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and layers at finite volume in a cloud of 7 and w mesons. Nucl. Phys. B, 1001:116501,
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The chapters are organized as follows:

e Chapter I is dedicated to reviewing the large charge expansion for Conformal Field
theories.

e Chapter II is based on [1].
e Chapter III is based on [2] and [3].

e The Conclusions summarize the results and give possible extensions of this work.






Abstract

This thesis aims to study large charged sectors of strongly coupled Conformal Field Theories
with global symmetries.

In Chapter I, we focus on the basic concepts of conformal field theories and the large
charge expansion. We illustrate this method using a U(1)-invariant CFT in d = 4 — €.

In Chapter II, we investigate the analytic properties of the fixed charge expansion for
several conformal field theories in different space-time dimensions. The models investigated
are O(N) and QEDs3. In d = 3 — € the contribution to the O(N) fixed charge @ conformal
dimensions obtained in the double scaling limit of large charge and vanishing e is non-Borel
summable, doubly factorial divergent, and with order /@Q optimal truncation order. For
d = 4 — ¢, the situation is different since the same large () and small € regime the next
order corrections to the scaling dimensions lead to a convergent series. The resummed
series displays a new branch cut singularity which is relevant for the stability of the O(N)
large charge sector for negative e.

In Chapter IIT we analyze the impact of the 8-angle and axion dynamics for two-color
QCD at nonzero baryon charge and as a function of the number of matter fields on the
vacuum properties, the pattern of chiral symmetry breaking as well as the spectrum of
the theory. We show that the vacuum acquires a rich structure when the underlying
CP-violating topological operator is added to the theory. We discover novel phases and
analyze the order of their transitions characterizing the dynamics of the odd and even
number of flavours. We further determine the critical chemical potential as function of the
f-angle separating the normal from the superfluid phase of the theory. Then, we determine
the impact of the f-angle and axion physics in the conformal phase of the large-charge
baryon sector of two-color QCD. We employ an effective approach featuring Goldstone
and dilaton degrees of freedom augmented by the topological terms in the theory. We
investigate how different dilaton potentials, including the ones for which a systematic
counting scheme can be established, affect the results. Via state-operator correspondence,
we compute the corrections to the would-be conformal dimensions of the lowest large-charge
operators as a function of the #-term and dilaton potential.
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Introduction

Quantum Field Theory (QFT) is nowadays one of the most successful frameworks for
studying the dynamics of interacting systems. Combining the principles of Quantum
Mechanics and Special Relativity, it provides a natural language for the description of
fundamental interactions. The Standard Model of particle physics stands as a remarkable
accomplishment of scientific thought, resulting in the unification of three of the four
fundamental forces of our universe.

The path integral formulation of QFT offers a natural procedure to quantize classical
fields and introduces a diagrammatic approach to perturbation theory through Feynman
diagrams. Perturbation theory relies on the fact that observables can be systematically
expanded as exact solutions plus deviations modulated by a ”small” parameter. Despite
its apparent simplicity, its importance in physics is undeniable. One of the most renowned
predictions is the anomalous magnetic moment of the electron in Quantum Electrodynamics
(QED), which is in agreement with the experiment in one part in ten billion, an astonishing
result [7].

Nonetheless, perturbation theory falls short of giving a complete solution. In QFT as
well as QM, the coefficients of the perturbative series grow factorially, leading to divergent
results. Even for weakly-coupled systems, there are sectors where perturbation breaks
down. An important example of this is the scattering of processes involving a large
number of particles. This phenomenon is relevant for multi-legged amplitudes for the next
generation of high-energy physics experiments, since perturbative unitarity may be violated
in multi-Higgs or bosons W, Z production [§].

On the other hand, many open problems in theoretical physics are non-perturbative in
nature. In particular, the Quantum Chromodynamics (QCD) phase diagram at low energy
and its finite density effects are quite challenging to analyze at non-perturbative level
[9, 10], being lattice simulations or effective field theories the most common frameworks
to investigate the strong sector. These circumstances makes mandatory to expand our
knowledge of methods in field theory that go beyond perturbation theory.

In this thesis, we employ different techniques to address strongly coupled QFTs.
Specifically, we focus on a special class of QFTs that are invariant under conformal
transformations. These types of theories are called Conformal Field Theories (CFTs), and
they typically appear as fixed points of the renormalization group (RG) flow. CFTs are
ubiquitous in theoretical physics, they describe second-order phase transitions in statistical
mechanics, the dynamics of the worldsheet of a two-dimensional string, and provide a
holographic description of gravity through the AdS/CFT correspondence. Due to their
larger symmetry group, their dynamics is significantly constrained to a set of two dynamical
variables {A;, A} collectively known as conformal data. Since CFTs lack an intrinsic
scale, they are usually addressed by introducing extra control parameters such as the e-
expansion or large-N expansion, or through non-perturbative frameworks like Monte-Carlo
or Conformal Bootstrap.



In this thesis, we investigate the conformal data of operators carrying a large value of
conserved global charges in strongly coupled CETs. Our starting point is the large charge
expansion. This method relies on the fact that at large quantum numbers, the dynamics
of a CFT simplifies, allowing a weakly-coupled effective field theory (EFT) description
in terms of the lightest degrees of freedom. The EFT’s dynamics is characterized by
the symmetry-breaking pattern coming from the charge fixing, in companion with the
non-relativistic Goldstone boson theorem. Quantizing the d + 1-dimensional EFT on
a compact manifold of characteristic scale Ry at fixed charge @, induces the following
hierarchy in which the EFT expansion is valid

1
Qﬁ
Ry’

A10W = L <A Ahigh =
Ry
Therefore, in analogy to chiral perturbation theory, we can compute the CFT data using as
control parameter fx\;ﬁ = Qll 77- This method was applied for the first time in [11], to study
the critical O(2) model in d = 3. It was shown that the scaling dimension for large-charge
operators behaves as

A(Q) = e3/5Q%% + ¢1 QY% — 0.0937 + ...

where ¢; denote the Wilsonian parameters that depend on the underlying theory. The first
terms originate from the ground-state energy at large charge, while the Q%-term, coming
from the zero-point energy of the fluctuations around the charged vacuum, is a universal
prediction in even dimensions.

Remarkably, it is possible to avoid the EFT construction if the theory posses an extra
small parameter. In [12] the authors focused on a U(1)-invariant theory in d =4 —e. It
was shown that it is possible to apply a semiclassical expansion at large charge, around a
non-trivial saddle point in the double scaling limit

Q — oo, €—0, Qe=fixed.

As a result, the scaling dimension of large charge Q operators can be written as follows

MQ = Y gebula), @ =

k=—1

where z is the 't Hooft coupling. Notice that this expression resums an infinite series
of Feynman diagrams of the standard perturbative expansion. The terms A_; and
Ay correspond to the classical and quantum contribution coming from the semiclassical
expansion at all order in z. After these seminal works, several theories have been investigated
using the large charge expansion such as (non-)abelian scalars models [13, 14, 15, 16],
effective field theories [17, 18, 19], Chern-Simons theories [20, 21], non-relativistic conformal
theories [22, 23], fermionic models [24, 25], as well as theories with Yukawa and gauge
interactions [26, 27] and the Standard Model [28].

This work attempts to combine the large charge expansion with other non-perturbative
frameworks such as resurgence and effective field theories near the conformal window
[18]. Resurgence provides us with a concrete framework to make sense of the unpleasant
feature of the perturbative approach in field theory. Most of the perturbative expansions
appearing in physics are divergent. Nevertheless, the agreement with experiments of many
results is quite remarkable if the perturbative expansion is truncated suitably (this is
known as optimal truncation). Resurgence [29, 30] makes use of the non-perturbative
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information hidden in perturbative expansion to turn formal divergent power series into
proper functions. A systematic way to do this is using Borel resummation. By performing
a Borel transform, the initial power series becomes a finite expression. Nonetheless, this
expression contains ambiguities, which are expressed as lines in the complex plane. It is
possible to cancel these ambiguities by including non-perturbative corrections into the
original power series. In this way, by including all the non-perturbative sectors, one gets a
well-defined answer.

On the other hand, the structure QCD phase diagram and its phase transitions as a
function of the number of flavors, temperature, and chemical potential is one of the most
challenging problems in theoretical and experimental physics [9, 10]. Since at low energies,
the coupling constant increases, only refined lattice simulations, and effective models have
proven useful. However, when the chemical potential is non-zero for N, = 3, importance
sampling is not applicable because the fermionic determinant becomes complex. This issue
is known as the sign problem. For N, = 2, the situation is very different since quarks
transform in the pseudo-real representation of the gauge group, leading to a real action.
Another interesting problem is the experimental absence of CP-violating terms stemming
from the topological sector of the theory, encoded in the theta-angle term. The main
motivation for considering this term is to understand the interplay between 6-physics, the
structure of the vacuum at finite density, and the impact on the conformal data of charged
operators near the conformal phase.

The present thesis is organized as follows. In Ch.1, we review the fundamental aspects
of a CFT. We then introduce the large charge expansion applied to a U(1)-invariant CFT
to compute the scaling dimension of charged operators ¢¢. We conclude this chapter by
defining the notion of dilaton dressing for near-conformal theories. Ch.2 is devoted to
employing resurgence techniques to study CFT data at a fixed charge for different models.
First, we review the main aspects of resurgence theory, optimal truncation, Borel transform,
and trans-series. Then, we study the O(IN) model in d = 3 — € and d = 4 — ¢, as well
monopoles in QF D3, finding non-perturbative corrections to the conformal dimension of
charged operators. In Ch. 3, we start by reviewing the effective Lagrangian for N, = 2
describing the Goldstone boson, in companion with the #-angle and axion. We compute
the ground state energy as a function of the different number of matter fields, #-angle, and
chemical potential. We discuss the chiral symmetry breaking and determine the spectrum
and associated. Then, using a dilaton dressing, we compute the leading near conformal
corrections on a cylinder to the scaling dimension of the lowest-lying baryon charge @
operator. The last chapter is dedicated to the conclusions and final comments.






Chapter 1

Conformal Field Theories

Our modern understanding of QFT is inherently connected with the renormalization group
flow. In general terms, RG studies the evolution of a physical system at different energy
scales, from the ultraviolet (UV) to the infrared (IR). At the IR fixed point, a theory
can exhibit different phases like a mass(less) gap or scale invariance with a continuous
spectrum. This last class is called Conformal Field Theory (CFT) and corresponds to the
central object of study in this thesis.

Several physical systems at the IR scale are described by a CFT. For example, the d = 3
Ising model, water, and ferromagnets at the critical point are all described by the same
critical ¢* theory at the Wilson-Fisher (WF) fixed point. This fact illustrates the concept
of universality, indicating that microscopic details become irrelevant at large distances,
and different theories look the same.

In this chapter, we introduce the building blocks of CFT. Our discussion will follow
mostly [31, 32]. We then explain the large charge expansion using the U(1) model [13]. We
conclude by discussing how to study near-conformal field theories using a dilaton field.

1.1 Conformal Algebra

Let us begin with a d-dimensional Euclidean space-time g,,, = 7),,,. We say that a coordinate
transformation is conformal if it leaves the infinitesimal line element invariant up to a local
positive term. For a conformal transformation x# — z'#(z), the line element transforms in
the following way

dz’? = Q(z)? da?, (1.1.1)

where dz? = n,,dz"dz”. The set of transformations ' = 2/(z) that satisfy equation
(1.1.1) constitute a Lie group known as the conformal group. These transformations possess
the property of preserving the relative angles between vectors. When Q(z) = 1, we recover
the familiar Poincaré group, given by translations, rotations, and Lorentz transformations.
To understand the structure of a general conformal transformation, let us examine its
infinitesimal action around the identity

2 =gt 4 (), Q*z) =1+ f(x), (1.1.2)

where €(x) and f(x) are of the same order. Plugging these expressions in (1.1.1) we get
the conformal Killing equation
2

Ouey + 0vey = pi

Op€ Ny - (1.1.3)



The set of independent solutions of (1.1.3) constitutes the infinitesimal action of the
conformal group. By consistence, the value of the function f(x) has to be fixed to
flx) = %aue“. The Table 1.1.1 displays the set of independent solutions. As long as

Infinitesimal Transformation Generator
Translation €y = ay P, =—id,
Rotation €4 = W) T” Ly =i(x,0, — x,0,)
Dilatations € = Azt D = —ixt9,
SCT € =Y (ZxMxv — x25,w) K,=—i (qux"f),, — :E28H)

Table 1.1.1: Infinitesimal conformal transformations and their respective generators. SCT
denotes Special Conformal Transformation.

d # 2, the dimension of the conformal group is given by 3(d + 1)(d + 2). The non-trivial
communtation rules are written above

(L ) ] (nvp — Nup by )
[ iz a] = (77/10 vp T anLpU nupLua - nl/JLup) )
(D, B] = (1.1.4)
[Kua P, ] = (nuuD L,ul/) ;
[ e ] = (nup nupKy)v
K]

D,

The previous Lie-algebra describes the conformal algebra. The next step to build a
conformal invariant field theory is to comprehend how matter fields transform as irreducible
representations of the symmetry group. In general, a multivector ®(z) transforms under
an infinitesimal transformation parametrized by wg as follows:

O (2') = (1 — w,T,)®(x), (1.1.5)

where T, denotes a generator belonging to some representation of the conformal group.
To characterize the form of T,, we focus on the point x = 0, since it remains invariant
under conformal transformations. Denoting by S, A and ky the respective values of
the generators L,,, D and K, at the point x = 0. These quantities must form a matrix
representation of the conformal algebra group (1.1.4). If we impose that the field ®(x)
belongs to an irreducible representation of the Lorentz, by the Schur Lemma, any matrix
that commutes with S, must be a multiply of the identity. Therefore A is a number equal
to iA and k, has to be zero'. In consequence, all the fields that belong to an irreducible
representation of the conformal group satisfy

(K, ®(0)] = 0. (1.1.6)

These fields are called primary and are the building blocks of the conformal algebra. Under
a finite conformal transformation, a spinless field transforms as follows

—A/Jd

o’ o(z), (1.1.7)

P(z) » @' (') = .

here A is called scaling dimension and is a dynamical variable that depends on the model.

Tt comes from the fact that [A, k,] = —ik,



1.2 Conformal Correlators

At the quantum level, conformal symmetry plays an important role in constraining the
functional form of correlation functions. Let us consider a theory involving a set of fields ¢
with action S[¢]. The expectation value of any local operator O(x) is given by

(O@)) :;/WO@)e—SW, zz/m)e—sm (1.2.1)

where Z is the partition function of the theory and D¢ is the path integral measure. Given
two primary fields ®,, ®;, one can prove that conformal symmetry constrains the form of
the two-point to

dab

<(I)a(l‘1)q>b(l‘2)> = sz%, T12 = T1 — T2 (1.2.2)

12
where A is the scaling dimension of the field ¢, and ¢ is a normalization constant. For the
three-point function, conformal invariance fixes the form to be as follows

Aab
(Pq (1) Py (22) e (23)) = mAﬁAb,AchﬁaA;Aa ATAA, (1.2.3)
23

12 L3

where the constants Ay, are called OPE coefficients. In the case of four-point functions,
two independent conformal invariants can be constructed using four points, these are called
anharmonic ratios

2 .2 2 .2
_ T1aT34 _ T14T32 (1.2.4)
- .’172 ZE2 ’ - IE2 112 o
13%24 13724

In consequence, the form of four-point function is determined up to a conformal invariant
function f(u,v)

4
AJ3=Ni—A;
(@1 (21) ... 04 (24)) = f (u,0) [[ 25 (1.2.5)
1<j
where A = Z?‘:l A;. For higher point functions even more conformal invariant ratios can
be defined.

1.3 Operator Product Expansion

The operator product expansion (OPE) is a property of any QFT that allows expanding
the product of two local operators ®(z)®(0) for z — 0 as follows

Oi(2)2;(0) = Y ciji(@) Pk (0). (1.3.1)
P

where the sum over k£ runs over all fields in the theory, both primary and descendants. In
a general QFT, this series is asymptotic, but for a CFT, it is convergent [33]. Indeed, scale
invariance fixes the coefficients ¢;;;, to be of the form

Ciji(2,0) = Aijp|ax|Srm BT A (14 aztd, + Bz?0* + ). (1.3.2)

where \;;;, corresponds to the OPE coefficients and the coefficients o and 3 are determined
by imposing invariance under SCT. Using the OPE, we can construct higher point functions
in terms of the scaling dimension and the OPE coeflicients of the primary fields. Therefore,
we unequivocally solve the CFT given the set of primary operators, their scaling dimensions,
along their set of OPE coefficients. This set of information is known as conformal data
{A, Xiji.}. Now we will move to the study of the Hilbert space associated with a CFT and
its quantum evolution.



1.4 State-Operator correspondence and Radial Quantization

For any QFT, the quantization scheme is linked to the space-time symmetries. Each
slide of space-time is associated with a unique Hilbert space. Likewise, the space-time
foliation is dictated by the space-time symmetries. This ensures that Hilbert spaces living
in hypersurfaces related by symmetry transformations are connected via unitary operators.
For example for a Poincare invariant theory, the most common foliation corresponds to
hyper-surfaces at ¢t = cte. It follows, that the operator that connects different Hilbert
spaces is U = e'1At,

In theories with conformal symmetry, it is convenient to foliate the space with spheres
of different radii centered at the origin. This scheme is called, for obvious reasons, radial
quantization. The vacuum |0) is defined as the state annihilated by all the conformal
generators. In consequence, we can create eigenstates of the dilatation operator D by
acting with primary fields inserted at the origin on the vacuum state

D|A) = D®A(0)[0) = [D, DA(0)][0) + A (0)D]0) = iADA(0)0) = iAJA).  (1.4.1)

From the commutators (1.1.4) we observe that the action of the momentum operator P,
increase the scaling dimension of these states by 1

Py|A) o |A + 1). (1.4.2)

Therefore, we can generate all the Hilbert space by acting with mometum operators
on primary fields H = span {|0), ®a(0)|0), P,®(0)[0),...}. We can exploit conformal
invariance by performing Weyl transformation? from Euclidean space-time R? to a cylinder
R x S9! of radius Ry. Parametrizing R? with spherical coordinates (r,Q4_1) and the
cylinder R x S4~1 by (7,9Q4_1) the maps read as

dsf, = €7/ (d7% + R§dQq1) (1.4.3)
= ?/Mogs? (1.4.4)

where 7 = Rylog (r/Ryp). In this case, the unitary operator that connects Hilbert spaces
living in different sections of the cylinder is U = P27

UlA) = e 27|A) = r~2|A). (1.4.5)

With this map, we can relate asymptotic states on the cylinder |®) at 7 = +00 with local
primary fields ®(z) inserted at the points r = 0, c0. Thus, the dilation operator D on the
cylinder is now interpreted as the Hamiltonian

D <— Hamiltonian on the cylinder Hy,
d A «— Asymptotic state on the cylinder |A) .
This relation is known as state-operator correspondance, and is based on the fact that
the points z = 0,00 are invariant under conformal transformations, allowing to define
unequivocally states. We can exploit this relation by studying the asymptotic behavior of

correlation functions both in flat space and the cylinder. Let us remember that under a
Weyl transformation g — Q2¢ correlation functions transform as

1 /e z1) - d9 (& _ 1 Ai(y (229) o). (9229) N
(1)g <(I)1 (1) - PR ( N)>g (1)g2, (1:[9 ( z)) <<I’1 (1) ---@N 7 ( N)>Q2g
(1.4.6)

%It is important to mention that not all local Weyl transformations are generated by conformal transfor-
mations.



Concretely, let us consider the two-point function under (1.4.4)

(@ @) | =l il (@ @) @ (@) (1.4.7)

taking the limit 7" = 7y — 7; — +o00 the left-hand side becomes

(@77 | @,7) = lim_(@]e o1 T|@) = ¢~ Fon (91, (1.4.8)

lim
T—o0 +o0

where E.y [®] stands as the lowest energy associated with a state with the quantum
numbers ® on the cylinder, while the left-hand side read as

(e N\ 1 ~4eT
lim (2L S S— 1.4.9
Ty < Ry Ro) Jug—a®e ¢ 7 (1.4.9)

Therefore, we deduce the following expression

Ag = RoEcy[®). (1.4.10)

Due to the above relation, the goal of computing scaling dimensions will often turn to the
computation of the energy spectrum on the cylinder.

1.5 CFT at Large Charge

In the previous sections, we have introduced the main aspects of CFTs. We saw, in detail,
how conformal symmetry constrains the CF'T dynamics, being completely determined by
its conformal data {A, \ijr}. The task of computing this data is generally non-trivial.
The technology involved is extensive, and its applications vary across sectors. Given that
many Conformal Field Theories (CFTs) exhibit strong coupling, traditional perturbative
methodologies often fail to provide accurate results. Numerical approaches, such as Monte
Carlo simulations and the Conformal Bootstrap, are commonly used to handle strongly
coupled CFTs. Conversely, perturbative approaches, like the e-expansion or large-IN
techniques, introduce additional control parameters that help expand the conformal data.

The idea of the large charge expansion is to study sectors of CFTs that have large
quantum numbers under global symmetries. The control parameter in this case is the con-
served charge associated with the global symmetry. Using the state-operator correspondace,
the scaling dimension of charged operators is related to the vacuum energy with charge on
the cylinder. In this section, we will provide an overview of the strategy to study CFTs at
large charge. Let us consider a d-dimensional CFT with a global symmetry group G. A
primary field can carry up to rank(G) conserved charges. The symmetry group implies the
existence of a conserved current j*

Q= /dd_lxjo(x), w_y (1.5.1)
dt

We say that an operator ® carries charge @ if [Q, ®] = Q®. Using the state-operator

correspondence [34] we can relate the scaling dimension Ag of the operator ®g with the

energy Fq of the state ®(0)|0) on the cylinder. The charged ground state energy can

be extracted considering the expectation value of a charge state |Q) with the evolution

operator U = e~ Hen'T

lim (Qle”HenT|Q) = e~ FaT (1.5.2)
T—+o0



where we have assumed that there is an overlap between |Q) and the lower energy state
with charge ). This object can be computed using the path integral representation

lim e HenT| Q) = 271 / DPe~ Sixea [¥] 1.5.3
71++a302} MQ> ( )
where Z is the partion function, Sgyeq 18 the classical action at fixed charge @@ and ®
represent the collective set of fields. If the theory has an extra intrinsic perturbative
parameter g, we can compute the ground state energy via a semiclassical expansion using
the following double-scaling limit

Q—o00, g—0, Qg=/fixed), (1.5.4)
according to which the scaling dimension takes the following form
1
AQ) =) o+ Q) (1.5.5)
k=-—1

Here the leading term A_; corresponds to the action evaluated on the classical trajectory
with charge @), while the subleading contribution A is given by the zero point energy on
the cylinder given by Gaussian path integral around the quantum fluctuations. Remarkably,
this expression resummation an infinite number of Feynman diagrams in a closed form.

