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Abstract

The chiral Gross-Neveu model, in the large N limit and at finite temperature and density,
displays spontaneous symmetry breaking of its axial U(1) symmetry and of space transla-
tions to a diagonal subgroup, signalled by a complex condensate periodic in space - dubbed
chiral spiral. In this thesis we analytically investigate the possibility of remnants of such
condensate, both at zero and finite temperature, in the finite N setup. Using the tool of
non-Abelian bosonization, with a careful treatment of certain global aspects, we are able to
relate the model to a SU(N) x U(1) Wess-Zumino-Witten model with appropriate levels.
At T = 0, we are able to rigorously prove that the chiral spiral configuration seen at large
N persists at any finite N > 2. At finite T, instead, we study the two-point function of
certain composite fermion operators and we are able to predict that at finite temperature
spatially modulated structures still exist, provided that one puts periodic boundary con-
ditions for fermions in the thermal cycle. This distinction is motivated by the existence of
an 't Hooft anomaly for a Dg symmetry in the fermionic theory. In support of the finite
N results we also rederive the large N chiral Gross-Neveu model phase diagram, assuming
different boundary conditions for fermions, with a direct diagrammatic computation.
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Introduction

Strongly-coupled systems comprise some of the most interesting and fundamental physi-
cal phenomena, ranging from the behavior of quark-gluon plasma in high-energy particle
physics to the one of condensed matter systems like strongly-correlated electrons in ma-
terials. As most of their properties arise from the emergent collective behavior of their
constituents, the specific features of such systems can be quantitatively described in terms
of a small set of parameters, such as their temperature and the density of particles, or the
values of certain couplings, and summarized in phase diagrams. By varying those parame-
ters, one can encounter phase transitions, where the system undergoes a sudden qualitative
change in its macroscopic properties.

Different phases are characterized by different realizations of the symmetries of the
system. This perspective is neatly encoded in the Landau theory of conventional phases
of matter |3] which, combined with Renormalization Group (RG) methods |4} [5], allows
for a quantitive description of many phase transitions. However, only transitions between
a symmetry-broken and a symmetry-preserved phase are well-captured by the original
formulation of the Landau paradigm. More exotic scenarios, such as the confinement-
deconfinement transition in non-Abelian gauge theories [6], integer |7] and fractional quan-
tum Hall states |8] and other intrinsically topologically ordered phases [9, |10, topological
insulators/superconductors [11] and other symmetry-protected topological phases [12], and
Landau’s Fermi-liquid theory itself |13, to name a few, require at the very least an appro-
priate extension of the concept of symmetry [14, 15] in order to be understood within this
framework.

An essential ingredient for this extension is the incorporation of 't Hooft anomalies
|16, 17| which, being preserved under RG flow, constrain how symmetries can act on the
low-energy degrees of freedom. In particular, the presence of an 't Hooft anomaly for a
given symmetry tells us that the system will sit in a phase that is either (i) gapless, (ii)
symmetry-broken, or (iii) intrinsically topologically ordered [18-421]. In recent years, many
works from the condensed matter and the high-energy theory communities have been de-
ploying extensively this approach to rederive known results and infer new ones, see e.g.
[22] for a modern review.

An interesting class of phases is the ones whose symmetry breaking pattern involves
spacetime symmetries. This is indeed the normal situation in solid state physics, for
instance in the change of the crystalline structure that relates different allotropes of met-
als, or at the fusion point of a crystal. In particular, the existence of inhomogeneous
phases, where the ground state of the theory breaks a subset of the translational symme-
tries, has been found in dense systems. For example, certain Bardeen-Cooper-Schrieffer
superconductors 23| subject to strong external magnetic fields display a so-called Fulde-
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Ferrell-Larkin-Ovchinnikov phase, with a spatially non-uniform order parameter |24} 25].
In one-dimensional metals, the Peierls instability can induce a transition to a phase with
a periodic fluctuation in the electron density, i.e. to chiral density wave states [26, 27].
Similar modulated structures can also be found for the spin density, for instance in several
organic linear-chain compounds |28, [29].

Inhomogeneous phases have also been conjectured to form in a range of tempera-
tures and matter densities also in relativistic theories, such as Quantum Chromodynamics
(QCD). Before discussing them, let us review what is the current (at the time of writing)
scientific consensus on the QCD phase diagram, as a function of the temperature T" and
of the chemical potential pp for the U(1)p baryon number symmetry (see e.g. [30] for a
recent review). The strongly-coupled nature of QCD at low energies prevents a fully ana-
lytical treatment because, neglecting quark masses, this theory has no small fundamental
parameters to be used for a perturbative expansion, the only independent intrinsic scale
being the dynamically generated confinement scale Aqcp ~ 332 MeV. Exact treatments
are possible only in extreme situations such as in the high-temperature or high-density limit
where the thermodynamics is dominated by the weakly-coupled short-distance physics, or
in artificial regimes such as in a large N, expansion |31|. For most practical purposes,
one has to rely on a lattice approach, i.e. the idea of discretizing spacetime and com-
puting physical observables from first-principles Monte-Carlo simulations. The lattice is
particularly effective at probing the pp = 0 axis: at low temperatures, there is a phase of
massive neutral hadrons, separated from the high-temperature phase of deconfined quarks
and gluons by a crossover phase transition. For up > 0, lattice computations suffer from
the sign problem, and a Monte-Carlo approach is not reliable in this case. Nevertheless,
it is predicted that the crossover phase transition becomes first order, with a second order
critical point in between, and it is believed that the transition line curves to intersect the
T = 0 axis at a finite ;. An analytic treatment predicts that at very large pp QCD is in
a color-flavor-locked superconducting phase [32].

It is at intermediate values of the chemical potential (and at low temperatures) that
inhomogeneous phases can possibly appear. Evidence that cold dense quark matter at large
N, might form standing chiral waves, i.e. configurations where only a linear combination
of chiral symmetry and translations is linearly realized, has been first provided in [33].
Such chiral waves have been subsequently shown to be disfavored in actual QCD [34], but
the possibility of other inhomogeneous phases in QCD has reemerged during the years, see
e.g. |35H37]. If they exist, it has been conjectured that their signature might be detected
by studying the properties of compact astrophysical objects such as neutron stars [38].
Modern evidence that neutron stars can have deconfined quark matter cores [39] leaves the
door for this possibility open.

Let us also mention that also for QCD one can constrain the possible infrared phases by
requiring 't Hooft anomaly matching, see e.g. [40] for notable efforts in this direction. Still,
the anomaly matching condition provides only a consistency check, and it seems unlikely
that this argument alone will lead to a definitive answer.

Due to the limited availability of analytical and numerical tools, it is difficult to rig-
orously assess the phase diagram of QCD in full glory. For this reason, it is interesting
to understand the phase diagram of simpler theories that qualitatively resemble QCD,
such as four-Fermi theories. Originally introduced to describe the weak interaction [41],
four-Fermi theories in four spacetime dimensions have proven to be useful effective models



for strongly-interacting matter at finite density [42, 43|, despite their failure at describ-
ing features caused by gauge degrees of freedom, such as the confinement-deconfinement
transition.

Another renowned route comes from studying certain four-Fermi theories in two space-
time dimensions [44]. These theories, like QCD, are UV-free and undergo dynamical mass
generation in the IR. One version of these models, the Gross-Neveu model, has maximal
O(2N) vector symmetry, a mass gap, and features spontaneous breaking of a Zsy chiral
symmetry. Another version of the theory, the chiral Gross-Neveu model, possesses a U (V)
vector symmetry and a U(1) chiral symmetry instead. The latter theory is gapless in the
IR, having in its spectrum a massless compact boson. Studies of the phase diagrams of
both the ordinary and the chiral Gross-Neveu models at large N at finite temperature T’
and in the presence of a U(1) baryon number chemical potential ;1 were initially conducted
assuming translational invariance in |45] and [46], respectively. However, subsequent re-
search has challenged this assumption, leading to revised large N phase diagrams that
incorporate inhomogeneous phases [47-50]. These include a crystal phase in the ordinary
Gross-Neveu model, with a spatially modulated order parameter at low 1" and sufficiently
large p, and a phase reminiscent of chiral density waves, dubbed “chiral spiral”, in the
chiral Gross-Neveu model, with a spatially periodic phase with p-dependent period at low
T for any p > 0. In recent years, the emergence of inhomogeneous phases in these models
at finite N has started being investigated using numerical lattice methods, see e.g. |51, 52|
for the ordinary and [53] for the chiral Gross-Neveu model.

In two spacetime dimensions, arguments relying on symmetries for the determination
of phase diagrams are more powerful. The main reason is that the physics is much more
constrained. On the one hand, breaking of a continuous symmetry is impossible due to the
absence of massless Nambu-Goldstone bosons [54]|. Correspondingly, there is no strictly
ordered symmetry-breaking phase, but possibly only a symmetry-preserving quasi-long-
range ordered phase, that is a phase in which the two-point function of the would-be
order parameter decays at large distances only with a power-like behavior, separated from
the usual disordered phase by a Berezinskii-Kosterlitz-Thouless transition [55-57]. More-
over, there are no bosonic phases with intrinsic topological order 58|, the only non-trivial
fermionic topologically ordered phase being the p-wave state of the Kitaev chain [59], thus
diminishing the number of possible IR scenarios consistent with an 't Hooft anomaly. On
the other hand, studying a 1 + 1d system at finite temperature is equivalent, via Wick
rotation to (periodic) Euclidean time, to studying the same system at zero temperature
and finite spatial length. Taking the temperature to be large, in this second picture the
spatial volume shrinks to a point, and one is studying an effective quantum mechanical
system. If there is an 't Hooft anomaly that survives compactification, then this will reflect
on the nature of the vacuum in the quantum mechanics. For instance, this has been used
to constrain the IR behavior of adjoint QCD in 1 + 1d with a single Majorana flavor |60,
61], where an important role for the persistence of the anomalies is played by the boundary
conditions along the compactified direction.

In this thesis, we extend the analysis of the phase diagram of the chiral Gross-Neveu
model to a finite number of Dirac flavors N.

Using non-Abelian bosonization [62|, we relate the chiral Gross-Neveu model to a
SU(N)1 xU(1)y WZW model deformed by current-current interactions. In the bosonized
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language, it is surprisingly simple to show that the chiral spiral phase of the large-N chiral
Gross-Neveu model is present also at any finite N, at T = 0 for any p > 0 |1]. The
chiral wave corresponds to a quasi long-range ordered gapless phase, in contrast to strict
long-range order appearing at large IV, with a free massless relativistic excitation. In this
phase the would-be order parameter is neutral under IR spatial translations that are a
linear combination of the original translations and the axial U(1) symmetry.

In order to discuss phases at finite temperature [2|, we are forced to review the non-
Abelian bosonization procedure while taking additional care of global aspects. This is
because global identifications by discrete symmetries have important effects when the the-
ory is placed on a non-trivial manifold, such as R x S'. In doing so we find that, in order
to keep manifest a unitary flavor symmetry SU(N) x U(1) in the bosonized theory, the
specification of the corresponding levels for the WZW models, as well as the precise set
of global identifications, has a dependence on the parity of the number of Dirac flavors N
which is not manifest on R%2. Moreover, we are able to infer the existence of a certain
Hooft anomaly for a Dg symmetry in the fermionic theory. This is a Zs-valued anomaly,
that we detect from an anomaly for a Zy X Zg X Zo symmetry of the U(1) compact boson of
the bosonized theory. This anomaly is activated in the presence of a non-trivial background
for the fermion parity symmetry Z4', allowing us to predict the existence of persistent order
when fermions are constrained to be periodic under the compact (Euclidean time) direc-
tion. We are able to check this claim explicitly by computing two-point functions of certain
composite fermion operators in the interacting theory, both for thermal (antiperiodic) and
periodic boundary conditions for fermions. We find that for thermal fermions a remnant
of the spatial modulation is still present, but it has an exponentially decaying amplitude
due to thermal effects. The exponential decay is absent instead for periodic boundary
conditions, consistently with the anomaly argument, leading to persistent order.

As an additional byproduct, we have also developed a simple diagrammatic method
for rederiving the large-N phase diagram that allows for a certain class of spatial inho-
mogeneities. This method leads to results consistent with the ones of [47, 50|, which are
based on finding ansétze that solve certain self-consistency equations. We also extend it
to the case of periodic fermions, where we find again persistent order of the chiral spiral
configuration, in agreement with the results at finite V.

Outline of the thesis. The work is organized as follows.

In Chapter [T we review the known results about the large N phase diagrams of the ordinary
and the chiral Gross-Neveu models, while setting the notation.

In Chapter [2 instead, we review some of the notions about two-dimensional Quantum
Field Theory which we will use in the following Chapters. This concludes the review part.
In Chapter [3] we perform non-Abelian bosonization of the chiral Gross-Neveu model in full
detail. While this procedure is not conceptually novel, we will perform it employing the
full power of the modern tools we have presented in Chapter 2, and we will discover that
the correct bosonization procedure depends on the parity of the number of flavors V.

In Chapter [4] we present the results for the allowed phases of the chiral Gross-Neveu model
at finite N. At T = 0, we are able to rigorously prove that the chiral spiral configuration
seen at large N persists at any finite NV > 2. At finite T, instead, we study the two-point
function of certain composite fermion operators and we are able to predict that at finite
temperature spatially modulated structures still exist, provided that one puts periodic
boundary conditions for fermions in the thermal cycle.
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In Chapter [5] we rederive the phase diagram of the large N chiral Gross-Neveu model via a
direct diagrammatic computations, assuming different periodicity conditions for fermions
along the thermal cycle, finding agreement with previous results in the literature, as well
as with the results of Chapter 4.

In Appendix [A] we discuss the free-field realization of the J.J-deformed SU(N); model,
with a special attention to the case of N = 2. We are able to prove that the classical
potential has exactly N degenerate vacua, and for N = 2 we compute exactly (Tr(U)) in
the interacting theory, checking explicitly that it condenses.

In Appendix [B] we perform CFT computations that are useful in deriving the results of
Section .3} for which also the identities reported in Appendix [C] are useful.
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Chapter 1

Gross-Neveu Models

In this Chapter we review the physics of a special type of interacting theories of fermions
in d = 141, that is the models put forward by Gross and Neveu [44], over which this thesis
focuses. Being well-studied models, the literature that concerns them is quite vast. Here
we distill only the knowledge that is useful to understand better the physical framework
and motivation of this thesis work.

In order to simplify our understanding of such interacting theories, it will be convenient
to distinguish them by which subset of the symmetries of the free theory is preserved. For
this reason, and to introduce notation, we start by reviewing the global internal symmetries
of free fermions in two dimensions in Section We then present the ordinary and the
chiral Gross-Neveu model in Sections and respectively. In both cases we also
discuss the salient features that appear in the limit where the number of flavors is large,
N — 00, namely chiral symmetry breaking and dynamical mass generation. In Section
we review the literature results about the thermodynamics of these models, both at large
N and from the lattice.

1.1 Free fermions

Let us consider first a free theory of M massless Majorana fermions,
[ .
ﬁozigj@,gﬂ, j=1,...,M. (1.1)

Here &7 are two-components Majorana spinors,

e
&= & ) (1.2)
with fi being left- and right-moving Majorana-Weyl spinors, respectively. We work in a

Euclidean setting with the following y-matrices convention,

V=01, A=—ics, =9 =03, (1.3)



2 CHAPTER 1. GROSS-NEVEU MODELS

7, being the chirality matrix. This theory has global symmetry group
G(M Majorana) = O(M)r x O(M)gr
(SO(M) x SO(M)g) x (Zf: x ZE"), M odd,
= { (SO(2N) x SO(2N)Rg) x (ZS* x Z§%), M =2N, N odd,
(SO(2N)p, x SO(2N)R) x (ZXt x ZX®) | M = 2N, N even,
(1.4)

where we have also broken down O(M )y, r into their connected and disconnected parts. The
action of O(M), g is linear on left- and right-moving Majorana-Weyl spinors, respectively,

R

{O(2N)L D e e, &L Lgeh, (1.5)

O@N)p: & = Rygh, &,

For M odd, —1 € O(M)\ SO(M), and global fermion parity Zf is the diagonal
subgroup of ZQF Lx Zg & [l The off-diagonal one, Z5, forbids the presence of a mass term for
an odd number of Majorana fermions.

