisymmetric, symmetric, adjoint representation
are reported respectively in tables 7.2, 7.3, 7.4. The data for N. = 2 with the
antisymmetric representation are obtained by computing exactly (no random
noise) the condensate for the free fermion, and the result were conventionally
truncated to the third digit.
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Figure 7.1: The condensate of staggered fermions in the fundamental represen-
tation on a 14* lattice, at 8 = 2.3715, N, = 2 (in two di [erknt scales).
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Figure 7.2: The condensate of staggered fermions in the antisymmetric rep-
resentation at g = 5.8, N, = 3 for two dilerkent lattices. The condensate is
independent of the volume (inside the error bars) in these region of masses.
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m || No=2] N,=3 N, =14 N.=6 N, =38
0.012 || 0.00746 | 0.193(18) | 1.128(51) | 4.99(10) | 10.62(16)
0.013 || 0.00808 | 0.199(19) | 1.140(47) | 5.00(10) | 10.64(13)
0.014 || 0.00870 | 0.204(16) | 1.153(50) | 5.015(95) | 10.66(14)
0.015 || 0.00932 | 0.210(17) | 1.165(48) | 5.03(11) | 10.68(13)
0.016 || 0.00995 | 0.216(15) | 1.177(49) | 5.04(10) | 10.70(12)
0.017 || 0.0106 | 0.221(16) | 1.188(44) | 5.058(94) | 10.72(13)
0.018 || 0.0112 | 0.227(15) | 1.200(52) | 5.072(83) | 10.74(14)
0.019 || 0.0118 | 0.232(15) | 1.211(45) | 5.087(99) | 10.76(11)
0.02 || 0.0124 | 0.238(15) | 1.222(43) | 5.101(77) | 10.78(11)
0.04 || 0.0248 | 0.338(13) | 1.416(29) | 5.354(58) | 11.132(88)
0.06 || 0.0371 | 0.4244(99) | 1.570(26) | 5.567(52) | 11.432(72)
0.08 || 0.0493 | 0.501(11) | 1.698(21) | 5.750(48) | 11.691(62)

0.1 || 0.0614 | 0.5688(98) | 1.808(21) | 5.909(45) | 11.918(56)

0.2 || 0.119 | 0.8222(86) | 2.187(14) | 6.468(31) | 12.715(44)

04 || 0216 | 1.0948(79) | 2.544(13) | 6.957(21) | 13.368(32)

0.6 || 0.286 | 1.2156(58) | 2.667(10) | 7.050(18) | 13.403(27)

0.8 || 0.331 | 1.2589(57) | 2.6778(95) | 6.946(14) | 13.129(25)

1 0.355 | 1.2589(53) | 2.6277(81) | 6.739(14) | 12.688(18)

2 0.338 | 1.0502(47) | 2.1218(69) | 5.333(10) | 9.974(15)

4 0.223 | 0.6699(25) | 1.3427(32) | 3.3575(48) | 6.2684(98)

6 0.158 | 0.4740(16) | 0.9492(29) | 2.3724(39) | 4.4283(72)

8 0.121 | 0.3636(14) | 0.7280(22) | 1.8192(31) | 3.3957(51)

Table 7.2: Results for the condensate of antisymmetric Dirac fermions.
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m N.=2 N.=3 N.=4 N.=6 N, =28

0.012 || 1.309(43) | 2.896(77) | 4.93(11) | 10.34(15) | 17.5702
0.013 || 1.310(46) | 2.898(70) | 4.93(11) | 10.34(13) | 17.5804
0.014 || 1.311(45) | 2.900(68) | 4.932(92) | 10.35(13) | 17.5902
0.015 || 1.312(46) | 2.902(74) | 4.933(04) | 10.36(12) | 17.5996
0.016 || 1.313(40) | 2.903(67) | 4.93(10) | 10.36(11) | 17.6088
0.017 || 1.314(34) | 2.905(65) | 4.937(89) | 10.37(10) | 17.6177
0.018 || 1.315(45) | 2.907(67) | 4.938(86) | 10.37(11) | 17.6264
0.019 || 1.316(37) | 2.908(71) | 4.940(80) | 10.38(10) | 17.6349
0.02 || 1.317(43) | 2.910(62) | 4.942(91) | 10.38(11) | 17.6433
0.04 || 1.336(30) | 2.937(50) | 4.975(66) | 10.463(80) | 17.7926
0.06 || 1.355(25) | 2.960(37) | 5.007(47) | 10.532(60) | 17.9212
0.08 || 1.372(23) | 2.980(30) | 5.035(40) | 10.593(51) | 18.0325

0.1 | 1.387(18) | 2.997(26) | 5.060(39) | 10.645(48) | 18.1285

0.2 || 1.441(15) | 3.053(18) | 5.137(26) | 10.806(35) | 18.4295

0.4 | 1.4783(94) | 3.065(14) | 5.138(22) | 10.801(29) | 18.4569

0.6 | 1.4650(85) | 3.002(11) | 5.022(17) | 10.554(23) | 18.0558

0.8 || 1.4254(81) | 2.901(10) | 4.845(13) | 10.182(20) | 17.4306
1.3720(63) | 2.7789(85) | 4.638(12) | 9.746(17) | 16.6922
1.0704(47) | 2.1488(67) | 3.5808(86) | 7.523(12) | 12.8961
0.6715(27) | 1.3444(40) | 2.2395(55) | 4.7048(67) | 8.06711
0.4743(19) | 0.9493(33) | 1.5812(32) | 3.3219(42) | 5.69596
0.3636(17) | 0.7278(21) | 1.2123(29) | 2.5469(37) | 4.36723

oo~ NPE

Table 7.3: Results for the condensate of symmetric Dirac fermions.
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m N, =2 N, =3 N, =14 N.=6 | N,=8
0.012 || 0.657(43) | 1.774(64) | 3.373(75) | 7.99(13) | 14.3679
0.013 || 0.658(37) | 1.776(47) | 3.375(72) | 8.00(14) | 14.382
0.014 || 0.658(39) | 1.777(58) | 3.377(74) | 8.00(12) | 14.3959
0.015 || 0.659(36) | 1.778(53) | 3.380(71) | 8.01(12) | 14.4095
0.016 || 0.659(33) | 1.779(47) | 3.382(73) | 8.01(13) | 14.4228
0.017 || 0.660(34) | 1.781(43) | 3.384(70) | 8.02(10) | 14.4359
0.018 || 0.660(38) | 1.782(42) | 3.387(72) | 8.02(12) | 14.4488
0.019 || 0.661(34) | 1.783(52) | 3.389(65) | 8.03(14) | 14.4614
0.02 || 0.661(33) | 1.785(48) | 3.392(63) | 8.04(13) | 14.4737
0.04 || 0.671(20) | 1.811(35) | 3.440(48) | 8.14(80) | 14.6855
0.06 || 0.680(19) | 1.835(27) | 3.483(39) | 8.233(71) | 14.856
0.08 || 0.688(16) | 1.856(23) | 3.520(37) | 8.314(59) | 15.002
0.1 || 0.695(13) | 1.875(23) | 3.553(32) | 8.386(52) | 15.1293

0.2 || 0.7215(82) | 1.942(14) | 3.668(25) | 8.632(42) | 15.5642

0.4 | 0.7397(74) | 1.985(11) | 3.738(17) | 8.767(25) | 15.7986

0.6 || 0.7329(61) | 1.9630(97) | 3.691(17) | 8.642(22) | 15.5681

0.8 || 0.7131(52) | 1.9076(85) | 3.583(11) | 8.381(17) | 15.0956

1 || 0.6864(42) | 1.8346(85) | 3.444(11) | 8.051(15) | 14.4977

2 || 0.5355(30) | 1.4289(57) | 2.6795(76) | 6.256(12) | 11.262

4 | 0.3359(21) | 0.8959(36) | 1.6794(47) | 3.9199(56) | 7.0556

6 || 0.2373(15) | 0.6327(23) | 1.1860(29) | 2.7682(45) | 4.98261

8 || 0.1819(10) | 0.4851(18) | 0.9094(23) | 2.1226(40) | 3.82042

Table 7.4: Resultssfor the condensate of adjoint Majorana fermions.
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7.2.5 Extrapolation to SU(0)

Using the data at finite V. we have computed the functions f, g, f defined
in section 7.2.2, and that | report here for convenience:

1 - 1 1 (1

72 (s quenchea = I <sz> N9 (Ngm) : (7.293)
1 - 1 1 (1

72 (V%) as.quenchea =/ (sz) NI <N2m> : (7.29b)
1 /1 1

]\TE <)\)\>Adj7quenched =f W,m — 72]\702 <1/}¢>frcc . (7.29¢)

At fixed mass, the large-N, limit of this functions has been computed by
fitting the data for N. = 3,4, 6,8 with the function a + b/N?2. The fit has been
checked to be stable if a 1/N* term is added. The reduced 2 are all less than
1.1. The value of the parameters a, b and of the reduced x? are reported in
tables 7.5, 7.6, 7.7. The f, g, f functions for N, = 2,3,4,6,8, co are displayed
in the plots 7.3.