The classical trajectory is not invariant under translation and the internal symmetry
group, but it is under an effective combination of them [35]. For a CFT with symmetry
group G = U(1), the symmetry breaking pattern read as

SO(d+1,1) x U(1) = SO(d) x D, (1.5.6)

where D' = D + p@Q and p is the chemical potential. This corresponds to the simplest
symmetry-breaking pattern and characterizes the superfluid phase [36, 37], indicating the
existence of one Goldstone boson, while the rest of the degrees of freedom have a finite gap.
If we are interested only in the low energy dynamics, we can integrate out the massive
degrees of freedom having left with an EFT for the Goldstone boson . The effective action
consistent S[x] with U(1) symmetry and Weyl invariance is [3§]

[V, Vx|)?
Vx4

S[x] = —a1 /ddxﬁ]Vxld +02/ddx\/§|VX|d +(d—1)(d-2) + ...

R
V|2
(1.5.7)

where |Vx| = (—gl“’vuxvl,x)l/ 2 R is the Ricci scalar and ¢; are the Wilsonian coefficients
determined by the underlying CFT. Since we want to apply the state-operator correspon-
dence, we have embedded our system in a cylinder R x S9! of radius Ry at fixed charge
. This induces the following hierarchy in which our EFT is valid

1
1 Qit
— <Ak
Ry Ry
As we already mentioned, the scaling dimension Ag has two contributions, a classical one
and a quantum one. The classical corresponds to the ground state energy of configuration
with charge @, in this case, is described by x = ut, where p the chemical potential related
to the charge ) via the Noether theorem as
Q 0L

=i =cdp = ea(d =2t IR+ 1.5.9
Rg_lgdfl aX 1 2( ) ( )

(1.5.8)



where Q4_1 = I?ZTT(?/;) is the volume of the d — 1-dimensional sphere. The quantum

contribution corresponds to the zero-point energy of the fluctuations around the charged
configuration x = ut + 7(x), which have the following spectrum

wy =csJy+ O ( 12 ) , (1.5.10)

Qi1
where JZZ = Z(sz{m is the quantized momentum on the sphere and ¢; = 1/v/d — 1 is the

speed sound, which comes from the tracelesness of the energy-momentum tensor. The final
results read as

_d_ d—2 =2
Ag=QTT [041 + QT + .. ] +Q° [50 +/QIT + .. ] +... (1.5.11)
Clag,sical qua;lrtum

where the «; coefficients depend on ¢; as
d—1)Q,4_ d—1)(d—-2)Q,—
oy =A@V ca(d = V(A= 20y (1.5.12)
(Clde—l)ﬁ (Cldgdfl)ﬁ

while the 3; coefficients comes from the zero-point energy at large charge
R _2
5271@%26@4-51@ 14, (1.5.13)
¢

where ny is multiplicity on the sphere given by

(204+d—2)T(L+d—2)
T((+1)I(d—-1)

ng = (1.5.14)
Since the leading-order dispersion relation in Eq. (1.5.10) depends only on the dimension
d, this implies that the §; coefficients are functions only of the dimension [38]. For odd
dimensions Sy is universal, it does not depend on the CFT, while for even dimensions the
expansion predicts instead a term Q°log(Q), coming from the renormalization of 3y which
manifests a pole in d = 4.

1.6 U(1) at Large Charge

In this section, we will illustrate how fixing the charge affects the loop expansion in a QFT.
For our purposes, we focus on a U(1)-invariant CFT with a quartic interaction. Following
[13], we will introduce a semiclassical expansion to compute the CFT-data at large charge.
The Lagrangian in Euclidean space-time is given by

L= 0,60"p + %(g&ﬁ)?. (1.6.1)

In d = 4, this theory has trivial infrared physics, whereas d = 4 — ¢ exhibits a weakly
coupled infrared Wilson-Fisher (WF) for e < 1. We renormalize the field and the coupling
according to

O =Zy[d], o= MNZy, (1.6.2)

where M is the energy scale. Working on minimal subtraction (MS) scheme, the beta
function S(\) = M%)\ up to two-loops read as

\? A3 AL
B = =+ 5 — 1575+ 0 <<4ﬁ>6> (1.6.3)
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The WF fixed point A = \*, defined by S(A\*) = 0 read as follows

A* 1 3
)2 = ¢ + ?562 +0 (63) . (1.6.4)

By virtue of the Noether theorem, one can prove that the operator ¢ carries charge +1 and
thus ¢@ carries charge Q. Our goal is to compute the scaling dimension A of the operator
#9 as a function of the charge Q. The common procedure to compute scaling dimensions of
operators is via their renormalization [39]. Denoting by [qbQ] the renormalized field related
to the bare ¢¥ according to ¢% = Zye [ng] . At the fixed point, the scaling dimension
becomes a physical observable. The scaling dimension of the operator ¢ at the fixed point
is given by

Ag=Q <;i - 1> + 70 (A") (1.6.5)

where 7 is the anomalous dimension related to the renormalization factor Zye via

o) = T2 5, (1.6.6)

Is it possible to extract the renormalization factor Z;e by studying the correlator

(¢70(P)o(p) - - 0(p)) = Za Z{ ([¢"] (2] (P) 3] (P) - - - [](p)) (1.6.7)

finite

and finding the renormalization constant Zgo such that ([¢%] [6](p)[¢](p) ... [¢](p)) is
finite. Instead of computing Z,o via a diagrammatic approach, we will first demonstrate
that even in a weakly coupled theory, the diagrammatic loop expansion breaks down for
sectors with large values of (). However, it is possible to make sense of the perturbative
expansion at large charge by employing a double-scaling limit with 't Hooft coupling Ag@.
Let us begin by using the path integral representation. The two-point function read as
follows

[ DD () 6 (@) exp - J £]
| D¢Dp exp [— fﬁ]

(@9 (w5) 69 (1)) = Z30 ([07] (zf) [69] () -

(1.6.8)

Pertubation theory

Expanding the path integral around the trivial saddle point ¢ = 0, we found that at first
order in A correlator takes the form

(6% (w5) ¢% (1)) = Q'D(w5:)? (1 - % {QQD(xfi)l /dde(wf — 2)D(x — ;) D(0)
+4Q(Q — 1)D(z ;)2 /dde(xf — 2Dz —2)?+ 0O ()\2)}> (1.6.9)

where D(x) corresponds to the free propagator which value in d dimensions is

1 2md/2

PO = =y @ T Tapy

(1.6.10)
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In d = 4 — ¢, the perturbative expansion leads to
Q! [1 — )‘OQZE%QD <% +loga; +1+7+ logw) +0 (A%)}

(6% (zp) % (2)) = a
1 (d 2)] <fz)Q(2 1)

(1.6.11)

From this expression, it follows that even in the double-scaling limit A\g — 0 and @ — oo
with MA@ fixed, the expansion diverges for large (). To overcome this problem, it is
convenient to perform the following transformation ¢ — ¢/1/Q

o DoDge 0 2900+ 452 (50)"~(ndte) +1n0(a0)
Q

1.6.12
[ Depge A0 TG -

Z3 (6% (x5) 6% (2:)) =

From Eq.(1.6.12), the dependence on @ and Ay tell us that we can compute the path
integral using the saddle-point approximation for large @ keeping Q\g fixed. Thus, for
large charge (Q, the integral is dominated by a non-trivial saddle point of the following
effective action

Sups = / di [a¢a¢+%(¢¢) (é(z)+no()|.  (16.13)

Independently of the specific details of the saddle-point, we can express the right-hand
side of (1.6.12) as follows

o <[Q§Q] (zf) [<Z>Q] () = Q1eP 1(QX0,2£:)+T0(QAo,7 51) + 511 (QA0.w g )+ (1.6.14)
We renormalize Eq.(1.6.14) by separating the UV divergence in each term of the exponent
as follows
1 * v ren
FLHQY 2pi) = @Fd (@M + @F QA i, M), (1.6.15)

where A is the renormalized coupling constant and M is the energy scale. Then we can
write Eq.(1.6.14) as

Z§ = exp [Z Q’“FiiV(Q)] , (1.6.16)
k=—1
(1919 (z5) [69] (1)) = Qlexp [ > QM (QA s, M)] . (1.6.17)
k=—1

Therefore, using Eqgs.(1.6.6)(1.6.5) the scaling dimension at large charge ) takes the
following form

Ag= ) Qk A (QA), (1.6.18)
k=-—1

where every term of the expansion Ay represents k + 1-loop correction to the semiclassical
expansion. This result, based on general assumptions, provides a rigorous proof that it is
possible to compute the CFT data at large charge ) via a semiclassical expansion.

13



Semiclassics on the cylinder

As we mentioned in Sec.(1.5), at the fixed point we can exploit conformal symmetry by
performing a Weyl map to the cylinder Rx S%~! of radius R. By computing the ground state
with charge F, via a semiclassical expansion, we can use the state-operator correspondence
to compute the first terms in (1.6.18). The new action on the cylinder read as

Seyl = / ddx\@[ “”8u¢ay¢+m2¢¢+ (qbd)) (1.6.19)

_oN2 . . . . . .
where mass term m? = (dQ—RQ) arises from imposing conformal invariance on the cylinder.

We can extract the scaling dimension A, by studying the expectation value of the evolution

operator e T acting on an arbitrary state |tg) with charge @. In the limit T — we
obtain
A
I “HT| o) = e BT Eo =29 1.6.20
Jim (vq |7 T |wg) =TT, Eo =— (1.6.20)

where Fq is the lowest state energy with charge (). Parametrizing an arbitrary state of
charge @ as

[vq) = /DXGXP (ileQRd_l/de_lx> 10, X), (1.6.21)

we can then compute the left-hand side of Eq.(1.6.20) using the path integral representation,
obtaining

(g le T vg) = /Dpre Set (1.6.22)
where the effective action Seg read as follows
T
z 1 1 m? o Q
= Qa1 |= 242, 24 D 2 20 2 vl (162
S oft /_QTdT/d i1 [2((%) + 5P ()7 + P+ ep HRd—le,lX (1.6.23)

The respective equations of motion are obtained by perfoming the variation of the action
(1.6.23) concerning the fields p and x

Ao .
—p+ [(0x)* + m*] p+ 1 D=0, 0, (029" dx) =0 (1.6.24)
in companion with the fixed charge condition,
9. Q

The solution with minimal energy and spatially homogeneous charge is given by

p=1f x=—iut (1.6.26)

where f is a constant profile and u is the chemical potential. These quantities are related
via the equations of motion as follows

A _
(/QL2 — m2) = ZOfZ, pfPRI0, 1 =q. (1.6.27)

Plugging this classical solution into the action we extract the leading order contribution to
the scaling dimension

Ser  Q (3 1m?
T =5 <2u+2 u)' (1.6.28)
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Fluctuations

The next leading contribution to the scaling dimension requires considering fluctuations
around the saddle point Eq.(1.6.26). Expanding the fields around Eq.(1.6.26) as

1
p=f+r(x); x=—ipur+——=n(x), (1.6.29)
V2
the quadratic action S for the fluctuations is given by

S<2>:/_
T
2

This action describes two modes with the following dispersion relations

Nl

1 1
dr / dQq_1 [2(0r)2 + 5(8%)2 — 2ipTroyT + (uz - m2) r2 (1.6.30)

WA(0) = JE+2 (20 — m?) £ 2,/ 202 + (202 — m2)?, (1.6.31)

here J? = £(¢ +d — 2)/R? is the quantized momentum on the S%~1 sphere. The first mode
has a gap w? (0) = 6u? — 2m? while the massless mode w_ describes the Goldstone boson
associated to the spontaneous breaking of U(1) symmetry. The associated square sound

2
speed is (%)Z = %, which approuches to % for large p. Using this information,
4 =0
we can compute the next leading contribution to the scaling dimension as
Vdet S?) T &
| =— l — () — 2w (¢ 1.6.32
TR By )~ 3 2" )+ () = 2en(0) (16:32)

where n, = (%ﬁiﬁgggfi‘i)—m is the multiplicity on the S9! and wo(f) = J? + m? =

(€ + %)2 /R? is the free dispersion relation on the cylinder. Finally, the semiclassical
expansion of Eq.(1.6.22) read as

| DrDmexp [—5(2)]

fim (i =17 ) = S sapmeye B
T—0c0 ID¢D¢ exp [— 32/132 (6@1?3(;5 + m2¢¢)]
- T
—e det(=024m?) | _ —EqT (1.6.34)

Organizing our expansion as F, = A—RQ = % (QA_1 + Ap + ...), we indentify each term as
Seff

det S(2)
det (=02 + m?)

Ag =1In (1.6.36)

Setting d = 4 and \g = A*, the solution for the chemical potential (1.6.27) read as

2/3
A* AQ)?
70025 - it
Ru* = R (1.6.37)
2* A*Q)?
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Considering Eqgs.(1.6.35) and (1.6.28), with the solution for the chemical potential (1.6.37),
we obtain the leading correction to the scaling dimension given by

3 [or - VAL 3 RN [or - VBTZ=3] 9832 [or - VETa? 3] 28
+

2/3 2 2/3 2
[(93: _ VR = 3) A 31/3] 2 {(99; _ VRIZZ = 3) A 31/3]
(1.6.38)

QA_1 =

where T = % is the 't Hooft coupling constant. Remarkably this quantity Eq.(1.6.38)
resums an infinite number of Feynman diagrams in a close form. For small x reproduces
standard perturbation theory, while for large x reproduces the large charge expansion

* * 2 * 3
0 [1 F1(59) -1 (59) o (%9 )] D dor e<l,
en\4/3 LA\ 2/3
8;2 [i (%ﬂg) +1 (gﬂg’?) + 0(1)} , for x>1
While (1.6.38) is a finite quantity, Eq.(1.6.36) is divergent and requires regularization. By

performing dimensional regularization and subtracting the infinite part, we can write the
final result as a finite sum, this results in the following expression

15(Ru)* + 6(Ru*)2 —5 1 3(Ru*)2 —1
_15(Rp”)* + 6(Ru”) ML (Ru*)
16 2 £ V2

where o(¢) is obtained by subtracting the divergent piece

QA_; = (1.6.39)

Ag = : (1.6.40)

5 ((Rp)? —1)°

o(f) = (1+€)°R [wi(0) + wE(0)] —26° — 60> — (2(Rp*)* +4) £ — 2(Ru*)* + 10
(1.6.41)

The star indicates that all quantities are evaluated setting \g = A* and d = 4. This
computation shows explicitly that the scaling dimension of the lightest charge ¢ operators
in the U(1) model at the W-F point in d = 4 — € can be computed semiclassically for
arbitrary values of Qe.

1.7 Dilaton Dressing

In this last section, we will introduce the notion of dilaton dressing, which is relevant to
the study of near-conformal dynamics. Moreover, we will show how to employ the large
charge expansion within this context. This framework is based on the observation that
in certain regimes—such as at sufficiently high energies—the effects of terms that break
conformal symmetry are negligible, allowing us to assume that scale transformation is an
approximate symmetry. Under this assumption, it is possible to explore near-conformal
theories by introducing a new light scalar degree of freedom known as the dilaton, which
compensates for the terms that are not conformally invariant. Dilatation transformations
are coordinate transformations of the form [40]

a: T —er (1.7.1)

where « is a real parameter. Assuming a near conformal behavior, we promote the theory to
be scale-invariant by performing a dilaton dressing. Every operator Oy of mass dimension

k is dressed as
Oy — k=070, (1.7.2)
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where the dilaton o is a field that transforms non-linearly under scale transformations

o o— 2 (1.7.3)

f
being f a dimensionful constant that marks the scale of the breaking of conformal invariance.
We will employ this technique to investigate the low-energy dynamics of a gauge-fermion
theory near the conformal window. To illustrate this we consider a conformal theory with
U(1) global symmetry. Fixing the associated charge @) breaks the symmetry spontaneously
and gives rise to a Goldstone boson. A two-derivative effective field theory for the associated
Goldstone boson y is the following

2
L= ?W L XM — C4, (1.7.4)

where fr and C are constants related to the underlying theory. By applying the dressing
(1.7.2) we obtain,

2
LorT = f?ﬂauxéwxe_z"f _ 046—4af + %((9“08”0 _ ifj)e—mrf’ (1.7'5)

where, additionally, we have applied a Weyl map to the cylinder in order to use the
state-operator correspondence. We have included the conformal coupling £ = 1/6 and
the Ricci scalar R. Using this approach, we have obtained an EFT for two Goldstone
bosons, x and o, arising from the spontaneous breaking of U(1) and conformal symmetry,
respectively. Is it possible to combine these two fields into a complex dilaton as

Y =0 4ifrx (1.7.6)

and defining ¢ = f%fe_f ¥ The action Lopr can be recast in the form

L[] = 0" 0" — ER p*p — 4C* fH (0% ). (1.7.7)

We recognize that we have restored a U(1) conformal theory in which the dilaton and
the phonon appear, respectively, as the radial and the angular modes for ¢. The three
dimensionful constants fr, C and f are combined into the two dimensionless quantities
b= ffr and u = 4C*f*. The parameter b, controls the deficit angle for the field ¢,
which covers the whole complex plane only if b = 1. Possible sources of explicit conformal
breaking can be modeled by perturbing the underlying conformal theory via

Lo = AoO , (1.7.8)

with O an operator with dimension A # 4 and Ao the associated coupling. The presence of
such an operator generates the following effective dilaton potential [41, 42, 43, 44, 45, 46]

oo
Vie)=f" 6_4Ufz cpe Ao (1.7.9)

n=0
where the coefficients ¢,, depend on the microscopic theory and scale as ¢, ~ A [41, 43,
46, 45]. We are interested in cases where the explicit conformal breaking is small which, in

turn, can be realized when A\p < 1 and/or A — 4. In the first case, one can truncate the
expansion (3.5.4) and obtain [41, 43, 46, 45, 47]

mie—4fo 4
— o _ * (A4 fo 2
V(o) 74(4 SyNYE (1 Ae > +0(Np) , (1.7.10)
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where we introduced the dilaton mass m, and required that the ground state is realized
for 0 = 0. In the EFT gspirit, the nature of the conformal breaking deformation and its
conformal dimension A are left unspecified. When A = 2 eq.(3.5.5) reduces to the usual
¢* Higgs-like potential whereas when A vanishes the coefficient ¢; becomes parametrically
larger than ¢y and the potential (3.5.5) diverges. On the other hand, by subtracting the
infinite constant appearing in the expansion of Eq. (3.5.5) around A = 0 one obtains the
dilaton potential considered in the classic work of Coleman [48]

2

mo’ — g
v (o) ~ 162 (1—4fo—e 4 ) : (1.7.11)

For the sake of completeness, we will also consider the traditional Coleman potential in the
following analyses. We can induce a near conformal behavior by including a mass potential
for the dilaton o as follows

Lin[x, 0] = Lorr|x, o] = ViZ,4(0) (1.7.12)

It is through this deformation that one can continuously break conformal symmetry. Indeed,
now the energy-momentum tensor is no longer traceless, its trace is proportional to the
dilaton mass

2
TV = %a. (1.7.13)

The fixed-charge ground state is homogeneous and of the form
X = ut, o= oy, (1.7.14)

using the equations of motion we find that energy on the cylinder is given by

C4/3 7r2m(2,7’4
roEoyt = WQ‘V?’ Feya@ oo~ T 0 Q (1.7.15)

where cy/3 = 3(C/ (2fﬂ))4/3, co3 = (m/ (f,rAQ))Q/?’/ (2f?) and g is a Q-independent
constant. Therefore, the dilaton mass m, leads to a characteristic logarithmic term log Q.
For m, = 0 this result reproduces the expected behavior of a four-dimensional CFT. This
computation shows that it is possible to explore near-conformal dynamics using the large
charge expansion via a dilaton field o.
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Chapter 2

The analytic structure of the large
charge expansion

In Chapter 1, we have shown that it is possible to use the large charge expansion to
investigate the conformal data of the U(1)-model at the W-F point in d = 4 —e. In
particular, using a semiclassical expansion, is it possible to write the scaling dimension Ag
of charged operators ¢@ in the following way

Ag= ), C;Aj (z), (2.0.1)

j=—1

where z is the 't Hooft coupling. By expanding the A; in the small x limit, one recovers the
ordinary perturbative expansion [49], while for large x, Eq.(2.0.1) reproduces the general
form of the large-charge expansion in generic non-supersymmetric relativistic CFTs !
[11, 35, 38]

Ag = Qi |:041 + QT + . } +Q° {50 + QT + .. } +0 (Qi%> ,  (202)

In this chapter, we investigate the analytic properties of the fixed charge expansion for
several conformal field theories in different space-time dimensions. The models of interest
are O(N) and QEDs. In [50], the authors considered the spectrum of charge ) operators
for the critical O(N) model in d = 3 dimensions in the double-scaling limit

Q — oo, N — o, %:ﬁxed. (2.0.3)

In this limit, the scaling dimensions of the lowest-lying operators with total charge @

assume the form [51]
T 1 Q

j=-1

The small % expansion of A_; is convergent with a radius of convergence related to the

appearance of a zero-mode in the spectrum. On the other hand, the large % expansion

of A_ diverges (2n)! factorially, and its Borel transform exhibits an infinite number of
singularities on the positive real axis which, according to resurgence theory 2, indicate the

When d is even, one needs to include in the expansion QP log(Q) terms, with p to be determined,
induced by the cancellation of UV divergences [38].

2Notice that a priori is not known whether QFT observables satisfy the axiom of resurgence theory, i.e
they are resurgent functions. In this work, we assume this condition. For a recent discussion on this point,
including counterexamples, we refer the interested reader to [52].
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emergence of non-perturbative corrections. The leading non-perturbative contributions
scale as e~V@ and stem from worldline instantons describing the geodesic motion of a free
particle with mass p moving on close trajectories [53].

We aim to add information on the convergence properties of the large-charge expansion
by addressing various models displaying very different large order behaviors. We will
encounter convergent, asymptotic but Borel summable, and non-Borel summable series; in
the first case, we will investigate what one can learn on the physics of the expansion from
a finite number of coefficients. To this end, our main tool will be the Darboux’s theorem
[54, 55], which relates the behavior of a function around its non-analytical points to the
rate of growth of the coefficients of its series expansion around regular points. Physical
applications were explored in [54, 56, 57, 58, 59, 60, 61, 62, 63, 64].

First, we consider the critical g2(¢;¢;)? theory in d = 3 — ¢, which has been investigated
in [12, 65] in the double-scaling limit

Q — o, g—0, gQ = fixed. (2.0.5)

resulting in the following semiclassical expansion
Ag= > g77(9"Q) (2.0.6)

where ¢g* = g*(€) is the coupling at the Wilson-Fisher fixed point. We discover that the
small-charge (i.e. the small gQ) expansions of A_; and A are convergent and share the
same radius of convergence. We observe that, as in [50], the leading singularity, which is
an algebraic branch point, occurs when the mass of a certain mode vanishes. Moreover,
the small g@Q) expansion of Ag provides an interesting example of how the program of
reconstructing the analytic structure of a function from a limited number of expansion
coefficients can fail. In fact, even the precise identification of the radius of convergence
requires more than one hundred expansion coefficients. However, we are able to make
progress by identifying the source of the problem in the occurrence of two coincident
singularities for which we can disentangle their contributions.