For M = 2N, the matrix —1 belongs to SO(2N), therefore fermion parity is connected
to the identity, Z£ C Z(SO(2N)y x SO(2N)r). Note that there are further differences
between N even and odd. For N odd, we can define the matrix C' = (léV 7(1)N ), that
has determinant —1. C' does not commute with SO(2N) rotations, hence the semidirect
product, leaving SO(2N) as a normal subgroup of O(2N). Its physical meaning is charge
conjugation, and this is made manifest upon defining Dirac spinors,

Yo = ¢ 4 et a=1,...,N. (1.6)

For N even, instead, C € SO(2N). We can however define a reflection matrix K, for
instance as the unit matrix with the first entry replaced by —1, that generates the Zé(
factors in (1.4). For N odd, C is equivalent to K via an SO(2N) rotation, so we can
always use K to extend SO(2N) to O(2N).

1.2 Gross-Neveu Model
The Gross-Neveu model [44] is obtained from the free theory of N Dirac fermions by adding

a scalar-scalar quartic interaction,

As
2N

Loy = iV,d0" — 2 (¥, 0%, a=1,...,N. (1.7)

The interaction explicitly breaks the symmetry group (1.4)) to
G(N-flavor GN) = O(2N)y x Z3, (1.8)

where O(2N)y is the diagonal subgroup of O(2N); x O(2N)g, and Z4 is a chiral Zs
reflection,
Zh s WY s 4,00 (1.9)

n this work we will always include fermion parity Z2 among the global internal symmetries of the
theory, even though it is also a spacetime symmetry. The full global symmetry group of the theory will
consist of both internal and spacetime symmetries, with Z2 being identified.
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In our basis, a Dirac spinor ¥® splits into its Weyl components as

- ( Zj ) , (1.10)

so that the nontrivial Z4' element acts as 1. +— 4%

Let us consider the theory in the N — oo limit, obtained while keeping \s fixed. The
Euclidean partition function,

7 = /D\p DWe S (1.11)

can be rewritten using the Hubbard-Stratonovich trick to get rid of the 4-fermi term by
introducing an auxiliary scalar field . We write

1= /DJ ¢ Palorp@V]T (1.12)

In order to preserve the Z‘24 symmetry, we ask that the auxiliary field ¢ is odd under Z’;.
Plugging ((1.12)) in the partition function and integrating out the fermions one gets

2
Z = /DaeNSM , Slo] = /d%;\ —trlog (i + o), (1.13)
S
where the trace is over Dirac indices only (flavor indices have already been traced over).
The expression is formally valid at any N, but in the large N limit the integral
collapses to the contribution coming from the absolute minimum of S{o]. Let us assume
that such minimum is attained for some homogeneous configuration o,. Then, one obtains
the so-called gap equation,

—iS[g]

> V(o) =2 —tr(id+ o)t =0. (1.14)

As

[

This equation needs a regularization in order to be solved for o,. Let us introduce a UV
cutoff A in the energy (but not in the spatial momenta). After the trace is performed, the

gap equation reads
A 32
Os d*p 1
— =20, — . 1.15
v (149)
The integral is IR-divergent for fixed A\s, A when o, — 0, making V" (0) large and negative.

Therefore the trivial solution o, = 0 is a maximum, and ¢ aquires a nonzero expectation
value, (o) = o, # 0. Explicitly,

1 Mdpy 1 1 A

— :2/ — ———— = —arsinh —, (1.16)
)\5 0 2 /p(2) + O-Z ™ |O'*‘

from which we read off, at large values of the cutoff A,

0.~ +20he” /P = £ M. (1.17)

Such solutions have to be minima since the potential grows at infinity. The theory is
UV-free and M plays the role of the dynamically generated scale. Notice that if one
reinstates fermions the latter acquire a non-zero mass equal to M. Since o is Zf—odd, the
Z‘24 symmetry gets spontaneously broken.
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1.3 Chiral Gross-Neveu model

The Gross-Neveu model admits a generalization with a full U(1)4 chiral symmetry, also
called chiral Gross-Neveu model, where the scalar-scalar interaction is replaced as follows,

- As ¢ = =
L=i0,Ju* — I (U U")? 4 (U407, T%)?]. (1.18)
Its global symmetry group reads
G(N-flavor cGN) =U(N)y x U(1)4, (1.19)

where U(N)y is the U(N) subgroup of O(2N)y appearing in (|1.8), and U(1)4 acts as a
chiral rotation of angle «,

U(l)g: 0% — 0% a~a+27. (1.20)

The Lagrangian ((1.18]), however, is not the most complete one compatible with the sym-
metry (1.19), since the vector-vector interaction

)\’U = 2
2 (0,00 (121
also respects it. If not included, such quartic operator will be generated radiatively by
the coupling As. On the other hand, in the vector-like large-N expansion, one finds that
the coupling associated to the quartic vector-vector operator has a vanishing B-function at
leading order, and as such one can consistently set A\, = A\, /N |63|. Therefore, we define

- T, a )‘3 NT a\2 I a\2 >‘U T a\2
LN :Z\I’aaqj - 2N[(\I’a‘ll ) + (\I’aZ’Y*\I’ ) ]+ W(\Pa'ﬂtq} ) . (1'22)

We can repeat the large-N analysis for the chiral version of the model. We need to
introduce real auxiliary fields for each fermion bilinear appearing in the interaction,

| /Da Dr Do, PG fd2x[(a—l—%\fl‘l/)Q—i-(ﬂ-&-%\i/i’y*\If)Q]e—% J (ot 30,0 (1.23)

so that after integrating out the fermions one obtains

2,2
d2z2 21: +% J d2wv2 —trlog(i@+ip+o+imys )]

Z = /Da D7 Due N (1.24)
At leading order in large N, the action is minimized for
ot =0, C’*:/A ’p 20 , ”*:/A d’p 27 (1.25)
As (2m)? p* +0F + 73 As (2m)? p* + 0% + 7%

Notice that we could pack the gap equations for o, 7 into a single one for the complex
scalar field A = o + i,

A, A g2 2,
_/ (dp (1.26)

As 2m)? p? + | Ay
The field A is also charged under the chiral U(1)4 symmetry, with charge 2,

U(l)a : A —s 2N, (1.27)



1.4. THERMODYNAMICS AT LARGE N AND FROM THE LATTICE )

As before, the trivial vacuum is a local maximum, and therefore the true vacuum would
sit at |A,] = M # 0. Any specific choice of the vacuum breaks the continuous U(1)
chiral symmetry. This would be in contrast with a theorem by Coleman-Mermin-Wagner
[54) 64|, that states that continuous global symmetries cannot be broken in two spacetime
dimensions.
To understand what is happening, it is better to use a polar decomposition for the
auxiliary fields [65],
A=o+ir=pe?. (1.28)

Now we can expand around a solution of the gap equation, p, = |A,|, without breaking
the axial U(1) symmetry. However, one should not assume an expectation value for the
phase field 6, which under U(1)4 transforms as

Ul)a: 0— 042, a~a+2r. (1.29)

Nevertheless, the presence of a nonzero expectation value for p gives nonzero mass to
fermions.
Let us consider the effective action in terms of p, § variables,

2

Slp, 0] = /dQ:L‘ 2p)\ — trlog(id + pe’®). (1.30)

Expanding the effective action in terms of # on top of the constant p = M background,
one finds that, at leading order in derivatives,

Se[0] = é\;/d% (0,0)* (1.31)

We can then interpret the auxiliary field 6 as a compact scalar with radius V. With these
variables, the breaking of U(1)4 (or, the lack thereof) can be probed by computing the
correlation function

(U(1+75)U(2) T (1 —5)P(0)) ~ (pe(x)pe (0)) , (1.32)

If we are interested in the long-distance behavior of this correlator, we can trust the above
effective action for 6 and also treat p as a constant. Therefore the above is, up to constants,

(e710@)i00)y |5 =2/N (1.33)

This correlator vanishes at large distances, as it should to ensure that the symmetry is
preserved. But it goes to zero at a very slow rate at large N, and if one takes the large
N limit before the large distance limit, the symmetry would look indeed broken, but 1/N
corrections would then be IR-divergent, so we cannot trust the expansion away from the
N = oo point. For any large, finite N, we find then “quasi-long-range” order, that is a
phase in which the correlation length would look infinite, but the correlation function of
charged operators still decays, albeit with a power-like behavior.

1.4 Thermodynamics at large N and from the lattice

It is fairly easy to generalize the gap equations ((1.15)), (1.26)) to include the presence of
an arbitrary temperature 7 and of a chemical potential p for the U(1)y symmetry. The
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latter is dealt with by adding to the Lagrangian of the model the explicit coupling to the
charge density,
L, = pvliwe (1.34)

whereas the temperature is taken into account by replacing the integration over the energy
coming from the fermion determinant with a sum over Matsubara modes,

/dpo (po) —>TZf(27r(n+§)T) : (1.35)

2T
ne”z

where s = 1 for antiperiodic (i.e. thermal) boundary conditions for fermions around the
compact Euclidean time direction, and s = 0 for periodic boundary conditions. Since
literature focused mainly on the thermal case, in this section we work with s = 1.

With these modifications, becomes

Ox dpq 20,

— =T E —_— . 1.36

As / 21 (po + ip)? + pi + o2 (1.56)
[po|<A

A trivial solution to the gap equation is o, = 0. We look for nontrivial solutions. We can
readily integrate over py,
1 1

=T . (1.37)
s (po +ip)? + o2

[pol<A

The right hand side is divergent. On the other hand, A4 is the bare 't Hooft coupling, so it
is also a divergent quantity. We remove UV divergences by renormalizing. In particular,
we impose the T' = p = 0 gap equation to write

1 1 2A

. ~ EIOgM' (1.38)

Using the above relation to remove the cutoff A, we are led to

T > 1 1
SRRy <Re N CERVERRTIICay) R C ey e 1/?) 0

where v is the Euler-Mascheroni constant. The right hand side is finite, and the above
gives a relation between physical quantities that does not renormalize. A formally identical
relation holds for the chiral Gross-Neveu model, upon replacing o, with p,.

By studying , a first proposal for the large- N phase diagram of the Gross-Neveu
model was put forward in [45] and [46], see Figure[L.1] It displays two phases: an ordered
phase at low T and low p which features massive fermions, and a symmetric phase at high
T and/or p in which fermions are massless. The two phases are separated by a line of
second-order phase transitions AB, which becomes a line of first-order phase transitions
BD at the multicritical point B. We stress that the exact values of the (T, 1) coordinates
of each point are renormalization scheme-dependent; the ones that appear in Figure [I.]
are derived using the renormalization condition .

However, in this derivation there has always been one tacit assumption, that is the
spatial homogeneity of the condensate, (o.(z)) = (o). There are good reasons to doubt
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Figure 1.1: Large-N phase diagram of both the ordinary and the chiral Gross-Neveu
models, derived assuming translational invariance. Adapted from [45] 66].

this assumption. At large NV, the Gross-Neveu model possesses baryons, i.e. multi-fermion
bound states [67]. In the case of the ordinary Gross-Neveu model, the mass of the lightest
baryon is Mp = 2NM /7w, whereas the chiral version of the model also has a massless
baryon. Being baryons solitonic solutions of the field equations, they naturally break
translational invariance. Given that they carry U(1)y charge, they are expected to have
possibly non-zero density at finite chemical potential u, and it is reasonable to expect that
this can imply a loss of translational invariance.

In light of these considerations, the large-IN phase diagram was rederived for both the
ordinary Gross-Neveu model [48] and the chiral Gross-Neveu model [47, 50], this time
without assuming translational invariance. The novelty is the appearance of a so-called
“crystal” phase, that is a phase where the chiral condensate is periodic in space.

For the ordinary Gross-Neveu model, such phase appears at low temperatures and
high enough chemical potential, see Figure In this phase, the spatial profile of the
condensate is determined from the following ansatz,

(Az, k) en(Azx, k)
dn(Azx, k)

(ou(z)) = Ar22D (1.40)

where sn, cn, dn is the Jacobi elliptic functions, and A > 0 and 0 < k < 1 are parameters
over which one minimizes the effective potential. Most importantly, the condensate is
periodic, with period found to be ¢ = 2K(k)/A, K(k) being the quarter period, and it
satisfies

(02 +£/2)) = —(0 (), (1.41)

that is, a shift by half-period £/2 corresponds to a chiral Zf transformation. In other words,
Z‘24 transformations combine with continuous spatial translations, which correspond to a
non-compact Ryrans group, in such a way that only a diagonal Zg X Zipans subgroup is



8 CHAPTER 1. GROSS-NEVEU MODELS
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Figure 1.2: Large-N phase diagram of the ordinary Gross-Neveu model, derived without
assuming translational invariance. In red we report the spatial profile of the condensate
(04(x)). Adapted from [66].

preserved, Zians being spatial translations by £, x — x + /.

For the chiral Gross-Neveu model, the difference between the large-N phase diagrams
derived with and without assuming translational invariance is even more remarkable, see
Figure [I.3] In the latter case, the phase with homogeneous condensate completely disap-
pears, and at low enough temperatures the system is always in a crystal phase, and the
condensate

(A, (z)) = M(T)e**+* (1.42)

where M is a non-negative parameter that depends only on the temperature, and has the
interpretation of the thermal mass of the fermions. At p # 0, the condensate is manifestly
periodic with period ¢ = 7/|u|, and

(Au(z+ a/n) = 2(AL(2)), (1.43)

signalling that chiral U(1)4 transformations and spatial translations Reyans get broken to
a diagonal U(1) X Ztrans subgroup.

On the one hand, the presence of such interesting structures at large NN raises the
question about whether these structures persist at finite number of flavors, and if yes to
which extent. These models have been studied on the lattice, see e.g. [52] for a study of
the phase diagram for the ordinary Gross-Neveu model at N = 2,8,16, and [53| for the
phase diagram of the chiral Gross-Neveu model at N = 2,8. In both cases, the numerics
is compatible with the persistence of structures with spatial modulation. In the ordinary
Gross-Neveu model, this feature is particularly robust and a phase diagram quite similar
to the one in Figure has been put forward. In the chiral Gross-Neveu model, it has
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Figure 1.3: Large-N phase diagram of the chiral Gross-Neveu model, derived without
assuming translational invariance. In red we report the spatial profile of the condensate

(Ai(z)). Adapted from [50].

instead deemed more likely that, at finite temperature, spatial modulation is detectable
only at intermediate scales.

On the other hand, at finite IV the lack of a small parameter has made most analytical
approaches, up to the work presented in this thesis, prohibitive.
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Chapter 2

Toolbox 1n 2d Field Theory

In the following Chapters, we will address the question of the fate of the inhomogeneous
structures once again from the analytical side, focusing on the chiral Gross-Neveu model.
To do so, we will need tools more refined than the large N expansion. The idea is to
rephrase the model and the problem at hand in a dual set of variables, in particular through
bosonization. At the free point, a set of M Majorana fermions is dual to a Spin(M); Wess-
Zumino-Witten (WZW) model [62]. The amount of information that is needed to make
this statement precise is reviewed, in a distilled way, in this Chapter.

We begin by reminding in Section [2.1]the modern viewpoint on symmetries in Quantum
Field theory, both for generic number of spacetime dimensions d and for the specific case
of d = 2. In Section 2.2l we review the construction of Rational Conformal Field Theories
(RCFTs) such as the WZW models and the compact scalar, as well as their relationship
with Chern-Simons theories in three dimensions. In Section 2.3 we discuss in detail the
set of well-known dualities that connect bosonic and fermionic Quantum Field Theories in

d=2.

2.1 Symmetries and Anomalies

The notion of symmetry is a crucial one in Physics and in Quantum Field Theory. It is
also a notion whose definition has evolved considerably during the history of the field, and
(at the time of writing) the most comprehensive one is the one that defines them as the
set of topological operators of a given theory [14]. Historically, the relation went the other
way around: topological operators were the ones defined from symmetries. In Subsection
we shall condense the basic concepts, and we will move to specific discussion and
examples in 2d field theories in Subsection

2.1.1 Symmetries = Topological Operators

Topological operators from symmetries. The first notion of symmetry that is usually
encountered in textbooks is that of a continuous (zero-form) symmetry group G for a d-
dimensional field theory, for which one can define a Noether current J that is conserved,
dx J = 0, and correspondingly a conserved charge Q(¥X4-1) = fzd—l xJ, by integrating

over a codimension one hypersurface Zd—lEl Conservation of the current implies Ward

"We assume for simplicity to be in an Euclidean setting, so X4_1 is always spacelike.