The orientifold planar equivalence requires that f(0,m) = f(O,m). This
relationship is verified with an accuracy of 1o for each value of the mass. The

dilerence f(0,m) — f(0,m) is plotted in 7.4.

7.2.6 Chiral limit

The chiral limit of the condensates is obtained by fitting each coe Lcieht
a(f), b(f), a(g), b(g), a(f), b(f) in the range of masses (.012,.1) with a linear
polynomial ¢y + ¢;m. The result of the fits are reported in the table 7.8.

In the chiral limit, these results can be summarized in the following formulae

for the bare condensates:

1, 0.449(17)  0.550(55)

N () g, (m = 0) = 0.2269(26) + == ~ o e (130)
1, 0.449(17)  0.550(55)
1 0.301(39
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m a(f) b(f) x*/dof
0.012 || 0.2281(26) | -0.537(57) | 0.83
0.013 || 0.2282(27) | -0.530(55) | 0.79
0.014 || 0.2283(26) | -0.528(53) | 0.94
0.015 || 0.2287(25) | -0.532(55) | 0.88
0.016 || 0.2288(25) | -0.522(51) | 0.84
0.017 || 0.2288(25) | -0.522(50) | 0.96
0.018 || 0.2292(24) | -0.521(50) | 0.88
0.019 || 0.2296(23) | -0.526(51) | 0.97
0.02 || 0.2296(22) | -0.516(47) | 0.89
0.04 || 0.2334(15) | -0.485(36) | 0.93
0.06 || 0.2361(13) | -0.448(28) | 0.90
0.08 || 0.2386(11) | -0.420(25) | 0.74

0.1 || 0.24082(97) | -0.393(22) | 0.51
0.2 || 0.24801(74) | -0.297(16) | 0.14
04 || 0.25160(57) | -0.184(13) | 0.04
0.6 || 0.24772(49) | -0.120(10) | 0.04
0.8 || 0.24002(41) | -0.0796(92) | 0.04
0.23040(38) | -0.0541(82) | 0.03
0.17879(27) | -0.0095(64) | 0.005
0.11199(16) | -0.0006(37) | 0.003
0.07908(11) | 0.0000(27) | 0.003
0.060635(87) | 0.0000(20) | 0.003

0o~ NBF

Table 7.5: The function f was fitted with a + b/N? for each value of the mass.
In the table, the results of the fit and the reduced 2.
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m a(g) b(g) x?/dof
0.012 || 0.444(17) | 0.13(24) | 0.97
0.013 || 0.443(17) | 0.12(23) | 0.90
0.014 || 0.444(17) | 011(22) | 1.05
0.015 || 0.441(16) | 0.13(23) | 1.01
0.016 || 0.441(16) | 0.12(21) | 0.94
0017 || 0.442(16) | 0.11(21) | 1.05
0.018 || 0.439(15) | 0.12(20) | 0.97
0.019 || 0.438(15) | 0.14(21) | 1.09

002 || 0.437(14) | 0.13(19) | 0.98
0.04 || 0.4202(97) | 0.17(14) | 1.04
0.06 || 0.4002(81) | 0.15(11) | 0.99
0.08 || 0.3993(73) | 0.15(10) | 0.85
0.1 || 0.3895(63) | 0.158(88) | 0.66
0.2 || 0.3570(48) | 0.144(66) | 0.27
04 || 0.3169(36) | 0.106(52) | 0.04
0.6 || 0.2897(31) | 0.074(42) | 0.01
08 || 0.2679(26) | 0.051(38) | 0.01
0.2493(24) | 0.035(34) | 0.01
0.1822(17) | 0.008(26) | 0.01
0.11214(97) | 0.002(15) | 0.02
0.07904(68) | 0.001(11) | 0.02
0.06057(54) | 0.0009(82) | 0.01

oo~ NPF

Table 7.6: The function g was fitted with a + b/N? for each value of the mass.
In the table, the results of the fit and the reduced x2.
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m a(f) b(f) x*/dof
0.012 || 0.2301(20) | -0.297(39) | 0.04
0.013 || 0.2302(17) | -0.295(30) | 0.04
0.014 || 0.2304(17) | -0.296(35) | 0.04
0.015 || 0.2305(17) | -0.296(33) | 0.05
0.016 || 0.2307(17) | -0.294(31) | 0.05
0.017 || 0.2309(16) | -0.294(28) | 0.06
0.018 || 0.2310(16) | -0.294(28) | 0.05
0.019 || 0.2311(16) | -0.295(31) | 0.05
0.02 || 0.2313(16) | -0.294(30) | 0.06
0.04 || 0.2343(10) | -0.288(21) | 0.08
0.06 || 0.23681(74) | -0.280(16) | 0.10
0.08 || 0.23905(57) | -0.273(13) | 0.12

0.1 || 0.24103(51) | -0.266(13) | 0.14
0.2 || 0.24770(31) | -0.2296(81) | 0.16
04 | 0.25116(27) | -0.1690(64) | 0.14
0.6 | 0.24735(27) | -0.1209(60) | 0.07
0.8 | 0.23977(22) | -0.0859(49) | 0.08
0.23023(19) | -0.0604(47) | 0.05
0.17878(15) | -0.0113(33) | 0.02
0.111997(73) | -0.0009(19) | 0.02
0.079090(44) | -0.0002(12) | 0.02
0.060642(41) | -0.00010(99) | 0.02

oo BN

Table 7.7: The function f was fitted with a 4 b/N?2 for each value of the mass.
In the table, the results of the fit and the reduced 2.
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Figure 7.3: The f, g, f functions.
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Figure 7.4: The dilerence f(0,m) — f(0,m).

co c1 X2 /dof
a(f) || 0.2269(26) | 0.144(81) | 0.09
b(f) || -0.550(55) | 1.60(43) | 0.01
alg) || 0.449(17) | -0.62(32) | 0.05
b(g) | 0.12(24) | 0.4(1.1) | 0.01
a(f) || 0.2290(20) | 0.123(46) | 0.10
b(f) || -0.301(39) | 0.349(46) | 0.001

Table 7.8: The LO and NLO of the functions f, g, f were fitted with ¢y + c1m
for masses in 0.012,...0.1. In the table, the results of the fit and the reduced
x2. The stability of the first coe [cieht has been checked by adding a com?
term. The errors of the second coe Lcieht are underestimated.
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I} K
2.3715 0.156, 0.155, 0.154, 0.153, 0.152
5.8000 | 0.161, 0.160, 0.159, 0.1575, 0.156
10.6370 | 0.161, 0.160, 0.159, 0.1575, 0.156
24.5140 | 0.161, 0.160, 0.159, 0.1575, 0.156

o wWwNZ

Table 7.9: Bare parameters used the simulations of the mesonic spectrum.

7.3 Mesons at large-N,

7.3.1 Details of the simulations

A Monte Carlo ensemble of gauge fields is generated using the Wilson action.
The link variables are updated using a Cabibbo-Marinari algorithm [56], where
each SU(2) subgroup of SU(N,) is updated in turn. Microcanonical and heat-
bath steps have been alternated in a ratio 4:1. | will call sweep the sequence of
four microcanonical and one heat-bath update.