In d = 3 — ¢ dimensions the contribution to the O(N) fixed charge @) conformal
dimensions obtained in the double scaling limit of large charge and vanishing € is non-Borel
summable, doubly factorial divergent, and with order /@ optimal truncation order. By
using resurgence techniques we show that the singularities in the Borel plane are related
to worldline instantons that were discovered in the other double scaling limit of large Q)
and N of [50]. In d = 4 — € dimensions the story changes since in the same large ) and
small € regime the next order corrections to the scaling dimensions lead to a convergent
series. The resummed series displays a new branch cut singularity which is relevant for the
stability of the O(N) large charge sector for negative €. Although the QE D3 model shares
the same large charge behaviour of the O(/N) model, we discover that at leading order in
the large number of matter field expansion, the large charge scaling dimensions are Borel
summable, single factorial divergent, and with order () optimal truncation order.

Before going into a detailed analysis, we review some basic concepts of the theory of
resurgence. This is based on the pedagogical book written by Marcos Marino [66]

2.1 Resurgence Basics

In QM as well as QFT, there are few cases in which one is able to find an exact solution.
Generally, we have to resort to perturbation theory, where we take an exact solution and
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perturb it by some small coupling. This procedure results in an asymptotic power series
that approximates our observable. Though these expansions provide good experimental
agreement, many of these formal power series are divergent. Resurgence aims to make
sense of these asymptotic series by extending them into trans-series, including non-analytic
terms. The structure of these non-analytic terms is dictated by the large-order behavior of
the perturbative expansion coefficients, which contain the non-perturbative physics. In
summary, resurgence provides a framework to deal with asymptotic series by using the
hidden non-perturbative information of the coefficients large order behavior.

Optimal truncation

Formally, we say that a power series is asymptotic to O(z) if for every N the remainder
N + 1 terms are much smaller as z — 0

~ay 2N 40 (zN+2) , 2 1. (2.1.1)

N
O(z) — Z anz"
n=0

Unlike a convergent series, the remainder does not go to zero as N — co. One would
expect that adding more terms to the power series would reproduce exactly O(z), however,
this is not typically the case. This means that even if we add an infinite number of terms
the result will be infinite. Dyson [67] first pointed out this fact in the context of QED. He
argued that if observables were analytical in e?, then it would imply that are convergent in
a disk in C. Since the physics for negative e? is completely different from that of positive
values (the vacua is unstable), we should not expect an analytic continuation of QED for
negative values of e2. Thus, the series are not convergent. Technically the origin of this
divergence relies on the fact that the asymptotic behavior coefficients of the perturbative
expansion are of the form

ap ~ A" "nl. (2.1.2)

which leads to a zero radius of convergence. This behavior implies that as we increase
N the series will approuch to O(z) but, inevitably, will diverge for large N. Thus, it is
natural to ask what is the optimal value N = N* such that the partial sum gives the best
estimation of O(z). For a fixed z, minimizing the reminder of (2.1.1) we have

O |A™"nl2"|| . =0, (2.1.3)

using the Stirling approximation n! ~ e*(1°87=1) we get N* = }é‘ for z <« 1. This procedure
is called optimal truncation and determines the maximum resolution we can expect from
the asymptotic expansion. Replacing the optimal value N = N* is in Eq. (2.1.1) we find
that

N*
O(z) — Z anz"| ~e A L <1, (2.1.4)
n=0

This result shows that the error associated to the optimal value N = N* is given by
a non-perturbative ambiguity e~14/?l. Moreover, we can see a relation between the
leading order behavior of the perturbative expansion a,, and the non-analytic term that
perturbation theory ignores. It follows that the asymptotic expansion does not determine
the function O(z) uniquely, and some extra information is required. Though a finite
number of coefficients provide a good estimate of the asymptotic expansion, it is possible
to use all the terms of the perturbative expansion within a more rigorous framework. The
idea is to promote formal power series to well-behaved functions by combining them with
non-perturbative terms. This process is called Borel resummation.
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Borel Resummation

The Borel transform is a standard tool used to make sense of asymptotic series and extend
them into regular functions. Given an asymptotic series ¢(z) of the form

o(z) = Zanz”, (2.1.5)

n>0

the Borel transform is defined as
an
Blp](t) = E — ™, (2.1.6)

If the coefficients a,, are of the form Eq. (2.1.2), the Borel transform Eq.(2.1.6) is analytic
around t = 0 and its coefficients grow exponentially, the first singularity is located at the
point t = A. If the real positive axis is free of singularities we can define the inverse Borel
transforms as follows

s(p)(z) = /Oo dte ' B[] (zt), (2.1.7)

0

in such a case, we say that the power series ¢ is Borel summable. Both ¢ and s(y¢) are
asymptotically equivalent to the same divergent series. In the case of singularities in the
positive real axis, the integral defined in Eq.(2.1.7) is not longer well defined. We can
deform the contour of integration passing above or below the poles using Borel lateral
transform

s2(0)(2) = 7 [ e B, (2.1.8)

here C4 denotes a contour passing above or below the pole respectively. Let us consider
a perturbative behavior of the form (2.1.2) for A > 0. The associated Borel transform is
given by

Blel(t) = Y A7 = = (2.1.9)
n=0

which has a simple pole at ¢ = A. The ambiguity of the lateral resummation is simply
given by

() = 5@ —s-():) = 1 [ Bl (2.1.10)
_ 2177{: dtle__l/;A = %Ae*f‘/x (2.1.11)

where C4 is a closed path around the pole ¢ = A. In this simple example, non-perturbative
corrections arise as ambiguities along rays where the poles in the Borel plane lie. Let us
consider a more general behavior of the form

o(z) = i F(n+b)A™"2", (2.1.12)
n=0
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which leads to

b
Bl 1) (1- ) (2.1.13)

In this case the discontinuity is no longer the residue on the pole, but rather the integral
of the discontinuity along the branch cut [A, oo]. This is given by

B F(b) oo )z €+’i6t —b e—iet —b
€(z) = t/A dte lg% 1-— T —|1- " , (2.1.14)

= 2miAbz b A/2, (2.1.15)

Trans-series

So far, we have seen that the large-order behavior of the perturbative expansion characterizes
the analytic structure of the Borel plane. This, in turn, determines the non-perturbative
ambiguity of the Borel resummation. We can cancel these non-perturbative ambiguities by
incorporating them into a more general object called a trans-series. For simplicity, let us
consider a trans-series of following form

LA

D(z) = O (2) + i Cre™ = o9 (2), (2.1.16)
=1

where cp(z) are asymptotic series

0 (z) = Zaﬁf)z", (2.1.17)
=0

¢ is the original perturbative expansion and the constants Cy are the trans-series param-
eters. These coefficients, play the important role of ensuring a well-behaved resummation.
Given Bp)](t), we expect it have singularities at t = A¢ for £ € N. Tt can be shown that
the expansions around these singularities are related to the Borel transforms of the series
of the other non-perturbative sectors. For logarithmic branch-cuts we have

SZ
BlpO)(t = — " log(t) B[p'9(¢t 2.1.18
P10 =~ log()Ble) 1) (2.1.18)
where S is called Stokes constant. Since the singularities of the Borel transform are related
to the large-order behavior of their associated asymptotic series we can rewrite the relation
(2.1.18) in terms of the coefficients aty)

B e C(n—k) «
/=1 k=0

In the following sections, we will study the large-order behavior of the large charge expansion
for different models. We will identify the poles in the Borel plane and the non-perturbative
contribution to the scaling dimension of charged operators.
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2.2 The O(N) model in d =3 —¢

In this section, we consider the sextic O(N) CFT in d = 3 — € with the Lagrangian

1 g 3
_ Long.a., (i), 2.2.1
L= 20"t + ¢ (600) (2:2.)
where ¢;, i = 1,..., N, transforms as a O(N)-vector. This model exhibits an infrared
stable fixed point at [68]
A YR (2.2.2)
(4m)2 ~ 22+ 3N ©) -

Interestingly, the beta function of the g coupling is non vanishing from two-loops, and the
model is, therefore, conformally invariant in d = 3 at the one-loop level. This property will
allow us to directly compare our results to those in [50] and link them to the large-charge
effective theory describing the three-dimensional O(N) CFT. In [65], the scaling dimension
of the lowest-lying operators with total charge @ 3 has been computed in the double-scaling
limit (2.0.5), where one can perform the semiclassical expansion of (2.0.6). The leading
order A_ is given by evaluating the action on the non-trivial classical trajectory induced
by fixing the charge and it reads

_ 9*Q? ERESVETES: Q2
A_1(9Q) = gQF <27T2) , Foa(z) = VTN et T=T g (2.2.4)

At the next-to-leading order of the semiclassical expansion (2.0.6), one needs to compute
the functional determinant of the fluctuations around the classical solution. This can be
formally written as

Bals@) = 20 60) + (5 - 1) Q). (2:25)

with
Al (@) = igwwa (0], (2:2.6)
AP (9Q) = ;;W wa(b). (2:2.7)

Here
W2 (0) = JE42 (M - (df)z) ﬁ\/Jg;ﬂ + (2u2 - (‘1;2)2)2, wil) = \J T2+ 2,

(2.2.8)

3Tt can be shown that in the perturbative regime, i.e. in absence of level-crossing, these operators
transform as traceless symmetric O(N) tensors and can be written as

To = 10776 | (2.2.3)

where tg'”lQ (¢4) is a fully symmetric and traceless homogeneous polynomial of degree @ in the ¢;’s. For
instance ti(¢) = ¢' and t5 (¢) = ¢'¢’ — +69 dpgr. Physically, the Ag control the critical behavior of
O(N)-invariant systems subject to anisotropic perturbations, e.g. density-wave systems [69], magnets with
a cubic crystal structure [70], and superconductors [71].
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are the dispersion relations of the spectrum. The latter contains a massless mode w_, (the

conformal mode), a gapped mode wy with mass w (0) = 24/2u2 — % (the radial mode)

as well as (N — 2) gapped modes w, with mass w,(0) = p (the spectator modes). The
above expressions are explicit functions of the chemical potential y, which is related to the
't Hooft coupling ¢@Q through the equations of motion as *

202
M:;ﬁ\/uy/ugg . (2.2.9)

After regularizing the sums over ¢ in Eq.(2.2.7), one obtains the following final expression
for the functional determinants [65]

a 1 =
A (9Q) = TR SR AL R S OF (2.2.10)
/=1
1 1 &
AP(9Q) = =7 =i +u+5 > 00, (2.2.11)
/=1
where
1
o D) =1+ 20)[wi (0) + w_(0)] — 4l(l + 1) — 61> + 3 (2.2.12)
1
o (0) =2(1 4 20)w, (0) — 41(L 4+ 1) — 2% — 5 (2.2.13)

are convergent sums.

2.2.1 The small-charge expansion

Equipped with the basic setup above we can now study the convergence properties of the
small g@) expansion of A_; (2.2.4) and A¢ (2.2.5). In this limit, A_; is convergent with
a radius of convergence determined by the only non-analytical point at xg = —1. ® It is
therefore instructive to determine how many coefficients of the small g() expansion are
needed in order to fully characterize the singularity. This is achieved by making use of
the Darboux’s theorem which links the large order behaviour of the expansion coefficients
about one point (which we take to be x = 0) to the behaviour of the function in the vicinity
of its singularities. Concretely, if the perturbative coefficients of a function O(z) = > ¢,z™
grow as

n — n — 11?2 n -
o [ Fen) (TP ) e (TR ) B (TR T <

0
(2.2.14)
then xy corresponds to the closest singularity to the origin and further determines the
radius of convergence of the expansion around z = 0. Moreover, in the vicinity of zg, O(x)
behaves as
-p
O(z) = f(x) <1 - :c> + analytic, * — X0, (2.2.15)

Lo

4The chemical potential is measured in units of the compactification radius (which is fixed to unity) and
is, therefore, dimensionless.

5Since zo < 0, one can trivially analytically continue the small-charge expansion to every positive value
of x and continuously connect the small- and large-charge expansions for any real value of gQ.
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small Qe large Qe

ON)ind=3—-¢€¢ | ON)ind=4—¢ |ON)ind=3—-€¢ | O(N)ind=4—¢

A TAaL ] AW [TAD A | Al | AD A A
n | 20 | >100] 22 | 25 | >100]| 13 28 36

Table 2.2.1: Number of expansion coeflicients needed to determine, with a 5 digits accuracy,
the position (xg), type (p), and amplitude (f(x¢)) of the leading singularity in the coefficient
functions A; in the O(N) model in d = 3 — € and d = 4 — € dimensions. In the case of

Ay, we separate the contribution of A((]a) and A((]b) as in Eq.(2.2.5). In order to accelerate
the convergence, we made use of the Richardson extrapolation [73], which in all cases
performed better than other series acceleration methods, e.g. Shanks transforms [74] and
Padé approximants.

with f(z) an analytic function near zy. Given the ¢,, the parameters entering Eq.(2.2.14)
can be determined by considering various sequences which tend to them in the limit n — oo
and making use of acceleration methods to improve the convergence. For instance, the
ratio of consecutive coefficients ¢, /c,—1 converges to 1/zp as n — oo 6 whereas p and
f(xo) can be found by considering the following sequences

p=1+ lim n (:I:OCC”I - 1) : (2.2.16)
-
f(z0) = lim Cn (2.2.17)

PSRN
n—oo (%) (n+£_1)

In a similar manner, one can determine all the derivatives f(™)(zg) and relevant parameters
characterizing the subleading singularities [54, 55, 72]. As summarized in Table 2.2.1, by
analyzing 20 coefficients of the small-charge expansion of A_, we learn that they satisfy
Eq.(2.2.14) with g = —1, p = —3/2, f(x0) = —ﬁ. With the same number of coefficients,
we find also that f’(z9) = —0.051559(1), while computing higher derivatives of f(z) requires
an increasing number of coefficients. For instance, to obtain f”(xg) = —0.091150(1) and
" (x0) = —0.2467(1), we had to consider 46 and 89 coefficients, respectively. .

Physically, when = = ¢ the chemical potential takes the value u(xg) = ﬁ and the
mass of the radial mode w, vanishes in d = 3. Therefore, as in the large-N analysis of [50],
the radius of convergence is dictated by the requirement of positive masses.

In order to study the small gQQ expansion of Ag we consider separately Aéa) =

> neo a!”2" and Aéb) = 0 al?2". In the Aéa) case, the ratio test to determine
the radius of convergence exhibits a slow convergence while the sequence (2.2.17), fails to
converge even with more than one hundred coefficients. The poor performance of the ap-
proach can be understood simply by inspecting the p(z) dependence of Aéa) in Eq. (2.2.10).
Here one immediately observes the emergence of two different singular behaviour at x(, one
coming from the square root term (3rd term) that has a branch cut that goes like (1 + z)/*
(corresponding to p = —1/4) while the rest of the expression has an expected branch cut
that goes like (14 z)'/? (corresponding to p = —1/2) . Making use of this knowledge we can
accelerate the convergence process. We conclude that the slow convergence of Eq.(2.2.17)

5The radius of convergence can be found also by considering limn_>oo|an|71/ " = x9. However, for the
series considered in this paper, the simple ratio test performs better.
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Figure 2.1: In this figure, we show the ratio of consecutive coefficients b of the large gQ
expansion of A_j for growing n. The blue line represents the original coefﬁments while the
red, orange, and green lines denote, respectively, the first three Richardson extrapolations.
The ratio tends to the value 1/z9 = —1.

when considering the full a( ) is due to the presence of two coincident singularities 7. Being
all the terms in Eq.(2.2.11), regular in pu(zg) the convergence of the various ratio tests is

much higher in the A(()b) case as shown in Table 2.2.1. We conclude that near xog = —1, Ag
behaves as

Ao = f(z) 1+ 2)Y* + g(z, N) (1 + 2)'/% + analytic. (2.2.18)

2.2.2 The large-charge expansion

As shown above, the small g@) expansion of A_; and Ay is convergent. Here, we move to
investigate the large g@) expansion, which, as we shall see, in the case of Ag is asymptotic and
non-Borel summable. The large g@) expansion of A_; = gQ:cl/ 4 Z bpr ™2 is convergent

n=-—0
as can be seen from the ratio of consecutive coefficients, which is depicted in Fig.2.1. The
radius of convergence is again determined by the singularity at zg = —1. The number of

coefficients one needs to precisely characterize the singularity is similar to the small gQ
case, as shown in Table 2.2.1.

For the large g@ expansion of Ay we focus on analytically determining the large-charge
expansion of A(()b) and leave A(()a) for future work. As we shall see later, due to the factor
of N in Eq.(2.2.5), our conclusions will not be affected by the inclusion of radial and
conformal modes. In order to compute the large p expansion of A(()b), we follow [65] and
separate the positive powers of u as

AY = a_agi® +acip+ Y (20 + D/ 2+ 00+ 1), (2.2.19)
=0

The value of a_3 = —2/3 and a_; = 1/3 has been computed in [65] by performing a
(b)

numerical fit to Ay’ and will be confirmed below via an analytical computation. By

A possible strategy to deal with the lack of convergence due to nearby or coincident singularities consists
in dividing out the strongest singularity and considering the obtained coefficients [54].
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Figure 2.2: In this figure, we show the ratio 757 (with ay given by Eq.(2.2.22)) for growing
k. The blue line represents the original ratio, while the red, orange, and green lines
denote, respectively, the first three Richardson extrapolations. The ratio tends to the value
1

= =0.101321... .

™

Taylor-expanding the square root and exchanging the two sums, we have

AY = a_sp® +asip+ (20 + 1)V + L+ 1)
/=0
1) 2511 (k + 1)
2 /7T (k +2)

(20 + 1)0FFH (0 4 1)FHT

(—
=a_sp’ +a_1p+ Z
k=0 £=0

1
= CL_3/L3 +a_1p+ p Z akufzk . (2.2.20)
k=0

By using that

k2 k1
Z(% DL 1) = Z k+2 Z£k+n+1 i Z k+1 Z£k+n+2
- L I

£=0 n=0
k+mn+2 n k+n+3 n )’
n=0 n=0
(2.2.21)

we obtain our final expression for the coefficients

N S i ) S FY G SN | B

= 4/TmT (k + 2) —k+2m—3 —k+2m —2
The coefficients a; diverge double-factorially, as can be seen from the ratio ZZH, which is
ag
plotted in Fig.2.2. In fact, in the £ — oo limit, they behave as
—2k-5 1 5
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We can now employ resurgence arguments to infer the non-perturbative corrections to
Aéb). According to resurgence theory, given an asymptotic series ¢(0)(2) = 3" ay2*, we can
promote it to a transseries of the form

#(2) = 0O (2) + Z Jje*Aj/zl/ﬂj 2bilBipl) (2), ®U) (2) ~ Zal(j)zi/ﬁj , o (2.2.24)
J#0 =

where the parameters 3;, A; and b; are encoded in the large order behaviour of the ay

coefficients as [29, 30]

a~ Y L
— 271,
J

Therefore, the transseries can be mapped into the perturbative expansion up to a set of
j-dependent constants o, which are known as transseries parameters [30].

For our purposes, it is enough to focus on the dominant non-perturbative correction
to the scaling dimension. The latter stems from the term with m = k + 2 in Eq.(2.2.22).
Moreover, to ease the comparison with [50], we shift k& as k — k — 2 and introduce

Aﬁﬂ’”b Za AT (Bjk +bj —1) . (2.2.25)
=0

1 3
ay = a,ﬁj" M| ple = —m 21T (k + 2> r (k — 2) C(2K). (2.2.26)
To rewrite ay in the form of Eq.(2.2.25), we resort to the following identity

22T (k + 4 \[Zy <2k: - z) , (2.2.27)

where the coefficients ~; diverge factorially and occur in Henkel’s expansion of the
modified Bessel function of the second kind. After some manipulations, we obtain

4772 Z 277] 2k 3/2 Z% <2k -5 Z> ) (2.2.28)

which agrees with Eq.(2.2.25) if

, Sj () 0 ) _ G i
B =2, bj =-3/2, Aj =2mj, om0 T 32872 >0 = @)
(2.2.29)
Taking into account the shift in k& performed before, we have that the dominant non-
perturbative correction to A(()b) reads
0 5 Z e~ 2min B2 Z az(-j)/ufi . (2.2.30)
j=1 i=0

By using Eq.(2.2.9), we can rewrite the above in terms of the charge as
b i i
"5 (9Q)°* Y exp < S5V > Z (274v7) (9. (2.2.31)
j=1

The leading non/perturbative contribution to the scaling dimension scales as e~V@, which
is the same result obtained in [50] for the three-dimensional O(N) model in the double-
scaling (2.0.4). Of course, this is not surprising, since we, similarly to [50], consider the
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same functional determinant (??), whose transseries representation is unique. Below we
will make this connection more precise and explicitly show how Eq.(2.2.31) matches the
contribution of worldline instantons computed in [50], corresponding to non-trivial saddle
points of the geodesic equations on the two-sphere. This can be achieved by re-deriving
our results using the Mellin representation of the functional determinant of the spectator
modes. We, therefore, rewrite Eq.(2.2.7) as

o0 (o]
1 o0

Ag)b)(gQ) = Zne wy(l) = Z(%—H) V2 +Lll+1) = / dt 57 Le W Ty (eASQt)

=0 =0 L'(s) Jo s=—1/2
(2.2.32)
Since in the limit g — oo, the integral over ¢ is dominated by the contribution at t = 0, we
proceed by studying the small ¢ expansion of the heat kernel Tr (eASﬁ). By using Poisson
resummation and the asymptotic expansion of the Dawson function F'(z) for z — oo, we

find

Tr (e®52") = (204 1) e UHV!
£=0
1 (> 1 > :

t/4 o (=1)ket/* ('t — 27k F ]f—} 1
:GTJF 3 ( 7 ( t)> —tkzzocktk, (2.2.33)

k=—oc0

where

k —2k k+n+1 (gk—n
9-2k(_1 4 2) By
nl(k —n)!

n=0

(2.2.34)

By taking the integral over ¢ in Eq.(2.2.32), one recovers the correct ay, coefficients (2.2.22),
including the coefficients of the positive powers of u (a—3 and a_1) in Eq.(2.2.20). Moreover,
the above shows that our expansion coefficients ay, in Eq.(2.2.22), stems from the Cauchy
product of the asymptotic expansion of [50] with the Taylor series of et/*. We again focus
on the leading non-perturbative correction to the heat kernel and consider
k+1 1-2k
g0 - V(27 Ba. (2.2.35)
k!
which, as expected, matches exactly the (full) coefficients of the heat kernel expansion
in [50]. In particular, by using Eq.(2.2.25), we have that the leading non-perturbative
corrections to the heat kernel have the following form

3
2

Tr [e2521] S 2i (%) (=1)F+ ||~ (k2 /t (2.2.36)
which, of course, precisely matches the contribution of the worldline instantons calculated
in [50]. A few remarks are in order:

e Due to the mismatch in N of the contributions of A(()a) and A((]b) to Ag, the non-

perturbative corrections to A(()b) found here, survive in the full Ag for every value of
N (except obviously N = 2 and at most another value of N for which there is an
exact cancellation with A§). In addition, there may be additional non-perturbative

effects coming from A(()a), which may reduce the optimal truncation order below

Nopt = O (\/@)
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e Both the authors of Ref. [50] and we start from the functional determinant of
the spectator modes in d = 3 (2.2.7). However, due to the different double-scaling
limits considered, we obtain two distinct expansions. Technically, we expanded Eq.
(2.2.7) in powers of p which is the mass with respect to the Laplacian operator Agz,
which can, in turn, be expressed as a (convergent) powers series in Qe via Eq.(2.2.9).
Conversely, in [50], Eq.(2.2.7) is expanded in powers of the mass m = / u? — %

_9)2
with respect to the conformal Laplacian Age — (d 42)
as an (asymptotic) power series in % However, the transseries representation of

, which, in turn, can be expressed

A(()b) derived in [50] via Borel resummation does not depend on such considerations
and can be obtained from Eq.(2.2.32) by rewriting the heat kernel expansion as

ot/4
Tr (e2s2!) = — Z =0tk
k

e Unlike [50], where the large-charge expansion is asymptotic already at the leading
order of the semiclassical expansion (2.0.4), in our case, the (2k)! factorial growth
shows up only at the next-to-leading order of the semiclassical expansion (2.0.6), i.e.
in Ag. In fact, due to the factor on N in Eq.(2.2.5), the spectator modes contribute
to the leading order of the expansion (2.0.4) and to the NLO of (2.0.5).

e Our results strengthen the idea that the non-perturbative effects found in [50] stem
from the geometry of the compactification manifold and, therefore, do not depend on
the particular double-scaling limit considered. In the next section, we will, therefore,
change the manifold and study the O(N) model on R x $3~¢. This case is particularly
interesting since the heat kernel on odd-spheres is known to be convergent [75].
Moreover, in Sec.2.4, we will study the large-charge expansion in QEDs — GN
(Gross-Neveu) on R x S2. Interestingly, we will show that, due to properties of the
fixed-charge operators considered, the expansion is asymptotic but Borel summable.