11
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identities, which means that when inserted in correlation functions of charged operators,
the charge Q(34_1) gives, schematically,

(Q(Ea-1)01(w1) - Onln)) = Y O,y (@i)(O1(21) ---60i(i) - Onln)) . (2.1)

i=1

where Oy, ,(z) = 1 if the point = links with ¥4_;, and 0 otherwise, and dO(z) is the
symmetry variation of O(x). Since the action of Q(X4_1) inserted in the correlation func-
tion (][, Oi(z;)) does not depend on the specific shape or position of ¥4, as long as in
doing so ;1 does not cross any of the insertion points z;, Q(X4_1) defines a topological
operator.

Functions of Q(X4_1) will also be topological. To fix ideas, let us consider the case of
G = U(1). Then g € G can be parametrized as g = €'®, a ~ a + 27. Let us define then

Uyeia (Xa-1) = exp (1aQ(Xq-1)) , (2.2)

By exponentiating (2.1)), we see that U,_ia (¥q—1) implements the U(1) transformation of
parameter «, as 00; = iagq;O;, with ¢; being the U(1) charge of O;.

More generally, one can define an unitary operator Uy(X4_1) that implements the action
of a group element g € G, i.e. such that upon replacing Q(X4-1) by Uy(34-1) in ,
one gets

n

(Ug(Xq—1)O01(x1) -+ - Op(xp)) = H<O1(9€1) - Ri(9)[Oi(x4)] - - On(zn)) (2.3)

=1

if the operator O;(z) transforms in the representation R; of the symmetry group G, and for
simplicity we have assumed that Oy, ,(x;) = 1 for all 4. This definition does not require
the existence of a current and thus extends naturally also to discrete groups. By acting
with two such operators in sequence, the group law is automatically implemented: if we
define an ordering of the actions by saying that Z;_l is a slight deformation of ¥;_1, such
that operators supported on the former act after ones of the latter, then

UQ(EI—JUh(Edfl) = Ugh<2d71)7 UQ(EI—JUg*l(del) = Ugfl(zjir—ﬂUg(Ed*l) =1,
(2.4)
which must be read as an identity holding inside correlation functions.

Symmetries from topological operators. Anytime a theory has a symmetry, it is
possible to couple it to background fields. Again, let us consider for simplicity a U(1)
symmetry. This can be done via minimal coupling, i.e. by inserting a source term in

correlators,
(o) (e T ANT oy, (25

with A denoting the background field, and the integral is over the whole spacetime. A
background gauge transformation of parameter A\ acts as A — A+ d\. If A is flat, dA =0,

then
[A] li“f:j = H'(M,,U(1)), (2.6)

with H'(My, U (1)) being the first singular cohomology group on spacetime My with coeffi-
cients in U(1). By Poincaré duality, [A] € H'(My,U(1)) is dual to an element in homology,
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\

Ugs (33,1) U (211)

A2
Ae H'(A%G)

Figure 2.1: Example of Poincaré duality between a 0-form gauge field A in d = 2 and
a network of topological operators. A is locally defined on simplices that triangulate the
manifold (blue), and topological operators are placed along the edges of the dual triangu-
lation (orange). The condition that the gauge field A is flat translates to the condition
9195 lgs = 1. Note that the support of topological operators is oriented accordingly.

PD(A) € Hq_1(Mg4,U(1)), which can be interpreted as a (network of) codimension one
submanifold, ¥;_;. Gauge invariance ensures that the corresponding operator

/A AxJ = / xJ = Q(PD(A)), (2.7)
PD(A)

is itself topological. Repeating the construction done above, one can see then that adding
flat background field A is equivalent to inserting a specific network of topological operators,
Uy, (3i4-1), inside correlation functions. The flatness condition enforces the group law at
the junction points of the network. This construction readily generalizes to any G Abelian.

p-form symmetries. The most immediate generalization is to higher-form symmetries
[14] (see also [68] for a pedagogical review of the state-of-the-art). If G(?) is a continuous
p-form symmetry group, i.e. such that its conserved current J®*1 is a (p+ 1)-form, then
its conserved charge will be defined as Q(X4—p—1) = fEd_p_l «JPHD | with ¥y, 1 being
a codimension (p + 1) hypersurface. To generalize (2.1), we would need to work with
operators whose support can possibly link with ¥;_,_1: typically, these are extended p-
dimensional objects, (’)('yp)ﬂ Then also is readily generalized and extends also to G
discrete. However, the topological nature of the action of the operators Uy (34—p—1) implies
that the group G is necessarily Abelian: since ¥4_,_1 does not separate spacetime in two
disconnected components, one can always move and deform hypersurfaces as to swap the
role of E:lr—p—l and ¥4_,_1 in the analog of ,

Ug(zz_pq)Uh(Edfpfl) = Uh(zjl__p—ﬂUg(zdfpfl) > gh=hyg. (2.8)

2In general, a p-form symmetry can be defined to act on objects of dimension at least p. We will not
discuss the most general case here.
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Similarly to the p = 0 case, a background for a (flat) G) symmetry, A € HPT'(My, G), is
dual to a network of topological operators, Uy, (Xq—p—1)-

Gauging and anomalies. Let us now restrict to the case of a theory 7 with a finite,
abelian GP) symmetry, which forces the gauge connection to be locally flat. Gauging G
means summing over all possible flat backgrounds a € HP*1(My, G)E|

216 ™~ Z Zrla], (2.9)
ac HP+1(My,G)

(let us disregard the overall normalization for now). Given our discussion above, this is
equivalent to summing over all the networks of topological operators {Uy, (3; 4—p—1)} which
correspond to elements PD(a) € Hg—,—1(Mg, G),

Zr 160 ~ > Zr[PD(a)], (2.10)
PD(a)€Hg_p_1(Mg,G)

As an example, let us consider My = T? for a 0-form symmetry G. For any G Abelian,
HYT?,G) ~ Hi(T?,G) = G ® G: a G-gauge field assigns to the two non-contractible
cycles a,b elements ga, g, € G, respectively. Thus gauging G can also be described as
summing over all possible insertions of Uy, g € G, along the non-contractible cycles of T’ 2,

Until now we have always tacitly assumed that the symmetry G is anomaly-free.
First we should define what does it mean that a discrete symmetry is anomalous. For
a continuous symmetry, an 't Hooft anomaly is the lack of invariance under background
gauge transformations, signalled at the partition function level by the appearance of an
anomalous phase,

Z7[A + d)\| = 2N Zr[A4]. (2.11)

This can be used as a definition also in the case of discrete symmetries. Then, the back-
ground A is not defined anymore up to gauge redundancy, i.e. A does not define a class
in HPT1(My, G), but only an element of CP*1(My, G). The lack of gauge invariance im-
plies that the corresponding network of operators is not topological anymore, a change in
topology corresponding to a background gauge transformation.

We can characterize the anomaly of G®) in T by means of a so-called anomaly theory
A, a (d + 1)-dimensional theory which has the following properties |17} 69-72|,

e A describes gapped phases with the same symmetry G®) as T,

e on any closed (d + 1)-dimensional manifold, the partition function in the presence of
a background A for G() is well-defined and equal to a phase,

ZAlAleU1), (2.12)

30ne can also add a discrete torsion coefficient, that is a weighting phase e(a), e € H4(BPT1G,U(1)),
to each term of the sum. Here BP*'G is the Eilenberg-Mac Lane space of G.
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e on the other hand, on a manifold with dMy,; = My, the partition function is not
invariant under background gauge transformations, with

Za[A+d) = e *OA Z4[4], (2.13)
where (A, A) is localized at the boundary, and thus cancels the phase in (2.11)),

ZT[A+ dNZA[A+ dN\] = Z7[A]ZA[A], (2.14)

e A depends on Mgy only through its topology.

The gapness requirement implies that the Hilbert space of A on any closed d-dimensional
manifold is one-dimensional at large distances: in other words, A is a G®-symmetry
protected topological (SPT) phase |[17]. For bosonic symmetries, these are classified by

[w] € HAY(BPHIG,U(1)). (2.15)

In passing, let us mention that we might also have situations where the background gauge

invariance for a symmetry Ggp 1 s spoiled only in the presence of a nontrivial background

for another symmetry Ggp 2 In that case, we say that there is a mixed 't Hooft anomaly

between Ggpl) and Ggm).

For discrete symmetries, gauging is an invertible operation. Any G) gauge theory
has (p + 1)-dimensional Wilson operators, parametrized by representations R of G®), If
G is discrete, then these Wilson operators are topological since the G®) gauge field a is
flat in this case, and as such they generate a new symmetry in the gauged theory. If G is
Abelian, then the symmetry group of the gauged theory is §<d—P—2>, with

G = Hom (G,U(1)), (2.16)

the Pontryagin dual of G, being an Abelian group itself. Then, one can couple 7/G® to
backgrounds B € H*P~1(My, G) for the Gl4—P—2) symmetry

ZrewlBl~ > ZrlaleP (2.17)
acHP+1(M4,G)

(—, —) being the intersection pairing. Since G=Gandd— (d—p—2)—2 = p, by gauging
G®) and Gd-P-2) ip sequence one reobtains a theory with a G® symmetry, which turns
out to be the original theory T [14, [73].

Note that if G is not Abelian, then in general the representations of G do not form a
group. However, gauging G is still an invertible procedure, but another generalization of
the concept of symmetry must be invoked, which we now introduce.

4We adopt here a notation often used in the literature of denoting respectively by small and capital
latin letters dynamical and non-dynamical gauge fields.
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2.1.2 Symmetries and Anomalies in 2d

Another direction in which we could have generalized the notion of symmetry is as follows.
Nothing forbids to formally define a set of topological operators U, (¥X4—p—1), with a some
arbitrary index, such that (2.4) generalizes to an expression of the kind

Ua (Zd —p— 1)Ub Ed —p— 1 ZU Y- p— 1 (218)
ceC

which, we stress again, must be read as an equality inside correlation functions, and the
sum is over a given index range C. This is the structure of a non-invertible (p-form)
symmetry, namely a symmetry whose underlying structure is not necessarily group-like.
The language in which non-invertible symmetries are better understood is that of (higher)
categories. While these structures are extensively known in 2d literature since quite some
time (see e.g. 15} 61, |74H81]), in the last years they have been studied also in d > 3, see
for instance the seminal works [82-85]. In the following, we review part of the construction
that applies to d = 2, with an emphasis on the implication for group-like symmetries and
their anomalies. But first, let us show that this definition is non-empty.

Example 1: Verlinde Lines in RCFTs. Let us start with a well-known example where
appears. As we will see in Section a RCFT is characterized by having a finite
number of primary fields. In the case of WZW models, these primary operators are classi-
fied according to integrable representations A€ Pﬁ of an extended Ka¢-Moody symmetry
algebra gi. One can take tensor product of two such representations and decompose it,

Aop= P Nyp, (2.19)
pePr

where N /I\/u € Z>g are called fusion coefficients. The latter are related to the modular data
of the RCFT by the Verlinde formula |74,

N S:.SisS>hs
v AT HOSDE
Ny =D, =22, (2:20)
sepk 0g

where 0 denotes the trivial representation.

Let us assume for simplicity that the corresponding RCFT is diagonal. Then, the
Hilbert space of the RCFT is given by primary operators |5\,5\> =: |5\> and their affine
descendants. On the Hilbert space, we can define a set of abstract operators Zﬂ that acts
on primary operators as follows,

Fal) — 85 (2.21)
H 'S(AJA ’ .

and such that its action commutes with the left- and right-moving chiral algebra, thus
making it a symmetry of the theory. To this symmetry, we can associate topological
operators L; supported on codimension one surfaces, i.e. on lines. The lines L; thus
inherit the fusion rules from the chiral algebra,

Li= ) N}Lo, (2.22)

- pk
vePY
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where we have used the unitarity of S. The relation (2.22) is analog to (2.18) for a zero-form
symmetry in d = 2.

Example 2: Ising model and Kramers-Wannier duality. The Ising model at the
critical point is conformal, in particular it is a minimal model. As such, it has only finitely
many Virasoro primaries, the identity 1(q ), the thermal operator €(; /5 1/2), and the order
operator o(1/16,1/16), Whose OPEs with each other are given by

exe=1, oxe=exo=0, oxo=1+e. (2.23)

Let us now take a different perspective than in the previous example. Let us find all consis-
tency constraint that putative symmetries of the Ising model should satisfy. A symmetry
should correspond to a line operator that commutes with the Virasoro algebra,

L|1) = to|1), Lle) =typale), Llo) = Ly16]0). (2.24)
On the torus, the insertion of the charge operator L amounts to computing
try (LgPo~e/24gho=e/24) = fg]xo|* + ol yel? + 0116111617 - (2.25)

Modular covariance requires that, up to a modular § transformation, we can reinterpret
the insertion of L in the trace as tracing over a twisted Hilbert space,
trpq, (qLo—/2gho—e/20) — an’inf(j, ni; € Lo - (2.26)
i?j

The integrality constraint is very stringent. We can use it to ‘bootstrap’ which are the
allowed values of £;. We find three independent sets of solutions,

(Lo, trja, aj16) = (1,1,1), (1,1,-1), (V2,—V/2,0). (2.27)

The first solution is trivial. The second one corresponds to the Zo symmetry of the Ising
model, whose corresponding line is often dubbed 7 in the literature,

n: D=, e =, o) = —lo), (2.28)

and correspondingly in the twisted Hilbert space one finds as twisted primaries the disorder
operator fi(1/16,1/16), Which is Zs-even, and Majorana fermions 1/1(1/270),1;(071/2), which are
ZQ—Odd.

The second solution is new. Let us call the corresponding line N. It cannot be an
invertible symmetry because the corresponding operator has a zero eigenvalue. The most
interesting thing is the fusion rules that n and N satisfy, which is readily deducible from

2.27),
nxn=1, Nxn=nxN=N, NxN=1+n. (2.29)

These are the fusion rules of the so-called Tambara-Yamagami category TY (Zs).

By the fusion rules , we can understand what happens when a line N crosses the
operator o. Closing the A line on itself around the operator o leaves a 7 line attached to
it, and thus turns o in the p operator. For this reason, A is called the Kramers-Wannier
duality defect: it exchanges o and pu.
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Symmetry Categories. While in the present thesis we will be concerned with group-
like symmetries, for finite zero-form symmetries in 2d there is a general construction that
encompasses both the invertible and the non-invertible cases. The notion is that of unitary
fusion categories [86], also called symmetry categories in physics [15].

In a symmetry category C, the objects are defined as the topological lines L; generating
the symmetry, and morphisms m;; € Hom (L;, L;) are defined as topological local operators
that change the label of the topological line. The set of morphisms Hom (L;, L;) is required
to be a vector space. To any line L;, we can associate the partition function computed
with the corresponding insertion of the operator Ei,

(- Li(7)-++), (2.30)

v being an oriented path. Then the operators associated to morphisms m;; live at the
conjunction points of L;(7y;) and L;(v;).

The category C should satisfy certain axioms. It should admit the existence of a tensor
product ® : C x C — C, compatible the existence of a unit object 1E|

®2(Li,Lj)r—>Li®Lj, 1L, =L;1=1L;, (2.31)
and that sends morphisms to morphisms,
® : (mik, mjk) = Mg @ Mg € HOHl(Li & Lj, Lk) . (2.32)

The space Hom(L; ® Lj, L) is also called the space of trivalent junctions.
One must also require an associativity structure given by a set of morphisms

Wik € Hom((Li & Lj) ® L, L; ® (Lj & Lk)) , (2.33)
subject to the pentagon identity,
wj7k7l ° le@kJ,l 0 wivjvk = wlvj7k®l 0 w’b@],k}J ‘ (2'34)

The action of the morphism wj j 1, also called associator, is to change the order in which
three lines are tensored, see Figure 2.2

A symmetry category C must also have an additive structure @ : C xC — C. Physically,
the line L; ® L; corresponds to the correlator

(- Li®Li(y)--) = (- Li(y) ) + (- Li(7) ---). (2.35)

Among the objects of C, one can identify the set of indecomposable objects, i.e. those
objects L, who cannot be expressed as sum of any other two objects L; @ L;. It is
usually assumed that all indecomposable objects L, are also simple, that is they have
Hom (Lg, L,) = C and Hom (L4, Ly) = 0 for a # b. In particular 1 is assumed to be
simple. One then typically asks that all objects L; can be decomposed as a finite sum L; =

5The line 1 does nothing when inserted in correlation functions, and as such is called ‘trivial’.
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(Li ® Lj) ® Ly,

L; ® (Lj ® Ly,)

Wik Lj® Ly

Ly, L; Lj Ly,

Figure 2.2: The action of the associator w is equivalent to a local rearrangement of the
network of lines.