We chose the Wilson discretization of the Dirac operator:

777.¢ D + m

% [(1 = 70) U ()0 + )+ (1 3) Ul = ) 0 — )] —

—(8+ (7.31)

/—/H

The bare mass is related to the hopping parameter used in the actual simulations
by
1/2k) =44+m. (7.32)

The complete set of bare parameters used in our simulations is summarized
in table 7.9. For this work, we run simulations for N, = 2,3,4,6. We used
a N3 x N, lattice with the spatial size N, = 16 (which corresponds to about
2.3 fm) and the temporal size N; = 32 (about 4.6 fm in physical units). For the
quark masses used in this work, our calculation should be free from noticeable
finite size e [edts. For the fermion fields we used periodic boundary conditions
in the spatial directions and antiperiodic boundary conditions in the tempo-
ral direction. For the gauge field we used periodic boundary conditions in all
directions.
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Particle ao T p ay b1
Bilinear | ud | uysd, uyoysd | uvyid, uyoyid | Uysvid | uyiy,d
JPC ot+ 0+ 1~ 1+t 1t

Table 7.10: Bilinear operators for the computation of non-singlet meson masses.

We performed a chiral extrapolation using data from meson correlators at
five values of x for each N.. The choice of values for « relies on previous expe-
rience with SU(3) simulations to yield pseudoscalar meson masses > 450 MeV.
The same values of x were used for all values of N. > 3, while for SU(2) a
di Lerkent choice turned out to be necessary, since all x’s but the lowest one were
higher than «.. Because of the dilerkent additive renormalization, these values
of x yield diCerknt values for the bare PCAC mass as N, is varied.

The mesonic spectrum is extracted from the zero-momentum two-point cor-
relators of quark bilinears with the quantum numbers required to interpolate
between a meson state and the vacuum. Let I'; and I's be two generic products
of Dirac v matrices, a two-point correlator is defined as

Cry,ra () = > (@ a)' (¢,%) (@ad) (0)) (7.33)

where u and d are the fields corresponding to two di [erknt quark flavors, which
from now on we take to be mass degenerate. All possible choices for the non-
singlet quark bilinears and the quantum numbers of the corresponding physical
states are summarized in table 7.10.

Performing the Wick contractions we can rewrite Cr, p,(t) in terms of the
quark propagator G(z,y) = (D,,)"(x,y) or, equivalently, of its hermitian ver-
sion H(‘T7 y) - G(Ia y)75:

Crom(t) == <tr [VOFIW’OG(% O)FﬂsG(%O)T%D =
==Y (tr ol H (@, 05D H 0] ) . (739)

(tr indicates the trace over spinor and color indices).

The propagator G(x,0) 4p is obtained by inverting the Dirac operator D,,
over point sources (capital roman letters A, B, ... are used for collective indices
over spin and color):

G(2,0)45 = (Dm) 2 (2, 1)0c6,0 = (Dm) 2 (2, )0 (v) | (7.35)
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where the second equality defines the 4N, point sources 7(?).

The algorithm used for the inversion in (7.35), is a multishift QMR. This en-
ables us to compute all the quark propagators corresponding to di [erent masses
simultaneously. We use a version of the QMR suitable for v5-hermitian matrices
with even-odd preconditioning of the Dirac matrix [60]. In the rare cases when
the algorithm fails to converge, we continue the search for a solution using the
MINRES algorithm, which is guaranteed to converge, on the hermitian version
of the Dirac operator. For all the inversions we required a relative precision of
1075, To this accuracy, and for the parameters given above, the number of re-
quired applications of the Dirac operator to compute the propagator G(x,0) s
at fixed values for the hopping parameters « is found to become independent
of N.. We found that the average number of applications of the Dirac matrix
required is about 7500, 5000, 5000 for N. = 3,4, 6 respectively (for SU(2) we
used di [erent parameters).

From general large-N. arguments, we expect the occurrence of exceptional
configurations to be suppressed as N, increases. This is confirmed by prelimi-
nary results reported in [55]. At the values of the parameters we have simulated,
there is no sign of the presence of exceptional configurations.

7.3.2 Numerical results
Extracting masses from correlators

Masses can be extracted from the large-t behavior of Cr r(t). Inserting the
energy eigenstates in the RHS of equation (7.33) yields

Crr(t) =) leifem™?, (7.36)

2

where ¢; = (1/2m;) (0 |(al'd) (0)] i), T is one of the v matrix products appearing
in the bilinears in table 7.10, |é) is an eigenstate of the Hamiltonian with the
same quantum numbers as the fermion bilinear, and m; is the mass of the |:)
eigenstate. In the limit ¢ — oo, the previous equation becomes

Crr(t), = |eofe™™", (7.37)

t—o0
i.e. at large time correlation functions decay in time as a single exponential
with a typical time given by the inverse mass of the lowest-lying state in the

spectrum with matching quantum numbers. The lowest mass in a given channel

119



CHAPTER 7. SOME RESULTS IN THE QUENCHED THEORY

can then be extracted as

mo = — lim w . (7.38)
Practically, one defines the e [edtive mass my(t) as
Crr(t)

t)=—log ———— 7.39

mO( ) 0og OF)F(t—l) ( )

and obtains m by fitting mq(¢) to a constant at large enough t.
On a finite lattice the exponential in the large-time behavior of the propa-
gator is replaced by a cosh and an e [edtive mass can be defined as

Cp_rr(t + 1) + Cnp(t — 1)) .

2 () (7.40)

mo(t) = acosh (

Typical examples of correlation functions and e [edtive masses as a function of
the separation between source and sink are shown respectively in the plots 7.3.2
and 7.3.2.

We estimated the errors on the correlators using a jack-knife method, and
checked that the bootstrap method gives similar results. With simple link oper-
ators, we have been able to extract an unambiguous signal for the pion and the
rho mesons (to which we limit our analysis). Other correlators yielded a noisy
signal, and we plan to investigate the possibility of improving the signal-to-noise
ratio by more sophisticated measurements. Due to the small number of data
points, often correlated fits proved to be unreliable, as already observed (see
e.g. [61, 62]). Hence, masses have been extracted with uncorrelated fits and the
error estimated with a jack-knife procedure. We have checked that the uncorre-
lated fit results coincide with the correlated fit results whenever the correlated
fits give reasonable values for the parameters and the 2.

Our results for the various N, for the PCAC mass mpcac, the mass of the
pion m,, and the mass of the rho m, are reported in tables 7.11-7.14. The
details of our analysis are explained in the following two subsections.

In order to convert the results expressed in lattice units to masses in physical
units, we note that

am = (aTe)(m/T.) = m/(5T¢) (7.41)

(the last equality uses the fact that the lattice spacing has been fixed in such
a way that the deconfinement phase transition corresponds to N; = 5). As a
reference scale, we can use 7T, for SU(3), which is approximately 270 MeV.
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Figure 7.5: Correlators for SU(4) and I" = ~5 at the values of x shown. The
correlators have been normalized in such a way that at ¢ = 0 their value is 1.
The lines joining the data are only guides for the eyes.

K ampcac | mpoac (MeV) amy m, (MeV) am, m, (MeV)
0.152 | 0.0824(30) 111(4) 0.541(3) 730(4) 0.620(6) 837(8)
0.153 | 0.0669(28) 90(4) 0.492(4) 664(5) 0.584(7) 788(9)
0.154 | 0.0522(25) 70(3) 0.441(4) 595(5) 0.547(7) 738(9)
0.155 | 0.0396(24) 53(3) 0.389(4) 525(5) 0.510(10) 789(13)
0.156 | 0.0261(22) 35(3) 0.319(7) 430(9) 0.458(17) 618(23)

Table 7.11: Numerical results for SU(2).
converted to physical units by noting a = 1/(5T%).
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Figure 7.6: E[edtive masses from the correlators in figure 7.3.2. The straight
lines are fits to the data at plateau.