2.3 The O(N) model around four dimensions

In this section, we continue analysing the convergence of the large-charge expansion in the
O(N) model by moving from d = 3 — € to d = 4 — ¢, where we consider the renormalizable

8 2 4 2
S= /dda: (( ?2) i 72' 9% (@@)2) . (2.3.1)
It is well-known that this model exhibits a Wilson-Fisher infrared fixed point which is
weakly coupled when € < 1. At the 1-loop level, the value of the coupling at the FP reads
o 3e
8+ N

action

g () + O(e?). (2.3.2)

As in the previous section, we consider the double-scaling limit (2.0.5) and write Ag as in
Eq.(2.0.6). The first two coefficients of the expansion (2.0.6) have been computed in [26]
(generalizing the O(2) result of [13]). The leading order reads

o, Seesiz) e

70 . 3 T ; r=69"Q,
3§+<x+\/—3+x2>3 <m+\/—3+m2)3

(2.3.3)
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while Ag is given by

Bo= T3 mefwor(0) + o (0)+ (N~ 2)(w(O)] (2.3.4)
/=0
where
wi(l) = o | T2+ 3u2 %(d o) \/zugw + <3u2 - %(d _ 2)2>2, (2.3.5)
and

wi(l) =/ JE 4+ p2, (2.3.6)

are the dispersion relations of the fluctuations. J? and n, have been given in Eq.(??). The
spectrum is analogous to the d = 3 — € case, with one conformal mode w_, one radial

mode wy with mass \/6;12 — 2(d—2)?, and (N — 2) spectator modes w,. Notice that

the dispersion relation of the spectators does not depend on d and is the same in the
d=3—¢€and d=4— e cases, i.e. its functional determinant is given by Eq.(??) evaluated
in d = 4 — e. The chemical potential u is related to the 't Hooft coupling g@) as

2
3t + (o + v=3+27)°
p=— o (2.3.7)
33 <$+v—3+x2)3
For later convenience, we separate the contribution of the various modes as
N b
No(9Q) = A (9Q) + (2 = 1> AP (9Q), (2.3.8)

where, after performing regularization and renormalization, Aéa) and A(()b) can be written
in terms of convergent sums as [26]

Q) o 5ut +6p% -5 1 V3p2 —1
AD(gQ)= 2L TR 70 2NT @ 9.3.
0 (9°Q) 16 +2;U (0) + N (2.3.9)
O «Ay L _ . LN~ )
Ao (9°Q) = —15 (74 p (—16 + 61 + 3p )]+2€;a (), (2.3.10)
with
5(u? —1)°
J(a)(f):(1+€)2[w+(€)—|—w,(€)]—253—6€2—2,u2—2(u2+2)€—|— (MM ) ,
(2.3.11)
(w2~ 1)’
o (0) =201+ 0)%w(0) — 20 — 662 — (2 +1) — (P2 +5) L+ — . (23.12)

440

In the following, we will unveil the large order behaviour of the small-gQ) and large-gQ

expansions of A_; and Ag. In particular, we will show that, when neglecting Aéa), both
expansions are convergent as opposed to the three-dimensional case considered in the
previous section.
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2.3.1 The small-charge expansion

The small gQ) expansion of A_; is convergent and its radius of convergence is determined
by the only non-analytical point = zq = —/3. Notice that, being x( negative, one can
smoothly connect the small- and large-charge expansions via analytic continuation. On the
other hand, as observed in [76], if one considers the model in 4 — ¢ (with € < 0) dimensions,
where the FP occurs in the UV at negative values of g, then the non-analytical point lies
on the positive @) axis and analytic continuing to large values of () yields a complex Ag,.
The onset of complex dynamics in the large-charge sector of the quartic O(N) theory above
four dimensions has been previously observed in the literature. In fact, in [77, 76], it has
been pointed out the existence of a critical value of the charge Q. above which Ag has a
non-vanishing imaginary part. In d =4 — € (e < 0), and using = 6¢*Q supplemented by
Eq.(2.3.2) we have

(N+8)  N+8

18  6v3¢’

Qcly_1g0p = 20 (2.3.13)

in agreement with [77, 76].

By studying the coefficients of the small g@Q expansion of A_; we have that they
satisfy Eq.(2.2.14) with zg = —v/3, p = —3/2, f(x0) = é\/g (obtained with 25 terms),
[/ (zg) = 0.0014549(1) (with 60), and f”(z) = 0.000256(1) (with 45). Therefore, in the

vicinity of the point x = —v/3, A_1 behaves as
2 \3/2
A1=flx)|14+— + analytic . 2.3.14
=t (14 5) y (2.3.14)

As in the d = 3 — € case, the radius of convergence occurs when the radial mode becomes
massless as can be seen from Eqgs.(2.3.5) and (2.3.7).

By investigating the small-charge expansion of the next orders in the semiclassical
expansion we now test the claim made in [13] according to which the coefficients of the

small g@ expansion of Aj, ie. a;, (ie. Aj = Zaj,n(gQ)" ), should obey the following

large-order relation A
Gitln=l o (2.3.15)

a]?”

If the above were true it would imply the following large order behaviour:

ajn = bj <_1/§>n <” +jn_ 3/2> [1 +0 (;)] , (2.3.16)

where b; are real numbers. Then, according to the Darboux’s theorem, all the A; would

be non-analytic in x = —/3 and in the vicinity of this point would behave as
o\ /2
A= fi(x) 1+ > + analytic. 2.3.17
s= 5 (145 y (2.3.17)

However, already for Ag the analysis of the coefficients of the small g@) expansion reveals
that the above is incorrect. In fact, as for the case with d = 3 — €, near the singularity Ag
reads

L\ /4 2 \1/2
A = f(x) (1 + \/§> +g(x,N) (1 + \/§> + analytic . (2.3.18)

In other words the arguments of [13] capture only, for Ag, the essence of the second term
in Eq. (2.3.18) but not the full singularity structure.
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Interestingly, the nature of the leading non-analytical structure characterized by p in
both A_; and A is identical in d = 3 — € and d = 4 — € dimensions for O(N) theories.
Intrigued by this observation, we studied the small Qe expansion of A_; in other two
theories which have been previously investigated in the double-scaling limit (2.0.5), namely
the cubic O(N) model in d = 6 — € [76] and the U(N) x U(M) model in d =4 — € [78, 79].
In both cases, we find that the leading singularity Q = Q. is tied to a vanishing mass for
the "radial modes” of the models. Around this point A_; behaves as

Y 3/2
A1 = f(Qe) (1 + <Q> > + analytic, (2.3.19)

where 8 =2 for O(N) in d = 3 — € and 5 = 1 for the other theories we investigated. The
difference in 8 should be traced, not in the space-time dimension, but in the fact that the
model investigated in 3 — € dimensions has one-loop vanishing beta function. Our results
hint at new universal behaviours in quantum field theories.

2.3.2 The large-charge expansion

The large gQ expansion of A_1 is convergent with a radius of convergence determined by
the non-analytical point at = —v/3. The number of expansion coefficients needed to
accurately characterize the singularity is larger (=~ 35) when compared to the small g@Q
case, as shown in Table 2.2.1.

To analyze the large p expansion of Ag, we focus on the contribution of the spectator
fields defining Aob). In particular, our goal is to prove that the large g@) expansion is
co(rbl)vergent. We use the following Mellin representation to investigate the convergence for
Ag

:anw* Zerl w? + 00+ 2)
= (=0

1 / -1, —p’t Agg_ct F(_1/2+k_%) 4—e—2k
= dt t°~ e H Tr(e §3=¢ ) = Zak urTEeER
L) Jo s=—1/2 k=0 —2Vm

(2.3.20)

where the a;, are the heat kernel coefficients on S37¢, i.e. Tr (eASB*Ct) => ko

For a given manifold, the heat kernel coefficients depend only on its geometrical properties,
Vol(S3 )
(4m) %"
the terms with k£ = 0,1, 2 diverge in the limit ¢ — 0 and need to be renormalized. For
example, the term with k£ = 0 reads
I'(—2+¢€/2) 4. 1 1 4
—ag—————= =|—= dvp — 5 — 41 -1 @)
== = +32(')’E 0g(2)) + ¢ log(n) + O (e) | p

We checked that the 1/e divergence cancels against a term arising from the renormalization
of A_1. As usual, the renormalization is connected with a logarithm of the relevant scale
that here is given by the chemical potential. By renormalizing the first three coefficients,
we obtain

e.g. ag = . Due to the gamma function in the numerator of the equation above,

. (2.3.21)

1 1
AP (9Q) = aght" (75 4 47e — 41og(2)) + 5 u* (1 — 675 + 6 log(2))
1 1 4 2k
+ g (11 + 1078 — 101og(2)) + 5 (12 —1)*1og(n) + Zbku (2.3.22)
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in agreement with the numerical results of [80]. The coefficients by with k£ > 3 can be
computed directly in d = 4. The heat kernel coefficients on the 3-sphere can be obtained as

Ty (eASS—et) — Z(l + 1)2671(l+2)t
=0

_ 1et i pRe Pt = Vet N 0(6_1/t> _ t_3/2zaktk n 0(6—1/t> ’

T2 4¢3/2

p=—00

(2.3.23)

with ap = 4—@. Unlike the d = 3 — € case, the heat kernel expansion has an infinite radius of

convergence. By plugging the above in Eq.(2.3.20), we obtain the coefficients of the large

1 expansion of A(()b)

1
(k- 1)(k—2)

bp>3 = — (2.3.24)
Interestingly, we can resum the series and obtain a closed-form expression for A(()b) not
involving infinite sums. We have

AP =22 LB = ) <10g (u = u) +7E — log(2)> . (2.3.25)

The analytic structure of A(()b) is as follows: there is an essential singularity at 4 = 0 and

two logarithmic branch cuts which run, respectively, from u = —1 to g = —oo and from
= 1to u=0. However, from Eq.(2.3.7), we see that u # 0 for any value of gQ). Moreover,
u(gQ = 0) = 1, and Ay is complex for any @) when g < 0, i.e. at the (metastable) UV
FP of the quartic O(N) theory in 4 < d < 6. Therefore, while the small-g@) expansion of
A_j reveals the existence of a critical value of the charge above which Ag is complex, the
analytic structure of A suggests a stronger statement, i.e. in 4 < d < 6 Ag is complex
for any value of Q). Away from four dimensions the situation can change due to different
asymptotic behaviours for even and odd dimensions of the O(N) CFT [81].

We have observed that the large g@) expansion of the Aob is convergent, in net contrast
with the (2n)! factorial growth found in three dimensions. Hence our result strengthens
the idea that the non-perturbative contributions to the functional determinant of spectator
fields (i.e. of free particles of mass equal to p) have a geometrical origin and are, therefore,
absent on R x S3, where the WKB expansion of the heat kernel is exact [75].

2.4 Monopoles in QFED;

Here we consider the large-charge expansion in fermionic gauge theories. In particular, we
study the QFE D3 model with Euclidean action given by

s= [ {;Fwwuw(mm) vl (2.4.1)

where the flavor index runs over ¢ = 1,..., Ny and A, is a U(1) gauge field with field
strength F),,. The theory has a SU(Ny) flavor symmetry and a U(1) global symmetry

associated with the current )
J, = Eem,pF"p , (2.4.2)

which is conserved due to the Bianchi identity dF' = 0. One can define the monopole
operators as the operators carrying the corresponding conserved charge @ = [ d?xJy, which
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is subject to the Dirac quantization condition Q) € Z/2. For large enough Ny, the theory
is believed to flow to a conformal field theory in the infrared [82, 83]. In this phase we can
relate the scaling dimension of the lowest-lying monopole operators to the ground state
energy on the cylinder as

Ag =Eg = —logZs:r [A9] . (2.4.3)

Here Ag corresponds to the scaling dimension of a monopole operator carrying the charge
Q, Eq is the ground state energy on the cylinder when there is 47(Q) units of magnetic flux
across S2, A9 the associated background gauge field, and Zg2, g is the partition function
of the theory. For large Ny, Ag can be computed via a semiclassical expansion in 1/Ny
yielding Eq.(??). The leading order corresponds to the action evaluated on the classical
field configuration and reads [84, 85]

Ag=4) /2-@, (2.4.4)

(=Q+1

where £ labels the eigenvalues of the Laplacian on a 2-sphere with a charge () at the center.
The corresponding eigenfunctions are the monopole harmonics [86, 87] and the presence
of the background monopole field bounds £ as £ > Q + 1. The above expression can be
regularized and computed numerically, as explained in detail in [84, 85].

2.4.1 The large-charge expansion

Here we focus on the large @) expansion of A_; (2.4.4). By shifting the sum over ¢, we can
rewrite A_1 as

A,y :4i(n+Q+ Dy(n+1)(n+2Q +1)
n=0

n=0

Q 2Q
X (—1)F18 7k (2k)! [ 1(n+1 1\*
:4\@@3/2;0( (22—1)(15!)2) Lz:%(wrl)kﬂ ( Q +1>] <Q>
o (_1)k=1g=k(2) [¢ (—k — 3 1 1\"
:4\@@3/2;20((22—1)(%(!)2) [ = 2)+<<_k_2>] (o) - o

Rearranging the terms of the expansion, we obtain

(2.4.6)

a /o 1
A—1 = Q3/2 Zak@ )
k=0

where the ay coefficients are given by

o = %(4)“1 (4710,; <l<: - 2) r <l<: + Z) sin (T 2k +1)) ¢ <k + ;) L (247)

Analysing the ratio of consecutive coefficients, which we show in Fig.2.3, we find that
the series is asymptotic and, therefore, requires a summation prescription such as Borel
resummation. The Borel transform of Eq.(2.4.6) is given by
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Eq.(2.4.7). The blue line represents the original coefficients, while the red, brown, and
purple lines denote, respectively, the first three Richardson extrapolations.

Figure 2.3: In this figure, we show the ratio , where the a; are given by
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Figure 2.4: The singularity structure of the Borel transform of A_; (2.4.8). There are
branch points at ¢t = 4mim, m € Z.

G N~ (1) 30 _35. it
B[Qsm] kzk ;ﬁﬂmsm {2F1< 22" am 7r>+Z2F1< 2’2’1’4m7r>]‘
(2.4.8)

Here 9Fi(a,b;c;x) denotes the Hypergeometric function, which can be analytically contin-
ued in the complex plane along any path avoiding the branch points at x = 1 and x = cc.

Hence B [ o7 /2} (t) features an infinite series of branch points at ¢ = 4wim, m € Z, as

shown in Fig.2.4. As a consequence, the series (2.4.6) is Borel summable and both lateral
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Borel summations coincide

A = Q5/2 /000 dt e 9B [23_/;] (t) = 2;?; [exKg(x) — e*ng(—x)] , x=2mmQ,
m=1

(2.4.9)

where K3 is the modified Bessel function of the second kind. Finally, the optimal truncation
order corresponds to the value of k such that az/Q" has a minimum and reads

kopt ~ 4TQ (2.4.10)

with an error of order O (6_47FQ). We conclude that, even if the Q£ D3 model shares the
same universal large-charge behaviour (2.0.2) of the three-dimensional O(N) model, its
large-charge expansion behaves better than O(N), having a higher optimal truncation
order (i.e. = @ rather than ~ 1/Q)) and being Borel summable. Notice that, since at
the leading order in 1/Ny the scaling dimensions are not affected by the inclusion of a
Gross-Neveu interaction term, our results apply also to QED3s — GN [88].
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Chapter 3

QCD-like theories at finite charge

Quantum Chromodynamics (QCD) constitutes one of the pillars of the standard model of
particle physics. Featuring three colors and several flavors, its dynamics become strongly
coupled at low energies while weak at high energies. It is often assumed that analyzing the
strong sector of QCD is not fruitful and, consequently, numerical methods are commonly
used.

Several relevant questions remain unanswered about its dynamics, from its spectrum
to the interplay between chiral symmetry breaking and confinement, to its phase structure
as a function of light-matter fields (conformal window), temperature, and matter density.
An important unsolved puzzle is the absence or unexplained strong suppression [89, 90] of
the presence in the theory of the topological term responsible for strong C'P violation. Its
possible resolutions in terms of either the axion physics [91, 92, 93, 94, 95, 96, 97, 98] or
its alternatives such as the ones in which C'P is broken spontaneously [99, 100, 101].

Reducing the number of colors from three to two provides a number of theoretical ad-
vantages and increases potential phenomenological applications beyond the QCD template.
This is due, to the symplectic nature of the matter representation that enhances the quan-
tum global symmetries for the light flavors from the SU(Ny) x SU(Ny)xU(1)p to SU(2Ny).
When discussing non-zero baryon charge the model allows for well-defined lattice simulations
because the action remains real, differently from ordinary QCD. For a review of the various
applications of the theory we refer to [102, 103]. Last but not least this model together with
ordinary QCD has been one of the most studied theories on the lattice as function of light fla-
vors in the hunt for the predicted lower edge of the conformal window [104, 105, 106, 107] and
its dynamical properties [108, 109, 110, 111, 112, 113, 114, 115, 108, 116, 117, 118, 119, 120],
finite baryon density [121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133, 134,
135, 136, 137, 138, 139, 140, 141].

In this chapter, we investigate the #-angle and axion physics at non-zero baryon chemical
potential of two-color QCD outside and near the conformal window. In the first Section.
3.1 we discuss general aspects of the QCD phase diagram as function of the number of
colors and flavors. In the following Section 3.2 we introduce the two-color effective pion
Lagrangian at non-zero baryon charge, including both the #-angle term as well as the axion
field. In Section 3.3 we will determine the vacuum structure of the theory both in the
normal and superfluid phase as a function of the different number of matter fields. We
will show how new phases emerge due to the interplay of the #-angle term, quark masses,
and baryon chemical potential. We will also characterize the type of phase transitions for
Ny =2,3,6,7,8 flavors and discuss general properties depending on the even versus odd
number of flavors. Then, in Section 3.5 we investigate the near-conformal strongly coupled
dynamics of two-color QCD by introducing a dilaton state. Then, using the state-operator
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correspondence we compute the dependence of near-conformal scaling dimensions of charged
operators, including the impact of the 6 angle.

3.1 QCD phase diagram

In this section we will discuss some features of Quantum Chromodynamics in presence of a
general number of colors and flavors. The object of study is the § function of the theory.
We can identify three different scenarios

e For 8 > 0, the theory is weakly coupled at low energies while the coupling increases
at high energies, resulting in a Landau pole. QED is an example of this.

e For 5 < 0, the coupling becomes large at low energies, implying that the theory
becomes strongly coupled. Conversely, the coupling constant approaches zero in the
ultraviolet regime. This phenomenon is known as asymptotic freedom. An example
of this is QCD.

e If 5 =0 in this case the coupling constant is independent of the energy scale and the
theory becomes conformal. Theories with this behavior do not contain any ultraviolet
divergences. An example of this is N = 4 Super-Yang-Mills.

Let us start with pure Yang-Mill with internal gauge group SU(N,). The Lagrangian is
the following

1 a v a a a aoc C
—FYFW, FY, = 0,AL — 0,A% + go f"C AL A (3.1.1)

L=-1Fp,

here Fy, is gluon field strength tensor and go is the bare gauge coupling constant. The
index algebra runs from a =1, ..., N, 62 —1 and fgup. are the structure constants of the su(NV.)
algebra, defined by the commutation relation

(7%, T = fobere, (3.1.2)

where T denotes the generators of su(N,;) in the adjoint representation. Indicating by ¢
the renormalized coupling constant, the associated beta function 5(g) at one-loop read as

99 ¢ 1

Blg) = Mo = —WgNC <0. (3.1.3)

In this case the 8 function is negative for all values of g, thus the theory becomes free at
high energies while at low energies the theory becomes strongly coupled. It follows from
the running of the coupling that the one-loop scale

A= ,ueil/(%)gz) (3.1.4)

is independent of the scale p and therefore defines an RG- invariant scale. The fact that a
theory with dimensionless coupling gy generates a scale A is called dimensional transmuta-
tion. We can extend the previous result by including N; Dirac fermions transforming in
the fundamental representation of SU(N,), now the beta function S read as follows

3
Blg) = —(fW)Q [lglNc - sz] : (3.1.5)

Depending on the number of colors and flavors (N, N.), we can have three different phases
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e Non-Abelian QED-phase: 3 > 0 for Ny > %NG
e Asymptotically free phase: < 0 for Ny < %NC
e Non-Abelian Coulomb-phase: 3 = 0 for Ny = %NC

If Ny > %NC then the beta functions changes sign, we lose asymptotic freedom, and
the theory exhibits a Landau regime and becomes infrared-free, like QED with massless
electrons. For Ny = %NC, the beta function is zero for any value of g leading to scale-
invariant QCD. At two-loop, the beta function § read as

3

5
Blg) = —(4gﬂ)2ﬁ0 - (49704/31 ... (3.1.6)

where the first two coefficients are universal and independent of the renormalization group
scheme [142]

1. 2

Bo = ch - §N ) (3.1.7)
34 N

=" NE - 3Tf (13N2 - 3). (3.1.8)

Let us define the value of Ny = N f for which asymptotically freedom is lost as y(IN }{ ) =0.
Below this number of flavors, the theory develops a Bank-Zaks fixed point. It appear soon
as the coefficients 81 change of sign, it happens for Ny = NJ{I such that 61(NJ{I) = 0. The
respective values are

11

Nf= - Ve, (3.1.9)
34N3
NH = _““c 1.1
f T 13N2 -3 (31.10)

Therefore, in the region N J{I < Ny <N ]{ the two coeflicients of the beta function will have
a different sign and thus, a non-trivial an infrared fixed point g = ¢g* will emerge. The
respective fixed point is

9 _ B
1672 51’

(3.1.11)

here there are no localized particle-like states in the spectrum, rather, we find massless
unconfined interacting quarks and gluons. Since we are sure that below N ]{ we are in the
conformal phase, there must be a critical number of flavors N}‘ for which the theory is still
conformal at the infrared. The region

Nj < Ny < Njf (3.1.12)

is known as conformal window. The task of identifying the lower bound Ny is highly
non-trivial, as it may be in the strongly coupled regime in general, and non-perturbative
effects might emerge. When the transition is sufficiently smooth, close to the lower end
of the conformal window, the theory exhibits a near-conformal phase characterized by
the existence of a region of the renormalization group (RG) flow in which the coupling
remains nearly constant signaling the occurrence of walking dynamics [143, 144, 145].
The infrared dynamics of the near-conformal theory can be modeled by augmenting the
standard chiral Lagrangian via the introduction of a new light scalar degree of freedom
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with the same quantum numbers of the vacuum which is commonly referred to as the
dilaton. In this scenario, the dilaton is the Goldstone boson stemming from the spontaneous
breaking of scale invariance whereas sources of explicit conformal breaking leading to the
near-conformal phase can be encoded in the effective dilaton potential. The aforementioned
phenomenological applications have motivated several investigations of the resulting dilaton
effective field theory (EFT) [105, 146, 147, 148, 149, 150, 151, 152, 153, 47, 154, 155, 156,
44, 46, 157, 45, 158].