@D, NoL,, with L,’s simple, and N, € Z>q denoting dim(Hom (L;, L,)). In particular,
given three simple objects Ly, Ly, L.,

Lo® Ly = @ NG, Le (2.36)

with N, € Z>q being the dimension of the vector space of trivalent junctions Hom (L, ®

Ly, L.).

Other structures are usually required. For every line L;, there is also a dual line L)
such that

(L)) = Lf () -0) (2.37)
where v* denotes the orientation-reversal of v. Additionally, one asks that there exist
a unitary structure on the junction spaces, with a notion of Hermitian conjugate m;-rj €
Hom(Lj, L;) of a morphism m;; € Hom(L;, L;), such that ij omy; € Hom(L;, L;) is a
positive semi-definite linear operator.

The case of groups: the symmetry category C(G,w). Let us make contact with
the usual notion of finite group-like symmetries. Consider a theory 7 with a group-like
symmetry G. Each element g € G is associated to a simple object L,. The tensor product
structure is inherited by the group multiplication, Ly ® Ly = Lgp, and the dual line is just
the inverse, L;/ = Lg-1. The interesting object is the associator wy . We can think of
the action of the associator as nucleating a closed loop Lj,-1 from the vacuum. Physically,
Wy hk is amap w: G x G x G — U(1) subject to the pentagon relation , which in
the case of a group reads

Wh k,1Wg hk 1Wg h.k —1. (2.38)
Wy, h,klWgh,k,l

Additionally, at each junction point we can perform a change of basis in the vector spaces

Hom(Ly ® Ly, Ly,) ~ 45 1C, i.e. associate to each junction a phase B4, € U(1). This

means that wgp  is not uniquely determined: rather, there is a redundancy

. Bg,hBgh.k
Bg,hkBg,k

It is not difficult to see that (2.38) and (2.39) combine to give [w] € H3(G,U(1)): the asso-
ciator w has a natural interpretation as the anomaly cocycle of G. By Poincaré duality, the
configurations related by w1 correspond to two different background field configurations

(2.39)

Wy,h,k ™~ Wg,h,
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related by a background gauge transformation. If w is not trivial, then the transformation
is anomalous. We label the symmetry category associated to the group symmetry G with
associator/anomaly w as C(G,w).

If w is trivial this means that G can be gauged. The gauging operation is done by
summing over G gauge fields a € H'(Mz,G), or equivalently summing over the insertion
of topological lines labeled by G elements, c.f. . From the categorical viewpoint, the
latter sentence can be implemented as follows: we define the object

A=PL,, (2.40)

geG

and we sum over insertions of a fine-enough network of lines A, where by fine-enough we
mean that it is dual to a triangulation of the manifold. The vanishing of the anomaly, i.e.
the triviality of the associator, ensures independence from the specific realization of the
network.

When gauging G, as discussed in Section in the theory 7 /G local operators are
Wilson lines labeled by representations of G, R € Rep(G). When G is finite Abelian,
representations are encoded by characters, i.e. elements of Hom(G,U(1)) which has a
group structure: Hom(G,U(1)) = G ~ G. When G is non-Abelian, in general Rep(G), is
not a group, as it can contain higher-dimensional representations, whose tensor product
decomposition has generically multiple factors. This signals that in this case the symmetry
of T/G is non-invertible. Indeed, C" = Rep(G) is the symmetry category of 7' = T /G.

Mixed anomalies and group extensions. Similarly to the discussion above, to gauge a
subgroup H C G one can simply restrict the sum in to elements of H, Ag = @;,cy h-
In this case, it suffices to check that w is trivial when restricted to elements of H, while
in general it can be non-trivial on G. Depending on how H embeds in GG, or whether
H has a mixed 't Hooft anomaly with the rest of the symmetry group, some interesting
features can arise. In the following we will convey the mathematical intuition, rather than
providing a full proof, which would necessitate more advanced tools. We refer to |15, 87|
for a full-fledged proof. We will assume that H is Abelian.

Let us assume that the anomaly is trivial for the whole G. The theory 7 /H has both
a dual symmetry H = Hom(H,U(1)) and a residual symmetry K ~ G/H. For H Abelian,
we can think of G as a central extension of K by H, i.e. there exists a short exact sequence

l1-H—->G—-K=G/H—1, (2.41)
and an element k € H?(K, H), such that G can be obtained by equipping the set H x K

with the following group operation,

(h1, k1) (e, ko) = (h1 @k, (h2) Ky gy Kik2) (2.42)

where @y, is an automorphism of H defined by conjugation by k in GH As a concrete
example, G = Z4 can be realized from H = K = Zo in this way, by choosing kj, 1, = 1,

5The notion of group extension should not be confused with the notion of semidirect product G =
H x, K, for which is defined with a trivial k. Moreover, note that for G Abelian any such semidirect
product is necessarily direct, as then i (h) = k~lhk = h. Sometimes the notation H x, K is used in the
literature to denote the extension of K by H via .
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the trivial element of Zy, if kq or kp is trivial, and k_1 _1 = —1: then, (h, k) = (1, —1) has
order 4.

When gauging H, an element of the residual symmetry k € K can act on H by sending
the character y € o to X © P 1 | This defines a symmetry group which is a semidirect
product G/ = H x, K, and combining k € H?(K, H) with y € Hom(H,U(1)) we obtain
the nontrivial assomator

Wi k), (caska)y(xarks) = (X3 © Pllerka) 1) (Kiy ko) - (2.43)

Viceversa, let us assume for simplicity that G is of the form G = H x K, and that G
has an anomaly w which trivializes when restricted to H, w|g = 1, but is non-trivial when
two of its arguments are in K, i.e. [w] € HY(H,U(1))® H*(K,U(1)) C H3(H x K,U(1)).
Now, let us gauge H. The theory T/H has both a dual symmetry H = Hom(H,U(1 ))
and the symmetry K, of the form with H replaced by H and with k € H?(K, H)
defined by w such that kg, g, (h) = Wh k1 &y -

Altogether, this suggests that under gauging there is the following exchange: mixed
't Hooft anomalies become group extensions, and nontrivial group extensions give rise to
mixed 't Hooft anomalies. This is indeed the case |15, [87]. We will see this phenomenon
at work in Section

2.2 Rational CFTs

A special class of 2d Conformal Field Theories is the one of Rational CFTs (RCFTs).
These are theories whose (possibly infinitely many) Virasoro primaries can be organized in
a finite number of blocks under an extended chiral symmetry algebra. The classic examples
of RCF'Ts, and the ones that we will deal with in thesis work, are the compact scalar and
more generally G, WZW models.

2.2.1 Compact scalar

Consider the compact scalar with radius R,
1
=g [@0F P2, oo 2R, (2.44)
i

This can be equivalently described at the Lagrangian level by a compact scalar <Z> of radius
R=2/R.

Let us also introduce the holomorphic and anti-holomorphic components of ¢,

¢(2,2) = p(2) +¢(2),  0(2,2) = ¢(2) — @(2). (2.45)

Let us discuss the symmetries of the theory for irrational values of R%. This theory has
global symmetry group
G(R) = (U(L)p x UL)w) % Z§ | (2.46)

"This action is defined such that it leaves x(h) invariant, x(h) = (x 0 @e—1)(x(h)) = x(h).
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defined as
U(I)P: ¢'_>¢+QPRa éHéa OJPNOJP+27T,
UDlw: ¢ o, ¢ — &+ 200 /R, aw ~ aw + 27, (2.47)
z§ . ¢ -0, ¢ —9.

At generic radius R there is no holomorphic (or anti-holomorphic) U (1) symmetry. Rather,
the holomorphic current ¢ = ¢ generates a non-compact R symmetry.

The torus partition function of a compact scalar with generic radius R is given by

1 —
212(7_7 7—_) — 5 qhe,'mq_henn , (248)
In(7)] Z@m
where ¢ = €*™7, and
1 /e mR\> - 1 /e mR\?
em =3 \R T 2 “m2\R 2 (2.49)

are the conformal dimensions of the Virasoro primaries

Ven(2, 7) = exp [ie¢(gz) N Z_quS(Qz,z)]

ol (i )t~ )]

When R? € Q, the description of the theory greatly simplifies: in that case, the compact
boson is a rational theory, there are additional symmetries, and its partition function can
be rewritten in terms of a finite number of affine characters. Moreover, notice that dyp is
now a U(1) current. In particular, letting

(2.50)

2 /
R? = %, ged(p,p) =1, (2.51)

we can recast the ‘naive’ symmetry of the theory as

G(R) = (U(1) x U(1)g) x ZS , (2.52)
where
Ul)L: ¢=ep+an2p’, ¢ ¢, ar ~ar + 27,
Ulgr: ¢~ v, P @+ ary2pp, QRr ~ ap + 27, (2.53)
Zg : Y= —p, S(_? = —0.

We can also write the action of U(1)z, U(1)g on ¢ and ¢,

{U(m: ¢ ¢+apR, o dtanp'g,
Ulr: ¢—¢+arpR, ¢—¢—arp%, p
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For generic values of R we cannot define chiral U(1) symmetries, but we can still define
chiral Z,, actions on fields as follows,
ZL . — 27l R 7 N 7 2l , 12
{ ni OO P OO PR g1 -1, (255)
Ly : ¢ ¢+ ==pR, P —TEp' s,

where p,p’ are chosen such that at the rational point R? = 2p'/p the actions in (2.55)
reduce to Z, subgroups of (2.54)).

For rational R?, on top of this manifest symmetry, there is an extended symmetry gen-
erated by higher spin currents, whose realization depends on the specific value of R2. It is
convenient to reorganize the operator spectrum not just in terms of electromagnetic pri-
maries and descendants, but rather in terms of primaries and descendants of the extended
algebra, which includes also the conserved chiral currents. This means that rather than
considering the infinitely-many primaries labeled by two integers we only need to consider
a finite number of primary vertex operators, out of which all others can be obtained by
fusion with currents. This amounts to finding representatives of equivalence classes of ver-
tex operators V, ,,, under the relations (e,m) ~ (e £ p',m £ p) ~ (e £ p',m Fp). It is not
difficult to see that there are 2pp’ such equivalence classes, and a choice of representatives
is given by restricting to e € Zoy, m € Zy if p < p', or e € Zy, m € Zo, if p > p'.

One can then rewrite the torus partition function as a sum over affine characters,

2pp’ —1

Z o™ Z P ()20 (7). (2.56)

where
X (r Z " aw ) (2.57)
teZ
and we have defined
wo = pro+p'sg mod 2pp’, (2.58)

with (ro, sp) being any Bézout pair for (p,p’), i.e. (positive) integer numbers such that
pro—p'so=1. (2.59)
A consequence of this is that w% =1 mod 4pp’: in fact,
wWwi=(02pro—1% =1 moddp, wi=(2Wso+1)>=1 mod4y, (2.60)
from which the result follows using ged(p,p’) = 1.

Let us analyze the modular properties of (2.57)). First of all, under a T transformation

/ i 22 /
) (7 4 1) = i =3) o) ). (2.61)
Notice that the combination appearing in (2.56]) is 7T-invariant because

A2 2A2
Ly = 07— hy mod 1. (2.62)

hy =
A 4pp’
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Under an S transformation, instead,

2pp’ —1
(2pp") _ 1 ~2mig s (2pp))
Xy (=1/7) = - Y e ! ) (1), (2.63)
V2pp'
and similarly
(2pp") r i (Lo /
R = 2
V2pp =
o1 (2.64)
1 —2mi 2L, 2
= ¢ o,
V=

where we have let wor = p and used w% =1 mod 4pp’. Therefore the partition function
is indeed modular invariant.

Note also that the theory is not a diagonal RCFT unless wy = 1 mod 2pp/,
which can happen only if either p or p’ is equal to 1. Let us assume that it is the case,
without loss of generality we let p = 1 (the case p’ = 1 can be obtained by T-duality).

Then,
2p'—1

Z X (r (2.65)

This is the partition function of the diagonal U(1)s, WZW modelﬁ

When both p,p’ # 1, the relation between the compact boson CFT and a U(1) WZW
model is more subtle. Let us see what happens with an example. Let us consider the
compact boson with R? = N odd, which has p = 2 and p’ = N. There are 2pp’ = 4N
affine characters in this theory. A Bézout pair for (p,p’) = (2, N) is (rg, s0) = (%, 1),
which leads to wg = 2N + 1. The partition function (2.56|) reads

AN—-1
(4N 4N)
Z XA 2N+1))\mod4N( 7)
AN-1 AN-1 ) ) (2.66)
(4N AN _
Z | Z X (T)X2t2N mod an (T) -
=) AT

Let us compare this with another compact boson theory, with R? = 4N, for which p = 1
and p’ = 2N. This theory also has the same 2pp’ = 4N extended characters, but it is
diagonal. Its partition function reads

4N—-1

Z\X“N (). (2.67)

It is immediate to realize that the theory with R? = N, N odd, is the Zy orbifold of the
theory with R2 = 4N, where Zo = Z& C U(1)p (this is consistent: the Z quotient of the
compact boson with radius R is the theory with radius R/n).

8Since for U(1) there is no Wess-Zumino term, the level has to be read off from the commutation
relations of the affine symmetry currents, or equivalently from the properties of integrable representations.
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In general, if the theory R? = 2p’/p is non diagonal, in particular if it has p # 1, we
can realize it as a Z, orbifold of the diagonal theory R? = 2¢'/q with ¢’ = pp’ and ¢ = 1.

Since we will be interested only in theories with R? € Z+, it suffices to distinguish the
cases p =1 and p = 2, i.e. R? even or odd, respectively. In summary, the correspondence
is

R? = 2n compact boson <= U(1)2, WZW
U(1)a@n+1) WZW (2.68)

R? = 2n + 1 compact boson <= 7P
2

We refer to the latter as the U(1)2,+1 WZW model.

2.2.2 Wess-Zumino-Witten models

The two-dimensional G} Wess-Zumino-Witten (WZW) model is a non-linear sigma model
with target space a connected (but not necessarily simply connected) group G, whose
action on a two-manifold My reads

k _ _ ik o S 1 n o~
Sclg] = / d*z tr(g™" Jugg la“gH/ &y P te(g7! 0a99" 9555 043)
4 Mo 27 X3
(2.69)
where g(z) € G. Here X3 bounds My, and g(y) is an extension of g(z) to X3. The

requirement that the action is independent from the choice of extension imposes k € Z~g.
The coefficient of the kinetic term instead is fixed to give chiral and anti-chiral global

symmetry currents. In complex coordinates, z = ! + iz?, Z = z! — iz?,
J(z) =0gg~t, J(z) =g oy, (2.70)
which satisfy
0J(z) =0, 0J(z) =0. (2.71)

The chiral symmetry of the action is actually local, in the sense that the action is invariant
under

9(z,2) = gr(2)g(2, 2)g (2), (2.72)

for arbitrary (holomorphic and antiholomorphic) maps gr,(z) and ggr(2).

The G WZW model is conformal invariant at the quantum level. Global symmetry
currents .J(z) and J(Z) (or better, their mode expansions), satisfy a Ka¢-Moody algebra
9% @ 8| Through the Sugawara construction, this leads to an energy-momentum tensor
that satisfies the Virasoro algebra, with central charge

kdimg
k+hY’

c=cC¢c=

(2.73)

where hY is the dual Coxeter number of the Lie algebra g, that is (half) the quadratic
Casimir of the adjoint representation.