K ampcac | mpcoac (MeV) amy m, (MeV) am, m, (MeV)
0.156 | 0.1047(24) 141(3) 0.625(2) 844(3) 0.720(3) 972(4)
0.1575 | 0.0797(21) 108(3) 0.553(2) 747(3) 0.667(4) 900(5)
0.159 | 0.0574(17) 77(2) 0.476(2) 643(3) 0.616(5) 832(7)
0.160 | 0.0431(16) 58(2) 0.420(2) 567(3) 0.582(6) 786(8)
0.161 | 0.0299(14) 40(2) 0.362(3) 489(4) 0.550(7) 743(9)

Table 7.12: Numerical results for SU(3). Masses in lattice units have been
converted to physical units by noting a = 1/(57%).
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K ampcac | mpceac (MeV) amy m, (MeV) am, m, (MeV)
0.156 | 0.1506(35) 203(5) 0.733(1) 990(1) 0.817(2) 1103(3)
0.1575 | 0.1234(29) 167(4) 0.667(1) 900(1) 0.766(2) 1034(3)
0.159 | 0.0981(22) 132(3) 0.598(1) 807(2) 0.714(2) 964(3)
0.160 | 0.0817(19) 110(3) 0.549(2) 741(3) 0.680(2) 918(3)
0.161 | 0.0659(17) 89(2) 0.499(2) 674(3) 0.646(3) 872(4)

Table 7.13: Numerical results for SU(4). Masses in lattice units have been
converted to physical units by noting a = 1/(5T%).
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Figure 7.7. E [edtive masses from C,, ., at x = 0.156.
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K ampcac | mpcac (MeV) ama my, (MeV) am, m, (MeV)
0.156 | 0.1789(22) 241(3) 0.814(2) 1099(1) 0.889(2) 1214(3)
0.1575 | 0.1509(20) 203(3) 0.752(1) 1015(2) 0.838(2) 1131(3)
0.159 | 0.1248(18) 168(2) 0.687(1) 927(2) 0.786(2) 1061(3)
0.160 | 0.1078(17) 146(2) 0.6425(9) 867(1) 0.752(2) 1015(3)
0.161 | 0.0914(15) 123(2) 0.5952(9) 804(1) 0.718(2) 969(3)

Table 7.14: Numerical results for SU(6). Masses in lattice units have been
converted to physical units by noting a = 1/(5T%).

Meson masses at finite N,

The pion is the would-be Goldstone boson of chiral symmetry breaking.
Chiral perturbation theory at leading order predicts

1/2

1 1

mﬂ:A(—> .
K Ke

Hence the value of x corresponding to the chiral limit, ., can be obtained
by fitting the pion mass according to the equation (7.42). Equation (7.42)
is modified for the quenched theory, where quenched chiral logs appear. For
quenched SU(N,.) gauge theory we expect

1/[2(1+9)]
1 1
my=A ( — )

K K¢

(7.42)

, (7.43)

where § is positive, O(10~1) for SU(3) and goes like 1/N, [63].

The mass of the pion can be extracted by looking at correlators Crr in
which T' is either 5 or 797ys. In the latter case, it was not possible to extract
a signal for all x’s in SU(2). Hence, although in general mass plateau fits of
~oys have a lower x?2, we will mostly focus on numerical results obtained with
I'= Y5-

As N, grows, so does m. at fixed x. A plot comparing numerical results for
the e [edtive mass extracted from C., ., is shown in figure 7.3.2. A linear fit to
the data according to the equation (7.42) enables us to extract the critical values
of x for the N, at which we have simulated. Results are shown in table 7.15. The
mass obtained from the C,,+, .+, correlator yields compatible results. Higher
statistics and a careful study of the systematics are necessary for a more precise
determination of the critical value of .
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Ke A
0.15827(12) | 1.0583(99)
0.16359(28) | 1.142(21)
0.16556(23) | 1.201(14)
0.16716(12) | 1.2422(69)

o N w2

Table 7.15: Fitted values for k. and A at various ..

Generally the reduced y? of the fits according to the equation (7.42) varies
between two and four. One can check whether this relatively high value of x2 is
due to the fact that we are neglecting chiral logarithms. For N > 2, fits accord-
ing to (7.43) yield a value of x2 that is below one, but ¢ is found to be negative.
This agrees with the findings of [64], where the negative value is interpreted as
a consequence of simulating far from the chiral limit. In fact, for N = 2, where
we have the lightest pion mass, ¢ is found to be compatible with zero. As one
would have expected, for m, > 450 MeV there is no sensitivity to the chiral
logarithms [63]. Instead of relying on phenomenological fits like in [64], we ac-
knowledge the impossibility to determine § and neglect the chiral logarithms,
using the chiral behavior (7.43) to get an estimate for the systematic error as-
sociated with this approximation. For SU(2), the three-parameter fit gives a
value of k. that is higher than the fit with § = 0 by about 1%. Considering that
d o« N7, a conservative but safe estimate for the systematic error associated
with the chiral logarithms is of the order of a few percent. This is in agreement
with the literature for SU(3) [64]. We will come back on issues associated with
the chiral logarithms in the next subsection.

The mass of the rho has been extracted from C., -,, after taking the average
over the spatial direction < of the correlation functions. Fits in the C, +, .
channel also yield compatible results.

At small quark mass, m, depends linearly on the quark mass and goes to
a finite value in the chiral limit. Using (7.42), this can be rephrased into the
following relationship between m, and m,

m, =mX + Bm}. (7.44)

where mX is the mass of the rho meson at the chiral point. Note that the
previous equation is not modified by chiral logarithms [63]. Assuming that the
equation (7.44) holds in our case®, we can fit mx and B at the various values of

5More sophisticated dependencies (e.g. the addition of a linear term in m, to (7.44),
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amy B
0.3890(75) | 0.797(31)
0.4683(25) | 0.6455(84)
0.5018(36) | 0.5905(88)
0.5238(40) | 0.5533(77)

O‘J-POQNDZ

Table 7.16: Extrapolation of m, to the chiral limit.

N, from our data. Our results for those quantities are reported in table 7.16.
The reduced x? of the fits (which keep into account both the error on m, and
the error on m,) is always less than one.

PCAC

As noted in the previous subsection, equation (7.42) only holds for the full
theory, while it is modified at small masses, where quenched chiral logs become
important. An alternative way of defining ., which is free from these ambigui-
ties, makes use of the partially conserved axial current (PCAC) relation. In the
continuum, the PCAC relation reads

({%Au(l‘) = 2mPCch(x) 5 (7.45)

with A#(x) = a(x)y,vsd(x) and j = @(x)vysd(z). The previous equation allows
us to determine mpcac as

1 ([ d#(3A%(2))j ' ()))
2 ([dEZj(x)it(y)
where y is an arbitrary point. On the lattice an e[edtive mass mpcac(t) can
be defined as

(7.46)

MpCAC =

10y (t+1) = Coprp st — 1
WLPCAC(t) _ 7070’%»75( + ) CFYO,Y‘”,YS( ) (7.47)

4 C’Ysﬁs (t)

and once again fitted at plateau. Note that with our choice for the discretized
fermions PCAC holds on the lattice up to terms O(a). In practice, since
mpcac(t) defined through the equation (7.47) is antisymmetric around the

which is motivated by phenomenology) are also supported by our data. In the absence of any
evidence against it, we chose to fit the parameters using the simple chiral functional behavior.
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Figure 7.8: mpcac(t) as a function of ¢ for k = 0.156.

point N./2, one averages the absolute values at points ¢t and N; —¢t. An ex-
ample of an e [edtive mass plateau obtained using the formula (7.47) is given in
the figure 7.3.2.

Since mpoac = Zm(1/k —1/k.), we can determine k. as the value for which
mpcac = 0. A linear fit to the data enables us to extract .. Results for
N = 2,3,4,6 are reported in table 7.17. Comparing with the similar fits from
m, (table 7.15), it is immediate to see that using mpcac We get values for .
that are systematically lowerS. Although this e[edt is below half a percent,
it is by far larger than the statistical errors. This discrepancy might be due
to the diCerknt chiral behavior of the two definitions of the quark mass for the
guenched theory or be a consequence of the underestimation of the errors due to

6This should be contrasted with fits that keep into account chiral logarithms, for which we
find values of k. systematically higher.
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Figure 7.9: m2 as a function of mpcac at the various N.. The values of m, at
mpcac = 0 have been obtained with a linear fit to the data, as discussed in the
text.

the use of uncorrelated fits, as we have discussed above. However, at our value

of the lattice spacing discretization errors also play a relevant part. In order

to investigate these issues, we have analyzed m, as a function of mpcac. Our

results are reported in figure 7.9, where m, is plotted as a function of mpcac.
The expected quadratic behavior

m2 = Cmpcac (7.48)

is not obeyed by our data. To extrapolate to the chiral limit, we need to correct
the above relationship by allowing for a non-zero value for m, when mpcac is
zZero:

m2 = Cmpcac + B , (7.49)

where B and C' depend on N.. B (obtained from a fit according to the previous
equation keeping into account both the errors on m, and on mpcac) is roughly
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Ke A
0.15792(25) | 0.331(15)
0.16306(10) | 0.372(10)
0.16513(15) | 0.422(12)
0.16657(15) | 0.438(11)

o w2

Table 7.17: Extrapolation of x to the chiral limit using mpcac-

of order 102 and independent of N.. If the existence of a constant (as a
function of N.) residual m,. as m — 0 were a sign of the failure of the quenched
approximation, we would have expected B to go to zero as N. — oo. This
expectation is not supported by our data. On the other hand, having fixed
the lattice spacing across the gauge groups, any discretization artifact would
be constant in N.. Hence, it is likely that this residual mass is (mostly) due
to the violation of PCAC on the lattice. If this is correct, also the systematic
discrepancy between the two sets of k. should be due to lattice artifacts. In
order to settle this issue, a systematic study at di Lerent lattice spacings needs
to be performed.