3.2 Two-color chiral Lagrangian

The Lagrangian of Ny Dirac fermions transforming according to the fundamental represen-
tation of two-color QCD reads:

L = _4%6_7"“” . Gw +iQa" I:ay _ iéy . 72—:| Q— %quTTQEQ +h.c. . (3.2.1)
g

Here G}, and G}, with a = 1,2, 3 are respectively the gluon field strength and the field

itself, 7% are the Pauli matrices for the SU(2) color group, and Q%" is a two-spinor fermion
field transforming according to the fundamental representation of color with ¢ = 1,2 and
i =1,---,2Ny. In terms of g7, g, which are the original left and right handed quarks
stemming from the Dirac notation it reads

_ ( o > _ (3.2.2)
102T24p

At zero fermion mass (i.e. my = 0) the theory exhibits the classical U(2Ny) symmetry
broken at the quantum level by the Adler-Bell-Jackiw anomaly to SU(2Ny). The Dirac
mass term breaks explicitly the symmetry to Sp(2N¢) and the 2Ny x 2Ny matrix E reads:

E= <_01 é) ®1n, - (32.3)
At small number of flavors the dynamics is expected to be strong enough for a fermion
condensate to form breaking the SU(2Ny) global symmetry spontaneously to a smaller
subgroup expected to be the maximal diagonal one. However, only recently, first-principle
lattice simulations have been able to demonstrate this pattern of chiral symmetry breaking
in [111] which has been further confirmed in [113] for two Dirac flavors. Increasing the
number of flavors the dynamics can change and one expects the existence of a critical
number of flavors N above which an IR interacting conformal fixed point emerges. This
dynamics has been investigated theoretically [107] and via first principle lattice simulations
[159]. A recent up-to-date review can be found in [103]. In fact, even the dynamics at very
large number of flavours is extremely interesting both theoretically and phenomenologically.
It is also being investigated on the lattice [160] searching for the existence of an interacting
non-perturbative UV fixed point [161] similar to the one shown to exist in [162, 163] for
gauge-Yukawa theories. For any 2 < Ny < N J’c‘ it is therefore natural to expect the pattern
of spontaneous symmetry breaking to be SU(2Ny) — Sp(2Ny). The associated chiral
Lagrangian embodying the previous pattern of symmetry breaking reads [164, 102] :

Lot = V*Tr{0,Z0"ET} + m22Tr{ MY + MTST} | (3.2.4)
with ¥ transforming linearly under a chiral rotation as

Y —uXu’ , we SU@2Ny), (3.2.5)
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and the democratic mass matrix M being

0 -1

MZ—iJQ@]le:<1 0

) ®1n, - (3.2.6)

3.2.1 Baryon charge

We can take into account a non-vanishing baryon charge by coupling it to a chemical
potential u. The latter can be introduced as the zero component of a background gauge
field via the covariant derivative

. 1/2
8“»—>Du:8#—w52B, B = < (/) _?/2) ® 1y, (3.2.7)

which reproduces the usual coupling of the chemical potential to the Noether charge in the
Dirac notation. In fact

e\ (10 ar 1 0
o= (1) (0 %) ot (W) =0 (1 O)ory0msaine. 2

=2B

Notice that the baryon charge generator belongs to the su(2/Ny) algebra being proportional
to the third Pauli matrix.

From the form of the B matrix, we see that for non-zero u the Lagrangian is no longer
invariant under SU(2Ny) transformations. To fix the ideas, when the mass term is zero
the SU(2Ny) symmetry is explicitly broken as

SU(@2Ny) =272 SU(Ny)L, x SUNp)r x U(1)5 (3.2.9)

conversely, for m # 0 one has

SU@2N;) 222129 SU(Ny)y x U(1)s - (3.2.10)

By using the covariant derivative (3.2.7) into eq.(3.2.4), we obtain the effective Lagrangian
describing the theory at non-zero baryon charge

Lp = 1V2Tr{9,X0"ST} + 4 Tr{BX19,X} + m20°Tr{M¥ + MT%T}

3.2.11
+ 2p20? Tr{EBTZTB}—i—Tr{BB}] . (8.2.11)

3.2.2 The 6-angle and the U(1) problem

In order to discuss the physics of the #-angle and of the axial anomaly [165, 166, 167], we
introduce the topological charge density

2

g
a(x) = g5 ELE, (3.2.12)

which we incorporate in the effective Lagrangian as

q(z)
dav?

Loz = iq(x)Tr{log > —log 2t} — 0g(z) + (3.2.13)

q(z)
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Here the new ¥ is related to the old one that transforms only under SU(2Ny) via [168]

i—A—1on
S e VA (3.2.14)

with the S-field a singlet of SU(2Ny) transforming under the anomalous U(1) 4, and it is
parent to the n’ particle in ordinary QCD.

The minimal choice to neglect orders higher than ¢?(x) is justified at large number
of colors, see discussion in [168, 169]. Here, to keep the same pattern of chiral symmetry
breaking the SU(2) of color generalizes to Sp(2N) and not SU(N). The linear term allows
accommodating for the U(1)4 anomaly. The coefficient of the quadratic term in ¢(z) is
known as the topological susceptibility of the Yang-Mills theory. The coefficients of these
terms are coherently chosen such that we reproduce the axial anomaly 9, Jf' = 4N;q(z) in
two-color QCD with quarks in the fundamental representation [168]. Notice that g(x) is
a background auxiliary field introduced to implement the anomalous transformation at
the action level in linear fashion. It can, therefore,be integrated out via its equations of
motion, yielding the following effective Lagrangian

Lo = 12Tr{0,20"S"} + 4 *Tr{BX10 S} + m2°Tr{ M + M1}
. 2
+2p20? [TT{ZBTETB} + TT{BB}] — av? (9 - %Tr{log > — log 2*}) . (3.2.15)

The action of the symmetry groups is summarised in Table 3.2.1 where the axial generator
A in our notation is

1/1 0
A= <0 1) ® Ly, - (3.2.16)

[SU@2)] | SUWNg)L  x SUNpr x UMy x U(l)a
aL 0 0 +1 1
iUQTQQ*R O 1 -1 +1

=

[SU@)] | SU@Ny)  x  U()a
Q O O +1

Table 3.2.1: Transformation properties of qr, i02mqy and Q under the action of the
symmetry groups.

3.2.3 The axion and the baryon charge

For the Standard Model three colors QCD there is no experimental evidence of strong C'P
violation. This constrains the associated value of the effective theta angle § = 6+arg det(M),
with M the physical quark mass matrix, to be # < 1070, The limit comes from the bound
on the neutron electric dipole moment |d,,| = Cgpme 0 < 1.8 x 1072¢ ¢cm [89, 90], where
Cepm = 2.4(1.0) x 10716 cm [170] is related to the effective nucleon interactions with the
axion explained in the Appendix of [168]. From a theoretical viewpoint, a tiny value of a
physical parameter unprotected by any symmetry requires an explanation. One solution for
the so-called strong C'P problem was proposed in the 70s by R. Peccei and H. Quinn [91, 92].

44



The proposal makes use of an additional U(1) pg symmetry which is quantum mechanically
anomalous and spontaneously broken leading to the axion as an extra (pseudo-)Goldstone
boson. Axion physics has led to a great deal of both theoretical and phenomenological
work including active experimental searches beyond the original QCD axion [171]. An
alternative solution to the strong C'P problem featuring new composite dynamics and
heavier (if not completely absent) axions was proposed in [172] and reconsidered in [173]
and applied extensively in model building in [174, 175, 176].

Of course, when discussing the #-angle physics here, depending on the physical ap-
plication of the model, we can allow for new sources of C'P breaking, perhaps relevant
for some models of dark matter or Standard Model secluded sectors [171]. Nevertheless,
it is interesting to entertain the possibility that an axion is present in the theory and
therefore explore its finite chemical potential dynamics and impact. We denote by vpg the
scale of U(1) pg spontaneous symmetry breaking and by apg the coefficient of the U (1) pg
anomalous term. We include the axion in our theory by extending (3.2.15) to the following
effective Lagrangian

Lo =1*Tr{0,20"S} + v} 0, NO*NT + 4p*Tr{ B0, S} + m2v°Tr{M% + MTs1}

. . 2
+2p%02 [Tr{SB"S'B} + Tr{BB}] — a? (9 - iTr{logZ —logXxf} — iapQ(logN —log NT)) :
(3.2.17)

The details on how to construct the extended effective theory can be found in [168].

3.3 Determining the Vacuum

In this section, we focus on the vacuum structure of theory (3.2.15) in the presence of the
f-angle and finite baryon charge. In particular, we will first study the general conditions
determining the classical vacuum solution as a function of § and p. Armed with these
results, we then carefully analyze the properties of the vacuum in the concrete cases
Ny =2,3,6,7,8 and N; arbitrary. To begin with, we notice that for vanishing ¢ the
vacuum is determined by the competition of mass and baryon chemical potential. In other
words, the ground state can be written as [177]

0 1y (T 0) . 0 —In,p2
Y= 4 h I= f
¢ <—1Nf 0 ) cosp +1 (0 I) sin @ where <1Nf/2 0 ,

(3.3.1)
where the angle ¢ is determined by the equations of motion.
To study the effect of 6 on the vacuum solutions it is convenient to introduce the Witten
variables a; as [178]

Yo =Ul(ay)%, U(cy) = diag{e ™, ... e "*Nr e7ion . eTiONs Y (3.3.2)

These variables reflect the possibility to generalize the mass matrix in (3.2.6) by replacing
the 1y, with diag{e™"*,... ,e”"*"r}. Each phase is the overall axial transformation for
each left-right quark pair. The reason why we cannot consider a single (odd number of)
Weyl fermion(s) at the time (as is the case for real gauge representations) is that one
cannot write a mass term in this case and the theory overall suffers from a topological
anomaly [179].

We take the above to be the general ansatz for the vacuum. The Lagrangian evaluated
on this ansatz reads

Lo[Xo] = v? [Am2 X cos ¢ + 2u* Ny sin® ¢ — ab?] (3.3.3)
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where for later convenience we introduced
§:9—Zai, X:Zcosai (3.3.4)

where 6 is the effective theta angle that enters physical observables. The equations of
motion read

m2
sin ¢ <Nf cos  — ,U;TX> =0 (3.3.5)
2m2sina;cosp =af, i=1,.,N; (3.3.6)

and the energy of the system is

E=-1? [4m3rX - a0_2] , normal phase (¢ =0) (3.3.7)
N2 4 + m4X2 B 2
E=—1? [2W —af?| , superfluid phase (cosgp = NT::Zz ) . (3.3.8)

Note that when a > m, all the #-dependence is contained in an effective pion mass
m2(0) = mNgf—fX For =0 (i.e. U(a;) = 1) one has X = Ny and 6 = 0, and we recover the
results in [177]. In this case, a normal to superfluid phase transition occurs when p = m.,
i.e. when cos = 1. For 0 # 0 the #-dependence of the energy may be different in the two
phases. Therefore, to find the conditions for the onset of the superfluid phase we first need
to determine the # vacuum in both phases. To this end, we observe that in the normal
(superfluid) phase the energy is minimized when X (X?) is maximized. In the former case,

the Witten variables are related to 6 by the well-known equation

Ny
2m2sina; =af =a | 6 — Z a; | . (3.3.9)

For the general solution we must have for any 0 fixed sin a; = sin a;. To solve for the «;

2
we consider the expansion in the parameter % that we take to be small. Concretely, at
the leading order one needs to solve for § = 0 and the angles «o; satisfy

- q, i=1,...,

=" ' " (3.3.10)
«, t=n+1,...,N;

where « is the solution of the following modular equation

n(m — o)+ (Ny —n)a = 60 Mod 27 . (3.3.11)

The modulo comes from the fact that if a solution {a;} of eq.(3.3.9) is found, then it is
possible to build another solution as follows

a1(f +27) = a1(0) + 27, a;i(f+2m)=0;(0), i=2,...,Ny. (3.3.12)

However, since the physics depends only on e, the dynamics is invariant under § — 0+427.
The solution of eq.(3.3.11) can be written as
0+ (2k—n)m
-~ (Ny—2n)

Ny —1
. k=0,...,N;—2n—1, n:(),...,[ f2 ] (3.3.13)
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The range for k above emerges because for k > Ny —2n we repeat the solution for a given n.
Note that when n # 0, the vacuum spontaneously breaks Sp(2Ny) because of the different
phases for each quark flavour.

It is well-known that C'P is preserved when § = 0. For equal mass quarks as considered
here, this happens when m, = 0 or § = 0. On the other hand, for § = 7 the Lagrangian
(3.2.15) possess C'P symmetry but in the normal phase the latter is spontaneously broken
by the vacuum [180, 168, 181, 182] !, leading to a strong #-dependence near § = 7. In fact,
assuming that the ground state does not break Sp(2Ny) spontaneously (i.e. n = 0), the

vacua lie at [181]
7:9+2Trk

U(Ozz) =e N ]lQNf . (3.3.14)

For § = 7w one has X = cos (%), which is maximized when k = 0 and k = Ny — 1,
that is

i

Ulos) = €N712Nf ; Uli) =e "/ lan, . (3.3.15)

The two solutions are related by a C'P transformation U — UT and thus C'P is spontaneously
broken. For Ny > 2 the minima are separated by an energy barrier while for Ny = 2 the
leading order quark-mass induced potential vanishes?, apparently leading to a paradoxical
situation according to which one has massless pions and no explicit breaking of chiral
symmetry. The paradox is simply resolved by going to higher orders in the mass for the
chiral Lagrangian. Once these corrections are taken into account they lift, as expected, the
vacuum degeneracy yielding two minima separated by a barrier [183, 184]. The spontaneous
breaking of C'P at § = 7 is known as Dashen’s phenomenon [180] and has been thoroughly
studied in the literature [178, 185, 183, 184, 181, 182, 186]. As we shall see, in the superfluid
phase C'P may be violated or not at § = m depending on the value of Ny. Once determined
the a; to the leading order in —%, subleading corrections can be more easily computed.
Note that in the superfluid phauseTr the equation of motion (3.3.6) becomes
2ma

Nf/;rQXsinoei =af, i=1,.,Nj. (3.3.16)

4
Hence, in this case the natural expansion parameter is Znﬁ leading to an enhanced suppres-
sion compared to the normal phase.

We now consider specific values of Ny to cover most of the phase diagram for which
chiral symmetry is expected to break spontaneously. In the companion paper [?] we will
re-examine the values of Ny that are expected to cover the near-conformal dynamics.

3.31 N;=2

We now focus on the case Ny = 2 which has been previously considered in [187] at the

leading order in ngf In this limit, the two angles {a1, s} satisfy oy + ag = 6 + 2km.
Additionally, because sin a;; = sin ap we have

sinag = sin (0 + 2km — aq) (3.3.17)

1See also the discussion about the impact on the = 7 solution due to quark masses ordering provided
in the appendix of [168].

2As well explained in the work by Smilga [183] this phenomenon occurs because the trace of SU(2)
matrices are real.
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yielding the solutions
0
sin 1 = sin g = sin <2 + kﬂ'). (3.3.18)

Only £ =0 and k = 1 are independent solutions of the equations of motion and agree with
the general result in equation (3.6.17) for the «; for Ny = 2 that has the two solutions
corresponding ton =0 and k = 0,1 (i.e. {a1, a2} = {%, %} and {a1, a0} = {9"'%, H%})

To determine the solution corresponding to the ground state for any value of 8 we need
to consider the ground state energy. In the normal phase, the energy is linear in X
and therefore the original equation of motion solutions cross at § = m where Dashen’s
phenomenon occurs stemming from spontaneous C'P symmetry breaking. Because in the
superfluid phase we have that the ground state energy is proportional to X? the two
solutions are identical yielding a degenerate ground state. Interestingly this degeneracy
is not lifted by higher order corrections in mT?r The 6-dependence in the two phases is

shown in Fig.3.1. Additionally, when 6§ = 7 the effective mass m2(0) ~ m2 |cos (%)}

vanishes up to correction of order cO (%3’) Therefore, the mass term disappears from
the Lagrangian and the global flavor symmetry is again SU(4) consequently leading to
massless Goldstones when it spontaneously breaks to Sp(4) [187]. Nevertheless, there is no
chiral symmetry restoration in the fundamental Lagrangian. As mentioned, this apparent
paradox is solved by realising that SU(4) is still broken by higher order mass terms in the
effective Lagrangian also for a — oo [183, 187, 181]. By including the first two subleading

2f - S = L g

5 / n \\ Y 2

/ \,
/ \
/ \
1+ -1 / \
// \ _X2
// \ 1
\
/ \ - X2
P s / \
I 3 / \
5 T 2 2 I/ \\
-X; / \
-1+ - / \
! =Xii 3 / \
/ \
/ \
/ \,
[ ”/ \\
) 4l S
(a) O-dependence of the energy in the normal (b) 6-dependence of the energy in the superfluid
phase for Ny = 2. phase for Ny = 2.

Figure 3.1: 6-dependence of the energy for Ny = 2.

2
corrections in %, the energy in the two phases reads

6| 1m2 0 1mi
E9) = —8mfrz/2 ( cos 2‘ + i—m” sin? 5~ Z—m; sin 3 sin 6 > ,  normal phase (3.3.19)
a a
4 (m cos? & + p* 8 sin2 46 12.6in2 6 cos 0
E(0) = - (m o ) L Slil ~ Ox SH; 5 cos , superfluid phase .
[ ap a?p

(3.3.20)

At fixed quark masses, the superfluid phase transition occurs at a critical value of the
chemical potential given by

He = mw(e) =Mz [

6 m2
cos 2’ +0 <a>] , (3.3.21)
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implying that it can be realized for tiny values of the chemical potential when 6 ~ 7. To
estimate . in the region 6 ~ 7, we introduce ¢ = 6 — 7 and take into account the leading
correction in mT% As a result, we have that for small |¢| the critical chemical potential in
the region 6 ~ 7 reads

fie ~ Mgy — + 2L (3.3.22)

a 2

and vanishes for a — oo and ¢ — 0.
Still, in the superfluid phase the energy is an analytic function of §. This can be better

appreciated by analyzing the C'P order parameter <F F > x —%—g shown in Fig. 3.2 for the

two phases. The normal phase is characterized by a discontinuous C'P order parameter at
0 = 7 while it is clear from the right-hand panel of the figure that the superfluid phase
displays a smooth behavior for any value of the #-angle and vanishes for 8 = 7.

<FF>

0.05+

L=,

3
0 . 2

27

2 u=5
-0.05+ — u=10

— u=15

Lo 0
AW N o

a) C'P order parameter for Ny = 2 in the b) CP order parameter for Ny = 2 in the superfluid
f !
normal phase. phase.

Figure 3.2: C'P order parameter as a function of 8 both in the normal and superfluid phase
for Ny = 2.

The discontinuity of the C'P order parameter in the normal phase translates into a
2

0°F
divergent topological susceptibility y = 202 at § = wm. Note that the presence of the

baryon chemical potential suppresses C'P violation for every value of § as can be seen from
the right panel of Fig. 3.2. Finally, we study the effective 6 angle for § = 7 at higher
2

orders in % for the solutions of the equations of motion. We find

= 2mZ 0 2m? g
f="rgn’ = ' Lo , normal phase (3.3.23)
a 26=r a a3
4
f=—%5sinf =0, superfluid phase . (3.3.24)
a 0=m

Note that eq.(3.3.24) is exact to all orders in % since the equation of motion (3.3.16)

becomes
4

m—g sin(2a) = 7 — 2a, (3.3.25)
ay

and has the solution o« = /2 (equivalent to o = 37/2 under a shift § — 6 + 27). Therefore
to the present order in the chiral expansion, there is no spontaneous C' P symmetry breaking
in the superfluid phase for § = 7.
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3.3.2 N;=3

Compared to the previous subsection, the Ny = 3 case leads to a richer vacuum structure
as has been first pointed out in [183], who studied the physics in the normal phase. In fact,
we find the following four solutions for the set {c;} = {1, 2, a3}

_ {0 0 9} N {9+27r 6 + 2 9+27r} {0+47r 6 + 4 (9+47r} :
i =, =, =, Iii , , , il , , , 1v.{077r,077r,27r70} .
3°3° 3 3 3 3 3 3 3

(3.3.26)
In Fig.3.3.(a) we show the value of the variable —X as a function of §. Recalling that in
the normal phase, the energy is minimized when X is maximized, we observe that the
physical vacuum is ruled by the solutions i. and iii. which cross at § = m where Dashen’s
phenomenon occurs [183]. In the superfluid phase the story changes since now the minimum
of the energy is achieved when X? is maximized. The situation is depicted in Fig. 3.3.(b):

here the relevant solutions are i., ii., iii.. Solutions i. and ii. cross at § = 7 whereas ii. and

iii. cross at 0 = 37” Therefore, at § = m we have a unique minimum and C'P is conserved.

In other words, Dashen’s phenomenon at # = 7 is again absent in the superfluid region.
However, two new non-analytic points occur, one at § = 5 and the other at § = 37” These
are indications of two novel first-order phase transitions because the derivative of the free

energy (corresponding to the C'P order parameter <F F >) jumps at these two values of 6.

f-dependence of the energy in the normal f-dependence of the energy in the super-
phase for Ny = 3. fluid phase for Ny = 3.