9We will use g and §_x interchangeably to denote anti-holomorphic chiral algebras.
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The G WZW model is also a rational CF'T, as its operator spectrum can be organized
in finitely many gi ® Ek primaries and their descendants. Let us briefly recall the repre-
sentation theory of g and then of g,. A g highest weight representation V) is labeled by
its highest weight

A=) Niwi = (ML), (2.74)
=1

where r is the rank of g, w; are the fundamental weights of g, and A; are Dynkin labels,
Ai € ZZOH In a similar fashion, a g highest weight representation Vj is labeled by

A=) " Ndi = (Ao A A, (2.75)
1=0

Here, &; = (wj;a);0) for i # 0, and @y = (0;1;0) is the fundamental affine weight associ-
ated with the trivial g representation (not to be confused with the trivial g representa-
tion, which is associated to kdy), a; is the comark associated to the i-th simple coroot,

o) = 2a;/]a;|?. The extra Dynkin label \g is defined as
Xo=k—> Naj, (2.76)
i=1

and is thus an integer, since k, \;,a) € Z>¢. An affine highest weight representation \ s
said to be integrable if
)\0 S ZZO . (277)

As a consequence, there are only finitely many affine integrable highest weight representa-

tions of g at any given level k. Let us denote by Pﬁ the set of affine integrable weights.
The full heighest weight representation Vj is obtained from an highest weight state |5\),

called affine primary, and its affine descendants, obtained by acting on them with negative

modes of the global G-symmetry currents. The conformal dimension £ is equal to

C2(\)

(= (2.78)

h
2(k + hv)’

where C()) is the value of the quadratic Casimir Cy of g computed on the finite repre-
sentation A, obtained from \ by ignoring the Dynkin label Ag.

For highest weight representations with \ € Pf, the highest weight state generates
finite representations with respect to any finite su(2) subalgebra of g;. On the other hand,
non-integrable representations are made of null vectors, i.e. correlation functions involving
fields in non-integrable representations vanish. From now, we will always assume highest
weight representations to be integrable.

To affine primaries we can associate affine characters. For instance, on the torus of
modular parameter T,

X5(7) = trggthome /Y, (2.79)

where as usual ¢ = e*™7, and the trace is overe the representation V5. To distinguish
between conjugate representations it is useful to introduce a dependence on fugacities,

2miT

X5 (zi57) = tr;\q(LO_C/M)e_%iZj zihi (2.80)

1071 the case g = su(NN), we can associate to the weight A the Young tableaux with \; columns of length
i.
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where hj, 7 =1,...,r, are the Cartan generators of g in the Chevalley basis.

A strong constraint on any two-dimensional CF'T is that of modular covariance. Setting
z; = 0 for simplicity, one can define the modular 7 and S matrices by

T+ = Toxam),  xi(=1/m) =Y Siuxal). (2.81)

~ -~ pk ~ - pk
;LEPJr ,u,GPJr

The general expression for 7 is particularly simple,

Tsp = 05, 0xp [2mi(hy — c/24)] (2.82)
Both 7, S must be unitary,
T =71, St=5" (2.83)
Moreover,
s?=c, st=c%=1, (2.84)

where the charge conjugation matrix C acts on characters as Cx5 = X;., A being the

conjugate weight of A
One can build a candidate partition function by gluing holomorphic and anti-holomorphic
characters in order to respect modular covariance,

Z(r,7) = A D X (MM xa(7) - (2.85)

The modular mass matric M 5p can be interpreted as the multiplicity of the primary

field which transforms in the V5 ® ‘_/ﬁ representation. In order to get a modular-invariant
partition function, one needs

TIMT =M=8MS. (2.86)

Moreover, M needs to be physically meaningful, i.e. that multiplicities are non-negative
integers and that the vacuum representation is unique,

Ms, €250 VAREP,  My=1, (2.87)

where 0 = kg is the integrable weight associated to the trivial gy, representation

2.2.3 Chern-Simons/Wess-Zumino-Witten correspondence
Let us consider the Gy Chern-Simons (CS) theory on a a three-manifold M3,

_k
87

S[A] / Bz VP tr (Au(&,Ap — apAl,) + %AM[A,,,Ap]) , (2.88)
M3

where ‘tr’ is the trace over the fundamental representation of the gaupe group G (which
we assume to be compact, connected, and simply connected), and one must pick the level

1&uch conditions are necessary, but in general are not sufficient. Another physical condition is that
fusion coefficients of three primary operators (2.20) are nonnegative integers.
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k € Z for in order for the action to be gauge-invariant. A set of observables in this theory
is given by the expectation values of Wilson lines. The latter are also both the symmetry
operators and the charged objects for a one-form symmetry of the theory, whose extent
depends on both G and k.

There is an intimate correspondence between the G Chern-Simons theory and the g
current algebra which, as we have seen, is used to define the G, WZW model [88]. More
precisely, let M3 = R x Do, with Dy being the unit disk, and let us quantize the theory
on Dy, with R regarded as time . With complex coordinates z,Z on X, the action
takes the form

S[A] = élljr/dt/p d%z tr (Az% +Ath2> s (2-89)
2

with F' being the gauge curvature.

A; acts as a Lagrange multiplier enforcing F,; = 0 identically. The quantization
of the theory on Dy is a quantization with a constraint. A way to deal with this is
to perform canonical quantization ignoring the constraint F,; = 0, and only imposing
the latter later on physical states. A, and Az are conjugate variables. The canonical
commutation relations read

[A%(z, 2), A (w, @)] = %5@5@ — w)§(z — @), (2.90)

with a,b = 1,...,dimG. The Hilbert space Hp, can be identified with the space of
holomorphic wavefunctionals W[Az], and thanks to the canonical commutation relations
we can interpret A, as a differential operator on this space,

T 0
A? = — . 2.91
= koAg (2.91)
Then, the constraint F,zW[A.] = 0 reads
ot e v =
<8Z<5A5 + | Az, S U[Az] = - 0, AsV[Az]. (2.92)

It is not difficult to see that these correspond to the Ward identity for the g algebra of a
G WZW model. Let us consider the latter coupled to a background G current,

L[ g2 Abgb
Zj[Az] = (6“ID2 Y G wzw (2.93)

By taking a functional derivative with respect to A%, one easily proves that Z;[Az| satisfies
the same relation as W[Az], i.e.

(05 + |45 55| ) 2014 = Lo.4.251441. (2.94)
The solutions of these equations are the conformal blocks of the chiral algebra. Therefore
we conclude that states in the Hilbert space of the G CS theory on M3 = R x Dy, canon-
ically quantized on Dy, are in one-to-one correspondence with chiral g conformal blocks
of the G WZW model. Additionally, if we insert a Wilson line in an integrable repre-
sentation A along R, this leads to a Hilbert space which is the integrable highest weight
representation V5 of the g current algebra.
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Alternatively, we can take M3 to be a three-manifold with M3 = 3, with ¥ being
a compact Riemann surface. The case ¥ = T? is of particular interest. Upon imposing
holomorphic boundary conditions for the CS gauge field, the states of a basis of the Hilbert
space are in one-to-one correspondence with chiral affine characters of a G, WZW model
[89, 90]. Affine characters in the representation Vj are obtained by inserting the corre-
sponding Wilson line in the complementary direction.

In order to obtain the full-fledged G WZW model, however, a single chiral half is not
enough. One needs to glue two chiral halves in such a way to obtain a modular invariant
partition function, i.e. a physical modular mass matrix M. This is done by considering the
G X G_j, Chern-Simons theory on M3, respectively with holomorphic and anti-holomorphic
boundary conditions, and by gauging an appropriate one-form symmetry group in the bulk
[91]. Different (yet consistent) choices of gauging lead to different modular invariants M.

Example 1: the compact scalar at R? even. Let us consider the case of G = U(1),

and let us also take k € 2Z [91|. The starting point is the U(1), x U(1)_, Chern-Simons
theory,
S—ik/ (ada —ada) (2.95)
N 4 Ms ' .

The Wilson lines of the theory W( AN [v] are labelled by integrable representations of the

(1), ®u(1)_, chiral algebra, equivalently by (A, \) € Zj, x Z. The Wilson lines inherit
the fusion rules of representations in the affine algebra, namely

W(Xl,:\l)[y]W(Azja)h] = W(>\1+>\2,5\1+5\2)[’7] : (2'96)

The Wilson lines are topological, in the sense that depend only on the homotopy class of
their support . Being topological extended objects, they generate a one-form symmetry
group G = 7, x 2k, under which the lines themselves are the charged objects (see Section
2.1). For two Wilson lines whose supports are such that 7, is a closed loop winding A
once,

W()\l,j\l)[’yl]w()\%;\z)h?] _ eQﬂi[B()q,)\z)*B()q,/\Q)}W()%;\z)[72] , (2.97)

where B(A, ) is the topological braiding of the lines,

A
B\ 1) = hasy — by — by, = ?’“‘ . (2.98)

Here hy = A\?/(2k) is the chiral dimension of the corresponding primary in a @(1); inte-
grable representation \.

On a manifold with boundary dMs = 3, the action needs to be augmented by a
boundary term in order to preserve gauge invariance,

So = k/ d*z /997 (azas — a,asz) . (2.99)
47 »

Again, let us consider the case ¥ = T2, that is M3 = S’ x Dy is a solid torus. As argued
above, once we impose holomorphic (resp. anti-holomorphic) boundary conditions for the
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U(1); gauge field a (resp. for the U’Z/l)_k gauge field @), the expectation value for the

W( AN Wilson line inserted along the non-contractible cycle of M3 evaluates to

Wosy) =@ 7). (2.100)

Here, Xg\k) are the U(1) characters defined in , with p’ = k/2 and p = 1, who are the
building blocks of the partition function of the compact scalar with radius R? = k (and
its Zﬁ quotients). In order to obtain a physical CFT partition function we should ensure
modular invariance, but is manifestly not modular invariant. When declaring
Mz = S' x Dy we have chosen which cycle of T2 is contractible: this breaks modular
invariance and leads to two inequivalent topologies. Since topology is detected by inserting
Wilson lines on non-contractible cycles, in order not to be sensitive to the choice of topology
we should get rid of Wilson lines in the bulk theory - and this can be achieved by gauging
an appropriate one-form symmetry 4. In practice, the gauging procedure for an (Abelian)
discrete one-form symmetry A amounts to summing over different gauge bundles, which
are labelled by elements of H?(Mjz, A). By Poincaré duality, this can also be expressed
as a sum over elements over Hj(Ms,.A), which have the interpretation of summing over
insertion of Wilson lines associated to A.

Not all of the Zy x Z_one-form symmetry group is gaugeable. For instance, both
Zy and Zj, are anomalous [14]. A one-form symmetry group A can be gaugeable only if
the corresponding Wilson lines {W( /\i,S\i)} mutually transparent - that is, they have trivial

braiding B(\;, /\j)—B(j\i, 5\3) =0 mod 1 - and they all have integer spin, 5, 5) = ha—h3 =
0 mod 1. A consistent choice is to gauge a subgroup A = Z/[;uo], whose set of Wilson lines

are of the form {W( i = /\i)} for some wy € Zj, provided that w3 =1 mod 2k. Then, in

the gauged theory,
k—1

Z< (A )\—woz\) ZX)\ Xwo)\ 7). (2.101)
A=0
If wg = 1, we recognize the partition function of the compact scalar with R? = k, cf. (2.65));
choosing an wg # 1 one obtains the various orbifolds of the R?> = k compact boson, cf.
[2.50).

Example 2: from U(1l)g x U(1)_g Chern-Simons to U(l)s WZW model. Let us
consider U(1)g x U(1)_g Chern-Simons on the solid torus M3 = S* x Dy, with boundary
conditions as above. It has a Zg x Zg one-form symmetry, and we label the corresponding
lines as (A, 1) , A\, u € Zg. We want to gauge the following set of lines,

A=1(0,0)®(0,4) ® (4,0) ® (4,4) ® (2,2) & (2,6) ® (6,2) @ (6,6) . (2.102)

All lines in A have integer spin, so A is gaugeable. Moreover, A ~ Z4 X Z5 as a group. We
can identify the following subsets,

A1 =(0,0)® (2,2) ® (4,4) & (6,6) ~ Zy,
Az = (0,0) @ (4,0) ~ Zs, (2.103)
A3 =(0,0)® (4,0) ® (0,4) & (4,4) =~ Zg x Zs .

Gauging A is equivalent to gauging first one of its subsets A; and then the corresponding

coset A/ A;,
AJAL ~ Ay, AJAy~ Ay, AJA3=1(0,0)] D [(2,2)] ~ Zs. (2.104)
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We can proceed in different ways, but the end result must be the same.

1. Let us gauge A; first. The requirement of A;-invariance projects onto lines (A, 1)
with A\ = z mod 4, and the 4 equivalence classes are given by the orbits [(0,0)],
[(1,1)], [(4,0)], [(5,1)]. The insertion of these lines in the solid torus leads to the
following combination of characters on the bounding torus,

1
D Woum) =[x + Peal + [xal® + xel” = 5(Z,500,00 + 2,500, 4)),
(A)El0,0)]
1
Z W) = bal? + bal® + Ixs® + x> = 5(2\/§[070] — Z /510,4]),
(AR)E[(L,T)]
1
Z (Wii) = XaXo + xeX2 + c.c. = 5(Z\/g[él, 0l + Z s5[4,4]),
(AA)El(,0)]
1
> (Wom) = xsX1 + x7Xs + c.c. = S(Z,514,0  Z 504, 4)
AAEL5,1)]

(2.105)
We recognize here the combinations of characters that correspond to the twisted
partition functions of the compact scalar with R? = 8 under a Zy C Zg symmetry.
Now we gauge A/ Ay ~ As. This projects onto lines with A = 0 mod 2, and then
there is only a single surviving equivalence class, {(0,0)} = [(0,0)] U [(4,0)], and on
the torus one gets

S o= Y. Woa)+ D (Wop)

(Am€{(0,0)} (Am)€[(0,0)] (Am)E[(4,0)]
1
= 5(2\/5[0’0] +Z 5l0,4] + Z 5[4,0] + Z s[4, 4])

=Z 5,

(2.106)

i.e. the partition function of the compact scalar with R? = 2.

2. Alternatively, let us gauge As first. This projects onto the lines (A, ) with A =
mod 2 and u = 0 mod 2. There are 4 equivalence classes, given by [(0,0)], [(2,0)
[(0,2)], and [(2,2)]. On the torus,

S (W) = Ixo+xal,
(AR)€[(0,0)]

> (W) = xaXo + XeX4 + c.c.,
(\B)E[(2.0)]

Z (Winm) = X4Xo + XeX2 + c.c.
(\B)E[(0.2)]

Z Wona) = Ixz + xel*
(Aa)E((2,2)]

J)

(2.107)

Note that the combination of characters that appear in [(0,0)] and [(2,2)] is the
(modulus squared of) the characters of u(1)a, as can be checked explicitly using
(2.57). Then we gauge A/As. This projects onto lines with A = y mod 4, and the
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surviving orbit is {(0,0)} = [(0,0)]U[(2,2)]. This, consistently, leads to the partition
function of the diagonal U(1)s WZW model,

Yo o= D o+ D Wow

(Am)e{(0,0)} (A\,2)€[(0,0)] (Am)el(2,2)]
= |xo0 + xa* + Ix2 + X6/
= Zy(1), -

(2.108)

2.3 Bose-Fermi duality in 2d

In this Section we review well-known relations among theories defined on a 2d closed man-
ifold Ms upon gauging a discrete symmetry G. We first review dualities among bosonic
theories and then consider those turning a bosonic theory to a fermionic one, and viceversa.
For simplicity, we restrict to Abelian cyclic groups, with G = Z,,.

Let 7 be a bosonic theory on a 2-manifold Ms with a non-anomalous symmetry Z,.
As mentioned in section the theory obtained by gauging Z,

T =T/Zn, (2.109)

is guaranteed to have a non-anomalous “dual” symmetry G = Hom(Z,,U(1)) = Zn [73].
Since this is the case relevant for our discussion, let us now be more precise with normal-
izations. Its partition function in the presence of a background Z,, gauge field reads

-~ 1 e T
Z:[T=— S Zrllew ITVY, (2.110)
tEHl(MQ,Zn)

where 7 denotes the Zn background insertion, U is the cup product in H'(Ms,Zy,), g is
the genus of My and n9 = \/|H'(Mas,Z,)|. Gauging the dual symmetry gives back the

original theory:

T )2 = (T)Z0))Zn =T . (2.111)
Explicitly,
1 1 2mi 7 2mi - 1
= Etjzm oD DL I ZIZT[ﬂn%t,T = Z7(T),  (2112)
i
where we have used that 1 _
Z N T e — g (2.113)
nYy ’

v

Let us consider now fermionic theories, namely those theories where observables do
depend on the choice of the spin structure p. These theories have a Zs fermion parity
symmetry ZZ for which we can think the spin structure p as a choice of backgroundH If,
instead, the partition function of the theory is independent of the particular choice of spin

12Tt is tempting to take the correspondence literally, but one cannot identify a spin structure p with
a background gauge field S € H'(Mz,Zs) for Z¥ in a natural way. Yet, we can add on top of p a Z%
connection S: this has the net effect of changing the spin structure from p to S - p, which is defined by
changing the periodicity of p around the cycles along which S has nontrivial holonomy, see .
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structure p on My, we say that the theory is bosonic.