7.3.3 Extrapolation to SU(c0)

Using data at finite V., we can estimate the behavior of the lowest-lying me-
son masses at N. = co. Following similar analysis performed in pure gauge [12,
17, 18, 14, 15, 21, 65], we use predictions from the large-N,. expansion to see
whether they hold in the non-perturbative regime. In practice, we take the
asymptotic expansion for an observable O in the quenched case [1]

Qy

O(N,) = O(0) + Z T (7.50)

and we check whether a reasonable (as dictated by the number of data) trunca-
tion of this series accommodates our numerical values. In the pure gauge case, a
precocious onset of the large-N, behavior has been found for all the observables
that have been studied (which include glueball masses, deconfining temperature
and topological susceptibility): the O(1/N?) correction correctly describes the
data down to at least N, = 3, often including also the case N, = 2. From
a qualitative point of view, it is already clear from what we have seen so far
that the quantities we have investigated have a mild dependence on N.. In this
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section, we want to study whether this dependence is correctly described by a
large- N -inspired expansion.

k. can be computed in lattice perturbation theory [66]. The result at one
loop is in agreement with the predictions of the large-N, limit: this quantity
receives a correction O(1/N?). This motivates the fit
a
N
For k. obtained via the equation (7.42), we get x.(co0) = 0.1682(1) and a =
—0.0398(6), with x2 = 0.6. The quality of the fit is good, and the coe Lcieht
of the 1/N?2 correction is small, as one would expect for a series expansion.
Similarly to the pure gauge case, we observe an early onset of the asymptotic
behavior, which captures also the SU(2) value. Our data and the large-N,
extrapolation are plotted in figure 7.10. The same extrapolation for the critical
value of x obtained using the PCAC relation yields x.(oc0) = 0.1675(2), a =
—0.039(1) and x2 = 1.3. The discrepancy between the values of «.(cc) could be
due to lattice discretization artifacts, as discussed in subsection 7.3.2. We take
the dilerknce between the two determinations should be seen as an estimate
of the systematic error. The fact that the angular coe [cieht a has the same
value seems to corroborate this hypothesis. A more precise determination of x.
is beyond the scope of this work.

The slope A in (7.42) can also be extrapolated to the N. = oo limit, with
corrections that are O(1/N2):

A(N,) = A(c0) +a/N? . (7.52)

For the C,, ., results, the fit gives A(co) = 1.262(8) and a = —0.82(6) with
x? = 1.2. This allows us to write the mass of the pion as a function of x at
N, = o0 as

K?c(Nc) = K’C(OO) + (7.51)

my = 1.262(8) (1/k — 5.945(4))"/2 | (7.53)
where the values of «. obtained from fits to C,, ,, have been used (using the
PCAC value gives a slightly discrepant result, for the reasons discussed in sub-
section 7.3.2). We plot in figure 7.11 the data for the dependence of m?2 as a
function of «, with a fit according to (7.42). We also plot in the same figure the
equation (7.53).F6(:)]TJ/F8 6.9738 Tf 8.747 -1.494 Td [()]TJ/F8 29.9626 Tf 7.94 1.494
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Figure 7.10: Extrapolation of . to N, = oc.
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Figure 7.11: m, as a function of 1/x. The curves through the data are obtained
from a fit assuming the expected leading dependence from chiral perturbation
theory. Also shown is the extrapolation to N, = co.
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Figure 7.12: m, vs. m2. Lines through the data have been obtained with a

plot inspired by chiral perturbation theory. Also shown is the extrapolation to
N, = .

The tiny x2 for B(co) is particularly surprising, given the statistical indepen-
dence of the measured values of B(N,.). We see that once again the leading
behavior describes very well the parameters and that the coe Lcieht of the 1/N?
correction is order one.

As a result of this analysis, at V. = co we can describe m, as a function of
My as

m, = 0.539(3) + 0.5224(8)m2 . (7.55)

This relationship, together with the data and the fits at finite V., is plotted in
figure 7.12.
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7.3.4 Discussion

The masses of the rho and pi in the large-N. limit of QCD have been com-
puted, by extrapolating from the quenched data at N. = 2,3,4,6 and by using
the large- N, behavior deduced from arguments inspired by a diagrammatic ex-
pansion. We find that the extrapolation works well in its simplest form, i.e.
using only the leading correction to the large- N, value. This allows us to de-
termine the behavior at N. = oo of the mass of the pion as a function of the
renormalized quark mass and of the mass of the rho as a function of the mass
of the pion (chiral perturbation theory has also been used as an input).
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Figure 7.13: m,/\/o vs. mZ/o. In this plot, the data of Bali and Bursa (B&B)
and ours are reported. Courtesy of Francis Bursa.
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(after normalizing the mass of the rho in the chiral limit to our data) finds for
the coe [cieht of m?2 (see equation (7.44)) 0.57. This number is in agreement
with our calculations within 5%. However, before we can draw any conclusion
from the comparison with the lattice, an extrapolation of the lattice data to the
continuum limit is needed.

Beyond the specific numerical details, our calculation seems to indicate that
(a) the large-N, theory is a well defined theory; (b) lattice calculations can be
successfully exploited to compute the parameters of this theory; (c) at least in
the quenched theory, to describe results at any finite N, only the first term in the
expected power series in 1/N?2 is required; (d) the coe Lcieht of the correction is
at most order one, justifying the idea of a power expansion. All these indications
are perfectly in line with what we have already learned for the SU(N.) theory
without fermionic matter. Although this can be considered obvious, since our
calculation is quenched, we stress that the N. = oo limit is also quenched. In
other words, to describe the limiting theory a quenched calculation su [ced. The
inclusion of the full fermion determinant becomes mandatory if one is interested
in the actual size of the finite V. corrections. In particular, one expects larger
corrections (O(ns/N,)) in the unquenched theory.

As | have stressed several times, one of the main limitations of this calcula-
tion is that our chiral extrapolations are not sensitive to the expected chiral log
behavior. We have conservatively estimated that this approximation produces
a 3% systematic error. This error does not a[edt our conclusions. Moreover, we
note that chiral logarithms do not modify the formula (7.57). In any case, in
order to make more robust estimates, better control on the chiral extrapolation
should be achieved. This requires simulating at smaller pion masses. It would
also be nice to check that the chiral log e [edts decrease as N, increases.

Another source of systematic error in our calculation is the fact that sim-
ulations have been performed at one single lattice spacing. For this reason we



Chapter 8

Towards dynamical fermions
— the HiRep code

As already pointed out in the Introduction, performing simulations at large
number of colours with dynamical fermions in a two-index representation is
computationally a hard task.

If a Hybrid Monte Carlo (HMC) algorithm is used, the computation of the
gluonic part of both the action and the force requires the multiplication of link
variables; these operations take a time (asymptotically) proportional to N2. The
computation of the fermionic action and force requires the multiplication of the
inverse Dirac operator times a random source. The inverse Dirac operator is
usually computed with some iterative method. At each step, the Dirac operator
is applied to a spinor. If dg is the dimension of the fermionic representation, this
operation take a time proportional to d%. Moreover, the number of steps in the
iterative process do not seem to depend significantly on the number of colours.
This means that, if quarks in the fundamental representation are simulated,
the computation of the fermionic part of the action and the force take a time
proportional to N2. At very large N, this should become irrelevant with respect
the computation of the gauge part. But at some reasonable N., the computation
of the fermionic terms usually dominate, since the number of iterative steps in
the inversion algorithm is high. The situation gets worse when fermions in a
two-index representation are considered. In this case, the computation of the
fermionic terms takes a time proportional to N2 (since dr goes like N?2).

It is clear that a well-optimized and parallel code needs to be developed in
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order to simulate dynamical fermions in a two-index representation. At present,
no codes are available for simulating higher representations at various N.. For
these reasons we! have preferred to develop a bespoke code (HiRep), starting
from scratch.