Figure 3.3: 6-dependence of the energy for Ny = 3.

Having determined the #-vacuum in the two regions, we proceed by studying the
transition between the normal and superfluid phases. Since the U(cq;) that minimizes the
energy depends on 6 and differs in the two phases, one should determine the critical p by
comparing the energies (3.3.7) and (3.3.8) in the given intervals of §. We find that when
the superfluid solution exists (i.e. cosp < 1) it is always realized. In turn, the critical
chemical potential is y1. = mx(6), which is displayed in Fig.3.4. Differently from the Ny = 2
case, i, exhibits a mild dependence on 6 and oscillates near the value p. = mg.

The CP order parameter is plotted for the normal and superfluid phases in Fig.3.5 (a)
and Fig. 3.5 (b), respectively. Finally, we show the value of § at # = 7 for the ground state

2

energy. The expression in the = * expansion is

_ \/3m2 m md (mg )

0= T T T +0O(—F), normal phase 3.3.27
a V3a2  6y/3a3 a* P ( )

=0, superfluid phase . (3.3.28)
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Figure 3.4: Normalized critical chemical potential (m, = v = 1) above which the superfluid
phase is realized as a function of 6 for Ny = 3.
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Figure 3.5: #-dependence of the C'P order parameter for Ny = 3.

3.3.3 Ny=6
The full set of solutions is given by
0+ 27k
Solutionsi—vi:oq:ag,---:agz%, k=0,...,5
0 — 2rk
Solutions vii-ix : a1 =g =+ = a5 = #, ag =T —aQq, k=0,...,3
0 —2 2rk
Solutions x-xii: 1 =g = -+ =g = #, a5 = ag =T — O, k=0,1.
(3.3.29)
Here the relevant solutions for U(«;) have oy = ag = -+ = o = . Moreover, all the

solutions appear in pairs of degenerate energy in the superfluid phase as already observed
in the Ny = 2 case. This can be understood by noting that when Ny is even, then from a
given solution « of eq.(3.6.17) it is possible to build another solution as a4 7 that will lead
to the same —X?2. As displayed in Fig. 3.6.(a), in the normal phase the minimum of the
energy is achieved for a = % (defined as solution i) and a = 9*% (solution iii) with the
two solutions crossing at 8 = 7. This occurs also in the superfluid phase but now solution

i and iii are degenerate for every value of 6 with a = % +7mand a = 9+64”, respectively. In
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Fig. 3.6.(b) we show the phase diagram of the theory as a function of § and . Differently
from Ny = 2 we still observe a Dashen phenomenon at § = 7 and therefore C'P breaks
spontaneously for this value.
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— —Xii
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(a) f-dependence of the energy for Ny = 6 both in (b) Normalized critical chemical potential
the normal and superfluid phase. (m~= = v = 1) above which the superfluid phase is

realized as a function of 6.

Figure 3.6: 6-dependence of the energy and of the critical chemical potential for Ny = 6.

In the Ny = 6 case we therefore have spontaneous breaking of C'P at § = 7 in both
phases as can be seen considering the C'P order parameter represented in Fig.3.7.(a) and
Fig. 3.7.(b).
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(a) The C'P order parameter <F F > as a function (b) The CP order parameter <F F > as a function

of # in the normal phase. We consider of @ in the superfluid phase for different values of
m=v=1. the chemical potential: © = 5,10,15. We consider
my =v = 1.

Figure 3.7: #-dependence of the C'P order parameter for Ny = 6.

— 2
Finally, we report the value of 8 at § = 7 expanded in %

B 2 4 5m6 8

0= % - 2:/”3”&2 + 7;;7; +0 <TZI> , normal phase (3.3.30)

B V3md ms ml2 < 16 )

0=— T+ T~ + & 1, superfluid phase . (3.3.31
200 4/3a2pt  48+/3a3ub a*ud P P ( )
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3.34 Ny=T7
For the Ny = 7 case we have thus 16 solutions of eq.(3.6.17) which are given by

0+ 27k
Solutionsi—vii:m:ag,"‘:on:#, k=0,
0 — 2rk
Solutionsviii—xii:a1:agz--':ag):%, ag =Qq7 =T — Q1 , k=0,...
0—2 2nk
Solutionsxiii—xv:a1:agzagz%, L =05 =0 =Q7 =T — Qf, k=0,...
Solution xvi: a1 =0 —3m, ax=az3=---=ay=7"—aq] . (3.3.32)

The solution that minimizes the energy and their corresponding #-dependence in the two
phases is shown in Fig.3.8. As in the previous cases, the solutions that minimize the
energy have all equal angles, corresponding here to the first set of solutions in (3.3.32).

In particular, in the normal phase the minimum of the energy is achieved for o = % and
a= 0‘*‘%2” with the two solutions crossing at @ = 7 (in Fig.3.8.(a)). The 6-dependence in

the superfluid phase is analogous to the Ny = 3 case. In fact, the relevant solutions are

o= g, a= 9‘*'76”, and a = 9‘*‘% with the first two crossing at § = 5 while the second and

the third at § = 37” As already described in the Ny = 3 section, the energy is characterised
by a unique minimum and C'P intact symmetry at 8 = 7.

y
1.000
0.005 |
0.9901
0.985:
LS 3 6
0 2 T 7 2
(a) 6-dependence of the energy for Ny = 6 both in (b) Normalized critical chemical potential (m, =
the normal and superfluid phase. v = 1) above which the superfluid phase is realized

as a function of 6.

Figure 3.8: #-dependence of the energy and of the critical chemical potential for Ny = 7.

The critical chemical potential is displayed in Fig.3.8.(b). It oscillates with period 27
between the values p. = m, and p. = m,(6). Fig. 3.8 leads us to further investigate the
physical meaning of the § = 5 and 0 = 37” points. As a consequence, we analysed the
CP order parameter which we show in Fig.3.9 as a function of . As can be seen from
the figure, the aforementioned points are actually points of discontinuity of the C'P order
parameter therefore it signals the occurrence of a first-order phase transition.

_ 2
Finally, we provide the values of # at # = 7 in the % expansion

_ 2m2sinT  2micos3T  2mbsinZ (1 + 3sin 31) me
— ™ 7T ™ 14 T 7 T4 mzg
0= a Ta? 493 +0 < ! ) ) normal phase
(3.3.33)
0=0, superfluid phase .
(3.3.34)
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Figure 3.9: 6-dependence of the C'P order parameter for Ny = 7.

3.3.5 Ny=8
We proceed with the general expression for the solutions of (3.6.17) for the Ny = 8 case
0+ 27k
Solutionsi—viii:a1:-'-:agz%, k=0,...,7
(3.3.35)
0 — 21k
Solutions ix-xiv:a); = - = ag = %, ar=Qag =T — Qy, k=0,...,5
(3.3.36)
0—2 2rk
Solutions xv-xviii : aq :"-:a4:#, Qs =-:--=Qg =T — Qf, k=0,...,3
(3.3.37)
0—3 2rk
Solutions xix-xx : @1 = g = #, a3 = ---=ag=T7— Qi, k=0,1.
(3.3.38)

In line with our previous analyses, the -dependence of the energy is minimized by the

solutions with all equal angles. Fig. 3.10 displays the behavior of this minimum in the

range 0 € [0, 27] as well as the phase diagram of the theory. The 6-dependence is analogous

to Ny = 6 case as it can be further deduced by studying the C'P order parameter with its
2

behavior shown in Fig.3.11 The value of # at # = 7 in an % expansion reads

3 6 qin T
~ 2mZsin} m (1 + ﬁ) my sin § ms
b= a B 4+/2a2 * 3943 +0 ) normal phase
(3.3.39)
4 8 12 16
j= —on T me .
b= V2ap?  8a?pt T 64+/2a3 16 (a4,u8> ) superfluid phase .
(3.3.40)

3.3.6 Considerations for general N,

Having analyzed in detail the physics for different values of Ny away from the conformal
window, we take a step back and consider the emerging structure hinting at structural
differences between the even/odd Ny cases in the superfluid phase. We start by noting
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Figure 3.10: 6-dependence of the energy and of the critical chemical potential for Ny = 8.
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Figure 3.11: #-dependence of the C'P order parameter for Ny = 8.

that solutions of the EOM are generally not periodic of 27 for 6. In fact, the periodicity
condition can be satisfied only if at least two solutions cross in the interval 6 € [0, 27].
Taking U = e™"1, Ny, one can ask when two different solutions of the equation of motion
can have the same energy. This corresponds to requiring

0+ 27k 0+ 27k
cos (—{_N:l> = cos <+Nf7r2) , normal phase (3.3.41)
0+ 27k 0+ 27k
cos? <+7T1) = cos? <+M> , superfluid phase . (3.3.42)
Ny Ny
Both conditions are satisfied when k1 = —% — ko + Ny. Since k1, ko are integers, it follows

that the energy can only be non-trivially equal for # = w. Therefore to find the two
different solutions, in the normal phase, covering the full [0, 2] interval for 6 it is sufficient
to consider the case k1 = 0 that for [0, 7] interval corresponds to the ground state energy,
furthermore at 6 = 7 it forces the second solution to be k3 = Ny — 1. This result is in
agreement with the findings for the specific cases above for the normal phase.

In the superfluid phase, we have two additional solutions to the second condition
(3.3.42):
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e When Ny is even we have the solution ky = ko + % which does not depend on 6. This
corresponds to the observation that the solutions for even N; organize themselves
in pairs (o and a + 7) with the same energy for every 6. Additionally, of course,
we still have the normal phase solution k1 = 0 and k2 = Ny — 1 together with their
superfluid degenerate partners. These two classes of solutions cross at § = w except
for the special Ny = 2 case for which the crossing disappears. Note that the pairs of

2
completely degenerate solutions remain such to all orders in % In fact, given the

EOM for a certain « .

my .
— 2a) =0 — N 3.3.43
2% sin(20) o, (3:3.43)
we have the same EOM for a + 7, upon shifting the 0-angle as 6 — 0 + Ny7. Being
Ny even, this corresponds to a shift by an integer multiple of 27.

e When Ny is odd we have the solution k1 = —ko + % — % which can be realized

for § = 5 and 0 = 37” Since the solution that minimizes the energy near § = 0

isa = Nif, then it will cross at § = 5 with the solution for § > 7 that becomes

= 9];—: + 7. The latter solution represents the minimum till = 37”

where its energy crosses with a = 9&?”. As a consequence, the vacuum is always non

degenerate at § = ™ where CP is conserved. In particular, for § = 7, § vanishes to
all orders in ;”—35 since the equation of motion (3.3.16) admits the minimum energy
solution o« = # = 7. On the other hand, we have two novel first-order phase transitions
at 0 = 3, 37” due to a jump of the physical vacuum between the two minima and
characterized by a discontinuous C'P order parameter.

Finally, we estimate the tension of the domain wall between the two degenerate vacua
at ¢ = 7 for even N; in the superfluid phase. To this end, we consider the Lagrangian
(3.2.15) and look for solutions «; = «;(z) that interpolate between the two degenerate
ground states(3.3.15) at § = 7 with x the coordinate orthogonal to the domain wall. By
considering the ansatz (3.3.2), we obtain the tension of the wall as

2
N 4 Ny

o0 f
T = 2y2/ dz Zag(q;)z — ;;nlsf ZCOS <]\7;f + ai(az)> (3.3.44)
o0 i=1 =

where we have shifted a; as a; — a;+ 57 such that the boundary conditions are a(—00) =0

and a(oco) = m. As discussed in [181], the boundary condition fixes a; = « for i =
L,...,Ny—1and ay, = —(Ny — 1)a, leading to

4

T =2° /OO dz [(Nf — 1) Nyd/(2)? — uTJG ((Nf ~ 1) cos <a(:v) + 1\2«) + cos (1\2 — (Ny—1) a(m)))j

— o0
(3.3.45)
2
By introducing dimensionless coordinates as & = x%, we obtain that regardless of the
exact form of the wall’s profile, its tension scales as

T T 3.3.46
. (3.3.46)

Q

and shows a suppression by a factor or % compared to the normal phase result T ~ v?m,
[181].



3.3.7 Ground state energy with the axion

The effective action for two-color QCD at finite baryon number in the presence of the
Peccei-Quinn axion field N is

2

Ny
Leg = —av? | 6 — Z i —0 | —A*+40°m2 X cos <p+2u2y2Nf sin? ¢, (N) = e~0/arq |
i=1

(3.3.47)
whose equation of motion 6 — Zfifl o; —6 = 0 is solved for 4 = 0 and «; = 0. This solution
minimizes the energy and leads to X = Ny. Hence, the superfluid ground state energy in
presence of the axion corresponds to the known result at § = 0 [177]

2V2Nf

E = e (mfr + u4) . (3.3.48)

3.4 Symmetry-breaking pattern and spectrum

In the section above we concentrated on determining the vacuum structure of the theory.
We now move to establish the associated symmetry-breaking pattern starting with the
theory without an axion. The pattern will allow us to disentangle the light degrees of
freedom of the theory. We will keep the analysis as general as possible so that it is applicable
to the near-conformal phase Sec.3.5.

3.4.1 Symmetry-breaking pattern without the axion

The dynamics of the theory at hand depends on three parameters: the mass of the quarks
m, the chemical potential u, and the scale of the axial anomaly a. The latter corresponds to
the energy at which the pseudo-Goldstone (the S-particle) emerging from the spontaneous
symmetry breaking of the axial symmetry acquires an anomalous mass. We are interested
in the low energy theory where S is kept into the spectrum. We, therefore, consider the
following hierarchy 3

m < va<pu< 4y, (3.4.1)

where the last inequality implies the validity of the chiral EFT. For m = y = 0 and in
absence of the singlet S, the infrared spectrum consists of massless Goldstone bosons of
the spontaneously broken chiral symmetry as

SU (2Ny) ~ Sp (2N) , (3.4.2)

implying the existence of 2N}% — Ny — 1 Goldstones transforming under the antisymmetric
representation of Sp(2Ny). When setting to zero the anomaly, and in the absence of the
quark mass, the S-field becomes the Goldstone boson of the U(1) 4.

We now provide the full spectrum of light particles in the following limits

1. m#0,u=0 and /a < 47v
In this case, the presence of mass term m at the Lagrangian level explicitly break
the global symmetry SU(2Ny) to the residual subgroup Sp(2Ny)

SU(QNf) — Sp(2Nf) (3.4.3)

3This hierarchy of scales is typical when modelling neutron stars in 2-color QCD at finite isospin chemical
potential [188].
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therefore QN% — Ny pseudo-Goldstone bosons acquire masses via the non-zero quark
mass.

2. m=0,u#0 and ya < 4rv
The introduction of the chemical potential breaks explicitly SU(2Ny) to SU(Ny)r, x
SU(Ny)r x U(1)p while the anomaly breaks U(1) 4. The relativistic Bose-Einstein
condensation leads to the spontaneous symmetry breaking SU(N¢)r, x SU(N¢)gr X
U(1)p ~ Sp(N¢)r x Sp(N¢)g. Therefore, the final spectrum is composed of N]% -
Ny — 1 massless Goldstone bosons the massive S state due to the anomaly, and
N]% modes with mass proportional to the chemical potential. The latter belong
to the (Nf, Ny) irreducible representation of Sp(Nf)r x Sp(N¢)r whereas the true
Goldstones arrange themselves into three different irreducible representations: a
singlet (1,1), the (W -1, 1) representation and the (1, w — 1). The

sum of the degrees of freedom adds to QN? — Ny.

SU(2Nf) — SU(Nf)L XSU(Nf)R X U(I)B ~ Sp(Nf)L X Sp(Nf)R. (3.4.4)

3. m#0,u#0 and /a < 47v
The situation here is involved due to the competition between the quark mass term
and the baryon chemical potential. The chemical potential breaks Sp(2Ny) down
to SU(Ny¢)r x SU(Nyf)r x U(1) g, which, in turn, is explicitly broken by the mass
term to its vectorial subgroup SU(Ny)y x U(1)p. Finally, the superfluid vacuum

N2—-N
breaks the latter symmetry group to Sp(Ny)y yielding to — > ’ massless Goldstone
bosons as shown below

SU (2Nf) = SU (Ny),, x U(1)g ~ Sp (Ng),, (3.4.5)

N7—Ny

The case of our interest is the last one, where we have Goldstones transforming
according to the antisymmetric representation of Sp(Ny)y plus a singlet. Additionally,
there’s the 7 like state S with mass of order /a.

The naive counting above of the number of Goldstone bosons holds correct here since
there are no Goldstone bosons of type II [189] in this case. The reason is that the dimension
of the representation of the Goldstone bosons is identical to the number of broken generators
(see discussion in [19]).

3.4.2 Symmetry-breaking pattern with the axion

In this section, we analyse the symmetry-breaking pattern for m # 0, u # 0, a < 47wv but
including the presence of the additional U(1)pg symmetry discussed at the end of Sec.3.2.
The latter is classically exact but quantum mechanically anomalous and spontaneously
broken, leading to the existence of a new pseudo-Goldstone boson (the axion) with the mass
of the order of the scale of the anomaly. We summarize below the pattern of symmetry
breaking

SU (2Ny) x U(1)a x U(1)pg — SU (Ny),, x U(1)p ~ Sp (Ny),, (3.4.6)
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From the picture is clear that the spectrum of Goldstones remains the same as in the case
without the axion with an additional singlet massive state.

In the next section, we will study the dispersion relations of the light modes describing
the infrared dynamics by explicitly expanding the Lagrangian at the quadratic order in
the fluctuations around the ground state.

3.4.3 Fluctuations spectrum

To analytically determine the dispersion relations of the different relevant states around the
vacuum we consider the large a/m?2 expansion and stop at the leading order. We recover
egs. (69) and (84) of [177] for # = 0, and generalize them to include the f-angle by taking
it into account via an effective quark mass matrix. We obtain

1
w} =k + 112, [ 1] SN (Vg +1) (3.4.7)
452 [ ]
2 2 m,n_X ] 1
w} =k + : SN -1 =1 (348)
2 MZN]% ) f f
., 2(wtNE+3mix?) I
ws =k + N2,LL2 +A, o+ | | §Nf(Nf — 1) (3.4.9)
!
4 AT2 4 yv2 ]
o, 2 (e esmix?) I
wy =k + NJ%,UQ — A, o+ | §Nf(Nf -1) (3.4.10)
wi =k + M2, o 1 (3.4.11)
where
2 2
A= NI \/(NJ%/# + 3m§X2) +ANF Mk X2, (3.4.12)

apt N3 + 2p>mi X2 4 x2
p _ My TR L (3.4.13)

5 2uiN? - 2miX? p2N?

The Young tableaux describe the irreducible representations of Sp(Ny) according to

which the states transform with e denoting the singlet representation. The number of

degrees of freedom sum to dim <gp((2211\(};))) = N¢(2Ny — 1), i.e the number of pseudo-

Goldstones of the chiral symmetry breaking plus the 7’ like S-particle. For § = 0 the first

four dispersion relations reduce to the ones found in [177]. wy describes true Goldstone

modes with speed vg = 1 which parametrize the coset ?gg((gf )) and correspond to the 7

modes considered in [19]. These are the modes in which we will be mainly interested in
the companion paper of this work since they dominate the large-charge dynamics. In

2
. . . X
addition, we have modes with a mass of order y (w1 and ws) and modes with mass ?va .

If we include the axion in our theory, the dispersion relations of the modes described by
eqs.(3.4.7)-(3.4.10) remain the same with X = Ny, i.e. we have the spectrum at § = 0 as
expected from the Peccei-Quinn mechanism. On top of that, we have the modes stemming
from the mixing between the singlet S and the axion, which is described by the following
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inverse propagator

w2—kz2 2 a NfapQ
— in? - S - NGO, in2
Dl=| ¢ 2pQsinte 3.4.14
__ay/Nyapg Wk2 a2 | ( )
4/2vpgsin? o 4v?sin? o a
where
4 2,,4
pz = (N o+ 24mz) (3.4.15)
s 2u* — 2mi o
4.2
2 Ak ApQ

2 — . 3.4.16
* T T6g (it ) (3410

The dispersion relations read

1 1
we,7 :2\/4k2 + 8v2M?2sin® p + 2MZ sin? p + m\/QaQVQNfa%DQ + 4’/123@ sint (M2 — 4V2M§)2 :
(3.4.17)

As can be seen from the inverse propagator, the S particle and the axion decouple in the
anomaly-free limits a — 0 and apg — 0. In the former case, the S-particle describes a

2,4
pseudo-Goldstone mode with mass of order M2 = A2z
S pE—max

while for apg — 0 we have

M2 = @ for > my, in agreement with the Witten-Veneziano relation [165, 166]. On
the other hand, in the limit of vanishing anomalies, the axion is massless being the U(1)pg
symmetry exact.

3.5 Conformal Window

In the previous sections, we have characterized the spectrum, the pattern of chiral symmetry
breaking, and the dispersion relations at low energy of two-color QCD as a function of the
baryon chemical potential, the topological term responsible for strong C'P breaking as well
as the quark masses. We considered different from two, three, six, seven and eight light
matter flavors and determined the normal and superfluid ground state. We analysed these
phases, studied the dependence of the critical chemical potential on the 8 angle, delineating
the boundary between the normal phase and the superfluid phase
In this section, we present the natural extension, near the conformal window [18, 19],
of [2] in which we study the impact of the C'P violating topological term [167] and axion
field [92, 91, 93, 94, 95, 96, 97, 98] on the ground-state dynamics and low energy spectrum
of non near conformal two-color QCD as function of matter fields both in the normal and
superfluid phases of the theory [181, 177, 123, 190, 183]. There are two main ingredients
that we use here to upgrade the analysis of [2] to describe near conformal dynamics. The
first, is the introduction of a dilaton-like state ensuring (near) conformal dynamics following
[191]. For fixed charge physics the introduction of the dilaton was considered in [19, 18]
in absence of the topological 6 term. The second ingredient is the interpretation via
state-operator correspondence [192, 193] of the ground state energy on the cylinder as the
lowest conformal dimension of the operators carrying nonzero baryon charge. Under a
scale transformation x — e“zx, each operator O of dimension k is assumed to transform
as follows
Oy = eVl o) (3.5.1)
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where f is the order parameter of the spontaneous scale symmetry breaking whose pseudo-
Goldstone boson transforms as

oo — % . (3.5.2)

We consider the fermion-induced mass term operator to have dimension y = 3 — y, with ~
being the anomalous dimension of the fermion condensate constrained to be 0 < v < 2 by
the unitarity bound. However, around v ~ 1 the underlying four fermion operator becomes
near-marginal and therefore we will concentrate our analysis in the interval 0 < v < 1.

In the absence of the underlying quark mass, the underlying conformal symmetry
can break due to the emergence of another operator O with Ay scaling dimensions just
below the critical number of matter fields below which conformality is lost. This dynamics
is encoded in the dilaton potential. This amounts to adding to the CFT the following
Lagrangian term:

5Lo = A0 . (3.5.3)

Here Ao is the associated coupling to the Lagrangian. One expects this operator to
be, for example, related to the emergence of a quasi-relevant four-fermion interaction
[145, 194, 195, 196, 197]. The general form of the dilaton potential is

V(O’) _ f—4 e—4af Z cn e—n(AO—4)fU : (3'5'4)
n=0

as can be shown by introducing a spurion field taking into account the explicit breaking of
conformal symmetry [42, 41, 43, 198]. Here Ao is the scaling dimension of O while the ¢,
depend on the given theory. Since we are interested in describing near-conformal dynamics
we assume that the explicit breaking is small. This can be realized when \p < 1 and/or
O is near marginal. In the former case one expects ¢, ~ Ap.