A standard way to get a bosonic theory out of a fermionic one F is to gauge Z& , which
is equivalent to sum over the spin structures on Ms. In fact, we get two different bosonic
theories B and B’, depending on whether we consider F or we stack the Arf theory on top
of it [92],

B = (F x Arf)/ZL

2.114
B = F/z7% . ( )

The Arf theory is one of the simplest non-trivial topological theories, the IR limit of the
topologically non-trivial phase of the Kitaev chain [59]. Its partition function Za,+ on Mo
is the Arf invariant, which is the index of the Dirac operator /), mod 2 [93]. We have

Zas[p] = ™AL (2.115)

It is +1 or —1 respectively on even or odd spin structuresE For My = T2, the only odd
spin structure is the one in which fermions are taken to be periodic in both cycles, i.e.

auty — {0 7= NS.NS| INSRJ, [R.NS) 2110

1, p=IR,R].
Explicitly, we have

1 i | s

Z8[T,p) = 55 > Zrls - pl Zutls - ple™ V7,

S

1 .

Zw (T, p| = Q—QZZ]:[S-p]e“rfSUT, (2.117)

where in the last step in both relations we have used the fact that having a non-trivial
background Z4 gauge field s is equivalent to changing the spin structure from p to s - p,
where for any one-cycle v on My

(s-p)(7) = p(y) + / s mod 2. (2.118)

In T is the background gauge field for the Zy symmetry dual to Z&'. For any fixed
p the sum over s can be traded for a sum over spin structures p’ = s p, hence the theories
B and B’ do not depend on the choice of the fiducial spin structure p and are bosonic.
Taking the fiducial spin structure p to be identically zero (that is, NS on all non-trivial
cycles), it can be shown (see e.g. [94, 95| for details) that we can trade the sum over s for
a sum over spin structures by

Z ei”fsuwF[s ] — Z 6irr(Arf[w-p’]fArf[P/])F[p/] . (2.119)
s I

13 A spin structure p is called even (odd) when a Majorana fermion with spin structure p has an even
(odd) number of zero modes.
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Therefore,

1 : )
Zs[T] = 55 3 Zrlple ™ol
P

1 : . (2.120)
ZB/ [T] = 279 Z Z]:[p}emArf[T'P]—ZWAI'f[p] '
P

We denote the Zy symmetry of B dual to Z4 by Zy. It can be checked that the two bosonic
theories B and B’ are related by gauging, B’ = B/Zj, and hence the dual Zs symmetry of
B’ is 2\2/

Conversely, to a given a bosonic theory B with a non-anomalous symmetry Zo we can
associate a fermionic theory F [96]. The latter is not unique as it depends on the choice of
the specific Zo symmetry of B. F is obtained by stacking B with Arf, as to obtain a spin
strucure dependence, and then gauging a diagonal Zo symmetry between the two,

F = (B x Arf)/Z,. (2.121)
More precisely, we have
1 i Arf(t-
Zrl) = 5 > Zglt)e Aol (2.122)

teHY(M2,Z2)

where t is the dynamical gauge field associated to the Zs symmetry. It can be shown that
if we gauge Z{" in the fermionic theory F we have

F|1Y¥ =B =B/Z,. (2.123)
We can also define the fermionic theory F’ as in (2.121)), replacing B with B’
F = (B x Arf)/Z}, (2.124)

where Zi, = Zs is the symmetry of B’ dual to Zs of B, see (2.123)). A simple computation
shows that .
Zy[p] = ZF[ple™ T (2.125)
and hence
F' =F x Arf. (2.126)

To close the circle, we can get the original bosonic theory B from F’ by inverting the above
procedure,
B = ((F x Arf) x Arf)/zf = F')2E | (2.127)

that is,
1 i Arf[T- imAr
ZplT] = 5 > Zpi[plem Aol imArtlel (2.128)
p

which agrees with the expression in (2.120)), given (2.125)). We summarize all these results

in the diagram in Figure [2.3

It is instructive also to understand how the various gaugings map different states in
the Hilbert space of the theory into each other, cf. Table 2.1} Since each gauging step is
invertible, no state is lost in the process: for example, states of B which are odd under the
gauged Zlg symmetry become states in the twisted sector under the dual ZIQSI symmetry.
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(-x Arf)/diag(Z5, Z5)

B F
(-xArf)/Z¥
~/Z§w k/zg }Arf
(-x Arf)/diag(z8’, 2L
B' = B/75 F'=F x Arf

(-x Arf)/ZE

Figure 2.3: Diagram summarizing the relation through gaugings between the two bosonic
B, B’ and fermionc F, F’ theories in two dimensions.

B |Z5=+1 7Z§5=-1 F |z8=+1 7§ =-1
H E O Hns E T
Hew S T Hr S 0

B |78 =+1 7§ =-1 F o |zi=+1 7§ =-1
H' E S - E T

- 0] T Hi O S

Table 2.1: Rearrangement of sectors under gauging Zs symmetries as in Figure [2.3

Example: compact scalar at the free fermion radius.

Here we check explicitly the duality between F’' = 1 Dirac and B = U(1)y4,

1 Arf
1 Dirac = U()”‘# x Arf . (2.129)
Ly
Equivalently, using ([2.124),
. U(1); x Arf
1 Dirac = T, (2.130)

where B’ = U(1); is defined as in (2.68)), and we will find ZY’ to be the Zy subgroup of
the winding U(1)};, symmetry for U(1);.

Let us start by discussing the U(1)4 theory. Its momentum and winding symmetry
are as in ([2.47)). Primary operators are of the form V, ,, defined in , their conformal
dimensions (hem, he.m) being as in , with R = 2. To orbifold by the Z c U(1)p
symmetry, let us first classify the operator content of the theory according to it. This
symmetry acts on primaries as

Z5 0 Ve = (1) Ve . (2.131)

We quantize the theory on the circle and we classify operators according to their Z§
properties as in Table[2.2] To see this explicitly, let us consider the torus partition function.
At R = 2, this reads

1

2= LR

3 g3 (e/2m)? g5 (e/2=m)? (2.132)

This is the partition function without any Z% background. Let us now add a ZI back-
ground, labelled by P = [pa, D], Pa,Pp € {0,1} denoting the p,-twisted partition function
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Uy | 28 =+1 78 =-1 1 Dirac xArf | Z§ =+1 7§ = —
H Vap,g Vop+1,q Hns Vap,q Vopt1,g+1/2
Hiw V2p,q+1/2 V2p+17q+1/2 Hr V2p,q+1/2 Vap+1,q
Uly | ZY'=+1 Z¥' =-1 1 Dirac | Z8¥ =+1 7L = —
H' Vap.q V2p,q+1/2 i\TS Vap,g V2p+1,q+1/2
gw V2p+1,q V2p+1,q+1/2 H/R V2p+17q V2P7Q+1/2

Table 2.2: Primary spectrum of U(1)4, U(1);, 1 Dirac, and 1 Dirac xArf, classified ac-
cording to Z&, Z¥W' ZL symmetry properties, respectively. The primaries Ve m are always
intended to be computed at R = 2, which makes it possible to follow how the operators
get mapped across the various sectors under the gaugings.

with pp insertions of the charge operator for Zg in the trace,

Z [ ] = 227
Z5]0, ’2 Z (e/2+m) q%(E/Q—mF’
3 1 (e/2-m~— 2.133)
Zo[1,0] = ——— QQ(e/2+m+1/2)2q;(e/2 m 1/2)2, (
1.0} = o Zn;
Zy[1,1] = 1|22 71)€q%(6/2+m+1/2)2q%(e/2—m—1/2)2.

Now we perform the gauging of ZIQD , that is the sum over P, to get the U(1); theory.
Since we are orbifolding by a discrete symmetry, in the U(1); theory there is a symmetry
ig dual to the gauged Zg’ . We claim that it is ng ', that is the Zs subset of the winding
symmetry U(1)y, of U(1)1, as anticipated at the beginning of the Appendix. One way to
see this is to compute the torus partition function of U(1); twisted with respect to 22, by
means of . One obtains

21[0,0) = $(Za[0,0] + Z2[0,1] + Zo[1,0] + Z5[1,1)) |2 Zq +3) g3,

Z1[0,1] = 4(25[0,0] + Z5[0,1] — Z5[1,0] — Z5[1,1]) |2 Z g3 5) a5

Z1[1,0] = £(22[0,0] — Z2[0,1] + Z»[1,0] — Z5[1,1]) |2Zq2 et g3 gale=5+3)"

Z1[1,1] = $(22[0,0] — Z2[0,1] — Z5[1,0] + Z5[1,1]) |2 Z g2t 5+ gale—5+3)°
(2.134)

We can also use the twisted torus partition function to classify the operator content in the
gauged U(1); theory with respect to Zs = Z¥', cf. Table

Moreover, recall that in U(1)4 there is a mixed anomaly between U(1)p and U(1)w
which is also there as a mixed anomaly between their Zy subgroups. It is known that mixed
anomalies get mapped to possibly nontrivial extensions of groups (see the corresponding
discussion in section for more details). In the orbifold theory, what used to be
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the winding symmetry in U(1)4 gets extended by Zs. Indeed, a way to check this is to
compute the partition function of the gauged theory in the presence of a twist e??@W along
the temporal cycle for the U(1)y symmetry of U(1)4. One finds

0 Ll e~ 2
21((0,0) (0, 0)w \QZ Ve e (2.135)

This confirms that the radius of U(1)}, of U(1);, with respect to U(1)w of U(1)4, is
doubled upon gauging 74, since the winding charges get halved. Hence the U(1); theory
has momentum and winding symmetry, in terms of the original scalar ¢ with R = 2,

{U(l)’P: o — o+ 2a, a~a+m, (2.136)

Uy : ¢ od+a, a~a+in.
Note the different ranges of «, @ with respect to (2.47) with R = 2.
In order to fermionize the theory, we should choose a Zy symmetry of U(1); to fermion-

ize, according to (2.121)). We claim that the correct prescription is to choose it to be ng "
On the torus we can check it using the relation (2.122)),

Z7[NS,NS] = £ (21[0,0] + Z1[0,1] + Z1[1,0] — Z1[1,1]) = 0;’((:)) 2 ;
2
Z]:/ [NS, R] = % (Zl [0, 0] + Zl [07 1] - Zl[lv 0] + Zl[l) 1]) = 07;1((:)) ) (2137)
2
Zp[R,NS] = £ (Z1[0,0] — Z1[0,1] + Z1[1,0] + Z1[1,1]) = 9772((:)) )

Zr[R,R] = 5 (—Z1[0,0] + Z1[0,1] + Z1[1,0] + Z1[1,1]) = 0.

We recognize the torus partition function for a single Dirac fermion in the different spin
structures. We can also use (2.134]) to write, equivalently,

2
Z71[NS,NS| = L (25[0,0] + Z5[0,1] + Z2[1,0] — Zo[1,1]) = 0;’((:)) :
2
Zpi[NS,R] = § (22[0,0] + Z2[0,1] — Z5[1,0] + Z3[1,1]) = 0;((:)) ) (2.138)
2
Z7[R,NS| = 3 (Z2[0,0] — Z5[0,1] 4+ Z5[1,0] + Z5[1,1]) = 0;((:)) :

Zr/[R,R] = & (22[0,0] — Z5[0,1] — Z5[1,0] — Z5[1,1]) = 0.

Indeed, this matches with (U(1)4 x Arf)/Zy x Arf. This also matches with the analysis
done in |97]. We use this knowledge to classify the operator content in the theory with

respect to Zg , cf. Table

Let us also mention that, for a free Dirac fermion, there is no difference in the value
of ZF/— 1 Dirac OF ZF— 1 Dirac x Arf On the torus. This is actually general: it is tricky to
distinguish F and F’. To say whether a fermionic theory is of type F or F’, with respect
to a given bosonic theory B, we should look at its edge modes on manifolds with boundary
[92].
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Chapter 3

Non-Abelian Bosonization, Globally

In this Chapter, we perform non-Abelian bosonization of the chiral Gross-Neveu model in
full detail. While this procedure is not conceptually novel, we will perform it employing the
full power of the modern tools we have presented in the previous Chapter. After identifying
in Section that the chiral Gross-Neveu model, on a trivial manifold, is an appropriate
current-current deformation of a SU(N); x U(1)y WZW model, we will discuss in Section
to which extent the mapping holds on a non-trivial manifold. This will force us to
rediscuss the global aspects of non-Abelian bosonization for a set of N free Dirac fermions.
In doing so we will discover that, if one wishes to keep manifest a unitary flavor symmetry,
there are certain differences in the levels and in global identifications to perform between
bosonic and fermionic theories, depending on the parity of the number of Dirac flavors V.
A main technical result of this Chapter is equation , for which we provide a proof in
Section [3.3

3.1 The chiral Gross-Neveu model as JJ deformations of
WZW models

Let us consider again the chiral Gross-Neveu model presented in Section For a finite
N analysis, it is more convenient to express the Lagrangian of the theory as follows,

As Av
Loan = i, 094 — il , 000+ LW w4 - THla)hyl),  (3.)

where #¥ = (2! Fi2?)/2, a = 1,..., N are flavor indices, and ¢ are the two Weyl

components of the N Dirac fermions. With a Fierzing, (3.1) can also be rewritten as

N
Leon =i}, 044 —ipl, 009 + JAJA + e (3.2)

where

I =xpl, (1Y) k. T =ylivl, (3.3)

are the SU(N) and U(1) chiral currents, respectively, with 74, A =1,..., N? — 1, being
the generators of SU(N) in the fundamental representation, chosen with the normalization
Te(TATE) = %5AB. The couplings A, Ay, A\, X are related by

A =2\, N=Xp+ s (3.4)

39
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The last term in (3.1) can be neglected at leading order in a large N analysis, as
discussed in Section but it should be kept at finite N. The O(2N)r x O(2N)g global
symmetry of the N free Dirac fermions is broken by the interaction to

UN)y < UM pe 55

G(N-flavor ¢cGN) =

Lo
whose action on the fields is
U(N)y : P = UG, UcU(N),
U(l)a: Pl s eFid an~a+2r. (3.6)

z§ Pe el

Note that there is a diagonal Zg in U(N)y x U(1) 4, with &/ = —1 and o = 7, whose action
is trivial on fields, hence the quotient. The corresponding “off-diagonal” Zs is identified
with fermion parity Z&, 4 + —%.

Using “naive” non-Abelian bosonization [62], the chiral Gross-Neveu model can
be (at least locally) expressed as a JJ deformation of a U(N); WZW model. The latter
is described by an SU(N) matrix U and a free compact scalar ¢ of radius Ry = VN
parametrizing the U(1) factor,

A N
LW, ¢] = LolU, 6] + FILIE + S50 (37)
where
1 1
LolU,¢) = 0,606 + gTr(a+UTa,U +o Ute, U)+ £\ | (3.8)

is the Lagrangian of the undeformed theory, with £€VUZ(N)1 being the level kK = 1 SU(N)
Wess-Zumino term, and

VN

T

ai¢ )
(3.9)
are the bosonized SU(N) and U(1) currents. As we can see, the JJ deformation does not
mix the compact scalar ¢ with the SU(N); sector.
Under the continuous global symmetries in the fields transform as

J4 = %Tr (vt o), g4 = 21 T ((0-U)U'TY) e

- T

U—utou, U—U,
UNy:{ o ¢, ULa:{¢— ¢—2VNa, (3.10)
¢ ¢+ o argdet(U), O o,

while under charge conjugation we have

Uw— U*,
VAR (Z~)!—> —¢~5, (3.11)
QbH*QS,

where qg is the scalar dual to ¢.
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The J£J4 deformation breaks the (SU(N)y, x SU(N)g)/ZY; symmetry of the SU(N);
WZW model,

SU(N)y x SU(N)g : U~ LURT, L,Re SU(N), (3.12)

to (SU(N)v/ZY;) x Z%. Here ZY¥; denotes a transformation in the center of the diagonal
group SU(N)y which leaves U invariant, while Z% denotes a transformation in the center
of SU(N)r, and acts as a phase on U. Explicitly,

SU(N)y/ZY : U~ VUVI, VeSU(N), (3.13)
Zk : Um 2™kINy kelZy . '
The operator J;J_ is proportional to the kinetic term,
N
JiJ_ = 0up0" e, (3.14)

1672

so the deformation rescales the radius of the compact scalar ¢ by a factor

)\/
ROHR—RO\/l%‘m, (315)

where Ry = V/N is the radius before the deformation.