In what follows, the main features of the HiRep code (also presented in [70]),
that are currently implemented, are summarized.

HiRep can simulate SU(N.) pure Yang-Mills theories. A Monte Carlo
ensemble of gauge fields is generated via the Cabibbo-Marinari algo-
rithm [56]. This is a standard feature, already implemented in other
available codes.

HiRep can simulate SU(N.) gauge theories with Wilson fermions (Wilson
action for the gauge field + one-link Wilson-Dirac pseudofermion action) in
the following representations: fundamental, adjoint, antisymmetric, sym-
metric. Optimized code has been developed for each one of these repre-
sentations. A Monte Carlo ensemble of gauge fields is generated via the
RHMC algorithm [71].

The computation of the isotriplet mesonic correlators with Wilson
fermions is implemented, with the method of the point-to-all propagator.

The computation of the fermionic condensate with staggered fermions is
implemented.

Here, the features that are currently under development follow.

Parallel computation. This feature is being implemented in two steps:
definition of the geometry (how the lattice is distributed over the nodes,
which are the boundaries of the sublattices, which are the bu [ers needed
for the communication between the nodes); implementation of the com-
munication between nodes (by using the MPI — Message Passing Interface
— library) in the existing code, where nearest neighbours or global opera-
tions are required.

All-to-all propagators techniques for the computation of isosinglet meson-
ic correlators. In particular, the algorithms described in [72] are being
implemented.

luntil the present stage, the code is developed in collaboration with Luigi Del Debbio
(Edinburgh), Biagio Lucini (Swansea), Claudio Pica (BNL).
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N | time | Dirac op’s per config.
2 3d n.a.
3 | 10d 7500
4 | 21d 5000
6 | 50d 5000

Table 8.1: This table refers to the computation of the mesonic correlators
(fermions in the fundamental representation), described in section 7.3. An
ensemble of 100 gauge fields were generated on a 32 x 162 lattice, with the
Cabibbo-Marinari algorithm. The correlators were computed with a mul-
tishift inverter, at x = 0.156,0.155,0.154,0.153,0.152 for SU(2), and « =
0.161,0.160,0.159,0.1575,0.156 for the others. The total time required for the
simulations is reported, as well as the number of applications of the Dirac matrix
per configuration. The time required to generate the gauge fields was approxi-
mately 10% of the total time.

e The sign function of determinant of the Dirac operator, in order to simu-
late one dynamical flavour.

The numerical results presented in chapter 7 were obtained by running the
HiRep code, in its non-parallel form. In tables 8.1, 8.2, the time required by
those simulations is summarized. All these times refers to quenched simula-
tions. We can roughly estimate the time required for dynamical simulations
with the same parameters, by computing the average time per each inversion of
the Dirac operator and multiplying it by 100 configurations, 100 steps of molec-
ular dynamics (MD) per each configuration, 3 inversions of the Dirac operator
per each MD step. If the computation is spread over the 60 processors available
at Swansea University (the time for the communication among the processors
is not taken into account; however this estimate should give a reasonable order
of magnitude), the time required is reported in tables 8.3, 8.4. Clearly these
computations need a large amount of computing resources; however from these
estimates we conclude that dynamical simulations can be reasonably faced with
the presently available resources at not too large volumes (144 is a realistic size)
and not too large N. (IN. = 6 is a realistic value).

In the following sections, | will describe in some details the algorithms im-
plemented in the HiRep code.
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N | repr. | time | Dirac op’s per config. | Smallest mass
2 | Adj | 30h 25000 1073

3 | Adj | 130h 26000 1073

4 | Adj | 47h 2200 1.2 x 1072
6 | Adj | 150h 2200 1.2 x 1072
8 | Adj | 850h 2200 1.2 x 1072
2 S 53h 26000 1073

3 S 140h 26000 1073

4 S 30h 2200 1.2 x 1072
6 S 140h 2200 1.2 x 1072
8 S 350h 2200 1.2 x 1072
3| AS 14h 5900 1073

4| AS | 14h 2100 1.2 x 1072
6 | AS 65h 2200 1.2 x 1072
8 | AS | 210h 2200 1.2 x 1072

Table 8.2: This table refers to the computation of the fermionic condensate,
described in section 7.2. An ensemble of 100 gauge fields were generated on a 14*
lattice, with the Cabibbo-Marinari algorithm. The condensate was computed
with a multishift inverter at various values of the mass (the smallest one is
reported in the table for each simulation). The total time required for the
simulations is reported, as well as the number of applications of the Dirac matrix

per configuration.

time using 1 proc.

time using 60 proc.s

o~ wNZ

75d
250d
400d
630d

2d
5d
7d
11d

Table 8.3: The time required for generating an ensemble of 100 gauge field in-
teracting with dynamical fermions is estimated. The parameter are the same as
in the computation of the mesonic masses (Wilson fermions in the fundamental
representation, 32 x 163 lattice, aT. = 0.2, x = 0.156,0.155,0.154,0.153, 0.152

for SU(2), and x = 0.161,0.160,0.159,0.1575,0.156 for the others).
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N | repr. | time using 1 proc. | time using 60 proc.s | Smallest mass
2 | Adj 380d 7d 1073

3 | Adj 1700d 29d 1073

4 | Adj 590d 10d 1.2 x 1072
6 | Adj 1900d 32d 1.2 x 1072
8 | Adj 11000d 180d 1.2 x 1072
2 S 670d 12d 1073

3 S 1800d 30d 1073

4 S 380d 7d 1.2 x 1072
6 S 1800d 30d 1.2x 1072
8 S 3600d 73d 1.2 x 1072
3| AS 180d 3d 1073

4 | AS 180d 3d 1.2 x 1072
6 | AS 820d 14d 1.2x 1072
8 | AS 2700d 45d 1.2 x 1072

Table 8.4: The time required for generating an ensemble of 100 gauge field
interacting with dynamical fermions is estimated. The parameter are the same
as in the computation of the fermionic condensate (staggered fermions, the
smallest mass and the fermionic representation are in the table, 14* lattice,

aT, = 0.2).
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8.1 The HMC algorithm

The main idea of the Hybrid Monte Carlo (HMC) is that the probability dis-
tribution e~ of the functional integral of a quantum field theory in 4 Euclidean
dimensions can be generated as the thermal distribution of a 4+1 classical field
theory, and this one can be obtained as the limit probability of a Markov chain.
Let us see how this works in some details.

8.1.1 Bosonic fields

Given the action S(¢) of a system of bosonic fields ¢, the HMC algorithm
produces a sequence of fields (¢1, ..., ¢,,...) that approximates the probability
distribution Pg(¢) = 1/Z exp[—S(¢)]. More precisely, if f(¢) is an observable,
its expectation value is given by:

(6) = [ 10)Ps(@)do = lim =5 f(61) . 61)

The sequence above is generated as a Markov process, i.e. each configuration is
obtained from the previous one, by means of a stochastic evolution characterised
by a time-invariant transition probability Pr(¢ — ¢'). From the general theory
of the Markov chains, if the process is ergodic and the transition probability
satisfies the detailed balance:

Ps(¢)Pr(¢ — ¢') = Ps(¢')Pr(¢' — ¢), 8.2)

then the Markov process reproduces correctly the probability Pg(¢).
The transition probability Pr(¢ — ¢') is defined by means of the following
three-steps process.

1. Expand the configuration space with additional fields, the “momenta” =
randomly chosen with probability Py (w) such that Py (7) = Py(—m). Usu-
ally one takes Py () o< exp[—m2/2].

2. (Molecular dynamics.) In the extended configuration space (¢, ), gener-

ate a new configuration (¢, 7’), by evolving for a fixed “time” the starting
configuration along the flow defined by the Hamiltonian:

H(m,¢) = —In[Py(m)Ps ()] = 7> /2 + S(¢) ,
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where 7 and ¢ are considered as classical conjugate variables. This step
is characterised by a deterministic transition probability (it is a delta-
function) P,((¢,7) — (¢',7")). Of course, the Hamilton equation are
integrated numerically and the transition can result distorted. One must
just assure that it satisfies the reversibility condition:

Ph((¢a 7T) - (¢,77T/)) = P}l((¢l7 —7T/) - (¢7 —7T)) .

. (Metropolis test.) Accept the new configuration ¢’ with probability
Ps(¢') Pe(m) }

" Ps(¢)Pi(m) J

If the Hamiltonian H were exactly conserved in the previous step, this
probability would be exactly 1. An acceptance rate less than 1 corrects
the systematic errors due to the numerical errors.