Inspired by the above ordering one could truncate the expansion (3.5.4) to the first two
terms and obtain [41]

mie4fo 4

VO = 1T Ao 2 <1 - Aoe<Ao4>fU) +O0(N\p) - (3.5.5)

Here the first two unknown coefficients have been fixed by requiring that the ground

state occurs for o = 0 and that the mass squared of o on the ground state is m2. These
constraints link the ¢y and ¢; coefficients as follows

4 2,,2
g: Wlth COZM.
- 80

c Ao’
The coefficient of the cosmological constant ¢g is thereby forced to be of the same order
as the first coefficient of the series ¢; ~ Ap. This potential has been employed in recent
investigations [198] including comparisons with lattice simulations [199]. Assuming Ap = 2
one recovers the usual ¢* Higgs-like potential while in the Ap — 0 limit one obtains

(3.5.6)

m2 m?2

Vao0(0) =~ A5 ~ 1g 0 (—4 fo—e o 1) + O (Ao) (3.5.7)

The order O (AOO) term in the above expression coincides with the dilaton potential
considered in the pioneering work of Coleman [48].

Another interesting limit is the one for which the deformation itself is nearly marginal
Ap — 4. Here one expands eq.(3.5.4) in powers of Ap — 4 obtaining

2 —4Afo
_ mge f

V(o) = 162

(1+4fo)+ O ((Ao —4)?) . (3.5.8)
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In fact, here one can abide the conditions that the potential is minimized for ¢ = 0 and
that at the leading order in Ap — 4 the mass for the dilaton is m, without assuming
an expansion in Ap. The same potential can be derived from (3.5.5) in the double limit
Ap — 4 and \p — 0.

The potential in (3.5.8) acquired central stage in a series of interesting papers by
Golterman and Shamir [150, 151, 153, 200, 154, 201, 156]. In these works the authors
considered a dilaton EFT featuring the following counting in the parameters p? ~ m ~
Ny—N;~1 /Ne. N7 is taken to be the critical number of fermions marking the onset of
the IR fixed point, and m is the quark mass.

In this work, we consider the established potentials for Ap — 4, Ap = 2, and Ap — 0.
In the latter case we disregard the divergent constant in eq.(3.5.7).

3.5.1 Baryon charging the Dilaton-6- Axion-Chiral Lagrangian

To access the (near) conformal dynamics of large charge operators we consider our system
on a manifold M with volume V and curvature R such that the underlying new scale of
the theory is Ag = (Q/ V)1/3 where @ is the fixed baryon charge. Concretely, we will take
our manifold to be M = R x S9! such that we consider an approximate state-operator
correspondence implying:

Ag=VYV3Eg, Eq=pQ-L, (3.5.9)

where A is the scaling dimension of the lowest-lying operator with baryon charge @, Eq
is the ground state energy on R x S¢~! at fixed charge, V1/3 is the radius of S¢ !, and
is the baryon chemical potential.

As customary, we introduce the chemical potential into the covariant derivative as
the zero component of a gauge field. The dynamics of the theory is controlled by various
energy scales. These are the chemical potential y, the mass of the quarks m, the scale
of the axial anomaly a, the scales of chiral and conformal symmetry breaking v and f,
respectively, and the explicit conformal symmetry breaking scale m,. One can envision
different counting schemes respecting the following hierarchy

My, My K p L 4w, (3.5.10)

The first inequality implies that the theory is in the broken phase where pion condensation
occurs [2] while the last inequality ensures the applicability of the chiral EFT at finite
chemical potential.

After taking into account the background geometry and the dressing with the dilaton
we arrive at the following two Lagrangians [35, 202, 11, 48, 18]

Lo, =v2Tr{9,20"1} €727 + 4’ Tr{BX10%} e 27 + m202Tr{ MY + MTST} e7v/ ¢
. 2
+ou2u? [TT{EBTET B} + Tr{BB}} e 200 _ q)? <9 - %Tr{log 5 — log ot }> edof

R> e 2 — V(o) — Af e,

1
+ <8M08“0 e

2
(3.5.11)
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and
Lo =V2Tr{9,20"ST} 7270 4 4> Tr{BYT0y%} e 2/ 4+ m20*Tr{M% + M1} e7vo/
+m%ﬂnm§EmHJHMQe4ﬁ+%ﬁmwwa%u

. . 2
— av? (0 — iTr{logE —log X'} — iapQ(logN — log NT)> et/ 4

1 R —20 —40
+2<8“08MU_6]‘2> e 2 — V(o) — A} e
(3.5.12)

where for later convenience we included the bare cosmological constant Ag.

3.6 The vacuum structure and semiclassical expansion

In this section, we study the classical ground state energy of the theory which, according
to the state-operator correspondence, gives the leading order in the large-charge expansion
for the scaling dimension of the lowest-lying operator with baryon charge . As discussed
in detail in [2] the ground state takes the following form

with

Ula;) = diag{(fio‘1 . ,e_me,efml e ,e_iaNf} and

B 0 1y (Z 0) . . _ 0 =1y,
Y= <_]le 0 >cosg0+z <0 I) sinp with Z = <1Nf/2 0 , (3.6.2)

where the alignment angle ¢ and the Witten variables «; are determined by the equations
of motion (EOMs).
Replacing this vacuum ansatz, the Lagrangian (3.5.11) becomes

R 672fa'
122
+ 2u2ny26_2f"0 sin? p — av?e4709% |

Lo [Z0,00] = —e PN — V(op) - + 4m2V7 X cosp eV

(3.6.3)

where
9_50—2041-, XEZCOSO@. (3.6.4)

The respective equations of motion are

Nf;LQe_QfUO cos p — mere_f‘foy =0

ae*4f‘7097—2m72r sin oy cos pe /7Y = | i=1,..,Ny
—2foo
R66f + 4afu26_4fUOY2 + 4nge_4f0° — 8‘(;(:) +
o=0¢
—4f,u,2NfV2672f00 sin? o — 4fm2v2yX cos pe= /7Y = ( (3.6.7)
4uNpvPe 270 gin? p = % . (3.6.8)

We solve these equations in the large ) expansion; focusing on the two extreme cases
v<& land 1 —v < 1, we find the following expressions for the ground state energy
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<t 64/~3Q4/3+Q2/3f/1/3 o — X0 9m2\ 2 2 32N 12m2ey 5 V23
v 0 gt \saw ) |17 3108 Q —log | ————5 )

X ~ 2
5] +0 )|} - Viesay 17 o (SEY 5 (9mE)
00 9 7 3N} 5\ 32v ) | 8P N 32u> Xoo

9X00Xo01
32¢4/3 +007) } +0(@).

— CQ/SRNfXgO -+

9(L — ) XGomz

6402/31\/'2

+O((1=7)?)| ViegQ+0(Q")

(3.6.9)

El<l _ ca/3Q° i 2/3 pr1/s 16 5 ,
V1/3 c2/3Q Ve = jﬂ' ’rn<7]\7fc2/3c4/3’/2 +

* Vay=2 (o)

4/3
<t 04/~3Q L Q2/3Y/3 ~ 1 2 X2 9m2\? 2 X
s T Co/slt = 525 = im?Nich ( 320 > {1 —7 < logQ — =

2. 2. T
g (32ny F3C4/3V2/3> +0 (72)> }+{ v (9m3r>2 () i
3m2Njch s \ 32v m2cy 3N} < 32v > Koo

9XO0X01 ~
Ts2eq; |1 <72>} ViegQ+0(Q°).

—02/3RNfXgO =+

+0((1-7)%) | ViegQ+0(Q°) ,

(3.6.10)

El-v<l _ ‘/41//33 Q4/3+C/ Q*3RVY/3 —
2 64N2c3

m?,cg/g,622/3‘71/‘3 B l9(1 —v)mi X3,
f 4/3

* Vao-a(o)

o O3 \/E
256m2y Nfc 28 12873 25T N2 Mo

~ ~ X2 9m2 2 =
+02/3Q2/3RV1/3{1 — 00 < mvr) 1— X0 39N 12712¢, . V2/3
P lo —— —log f 4/3
4W2N?02/3ci/3R 32v gQ Xoo 3

_ me _ 1 3\/§Q 2\’
SN 108 | i | i g+ Vo 1 (S
(8caysm)2 Ny 1287r304§31/3VN;’/2 BCQ 31 2N404/3 32v

5 (9m2 >2 143 2 P2
% X4 o P 2, 9X00Xo01 de; jgmo It
2 00 — C2/3RNyXqo + / 0
[SW cisN7 \ 32 BR300y * (3270)2 Ny} +0(Q°)

<l —

BT = C4/~31Q%/3 QL T R Y e :
vi/s 25612 N2 12 128 BTN | 3| +0(my)
02/3777%. 3\/562
1 +0 (m4)

og
(8cay3mv)> Ny 12873¢) 38V N7/ 7

+ 02/3Q2/3R‘~/1/3 1-—

- 14¢2 m2R2 9(1 4 yv2
+V10gQ{ 2/3 _ 90— y)ma X,
+0 — —~)2
(327TV)2NfC4/3 64Nfc4/3 (m m (1 ) (1 ’Y) ) +O(QO) 9
(3.6.11)
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where we introduced

3/ A2 \*? 1 2 \"? . R _ Vv . 16!2
64/38<wfy2) , 62/34]‘2(Nfu2A4) =g V=g A= Aj sf Do=2
AO A(g—>4

(3.6.12)

and we double-expanded X first in v and then also in 1/ Q as follows

X=Xo+X17+0(¥?), Xk:Xk0+ +O(Q‘4/3>, for v < 1

Q2/3
X=Xo+Xi(1-7)+0(1-7)?%, Xk_Xko—i—Qf/ngr(’)(Q 2), forl-y<1.
(3.6.13)

Within the same double expansion we will solve for . In particular, we will solve the
equation of motion, that at the leading order in this expansion, yields fgo(c;) = 0.
Henceforth, the latter is interpreted as double-expanding the «;. With a slight abuse of
notation we use the same name for the coefficients of the expansions around v = 0 and
1 —~v = 0. Interestingly, in the latter case there is no term of order O (Q_2/3).

For # = 0 eq.(3.6.9) reproduces the results in [19] #. When the theory is conformal (i.e.
my = my = 0), the -dependence disappears and the scaling dimension depends only on
dimensionless coefficients as

Ao =VY3Eqg =¢;3Q"? + ¢23Q*% + 0 (Q°) , (3.6.14)

in agreement with the general form of the large-charge expansion for generic non-supersymmetric
CFTs [203]. As first pointed out in [18], the deviations from conformality lead to corrections
depending on the background geometry and involve the appearance of logarithms of Q).

From eq.(3.6.9), we observe that 6 does not affect the leading order in the large-charge
expansion. Moreover, we have that the 6-vacuum is determined by Xgg which can be
obtained by solving fpo(c;) = 0 in terms of the ;. In particular, Xoo = vaf cos ;o0 (with
the obvious notation) where the a;pps are the solutions found in [2] for the «; variables
at the leading order in % and we will refer to such results in the text. In particular, in
the 1 — v <« 1 case, the minimum energy is achieved when X00 is maximized due to the
minus sign in front of the log @ term in the energy (3.6.9). It follows that the problem
of maximizing Xgo in terms of the ajpp is equivalent to the problem studied in [2] of
maximizing X2 in terms of the a; which determines the vacuum structure of the superfluid
phase of theory in absence of the dilaton. In other words, the results of [2] apply here by
replacing X — Xgg and a; — a0 and the #-dependence of the vacuum in the presence of
the dilaton is identical to the case without it.

Interestingly, when v < 1 the situation is more subtle since the leading §-dependent
contribution is of the form X2, (%fy log Q — 1). Therefore, at fixed v there exists a critical
charge below/above which the f-vacuum has to maximize/minimize X32,. In other words,
there is a phase transition in the large-charge regime as @) crosses

Qo= e | (3.6.15)

Therefore, for Q < Q. the f-vacuum will be analogous to the 1 — v <« 1 case. We expect
this to be the natural limit here as well given that for very charges larger than (). we should
start exploring the UV asymptotically free fixed point rather than the IR interacting one.

4Our expression corrects a few misprints in eqs.(23) and (24) of [19]. We will give the corrected expression
for =0 in Sec.3.6.1
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As we showed in [2], the a;op assume the following expressions that solve eq.(3.6.6):

T™— 1=1,...,n (3.6.16)
Ol = .6.
L Y i=n+1,...,N;
where « is given by
0+(2k—n)ﬂ' Nf—l
=———"— k=0,...,Np—2n—-1 =0,... . 3.6.17
« (Nf—2n) ) y AV f n , N SRR 9 ( )

As discussed in [2], X§, is always maximized by solutions with n = 0. For even Ny the

ground state solutions have ;o0 = Nif in the interval 6 € [0,7] and ;o = 9]_\5” for

6 € [, 2m]. The energies stemming from the two solutions cross at § = m where for Ny > 2

we have spontaneous C'P symmetry breaking. For odd Ny, the solutions that maximize
X(%O are oo = Nif (fOI‘ 0 e [0, %]), 00 = 0];7;— —+ 7 (fOI‘ 0 e [%, 37”]) , 0400 = eji\fiw (fOI‘
RS [37”, 27]). In particular, this entails that for odd Ny, C'P is conserved at 6 = , being

the vacuum non-degenerate, while we have two first-order phase transitions at 6 = 7 and

3 2
We conclude this section by determining the 6-dependent parameters entering the
ground state energy for v < 1 case when @) < Q). where Xo9 = Ny cosa. We obtain

0 + 2k
Xoo = Ny cos < + 7r> (3.6.18)
Ny
9m2 sin? <L§\?k”> cos (7”]\?’”)
Xo1 = o ! (3.6.19)
a ¢y
2 s (0427
B mz Xoo sin(=x"~)
Oo1 = ! 3.6.20
01 aN; ( )
. [ 2(6+27k) 8192#203/ N$v®
) 3m2 sin (Nifﬂ) log <274QQ3
11 = (3.6.21)
32 a i3
X10 = X11 = foo = 010 = 0 (3.6.22)

where the value of k relevant for a given value of 6 has to be taken in accordance with
the previous discussion.

3.6.1 Ground state energy with the axion

In this section, we focus on the theory in the presence of the axion field described by
eq.(3.5.12) and consider the ansatz (3.6.2) for the ground state of ¥ and [168]

(N) = e "/ara (3.6.23)

for the axion field. This leads us to study the following Lagrangian

2

L [%0,00,0] = —av?e 40 (f — §)2 — ¢=4/o0 <A4 — ng](ZQ> — V(oo)+
potfe (3629)
+ 20°m2 X cos p e~ 170V 4 2u21/2Nfe_2f"0 sin? ¢ — izj
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and the corresponding EOMs:
0L 0L oL _55_0 oL _Q

= = — = = = 6.2
dao dp  dog 60 Todu V (36.25)

The main difference with the axion-less case is expressed in the equations for the «; and ¢:

ae= (0 — §) — 2m? sin a; cos pe 1Y =0, i=1,..,Ny (3.6.26)
§—0=0. (3.6.27)

These equations can be solved as § = 0 and a; = 0. Thus the 6-dependence disappears
from the ground state energy and there is no C'P violation since (§ — §) = 0. In fact,
by construction the axion realizes the Peccei-Quinn solution of the strong C'P problem
[204, 205] and, as a consequence, the classical solutions are equivalent to the ones at § =0
which are obtained by setting Xoo = Ny and X1 = 61 = 0 in eqs.(3.6.9), (3.6.10), (3.6.11).
For instance, in the Va,=o(0) case, one obtains the results in [19]

Q4/3 . ~ 1 9m2 2 2 32NfV27T284/3‘~/2/3
<t — G4/ 2/3y71/3 R ™ 11—~ %1 -1
s Te AT Nl 32w 7| gle@—log 3
- 1672 v Im2\ > 5 Im2\ > -
-Vl N Zm?2 — u ™) —cy3RN
°5(@) { g IGtyst e T 3N | ( 32u ) 8n2cl ( 32u ) wre

(3.6.28)
for the case of v < 1, while for 1 — v < 1 we have

_ cas3QY? 9(1 —y)miVlo 16 ~
Bt = 2 ( 76)403 59 5 T meNeaseas*V1ogQ .
4/3

i T ean@ PRV

(3.6.29)
What differs from [19] is the presence in the spectrum of a light axion which we must take
into account when considering the second-order expansion.

3.7 Second-order expansion in the near-conformal regime

The spectrum of the theory in absence of the dilaton field has been detailed in [2]. There,
we observed that the theory is characterized by the following symmetry-breaking pattern
N}%—Nf

2N7—Ny -
SU(QNf) X U(l)A ~ Sp(QNf) — SU(Nf)V X U(I)B ~ Sp(Nf)V (3.7.1)

where ~~ and — denote, respectively, spontaneous and explicit breaking. In fact, the axial
symmetry is explicitly broken by the anomaly and therefore the would-be Goldstone boson
is massive. The further explicit breaking is due to the introduction of a baryon charge while
the last spontaneous breaking is the superfluid transition. In the absence of the dilaton,

the spectrum of light modes is composed of %N #(Ny — 1) massless Goldstones with speed

vg = 1 that parameterizes the coset %. They arrange themselves in the antisymmetric

representation of the unbroken Sp(N¢) plus a singlet which we denote as my. In addition,

we find N§(Ny — 1) — 1 pseudo-Goldstone with mass 73?{5
stemming from the would-be spontaneous breaking of U(1)4 which we call the S (singlet)
mode. As mentioned above, the U(1)4 symmetry is quantum mechanically anomalous,

and therefore the latter mode acquires a mass contribution proportional to the scale of the

plus a pseudo-Goldstone mode

67

)

=



anomaly, \/a.
The rest of the spectrum is given by gapped modes with a mass of order y which we will

not consider here since they decouple from the large-charge dynamics. It is interesting to

analyze how the spectrum changes when (near)conformal dynamics is realized through the

dilaton dressing. In particular, conformal invariance dictates the existence of a massless
. - 1 _ 1

mode with speed vg = =Rl [18].

As we shall see, the latter arises from the mixing between the singlet mode 7y with the
dilaton that acts as its "radial mode” and changes its speed from vg = 1 to vg = %

Having in mind the hierarchy of scales m,, m, < v/a < < 47v, we focus on the spectrum

of light modes i.e. the modes whose mass is smaller than the chemical potential in the
2
large-charge limit. To this end, we start by considering the modes with mass ZL}@( These

cannot mix with the dilaton and, therefore, their dispersion relation in the near-conformal
phase can be obtained by generalizing the non-conformal expression of [2] to include the
expectation value of the dilaton as

m X2 2fo0(y2)

2 _ ;.2
W=k , (3.7.2)
1 MQNJ%
which matches Eq.(59) of [2] when f = 0. For y = 2 this mode has squared mass %,
f
whereas in the limit y = 3 we have
27m; X
2 _ 2 <X 00 —2/3
=i R 0 () 3.7.3
“1 512772V2N})’ci/3 O@ ( )

To study the remaining light modes, we expand around the vacuum solution as follows

% = ™5’ (3.7.4)
where ¥ is the classical solution (3.6.2) while the fluctuations are organized in the matrix
Q as

(7™ 0 = In, O =~ 1
Q—< 0 —nt >+BS<O 1y, ), B = o, (3.7.5)
dimig(]]vvf)
here 7 =3, Py 7T, belongs to the algebra of the coset space gp ((]X/ff)). The normal-
ization condition on the generators is (T,T}) = ‘%b. Using the results contained in App..1,
we find
<6H28“ZT> = 4sin’ 9,70 7" + 8N ;529,505 (3.7.6)
<BZ@02T> — —2i\/2N; sin? pdyr° (3.7.7)
fsot 2 - 2
<ME + Mty > — 2N cosg | Xcos | (=S | + Zsin [ ,|—S (3.7.8)
Ny Ny
Ny
<1og2 ~log 2T> = 8iN/BS Y ai (3.7.9)



where we defined Z = Zf\;fl sin ;. Finally, by expanding the dilaton field around its
background solution as o — og + 6 (t,x), we obtain the following quadratic Lagrangian

0 di
L 0 - Y m() e
A2sin? p e200] (n? 6 5)D g + > HnOum (3.7.10)
a=1

with the inverse propagator D~! defined as

w2—k2 iw,ufd 0

2,.,4 /
D_l - —zw,uf \ 81/2 sin? M2 1IO'S s Iss = \/éf/i M NnyZ
}P M2 m;er2 _ M4N;62f00(y72)
27%0s sin? 4,0

(3.7.11)
where the Lagrangian masses for the dilaton field are given by
* Vay—0(0)

f2‘u2Nf€76fao (VZm;lTX2 (y2 _ 2) e6foo + 2#4V2N]%62f00(y+1) _ 4A4[L2Nf62fgoy)

MZ=—
o 202 (M4N?62f00(y_2) _ m;erQ)

(3.7.12)
* Vay=2(0)

ple=fooy (—Serf"Oy (2u2 (av2§2 + A4) + miNfUQXQ) + 4f2miva2X2y263f‘7° + p2efoo(vt2) (8f2u2va2 .
8v2 (pte2foo —mi X2)

M2 =—
(3.7.13)

® VAO*>4(O-)

% (412 (4% (av?02 + A*) + mENp2 X2 (2 — y?ef0W=3)) — 2p AN 2e2f70) — 4f1Pm2 00 + p?m2)

2 _ —
Mz = 8v2 (M X2 — pte2foo)
(3.7.14)
while the mass of the S mode is the same for all three potentials and reads
47732 -1 2, 4 yv2,4
) OH Nye Fooly=1) 4 2/2m4 X2e4fo0 (3.7.15)
S 2H4N?62f0'0y _ Qm;er264fo'o e

The 7 represents Goldstone modes with sound speed vg=1 transforming in the antisym-

metric representation of Sp(INy) analogous to the ones found in absence of the dilaton field

n [2]. The m field corresponds to the Goldstone mode of the coset SU((N; )) that transforms

as a singlet of Sp(Ny). For this reason, it mixes with the dilaton and the S according to
eq.(3.7.11). At this point, one can investigate whether eq.(3.7.15) is in agreement with
the Witten-Veneziano relation [206, 207]. The latter constrains the mass squared of the
S-particle to be proportional to the number of flavours and the topological susceptibility
in the limit m, — 0. Indeed, this agrees with the following limit of eq.(3.7.15) 5

N
lim  (3.7.15) = M2=""1

o0—0, myz—0 2

(3.7.16)

50ur definition of Mg differs by a factor of 2 from the usual conventions.
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Additionally, for oy — 0 we have

) 5 a,u4N]§ + 2u?mi X?