Since U(N) ~ [SU(N)xU(1)]/Zy, to obtain the deformed U(N); model from (3.7]) we
further need to gauge the diagonal Zy symmetry between Z% and a Zﬁ subgroup of the
shift symmetry of the compact boson. A similar subtlety arises in the identification of the
deformed U(N); model with the original fermionic theory . To get a full equivalence,
one needs to further gauge a Zo symmetry.

The gauging of discrete symmetries does not affect the analysis on R2?, where we do
not have twisted sectors. On a non-trivial manifold, however, this treatment is only par-
tial, as it does not take into account for certain subtle global aspects of the bosoniza-
tion/fermionization duality. In the next Section we rediscuss non-Abelian bosonization
from a modern point of view, paying more attention to such global aspects. These are
important when discussing the chiral Gross-Neveu model, like any QFT with a gauged
discrete symmetry or with a dependence on the spin structure, on non-trivial spaces. Most
of the considerations we will make are independent of the JJ deformation so we focus in
what follows on the correspondence between free fermions and undeformed WZW models.

3.2 Non-Abelian Bosonization Revisited

It is well-known that 2N free massless Majorana fermions bosonize to the (diagonal)
Spin(2N); WZW model [62]. The precise correspondence, valid on arbitrary spin mani-
folds, requires some specifications. For example, a fermionic theory depends on the spin
structure on My, while the Spin(2N); WZW model, being a bosonic theory, cannot. The
spin structure dependence of the fermionic theory is attached to the bosonic one by stack-
ing the latter with the topological theory given by the Arf invariant. We have reviewed
the basics of this construction in Section [2.3] In the notation of Section if we denote
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by B the diagonal Spin(2N); WZW model, we take as the free fermion theory F’ and the
two theories are related as [92]]

F' = (B x Arf) /75 x Axf, (3.16)

which is a combination of ([2.121)) and (2.126)). The Z& symmetry in (3.16) is the Zg sub-

group of the center Z of the Spin(2N) subgroup of the global symmetry group of the
Spin(2N); WZW model whose action assigns charge —1 to operators transforming in the
left-handed spinor representations, namely the diagonal of Zs x Zs for even N, and the
Zy C Z4 for odd N. Its action on the Arf theory is given in . The inverse relation

between B and F' is given by ([2.127)).

It is also well-known that there are different ways to perform bosonization of free
fermions, according to the amount of global symmetry of the bosonized theory one wishes
to keep manifest. While the bosonized theory B is unique, it can be described using dif-
ferent variables. For instance, in Abelian bosonization one bosonizes each Dirac fermion
independently and keeps manifest only the Cartan subgroup U(1)Y  Spin(2N). Alter-
natively, one can perform non-Abelian bosonization keeping manifest a U(N) C Spin(2N)
or the whole Spin(2N) symmetry. Given that we will eventually restrict to the unbro-
ken symmetries left after the JJ deformation, we focus on the U(N) description.
Nevertheless, the latter must be equivalent to the more general Spin(2N) one. We argue

that
SU(N); xU(1)yn

7L N even,
B = Spin(2N); = N/2 (3.17)
SU(N)l X U(1)4N
T N odd,
N

where U(1);s denotes the compact boson with squared radius R? = k/ E| For both N even
and odd, the Z,, quotients are the diagonal ones between the one contained in Z[SU(n)]
and the Z, C U(l)L.E| The Zo subgroup of Z[Spin(2N)r] that gets gauged according to
is mapped via to Zo C U(1)f, for N odd. For N even, it is given by the
diagonal Zy generator of Z[SU(N)r] and Zy C U(1)r, which in the Z]L\,/z—gauged theory
has order 2. The discrepancy in between the even and odd case is due to the fact
that the R? = k’ compact boson is not a diagonal RCFT when &’ is odd, see Section

for details and Section for a proof of (3.17)).

The appearance of U(1)4n in place of U(1)y for N odd might sound at odds with the
description on R?, but it is not. The relation (3.16]) can also be written in a form where
only U(1)y factors are involved in the bosonic theory, for any N. Indeed, when N is odd,
we can gauge Zs C U(1)y, before Z%. Since the action of Z is identical to that of Z%; in

'In general, there are two fermionizations of a bosonic theory B with respect to a given Zs symmetry,
denoted by F and F' = F x Arf in Section To check which is the correct choice for a fixed B one can
look at boundary states, as done in [92|. In our setup we deal with local operators on manifolds without
boundary and there is no real distinction between F and F'. However, certain Zs anomalies distinguish
the two theories. This will be discussed in detail in Section

*We follow the conventions of Section that is the self-T-dual radius for the compact boson is
R=+2.

30ne could alternatively use the action on the anti-holomorphic sector (R). The final result would be
the same.
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the U(1)4n theory, we can use (2.130) and (2.129)) to get

f/— B’ x Arf N SU(N)l XU(l)N

B/
v 7N

. Nodd, (3.18)

where Zy is the diagonal between Z[SU(N)r] and i% C U(1)w. For N even, the action
of Z% /o 1s identical to that of Zk /o in the U (1) theory, so we can write

o (SU(N;/X U(l)n % Arf) /Zé’ x Arf, N even, (3.19)
N/2

where Z§V/2 is the diagonal between Z[SU(N )] and Z]]?//z cU)p.

3.2.1 Global symmetries
The group-like symmetries of the Spin(2N); WZW theory are given by

G(Spin(2N)y) = 2 pmggﬁ;;ﬁéﬁ(ﬁv )R gk (3.20)

where the subscript V' denotes the diagonal Spin(2N)y C Spin(2N)r, x Spin(2N)g. Ex-
plicitly, their action on the matrix field g is

Spin(2N)r: g~ Lg,
Spin(2N)g: g+ gR', (3.21)
Spin(2N)y : g+ VgVt.

The factor ZL is a Zs outer automorphism of the algebra that exchanges the spinor and
the conjugate spinor representations. It does not act on the matrix field of the theory
because it sits in a real representation of the symmetry algebra. For odd N Z§ can be
identified with complex conjugation.

The symmetry group of 2N free Majorana fermions &/ (j =1,...,2N) is, as discussed
in Section [1.1
G(2N Majorana) = O(2N)r, x O(2N)g, (3.22)

with fermion parity Z£ being the diagonal subgroup of Zg Lox Zg B = Z(SO(2N)p x
SO(2N)R). In order for the bosonization procedure to be consistent, upon gauging Z3 in
the fermionic theory we should obtain the symmetry group . The symmetry Zjy dual
of ZZ is the factor that extends SO(2N), to Spin(2N)y. This is easily seen by noting that
the spinorial characters of Spin(2N); are in the twisted sectors of the Z& gauged theory.
The symmetry group after the gauging is then

o <2N Majorana x Arf " Arf> _ Spin(2N)r, x Spin(2N)

R K
Z 2
Z Z(Spin(2N)y) 2 (3:23)

where ZI is the diagonal between Zé( L and Zf R and coincides with (3.20]).

“The orthogonal combination becomes a non-invertible symmetry [61], which we neglect from now on.
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It is useful to also report the manifest global symmetries in the SU(N) description
and its explicit realization in the fields. The global symmetry group of the SU(N); WZW

model is
SU(2)p, x SU(2)r

v N=2,
)LZX, )R x 7§ N >2,

where ZY = Z(SU(N)y) is the center of the diagonal SU(N)y C SU(N)p x SU(N)g and
ZZO is charge conjugation. Notice that for NV = 2 there is no charge conjugation symmetry
acting on the matrix field U because the latter is in the bifundamental representation of
SU(2)r, x SU(2) g, which is pseudo-real. The global symmetries of the U (1) WZW model,
that is, the compact boson with squared radius R? = k' = 2p//p, ged(p,p’) = 1, are given

by (cf. Section [2.2.1))
G(U(1)gy sp) = (U(1)L x U(1)R) % Z§ . (3.25)
Their action on the SU(N) field U and on the compact scalar ¢ and its dual ¢~5 are

SU(N)p: U~ LU,
SU(N)p: U~ UR',
SU(N)y: U= VUV,

{U(l)L: ¢ — appR, o o+arp'y, (3.26)

Ul)r: ¢+ arpR, o d—app'3,
with ar r ~ ar g + 27. Charge conjugation acts as in (3.11]).

3.3 Proof of eq. (3.17))

In this Section we prove the relation . In order to do that, we study both theories
on the torus. The torus partition functions of the three theories involved in the relation
, both in twisted or un-twisted sectors, can be written as a sum of products of
holomorphic/antiholomorphic affine characters of the corresponding affine algebras. It is
in principle straightforward to check that, upon performing the sum that corresponds to
gauging Zy, the sum of products of twisted /untwisted characters on the left-hand side
reproduces the sum of squares of characters on the right-hand side. However it is rather
cumbersome to perform this in practice, for generic N.

For this reason we follow a different route. We adopt a “holographic” viewpoint in which
the holomorphic/antiholomorphic affine characters on the torus are realized as partition
functions of Chern-Simons theory with positive/negative level on the solid torus, with lines
wrapping the non-contractible cycle, and holomorphic/antiholomorphic boundary condi-
tions |89} 90].

The strategy will be similar to the one adopted in the second example presented Section
2.2.3f we gauge a one-form symmetry in a Chern-Simons theory in two different ways,
making manifest either the left- or the right-hand side of .

Let us briefly recall the procedure to gauge a subgroup A of a one-form symmetry [98,
99| (see also [100]). It amounts to sum over insertions of Wilson lines generating .4, which
can either fuse or link with the Wilson lines of the theory, see figure 3.1 We focus on the
case in which A = Z¢ is an abelian subgroup of the one-form symmetry of a CS theory.
For simplicity we describe the gauging procedure when the gauge group G is given by a
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2miAg/n
= € =
A Q A A x A A

Oy Oy A H A+ ln

Figure 3.1: A Z, one-form symmetry in 3d has topological lines labelled by A € Z,,. They
fuse according to the Z,, group law (right), and act on charged operators, which are also
supported on lines, by linking (left). Here [z], = x mod n and q is the Z, charge of the
operator O,.

single factor, the generalizations to direct products of groups being straightforward. If W
is the Wilson line generating Zg, we have Wf = 1. The group A is gaugeable if and only
if W; has integer spin hj; and the lines in A are mutually transparent, i.e. they have trivial
mutual braidingﬂ Given A, we then select the Wilson lines which have trivial linking with
lines in A, and the lines of the gauged theory are given in terms of orbits under fusion with
A. Let P be the total number of Wilson lines in the CS theory. The Wilson lines W5 with
trivial linking with Wg ,nm=1,...,Q — 1 are those for which

B\ j)=1. (3.28)
There are in general P/Q Wilson lines which satisfy ([3.28)). Such lines organize into P/Q?
gauge-invariant orbits of the form

1
Ow = &g Wi, 0 (3.29)

which are the surviving lines in the gauged theoryﬁ Inserting a Wilson line orbit of the
gauged theory along the non-contractible cycle of M3 amounts, on the boundary, to sum
over the products of characters associated to the Wilson lines of the ungauged theory as
given in (3.29). When the gauge group is of the form G x G_j, to each orbit we can
associate a combination of left- and right-moving characters which we can interpret as a
partition function for the associated 2d WZW model, provided the combination has the
correct modular properties.

We prove by showing that the left and right-hand side of this equation arise from
gauging the same subgroup of one-form symmetry, which leads to a single orbit. The CS
theories are

Ges =SU(N)1 xU(1)ny x SUN)_1 xU(1)-n, N even

3.30
Gcs =SUN)1 xU(1)an x SUN)—1 x U(1)—an, N odd. ( )

5Recall that, given two Wilson lines W5 and Wy, their braiding B(j\ i) is given by

B(\, i) = exp (zm(h ) (3.27)

and the spin of a Wilson line Wy equals the chiral dimension A mod 1 of the corresponding 2d affine
character x;. Trivial braiding means B = 1.

51f the line Wj is a fixed point under fusion with W}, s being a divisor of N, then there are N/s copies
of the line W; [100]. In our case the action is always free and no degeneracies occur.
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We denote in the following by (j, A; k, i) a general Wilson line of the CS theories, where
j and k are the ranks of the completely antisymmetric representations of su(N); and
§u(N)_q, while A and 7 are the charges of u(1)g and u(1)g . For N even, Q@ = N and
A\ p € Zy, while for N odd @ = 4N and A\, € Zsgy. The spin of SU(N); and U(1)g
Wilson lines is

JN —j) A?

hy ="~ hy = 50" (3.31)

3.3.1 Even N

For N even, the total one-form symmetry is GV = Z?\, and we have a total of N4 Wilson
lines. We want to gauge a subgroup A ¢ G, where A = Znjp X LN X L3 is generated
by the following set of linesﬂ

A=((2,20,0),(0,0;2,2), (1, 1;1,1), (0, N/2:0, N/2)) = Zyjp X Zy x Lo (3.32)

We define the subgroups

Al = <(27 27 67 )7 (07 07 27 2)) = Z?\/’/Q ) (3 33)
Az = ((0,N/2;0,N/2),(1,1;1,1)) ~ Zy x Zy. '
We also define the coset
A= 1L 0, N/2:0,N72)) ~ 23, 3.3
1

We gauge A in steps, starting with 4;. This acts independently on holomorphic and
anti-holomorphic sector by projecting into lines with

j=A mod N/2, k=j mod N/2. (3.35)

We are left with (2V)? lines which forms 42 gauge-invariant orbits (each containing (IN/2)?
simple lines). In terms of characters, they are given by x,Xs, where a = 1i,v,s, c, and

N/2-1 N/2-1

Xi(r) = D xei(T)xaa(m)dja Xv(T) = Y xori(Mxars(1)din,  (3.36)
3:A=0 3:A=0
N/2-1 N/2-1

Xs(T) = Z X25 (T)Xaa+N/2(T) 050 Xe(T) = Z x2j+1(7)Xaa+148/2(T)dj 0,
3:A=0 3:A=0

and similarly for the right-moving characters. Note that the left-hand sides of (3.36]) coin-
cide with the four affine characters of the spin(2N); chiral algebra, associated respectively
to the identity, the vector and the two spinor representations of Spin(2N), with highest

conformal weights

1 N
=5 hS:hC:§, (3.37)
Their fusion rules can be computed using Verlinde’s formula (2.20) and the modular ma-
trices associated to the 5u(N); and u(1)y algebras. We get as expected

VXV=sXs=cXc=1i, SXCc=V, VXS=cC, VXC=S. (3.38)

"This set of generators is not minimal, as (1,1;1, 1) can be combined with either (0,0;2,2) or (2,2;0,0)
to give the other one.
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We now gauge the coset A.. This leaves 4 orbits which gives rise to a single orbit of orbits
Ow (containing in total N? simple lines), the one obtained by summing the diagonal
combination of the above characters. We then have

Ow) = x> + v ? + Ixs> + Ixel? = Zspingany, - (3.39)

We now discuss how to obtain the partition function of the (SU(N); x U(1)n )/ZN/2
orbifold theory. To this purpose we can gauge A as follows. We define the subgroup

Az =((1,1;1,1),(0, N/2;0,N/2)) ~ Zn X Zs. (3.40)
as well as the coset A
A, = i (1(0,0;2,2)]) ~ Znys - (3.41)

Gauging in succession Az and AL, we end up again with a single orbit Oy, which is
automatically arranged in terms of simple lines as

Ow = a2 ol (3.42)

k even

where

oY =5 [(j,j;jw,jw) & (j.j+ YT+ ki+k+5)
(3.43)

@(j+§,j;j+k+€j,j+k>@(j+1§,j+g;j+k+§,j+k+1§)}.