Po((¢,7) — (¢, 7)) = min {1

It is easy to see that the resulting probability

Pr(6— &) = / drdr’ Py(m) Py ((6,7) — (&', 7)) Pul(6,7) — (#,7)), (8.3)

satisfies the detailed balance. The choice of Py (7) as a Gaussian distribution is
generally believed to guarantee ergodicity.

8.1.2 Fermionic fields

When fermionic degrees of freedom are present in the action, we can first

integrate them out, resulting in a non-local bosonic action and then apply the
above scheme. In practice, to deal with a non-local action is not convenient
from a numerical point a view and stochastic estimates are used.

Consider a quadratic fermionic term in the action: S(i,v) = M+ with a

generic interaction matrix M (¢) function of the bosonic fields ¢. The contribu-
tion of this term to the partition function is

/ ddip exp|—S(§, )] = det[M(8)] .

Assuming that the matrix M (¢) is positive definite, we can rewrite

det[M] = /dﬁdn exp[f(M) '],
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where 7, are two new complex bosonic fields, called pseudofermions. This
term can be taken into account generating random pseudofermions 7, n with
the desired probability distribution and keeping then fixed during the above
HMC configuration generation for the remaining bosonic fields ¢.

8.2 SU(N,) notation
The generators of the SU(N.) group are taken hermitian:
T =T° . (8.4)

For the fundamental representation, the normalization of the generators is such

that: 1
— sab
5 0. (8.5)

For a generic representation R, we define R[T*] to be the generator in such a
representation R, with the normalizations:

tr (T°T") =

tr (R[T*|R[T"]) = Tr6™ , (8.6)
> (RITIRIT]) 45 = Ca(R)dap 8.7)

which imply: .
Tr = Wcz(R)dR : (8.8)

where dg is the dimension of the representation R. The computation of the
quantities Tr, C2(R), dg is a standard issue of the representation theory. For
the representations we are interested to, those are listed in table 8.5. A generic

Table 8.5: Group invariants

R dr Tr Co(R)

2
fund N, i 1\;1\; !
Adj N2 -1 N. N,

25 | IN(N.+1) | NetZ | Cy(f)2Net2)
2AS | INL(N.—1) | Mem2 | 0y(f) 202

element of the Lie algebra can be equivalently thought as a N, x N, antihermitian
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matrix X = iX%T* or as N? — 1 vector X, The scalar product in the algebra
is defined as:
(X,Y) =tr (XTY) =Ty x°Y*. (8.9)

8.3 The fermionic action
We used the Dirac operator in the Wilson discretization:
D, =m— % {9 (Ve +V3) = ViVu) (8.10)
with the Lie derivative V,, defined as:
V(@) = RUL (@) + 1) () (8.12)
Vit (@) = (@) — RUu(x — )" — f2) (8.12)

In order to implement the fermionic action with the pseudofermion technique
described in subsection 8.1.2, we need a positive definite operator. A hermitian
Dirac operator is obtained as:

Qm = 75Dm ; (813)

therefore, 2, is a positive definite operator. The following relationships among
the determinants hold:

Det Q2, = (Det Qyn)? = (Det Dy )° . (8.14)

In general, Det D,,, is real but not positive, thus we need care in taking the
square root:

(Det D)™ = (Det Q2,)"?sgn (Det D,,,)™" . (8.15)

m

If the number of flavours is even, we can neglect the sign function. | will make
this assumption from this point. The determinant can be estimated now by
introducing the pseudofermion ¢.

(det D)™ / DDt ¢ (@) "o (8.16)
The pseudofermion ¢ is generated randomly with the correct probability
distribution at the beginning of each update procedure. This can be done gen-

erating a random pseudofermion R with a Gaussian distribution oc exp(—RR),
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and then computing ¢ = (Qf,,l)Nf/4 R. The fractional power of the matrix Q?,
can be approximated with a rational function:

dq
(@)Y =1 (@2) = ag + 3 ah(@2 - ) (8.17)

n=1

The d, inversions can be obtained by means of a standard multishift algorithm.

8.4 Molecular dynamics

8.4.1 Computation of the force

The HMC Hamiltonian is given by the sum of the momenta, gauge field and
pseudofermion Hamiltonians:

H ="M, +He+Hr, (8.18)
where
1 1 .
H, = 3 ;tr [ (), (2)] = ETf ag:ﬂ Wu(x)2 , (8.19a)
2
Ha = Ne (1 L tr U(p)) , (8.19b)
A N,
pELD
He =o' (Q%) V%4, (8.19c)

and we have introduced for each link variable a conjugate momentum m,(x) =
imy,(1)T'¢ in the algebra of the gauge group.
The equation of motion for the link variables are given by (the dot indicates
the derivative with respect to the molecular dynamics time 7):
Uu(z) = 7 (2) Uy () | (8.20)

while the equation of motion for the momenta can be obtain as follows from the
requirement that the Hamiltonian # is conserved:

0=H="H.+Hg+Hr. (8.21)
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For the first two derivatives we have:

He =Ty Y Y wli(z)il(x), (8.22)

T, a

He = Z —% Re tr {UM(JC)VJ(@} =
= Z——éﬁetr o x)Uu(lU)VJ(m)] =

_Zz_ﬂr ) Re tr [iTUy(2) V] (2)] , (8.23)

T,u a

where V,(z) is the sum of the staples around the link U, (x).
Before computing the fermionic force, it is useful to estimate the fractional
power of the matrix @2, again with a rational function:

da
(@) N2 = ry(Qh) = af + Dl (@ — B (8.24)
n=1
The fermionic Hamiltonian becomes:
da
P=andl (@ -5 (8.25)
n=1
Now, the computation of the fermionic force goes as follows:

da
HF = -2 Z Oélr)LQST(an - ﬁZ)_lQQO(Q?n - ﬁfL)_l(b =

do
=2 o’ Qmnn (8.26)

where | have defined:

m=(Qn, =009, (8.27)
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Inserting the explicit form of @,,, we obtain:

da
e =30k {60! SR = )+ i)+
n=1 T,
+alo )R] 01+ 7o) | =
do d
=0y a3 {6, () RO a0 = (o + 1)+
n=1 T,

(0 SR (1 )6l + 0} (329)

where | made explicit the fact the the whole expression is real. | now use the
fact that

LR = Riru(DIRIV, ()] = im @) RITIRU, @), (830

and obtain for the derivative of the fermionic Hamiltonian:

Hp = Z Z m,(z) Re tr {iR[T“]R[UH(x)]'yg,(l — Yu) X

do
x Yol e+ @) @ 6@) + e+ D @n@)] }. (@3

n=1

Inserting equations (8.22), (8.23), (8.31) into (8.21) we obtain the equation
of motion for the momenta = (x, )

7u(x) = 76, (2) + 75, () (8.32)
. a 1 a
TG, () = ]/ffo Retr [iT7U (z, wVTi(zx, w)] (8.33)
i, () = = Retr {iRIT*IRIU, (@)} (1 = 7,) %
da
<Yl e+ ) 2L@ +ae+pen@] ). 634
n=1
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8.4.2 Integration of the Hamilton equations

The molecular dynamics is obtained with a second-order expansion of the
Omelyan integrator [73], which is given formally by:

U((;T) _ e)xéTQe(STP/Qe(l—Q)\) 57’Q667'P/26A57'Q , (835)

where P and @ are the update operators of the momenta and of the links
respectively. The optimal value for A found in [74] is used.

8.5 Metropolis test

In order to perform the Metropolis test, the computation of the Hamiltonian
is required. The computation of the momenta and gauge terms is straightfor-
ward. While the fermionic part is computed as:

Hrp=X'X, withx=(Q2) "¢, (8.36)

m

and the last rational approximation is used:

de
-N _
(@) M (@) =g+ >l -5 (8.37)
n=1

8.6 Notes on the rational approximations

In order to compute the coe [ciehts «,,, 3, appearing in the rational ap-
proximations the Remez algorithm is needed. In our implementation we do not
compute those coe Lciehts “on the fly”, but rather we use a precomputation step
to generate a table of coe [ciehts form which we pick up the right values when
needed. The generation of this table goes as follows.