0101210 (3.7.15) = Mg = 2M4N]% “omix? (3.7.17)
in agreement with eq.(64) of [2]. The remaining dispersion relations are obtained by solving
the equation det(D~!) = 0. As a result, we have one massless degree of freedom and two
gapped modes. In what follows we provide explicit expressions for the dispersion relations
at the two extrema of the dimension of the fermion condensate v = 0 and v = 1 in the
limit of small momenta and within the large-charge expansion. For the sake of simplicity,
we consider only the case Ap — 0. For the massless mode we obtain

9f2m8 X3 Z3e—4To0 — 2u4M§M§NJ§ sin? ¢ )
7T=0: wy= 2,8 272, —4fo AN2 N3 aind 2,2 2 k+0(F)
9f*mS X5 Z5e 0 = 2utMENysin® ¢ (2f?pu* Ny + MZ)

(3.7.18)
2f2m3NpX2Z2 — p* M2MZsin* ¢ 9
r (mEX3Z2 — pSMZsin? o ) — pt M2MZ sin
(3.7.19)

where we expanded Z in v and 1 — v as for X in eq.(3.6.13) and kept only the leading
term. In the large-charge limit, the above reduces to

1 V3 X3, om2 \* (V\*/? )
= N = e s ey o . .2
y=0: wy=k 7 + 2P & N3 \ 1280 o) * + O (k%) (3.7.20)
L 4/3°°f
v = 1: Wy = ]{3 L + 1 25/362/37/277’13 9\/§m;1ngO K 4/3 + + O (k,Q)
: 3 3\/57]_2/3 128\3/571—8/303/3]\[? Q R .
(3.7.21)

These results agree with those in [19] for § = 0 i.e. Xo9 = Ny (see Sec.3.7.1 for further

details). At the conformal point m, = m,; = 0, eqgs.(3.7.20) and (3.7.21) describe the

expected conformal phonon whose speed approaches the value vg = % as Q — oo [18].
For the massive modes described by eq.(3.7.11), we write the dispersion relations as an

expansion for small momenta

wy = Mz +vsk? + ... (3.7.22)
wy = My +vgk? + ... (3.7.23)

In the v = 0 case, we have

\/144f21/2m§rX§Z§e*4f"0 + pANFsin® o (M3 — 802 (2f212 Ny + M2))’
3/2
:U’2Nf
(3.7.24)
_ u4N?e4f”° (72M§74 sin? ¢ (81/2 (fz,usz + Mg) + Mg) + 3M§{4 + 82 M2 M2 sin? np) —36f2°*m8 X272
B 2M3 4t Njetfoo (8v2 sin® p (MZsin® p — 2M3 ) (222 Ny + M2) — 21M3 (MZ sin® ¢ + 3My ;) — T2M3 4 f2v2m$ X3 Z3
(3.7.25)

1
M54 = ﬁJ 8v2sin® ¢ (2f2u2 Ny + M2) + M2sin? p £

V3,4
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which in the large-charge limit yields

w3

B 8 25/6W2/3fC4/3Vm (Q) 1/3 N (6407‘(2]{52]\]]%02/3 — 567f2mer§0) <V> 1/3 N

V3 v 2048 2°//3r8/3fct uNTZ \Q
(3.7.26)
y V3a (Q)l/S . 9V3mi X2 (9a + 2567r2ci/3y2) /31382 ey (V) 1/3 N
= : s —
4 22/37r1/3\/mu \%4 4096 210/37711/3\/6041;%2V3N? \/§\/5 Q
(3.7.27)

For the case v = 1, the mass and speed of the massive modes are given by

64f21°*m3 X2 Z3 + p* N sin® @ (M2 — 802 (2f212 Ny + M2))*

__singp .
M54 = 8v2 (2212 Ny + M2) + M2 + sin? go\J JANTSI
(3.7.28)
ot (—2M3 ysin® o (82 (f2uP Ny + MZ2) + M3) + 3M5 4 + 8v2 M7 M3 sin® ) — 16 f20°m5 Ny X§ 25
V3.4 = Den
(3.7.29)
Den = 2]\/[;4#4 (3M§’4 — 2M§ sin? go) — 16M3,41/2 [2f2Nf (,u6 sin? © (2M§’4 — Mg sin? go) mngZg)
+ p* M2 sin® o (2M35 4 — M3 sin® ) ] (3.7.30)
whose large-charge limit gives
8 2%/0m2/% fu/Nycays (Q) L ok (V)l/g + (3.7.31)
w3 = - - e .
’ V3 v 16 25/6\/372/3 fu /Nyeass \Q
V3a 0 1/3 25/371.1/3/{2\/%1/ % 1/3 5739
w4_422/371'1/3 /C4/3l/ V + \/g\/a a + ( o )

Notice that the v = 1 case leads to enhanced suppression of the #-dependence in the
large-charge limit compared to the v = 0 case as already observed at the classical level.

3.7.1 Second-order expansion with the axion

Similarly to the previous section, we parametrize the fluctuations of the ¥ field as in (3.7.4)
and we take into account the fluctuations of the axion field that we write as [168]

N(z) = 4®@/vra (N) (3.7.33)
with (N) given by eq.(3.6.23). Therefore, (3.5.12) gives another term to consider with

respect to the previous section which is

—Lapg(log N —log Nty = 29 — 5 | (3.7.34)
2 VpQ

As a consequence, we again have modes with dispersion relation (3.7.2) with X9 = Ny,
while the remaining light fluctuations are described by the Lagrangian below

L = 41/ sin? go@uwaa“wae_%f + 4V28u58“36_20f + 8V2N 2 sin? p dyrle 207 + 20212 Ny sin? pe 20/ 4

9 B 2
+ 2N} m3 cos o cos (1 / NS) e vl —an? <0 +/2NgS + PG 5) e 2!
!

2VPQ

e (9,3 9a)e T + %(%03“0)672” ~V(0), (3.7.35)

4 —dof
— Age™ ™ BTy
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from which we obtain the normalised quadratic Lagrangian as

0\ ()

£ &
= 0 5 a -1 w,a a
125 g o—2o0f (7 6 S a)D ¢ |t Zl OO, (3.7.36)
a=
a
where the inverse propagator D~! is given by
2k ' 2N
D= PRI e Lss (3.7.37)
0 0 sinZ - MS ;a
Isa w?—k?

0 0 % 42sinZp Mg

The Lagrangian masses appearing in D! are

* Vay—o(o)

f2lu2672fo'0(y72) (1/2m;1er (y2 _ 2) 62]”0'0(3;72) 4 2M4V2Nf€4f0'0(y72) _ 4A4M2e2fao(2y75))
212 (M462f00(y_2) _ m;lr)

)

M? = —
(3.7.38)

[ ] VA@:Z(U)

74f2/1/2y2m;1‘—Nf (y2 _ 2) + M4€2f00(y_2) (8f2M2V2Nf 4 mg) _ 16f2A4,U4€2f00(y_3)
812 (’u/4e2fo'0(y72) _ m;lr)

M =

b

(3.7.39)

b VA0—>4(U)

72f2u2uzmiNf (y2 — 2) + /J,4€2f00(y_3) (mg(QfUO —-1) - 8f2A4) + 4f2,u61/2Nfe2f“°(y_2)

2 _
M = 42 ('u/4e2fcfo(y72) _ szlr)
(3.7.40)
for the dilaton and . .
az — NGV + 2yt e (3.7.41)
S 2ute2fooy — omAetfoo ’ e
™
2 —2foo
a appye
M2 = L — (3.7.42)
1602 - (1 — mae 17077
PQ 7
for the remaining modes. The interaction term between the S-particle and the fluctuation
of the axion a is . 2fa0(y—3)
/Nt ap*apge’ 70\~
Isa = f Al Are (3.7.43)

_2\/§VPQ (pte2fooly=2) —m4)

The inverse propagator (3.7.37) takes the form of a block matrix. The upper left 2 x 2 block
represents the mixing between my and the ¢ in the absence of the 6-angle. Diagonalizing it,
we find both a massless and a gapped mode with dispersion relations given by

f2k2p2 Ny esc? ¢
2

ws.g = 4| k2 + 4v2sin® ¢ <2f2u2Nf + M7+ \/ + (2f2u2Nyp + M2) 2)
(3.7.44)
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The spectrum in the Ap — 0 case has been previously studied in [19]. In that case,
the explicit expression of the dispersion relation of the massless mode in the two extreme
cases v = 0 and v = 1 reads

2 2 2/3
7y=0: W5=i+k \/§ (gm”) <V> +... (3.7.45)

V3 (2m2)?P ¢ Ny \ 1287y Q
k 9 92/3 2m2 N 9 4 VY3
v = 1: ws = — + 62/31/ m f \/>m () + ... (3746)
V3 3v/3m2/3 256¥/278/3¢} o | \Q

The above results correct a typo in egs.(53) and (54) of [19]. The gapped mode arising
from the mixing between 7y and the dilaton has a mass of order O (u). The lower right
2 x 2 block describes the mixing between the S mode and the axion & and by diagonalizing
it we obtain the dispersion relations of the propagating modes which read

1 —2foo
wrg = 2\/ 4k? + 2sin? o (42 M2 + M32) + epr \/ 20°V2 Nya%p, + 4vpg sin® g etfoo (MF — a2 M2)°
(3.7.47)

For f = 0 the above reproduces the dispersion relations in absence of the dilaton, which
were computed in [2]. Finally, we provide explicit results for these dispersion relations in
the Ap — 0 case. For v = 0 and in the large-charge expansion, we have

3av
ca/sNy (Q>l/3+35 \/amilr /ﬂPQ (V>1/3+

821/671/3ypgu Vv 16422/3\/§7T11/3I/PQ01}/21/3N3/2 Q

\%
. VNyvpg [Z/PQ (512W2k2c4/3 2Nf + 27m4) + 256ﬂ2k204/3y aPQ] (V>1/3 N

w7 =

\/3a7r5/3ci§§ ~3/2 Q
(3.7.48)
\/312m2k2C] Ny + 2Tmikag,
wg = 32 — +
167704/3\ /2UNy
FmiaboN;'? (27052 - 2048720h el 2 NF) 23
3.Q2.91/6,.13/3,.13/2. 2~5/2 21,23 ~ 4,2 Q T
163 - 82.21/61 acy s v \/51277 k4c 4/3ny+27mﬁaPQ
(3.7.49)

while for v = 1 we obtain

Ner <Q>1/3 4257130 pgk?, iz /N (V :
I — —+ ...
2)

w7 =

8 - 2V/6upoml/3u,/Nycys \V 3av
(3.7.50)
9v m4a% v\ 2/3
_ Q v
ws =k + 3 22/3774/3k:c o <Q) + ... (3.7.51)

with v = 2U123QNf + G%QVQ.

The upshot of this subsection is that the effect of eliminating the #-angle via the axion,
in the large charge regime, is the introduction of a new light state affecting the spectrum
and dynamics of the theory expressed in the new dispersion relations wy and ws.
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3.7.2 Conformal dimension and vacuum energy of type I Goldstones

Using the state-operator correspondence we generalised the corrections determined in
[18, 19] to the large-charge quasi-anomalous dimension A as a function of the dilaton,
fermion mass, and background geometry to include the impact of the 6 angle, axion physics,
and dilaton potential yielding:

VA@‘)O(O-)’ 7 << 1

COS

3,2/3
Azl_(9mi>21710g(w@wz>f??mm) j ,2<9+2m>< 1 )2/3
p

A* 327y 402/3Nf ANf 272
2 [ 0+27k gmi 2 s 0427k
N vy 5 <9 + 27rk) 27my sin ( TV, ) N 5 (6471-1/) cos” ( fwf ) 23 (27r2p>2/3
— _cos - —
/3Ny Ny 256 a cj ;N7 6cy 5Ny 2 Q
gmgr 2 1 4/3
X <327r1/> <27T2,0) log Q (3.7.52)

Vapsolo), (1-7v) <1

4 . 2k 4/3
A =1 Itz (1 —7) cos? (9+ Wk)( ! ) log Q

A* T 6dcf g Ny 212p
(3.7.53)
VAO—2(O—), vl
2/3 .
A 1 9m?2 21 —log (16(2ﬂ2)?7‘sc4/3u21vf> cos? 0 + 2k 1\*?
=1— 08
A* 327y 4ci/3Nf Ny 2m2p
o2 ((0+2rk om? \ 2 042k
~ 0+ omk 27m2 sin ( +]\2f ) 5 (6271”) 0052< +1\2r ) cors [ 2n2p\ 2?
+ cos? _ + Gy [aTTp
cg/st Ny 256 a ci/3NJ% 663/3Nf 2 Q
9m2 2 1 4/3
T — 1 754
x (3271'1/) <2772p) 05 (8.7.54)
Vaoea(0), (1-7) < 1
A 9Im4 0+ 2k 1 \"?
— =1 - T (1 — 1) cos® ( ) ( ) log@ . 3.7.55
A* 6403/3 Ny 272p ( )
VA@—>4(U)’ 7 << 1
A
=1
A*
3,2/3
_ 9m?2 21—~log (16(2ﬂ2)17304/3u21vf> o5 0 + 2k 1 \*? (3.7.56)
327y 403/3Nf i Ny 2m2p o
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(3.7.57)

Here A* is the conformal dimension at the fixed point at leading order in the semiclassical
expansion and p = Q/V is the charge density. As eq.(3.6.14) illustrates, in the conformal
limit m, = m, = 0, the scaling dimension of the lowest-lying operator with baryon charge
@ takes the form predicted by the large-charge EFT [11, 35]

Ag = ky3Q" + ky3Q%% + kologQ + 0 (Q) | (3.7.58)

where the coefficients that appear should not be confused with ¢4/3 and ¢y/3 introduced
in eq.(3.6.12). Instead the latter should be viewed as the leading order of a semiclassical
expansion of the former, generated by integrating out the heavy degrees of freedom when
building the large charge EFT. By inspection, we found out that the parameter controlling
the leading quantum correction to the classical result (3.6.9) is

C4/3 6
2
2/3

AN, (3.7.59)

2. 7
This can be traced back to the observations made in [18], where the authors mapped a
dilaton-dressed 2-derivatives action with U(1) symmetry (analogous to the 7, & sub-sector
of the present theory) to the familiar A¢* model with quartic coupling A = f4A%. In fact,
it is known that within this model the Wilson coefficient of the large charge EFT can
be computed as a semiclassical expansion in A by considering the double-scaling limit
Q — 00, A — 0 with 't Hooft-like coupling AQ fixed [13, 26]. However, as observed in
[38], the knowledge of the spectrum of gapless modes is enough to compute exactly the kg
coefficient in eq.(3.7.58), which is related to the renormalization of their vacuum energy.
In our case, the massless spectrum described by the large charge EFT is composed of the
$N;(Ny —1) — 1 modes with dispersion relation wiand the N¢(Ny — 1) 7% modes. In
the conformal limit, these are NJ% — Ny — 1 type I Goldstone bosons of the spontaneous
symmetry breaking (see [2] for details and transformation properties)

SU(Ny)L x SU(Nf)r x U(1)p x U(1)a ~ Sp(Ny)r, x Sp(Nf)r (3.7.60)

and all have sound speed vg = 1 with the exception of the conformal mode 7wy with

vGg = % We do not include the singlet mode S since it decouples due to the axial anomaly.

Consider the action describing a type I Goldstone field x at low energy

1)2
Sa = /M dtdzx (;(@X)Q + 2G(VX)2> , (3.7.61)

its one-loop vacuum energy reads

ECasimir = %Tr{log (—0f —vgV?)} = ! / dw Z log (w? +v&E*(p)) = 1%@ E E(p)
P P

= .

(3.7.62)
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where E(p)? are the eigenvalues of the Laplacian on the sphere, i.e. V2 fy(r)+E2(p)fp(r) =
0. Being this contribution of order @, in odd dimension is not renormalized by the classical
vacuum energy and is, therefore, universal to all the CFT whose large-charge dynamics
realize the same conformal superfluid phase [203, 11]. Conversely, in the case of an even
number of spacetime dimensions, there is a universal Q°log @ term arising from the
renormalization of the energy. In fact, as shown in [38], in dimensional regularization E¢
has a pole for d — 4 which is linked to a calculable logarithm of the charge with coefficient
—%%. Hence, we obtain

ko = —% (\}g + (N 4+ (N, — 2)> . (3.7.63)

This is a robust non-perturbative prediction of the large-charge approach which would be
interesting to test via lattice simulations
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Chapter 4

Conclusions and Outlooks

In this thesis, we have employed different techniques to study the CFT data of different
strongly coupled CFT. In particular, we have combined the large charge expansion with
resurgence and near-conformal field dynamics to gain insight of the non-perturbative
properties of field theories.

In Chap. 2, we studied the analytic structure of the fixed charge expansion for O(N)-
invariant models in different space-time dimensions as well as QQED3. We have seen that
in d = 3 — e dimensions the contribution to the O(N) fixed charge conformal dimensions,
obtained in the double scaling limit of large charge and vanishing ¢, is non-Borel summable.
Additionally, we have shown that the series is doubly factorial divergent and displays /@
optimal truncation order. Resurgence technologies helped us show that the singularities in
the Borel plane are connected to worldline instantons that were found in the alternative
double scaling limit of large @ and N of Ref. [50]. We have also explored the case of
d = 4 — € and shown that in the same large () and small e regime the next order corrections
to the scaling dimensions amount to a convergent series. The resummed series exhibits
a new branch cut singularity which we found to be relevant for the stability of the large
charge sector of the O(N) model for negative e. In the future, it would be interesting
to include the contribution of radial and conformal modes to learn how they affect the
analytic structure of the fixed charge expansion. For the QF D3 model we discovered
that at leading order in the large number of matter field expansion, the large charge
scaling dimensions are Borel summable, single factorial divergent and with order @) optimal
truncation order. It would be also interesting to investigate whether a non-Borel summable
expansion emerges at subleading 1/Ny orders (Ag has been computed in [85] for QFE D3
and in [88] for QED3 — GN).

In Chap. 3, we investigated the spectrum, the pattern of chiral symmetry breaking
and the dispersion relations at low energy of two-color QCD as a function of the baryon
chemical potential, the topological term responsible for strong C'P breaking as well as the
quark masses. The analysis is applicable to Sp(2N) gauge groups with fermions in the
fundamental representation. We explicitly considered the dynamics stemming from two,
three, six, seven and eight light matter flavors and determined the normal and superfluid
ground state. We showed that the vacuum acquires a rich structure stemming from
the presence of the C'P violating topological operator and unveiled novel phases. We
analysed these phases, studied the dependence of the critical chemical potential on the 6
angle, delineating the boundary between the normal phase and the superfluid phase. By
investigating the behaviour of the C'P order parameter we characterised the order of the
phase transitions which are shown to be first order. The results are readily applicable, in
the normal phase, to the 6 and axion physics of composite Goldstone Higgs models. In

7



particular, a new composite strong source of C'P violation can be relevant to investigating
composite electroweak baryogenesis [208, 209, 210] while the nonzero chemical potential
analysis is useful for studying asymmetric dark matter [209, 211, 212] and the interplay with
C P violation. Our predictions can guide and be tested by first principle lattice simulations
at nonzero baryon chemical potential but including also the effects of the topological
susceptibility [213, 214]. In the future, higher derivative terms can be consistently included
in the framework such as the Wess-Zumino-Witten term and its possible gauging [215]
following [216].
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.1 Details of the second-order expansion

In this Appendix, we provide details on the derivation of the dispersion relations of the
fluctuations that we parametrize as

¥ = 5™ (.1.1)

where ¥ corresponds to homogeneous ground state (3.6.2) while Q has the form

m 0 = Iy, O = =
Q:(O —7rt>+/85<0f >:V+BS]12NW p=

Iy,

(.1.2)

1
V2N,
here m = Zji:rr(l)(HH)

U(Ny)
Sp(Ny)

tion condition on the generators is (T, T}) = ‘%”. Writing ¥ = e2iBS U(a;)X, we have that
3 can be written as

s e it [ €T 0 0 In, 02 @1, /2 0 . el 0
2Rt = ( 0 eim ) (( ~1y, 0 )COSWF( 0 @l )7 Y) 0 e
_ (€0 0 1n em 0 cos
RN e—in’ —1n, 0 0 e ¥

em 0 o2 ® 1y, 2 0 e 0 :
+ ( 0 B_iwt ) ( 0 g2 ® ]le/g 0 6_“' Sy

= 0 Ly, cosp+ V1, Qo ® 1y /28in . (.1.3)
~1y, 0 s

7*T, belongs to the algebra of the coset space . The normaliza-

Using this expression is easy to show that (for simplicity of notation, henceforth we indicate
the trace operation with the brackets)

OuE = 2ie*" 9y © 02 ® 1y, sinp, (.1.4)
st _ . -2
—_— N 9 e
OuX 2ily; ® 02 ® 1y, j90yre sin ¢ (.1.5)
L _ t,—2irmt
Z@oET = < oy ® ]11\? Byme2im 72 ® ]lN/(”)aOTr € > sin ¢ cos ¢ — 2idyw sin?
f

(.1.6)
c . S\ 0.2 =0 o\ _ )
which implies <8M26”E > = 8sin”(p) (0, mo!m) and <B2802 > = —2isin”(p) (Do) where
B = %03 ® 1n,. Additionally we have
<MS+MT§T> =4Nycosp (.1.7)
<B§Btﬁ> = <Be"”Eoe"”tBte_i”tEJge_i”>
- <BzoBtz$> (.1.8)

since [B,v] = 0.
Making use of the above results, we obtain that the matrix X satisfies

8,5 = e2PSU () (mausi n aﬁ) , (.1.9)
0=t = U () (219,55 + 0,5 (.1.10)
$0,5" = —2i30,5 + 59,5 . (.1.11)
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From which we can obtain the relevant traces as
(gzorst) = (8,505 ) + 452 (9,50") + 2if0S (39,5 )
= 8sin? ¢ (9, ot T) + 8Nfﬁ~28M58“S
= 4sin? p 9,7 O 7" + 8N;3%9,89"S (.1.12)
<BE@02T> — <B§80§T>
= —2isin® ¢ (Go)
= —2i\/msin2 % 80770 (.1.13)
<M2 + Mixt > - <e2iBSMU(ai)i + e_QiBSMTU(ai)T§T>

2 ) 2
=2Nycosp <Xcos (“NfS> + Zsin (“NfS>> (.1.14)
Ny
<1ogz—1ong> = 8iNBS — ) ai. (.1.15)

Finally, by plugging these results into the Lagrangian (3.5.11), we arrive at

L = 42 sin? go@uwaé?“wae_%f + 4u28”5’6“56_2(’f + 8V2N p? sin? pdynle 27/

1 1

+ 202 4? Ny sin® pe 2 4 AN v*m2 cos ¢ | X cos <\/§ NS> + Z sin <\/§1 /NS> e vof
f !

- R 1
—av?(0 + /2N S)2e 720 — Adem1of — /2 e 200 ¢ 5(3;”78‘“0’)672(”(
m> 4
—dof
—F;Q(e o +40f—1) . (.1.16)

By expanding the above to the quadratic order in the fluctuations of the dilaton field, we
obtain the quadratic Lagrangian (3.7.10).
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