First note that we need to compute rational approximations for a function
f(x) of the form f(z) = z' and the approximation must be accurate over the
spectral range of the operator Q2,. To simplify the computation of the table we
note that the following proposition holds: if f(x) is a homogeneous function of
degree [ and r(z) is an optimal (in the sense of relative error) rational approx-
imation to f(x) over the interval [e,h] to a given accuracy then r(kz)/k! is an
optimal rational approximation for the same function and the same accuracy
over the interval [¢/k,h/k]. Notice that the coe [ciehts of the “rescaled” ratio-
nal approximation are easily obtained from that of the original approximation.
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A simple corollary is that, given a homogeneous function f(z), we can divide
the rational approximations with the same accuracy in classes distinguished by
the ratio e/h; within each class the coe Lciehts of the rational approximations
are easily related to each other, so that we only need to compute one rational
approximation in each class. This is what is done in our implementation.

In detail: we generate a table containing the coe [ciehts for the rational
approximations belonging in di [erent classes distinguished by the function f(x)
which we want to approximate and the accuracy which is required. We arbitrary
set h to a fixed value equal to the absolute upper bound on the spectrum of the
matrix Q?2,. This choice fixes the representative of each class, because the lower
bound of the approximation is now a function of h.

At run-time this table is used to generate optimal rational approximations
rescaling the precomputed coe [ciehts to the desired interval containing the
spectrum of the matrix Q2,. This interval is obtained by computing the max-
imum and minimum eigenvalue of Q2, on each configuration when needed. In
our code we update this interval only before the metropolis test, while we keep
it fixed during the molecular dynamics.

8.7 Conventions used in the code

8.7.1 Representations

The hermitian generators T’} for the fundamental representation used are of
the form:

010 0 2 0 1 0 O
1 00 - 0 0 o1 0 ...
0 00 " 0 0 O [0 0 =2 ... " (8.38)

normalized so that Ty = 1/2. The generators for the other representations will
be obtained in the following.

We first give the explicit form for the representation functions R which map
U — UT. We define for each representation an orthonormal base ey for the
appropriate vector space of matrices.

For the Adjoint representation we define the base e 44; for the IV x N traceless
hemitean matrices to be %, = Tf¢/\/Ty, a =1,...,N* — 1 (i.e. proportional
to the generators of the fundamental representation and normalized to 1.)
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For the two-index Symmetric representation the base e(sij), with ¢ < j, for
the N x N symmetric matrices is given by:

01 0 ...
. . ij 1 1 0 0 ...
17, egj):— o0 0 | (8.39)

: (8.40)

where the non zero entries are at position (i, ), etc.

For the two-index Antisymmetric representation the base e(j?, with i < j,
for the N x N symmetric matrices is given by:

0 1 0

Gy_ 1 -1 0 0
€as = \/5 0 0 0 ) (841)

where, as above, the non zero entries are at position (i, 7).
The maps R are explicitly given by:
(RAU) gy = ULY = tr [ehUeh;UT] Lab=1,...,N*—1, (8.42)
(RSU)ijyam) = Uljymy = tr [(eg”)TUeg’“)UT} G<il<k,  (843)
iJ)\ 1 Ik . .

(RAU) iy = Uty = b1 [(8)TUBUT] i< jit<k. (844)

The generators 15 used are defined as the image of the generators in the
fundamental under the dilerential of the maps R defined above: T; = R.T}.
Explicit expression can easily be worked out form the definition above. The
invariants Tr and Cy(R) for the generators defined in this way are given in
table 8.5.

8.7.2 ~ matrices

We use the chiral representation for the Dirac v matrices:

0 e,
Yo = (€L 6) : (8.45)
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where e, are 2 x 2 matrices given by: eg = —1, e, = —ioy,
0 1 0 —i 1 0
g1 = (1 0) , 02 = <Z 0) , 03 = (0 1) . (846)
We have:
1 0
V5 = YoY17V2Y3 = (0 1) : (8.47)
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Chapter 9

Conclusions and outlook

The orientifold large- N, limit of QCD and the orientifold planar equivalence
have been discussed in this work, mainly from a lattice point of view. The
orientifold planar equivalence is indeed expected to be valid also at fixed lattice
spacing. Some debated points, raised in the past against the orientifold planar
equivalence, have been discussed and actually resolved in its favour.

Summarizing, a multicolour version of QCD can be defined by taking some
of the quarks in the antisymmetric two-index representation of the gauge group
(OrientiQCD). In the large-N,. limit, this theory is found to be equivalent to
a gauge theory with the same number of Majorana fermions in the adjoint
representation (AdjQCD).

In this work, | have proved that the orientifold planar equivalence holds on
the lattice in the strong-coupling and large-mass phase (chapter 4). Unfortu-
nately, this phase is expected to be disconnected from the physical one (the
weak-coupling and small-mass phase, where the continuum limit is defined), as
it happens in the well-known case of the large-N. limit of 2d Yang-Mills. This
proof can be refined (section 3.4), and it has been shown that the equivalence
holds in the large-mass phase (no restriction for the coupling constant) under
the (commonly accepted) hypothesis that in pure Yang-Mills the charge conju-
gation symmetry is not spontaneously broken. Whether the large-mass phase is
analytically connected to the physical one or not, is still an open point for both
OrientiQCD and AdjQCD, and deserves some future investigation.

It was proved in [26] that the orientifold planar equivalence holds if and only
if the charge conjugation symmetry is not spontaneously broken in OrientiQCD.
It was shown that on a space with one small compact dimension and periodic
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boundary conditions for the fermions the charge conjugation is broken and the
equivalence actually is not valid. Therefore the validity of the equivalence re-
quires a phase transition as the size of the compact dimension grows, and the
restoration of the charge conjugation. In this work, I have shown as the break-
ing of the charge conjugation implies the presence of a baryonic current flowing
along the compact dimension (chapter 6) and thus it is intimately related to
the (explicit) breaking of the Lorentz symmetry. This picture (besides the CPT
breaking and the dependence on the boundary condition) strongly supports the
idea that the charge conjugation is restored at large enough size.

It was questioned in [24] that OrientiQCD and AdjQCD cannot be equiv-
alent, because these theories have di [erknt symmetry groups even at large-V..
Actually, the equivalence is claimed not to hold between the two full theories,
but just between the two sectors (the neutral sectors) of all the charge conju-
gation invariant and bosonic states. Although both the chiral symmetry group
(section 3.1) and the center symmetry group (chapter 5) are dilerent in the
two theories, only some subgroups map the neutral sector into itself. And in
this work it was shown that these subgroups are exactly the same in the two
theories, according with the orientifold planar equivalence.

All the pieces discussed here perfectly fit together in a puzzle that strongly
support the orientifold planar equivalence, and this analysis was one of the two
main goals of this work.

The other one concerns the numerical simulation of OrientiQCD and Ad-
jQCD. Since the 1/N, corrections are generally hard to handle analytically,
numerical simulation is the natural tool to quantify them. The HiRep code
(chapter 8) was developed for simulating gauge theories with fermions in the
two-index representations at generic N.. At present, a single-processor version
is ready, while the parallel version is being developing. As I highlighted several
times, the simulations of dynamical fermions in the two-index representations
requires large computing resources and a parallel code. However, some prelimi-
nary analyses of the performance of the HiRep code suggest that it will be able
to simulate dynamical fermions on lattices of the order of 14* sites and up to
N. = 6 with the resources already available (a 60-core cluster at the Swansea
University) in a reasonable time. N, = 8 is harder, but it could be still reliable
at least in the antisymmetric case.

It was shown in this work that in some cases, i.e. the computation of the pion
and rho masses in the quenched theory (section 7.3), N. = 6 is enough in order
to obtain very good extrapolations at N. = co. The fermionic condensate with
fermions in the two-index representations was also computed in the quenched
theory (section 7.2), but also N, = 8 was used in this case.
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The parallel version of the HiRep code is being developed in collaboration
with Luigi Del Debbio (Edinburgh), Biagio Lucini (Swansea), Claudio Pica
(BNL), Antonio Rago (Swansea), and it will be used more than one project:

e to compute the spectra of OrientiQCD and AdjQCD, and evaluate the
subleading corrections to the orientifold planar equivalence;

e to compute the masses of the isosinglet mesons in the 't Hooft large-/V,
limit (in collaboration with Gregory Moraitis (Swansea), Francis Bursa
(Oxford), Gunnar Bali (Regensburg));

e to investigate the softly broken supersymmetric Yang-Mills;

e to simulate models for the breaking of the electroweak symmetry via strong
interaction (technicolor).
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