We show below that OI(/I]j) coincides with the k-twisted partition function of the orbifolded
theory. The full partition function reads

N—2 N—2
2
Zsuny xuyy = § Zsuny, 1k, O Zuyy [k, €] = E Z(SU(N)leu)N : (3.44)
LN/ k(=0 2%,
k,feven keven

where [k, £] denote the k-twisted sector with the insertion of ¢ Zk /o charges of the individual

SU(N) and U(1) sectors, while Z(*) is the partition function of the orbifolded theory
restricted to the states with charge k under the dual symmetry ZJLV/z. The functions
Zsu(y, [k, £] and Zy ) [k, £] can be computed starting from the unwtwisted sector

N-1 -1
14 i AL _
Zsunn 0.0 = D e PTRxGXG . Zuayy[0.0 =) TR, (3.45)
j=0

and applying S and 7" modular transformations. We have

S Zsuny, [k, 0] = Zsuny, [N — £, k], S Zyayy k. l) = Zyayy [N — 6k, (3.46)
T Zsyny, [kl = Zsuny, [k k+ 4], T Zyayylk ) = Zyayylk, k + 1],
where the action of S and T on the characters are given, e.g., in [101]. In particular, we
have
N—-1
Zsun 5,01 = D XiXj+ks  Zun k.01 = D XaXask- (3.47)

<.
I
o
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Given the action of the Z@ /2 charges on the characters, the partition functions Z (k) defined
in the r.h.s. of (3.44) are obtained by projecting on the Z]Lv/z neutral states:

N-2 N-1
k 2 -2 _ _
Z.(S'U)(N)le(l)N N Z Z e 2 Xij—i—kX)\X)\—i-k- (3.48)
2% /2 0 7,A=0
Eeven

It is now straightforward to see that the sum over £ in ([3.48)) gives rise to the combination
(k)

of characters entering Oy;/, and hence

k k
o) = Zm, Vk=0,2...N—2. (3.49)
2% /2
Suming over k£ and using (3.39)), (3.42) and (3.49)), we immediately get
Zspin(2N)1 = Zsunyxu(y - (3.50)
2% /2

proving (3.17) for N even.
To later make contact with the fermionic theory we consider, on the solid torus with

the Oy orbit inserted on the non contractible cycle, the insertion a further Zjy line with
spin 1/2,
¥ =(1,1;0,0). (3.51)

The line 9 has non-trivial braiding with some of the lines inside the orbit Oy, so if we
insert ¢ on the cycle that links with Oy it will result in a non-trivial action; ¢ can also
fuse with the lines inside Oy in the usual way. It is a genuine Zs line because it squares
to a generator of A, which is gauged.

By looking for instance at the expressions , it is clear that under fusion it acts
on the %(2]\7 )1 representations as fusion with the vector representation v, and that by
linking it weights the left-moving characters xs, xc with a —1 sign. Similarly, on
fusion with 1 shifts Ol(/llj) to OI(,];H), and linking weights a simple line (j, \; k, 1) with a
(—1)7** sign: this amounts instead to shifting ¢ in the middle term of by one. In
other words, we further identify

N—-2
1
Zspin@n), [kp, ly] = N2 " Zspy [k + ky, 0+ £y)] (3.5
Zi}ign .

X ZU(l)N[k + /{w,e + gw] , N even,

with ky, £y € Zsg identifying, respectively, the insertion of a v line along the non-contractible
and the contractible cycle of the boundary torus. The left-hand side description matches
with the Spin(2N); partition function with a Z background.

3.3.2 Odd N

For N odd, the total one-form symmetry is G() = Z%V X Z?LN and we have a total of 16 N*
Wilson lines. We want to gauge a subgroup A ¢ G, where A = Z?V X Z4 is generated by

A= {((1,2N +2:0,0),(0,0;1,2N +2),(0,N;0,N)) ~ Z3% x Zy.. (3.53)
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We identify the subgroups

A = ((1,2N +2;0,0),(0,0;1,2N +2)) ~ Z%,

Ay = ((0,N;0,N)) ~ Zy4, (3.54)

and gauge A; first. As before, this acts independently on holomorphic and anti-holomorphic
sectors by projecting into lines with

2j=(N+1)XA mod 2N, 2k = (N +1)i mod 2N . (3.55)

We are left with (4N)? lines which forms 42 gauge-invariant orbits, with N2 elements. In
terms of characters, they are given by x,Xp, where a =1, v,s, c, and

xi(T) = Z Xj(T)XA(T)5[j(2N+2),>\]4N )
A=0

xv(T) = Z Z X5 (T) X2 (T)0]j 2N+2) MNaw >
A= (3.56)

Xs(1) =D ) X (M XN (T)0)j@n+2) Ay -
A=0

Xe(T) = X5 (T) X438 (T) 02N +2) Ala -
7=0 X=0

where d,4),, stands for @ = b mod 4N. A similar result applies for the right-moving
characters. The left hand sides of again coincide with the four affine characters of
the Spin(2N); WZW model, associated respectively to the identity, the vector and the
two spinor representations of Spin(2N). Their highest conformal weights are as in the N
even case , while their fusion rules read instead

VXV=sXCc=1i, SXS=CXC=V, VXS=cC, VXC=S. (3.57)
We now gauge Ag. This leaves 4 orbits which gives rise to a single orbit of orbits Oy (con-

taining in total 4N? simple lines), the one obtained by summing the diagonal combination
of the above characters. We then have

(Ow) = Dil® + ool + Ixsl* + Ixel* = Zspingany, - (3.58)
We now discuss how to obtain the partition function of the (SU(N); x U(1)4n)/Z%

orbifold theory. Like for the case of N even, we can gauge the whole group A at once. The
form of the final orbit Oy in terms of simple lines can be written as

Ow = el ol (3.59)

where

Of) = eyl @by (2N +1)j+sN; T+ k2N T )(j + k) +sN) . (3.60)
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We proceed as for the case of N even. The steps are almost identical, so we will be brief.
The full partition function reads

N-1
Zsuy xUyy = Z ZSU k EZU( 1)an [ ( + 1)k, 2(N +1 E Z ZSU(N )1 XU 1)y
% kz 0 k=0  z5

(3.61)
The functions Zgy(ny, [k, £] and Zy (1, [2(N + 1)k, 2(N + 1)¢] can be computed starting
from the unwtwisted sector

N-1 4N-1

it i 2V DAL a
Zsu(ny, 10, 4] = e N NG Zu1yunl0,2(N + 1)) = Z e™TTIN T XX
§=0 A=0
(3.62)
and applying S and 7" modular transformations. We have
S Zsuny, [k, 0] = Zsyny, [N — £, K], S Zyyan k0] = Zyy,y [AN — £, k], (3.63)
T Zsuwy, k.0 = Zsuwy, [k, E+10, T Zyayy k.0 = Zuay [k, k+1].
In particular, we get
AN-1
Zsu(N Z XiXi+h s Zuu 2N+ 1E,0l = > XaXasa(N+1)k» (3.64)
A=0
and Z®) in (3.61)) read
. | NoIN-T4N—1 IO
Zgu)w)l XU AN N Z e Xj>_(j+kX>\>_(>\+2(N+1)k . (3~65)
g (=0 j=0 A=0

The sum over ¢ in ([3.65)) again gives rise to the combination of characters entering OI(/@) in

(3.60), and hence

k k
OW) =28 vy » Tk=0,1...N—1. (3.66)

T
N

Summing over k£ and using (3.58)), (3.59) and (3.66)), we immediately get

ZSpin(2N)1 = ZSU(N>1EU<1>4N ; (3.67)

N

proving (3.17)) for N odd.

As before, to later make contact with the fermionic theory we also consider the insertion
a further Zy line with spin 1/2, which this time reads

¥ = (0,2N;0,0). (3.68)

Comparing with (3.56]), it is clear that also this time under fusion v acts on the

%(2N )1 representations as fusion with the vector representation v, and that by linking
it weights the left-moving characters xs, x¢ with a —1 sign. Similarly, on (3.59)) fusion with

1 shifts Og;) to OI(,IIjJrQN), and linking weights the line (j, \; k, i) with a (=1) if j = A+ N
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)

SU(4), x U(1) ZL even 7% odd SUAXULs 7 even 2 odd
(0,0;0,0),(2,2;2,2) | (0,1;0,1),(2,3;2,3) (0,0;0,0),(2,2;2,2) | (0,0;2,2),(2,2;0,0)
” (1,1:}@),(3.3::}:}) (1,0;}{)),(3,2;:},?) —~ (1,1;1,1),(3,3;3,3) | (1,1;3,3),(3,3;1,1)
(0,2;0,2),(2,0;2,0) | (0,3;0,3),(2,1;2,1) H (0,2;0,2),(2,0,2,0) | (0,2;2,0),(2,0,0,2)
(1,3;1,3),(3,1;3,1) | (1,21,2),(3,0;3,0) (1,3;1,3),(3,1;3,1) | (1,3;3,1),(3,1;1,3)
(0.0:2.2),(2.2:0.0) | (0,1;2,3),(2,3;0,1) 0,1;0,1),(2,3;2,3) | (0,1;2,3),(2,3;0,1)
My (l-,lzié-f}),({i-, 3:L1) | (1,23,0),(3,0;1,2) i (1,0;1,0),(3,2:3,2) | (1,23,0),(3,0;1,2)
(0,2;2,0),(2,0;0,2) | (0,3;2,1),(2,1;0,3) tw (0,3;0,3),(2,1;2,1) | (0,3;2,1),(2,1;0,3)
(1,3;3,1),(3,1;1,3) | (1,0;3,2),(3,2;1,0) (1,2:1,2),(3,0;3,0) | (1,0;3,2),(3,2;1,0)

Table 3.1: Affine SU(4); x U(1)4 primaries spectrum and their symmetry properties un-
der the Zy symmetry before gauging (left) and under its dual 22 symmetry after gauging
(right). We report in different colors the SU(4); x U(1)4 primaries (j, \; k, ji) that com-
bine together to form Spin(8); primaries, namely identity, vector, spinor, conjugate spinor.
There are also /tzisted primaries living at the end of a 22 line defect, which do not corre-
spond to any spin(8); representation.

Spin(8)1 | Zy even Zy odd 4 Diracs | Z% even 7L odd
H (ia i)a (Va V) (Sa §), (Ca ?) HNs (i, I)v (V’ V) (i7 V), (Va i)
Hiw (Sa é)a (C’ §) (iv V), (Va i) Hr (57 5)7 (C, E) (Sv é)’ (C7 §)

Table 3.2: Affine Spin(8); primaries spectrum and their symmetry properties under the
Z3 symmetry before fermionization (left) and under ZZ symmetry after fermionization
(right). We use the same color coding as in Table for affine representations and as in
Table for the mapping of sectors.

mod 2N. This amounts to shifting the twists 2(N + 1)k and/or 2(N + 1)¢ for Zy(y),, in
the middle term of |i by 2N. This allows to further identify

Zspin@n), [kps L] = Z Zsu vy, [k, 1]
k; LELN
X Zu)ay [2(N 4+ 1k 4+ 2Nky, 2(N + 1)+ 2N£y], N odd.

(3.69)

3.3.3 Example

It is useful to see in some more detail how the SU(N); and U(1)y (or U(1)ay for N
odd) primary operators combine in Spin(2N); ones. We consider N even and first we
classify the spectrum of affine primaries of SU(N); x U(1)y under the Z% Jo Symmetry.
Like Wilson lines in the corresponding Chern-Simons theory, affine primaries of SU(N); x

U(1) ~ are labeled by their representations under left- and right-moving chiral algebras,
(Jy A\ ky @), gk, A\, u=0,...,N — 1. Operators with

A=j+Q mod N/2, gp=k+Q mod N/2,

= _ (3.70)
k=j4+2¢( mod N, B=A+2¢ mod N,

belong to the charge @ subsector of the ¢-twisted Hilbert space under Zys.
In order to understand the Hilbert space structure of the gauged (SU (N )1 xU(1)n )/ZN/2

WZW theory, let us study first the one of the ungauged (SU(N)1 x U(1)n) WZW theory.
Upon gauging Zy s, states in the Hilbert space get sorted according to the quantum

Z ny2 symmetry: for instance, charge @ operators in the Hilbert space not twisted under



52 CHAPTER 3. NON-ABELIAN BOSONIZATION, GLOBALLY

Zn 2 get mapped to neutral operators in the Hilbert space twisted @ times under Zy /5, and
viceversa. Therefore all neutral states in the original theory are in the untwisted Hilbert
space for the gauged theory. These SU(N); x U(1)y primaries then can be rearranged
in such a way to give the diagonal modular invariant of the Spin(2N); WZW model,
as expressed in On the other hand, operators in the gauged theory with ZN/z

background twists cannot be described in terms of %(QN )1 affine primaries. Moreover,
the Zy symmetry that gets fermionized is defined only in the 7 n/2-untwisted sector.

It is useful to consider an explicit example, for instance N = 4. We report in Table
the symmetry properties of the affine primaries of SU(4); x U(1)4. With different
colors we highlight how they combine to form local %(8)1 primaries, in the absence
of 22 twists. There are also twisted primaries living at the end of a 22 line defect, but
these non-local operators are not g/pﬁ(g)l affine primaries, and get projected out in the ZZ
orbifold. We consider also the Zy backgrounds for Spin(8); = (SU(4); x U(1)4)/Z%, and
its fermionization to 4 Dirac fermions classifying the operator content according to the Z1’
properties, in Table



Chapter 4

Phases of the N-flavor chiral
Gross-Neveu Model

In this Chapter we present our analysis and proposals for the phase diagram of the N-
flavor chiral Gross-Neveu model, at finite N. While in the large N-limit one can evade the
usual no-go theorems that forbid ordered phases in two spacetime dimensions, this is not
the case at finite V. As we have discussed in Section more complicated scenarios such
as quasi-long-range ordered phases (at 7' = 0) are still viable. On the other hand, unless
there is an 't Hooft anomaly that survives compactification, at 7' > 0 one would still not
expect the persistence of any type of order.

In Section we show that the chiral spiral configuration found at large N persists
at finite N and T' = 0 for any g > 0, using non-Abelian bosonization in its simplest
formulation: with this description, the appearance of the inhomogeneous phase is surpris-
ingly simple. To prepare the ground for the analysis of the T' > 0 scenario, in Section
we discuss a set of 't Hooft anomalies for the model. In particular, via the bosoniza-
tion/fermionization duality discussed in Section we are able to argue for the existence
of an 't Hooft anomaly for a discrete D{" symmetry subgroup of the fermionic theory, which
is activated in the presence of a non-trivial Z£ background. Finally, in Section we ex-
plicitly compute two-point functions of certain composite fermion operators in the chiral
Gross-Neveu model at finite temperature, both for thermal (antiperiodic) and periodic
fermions around the thermal cycle. We find that for thermal fermions the spatial modu-
lation is still present, but has an exponentially decaying amplitude due to a finite thermal
correlation length. This exponential decay is absent instead for periodic conditions. We
interpret this as the effect of the Dg anomaly, that forbids tunneling effects.

4.1 Inhomogeneities at 7' =0

In the simpler case T = 0 we can work on Euclidean R?, where global considerations do
not matter, and we can work in the setting outlined in Section Let us introduce a
chemical potential for the U(1)y charge by adding to the Lagrangian (3.1)) the term

Ly = p( 0% + v’ 0) (4.1)
Upon bosonization, this maps simply to

N
L, = —u*;:a@ . (4.2)

93
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The term (4.2)), which does not depend on the SU(N) degrees of freedom, provides an
expectation value for 01¢. By adding (4.2)) to the Lagrangian (3.7) we get that the effective
action for ¢ is minimized on configurations with

(O14) = 2uvV/'N (1 + 2;\;\7)_1 =2u/'VN . (4.3)

The difference of the zero-temperature free energy density per flavour between the config-
uration with and without the expectation value for 0;¢ is

2 / -1
7 A )
F=——11 4.4
0 o ( + 2nN ’ (4:4)

showing that the former is favored on R2.

Using the bosonization identity @Z)Lﬂﬁi = U,beid/VN (62,102, 103] (omitting a scheme-
dependent renormalization mass scale), the two-point function of the fermion bilinear in
terms of the SU (V) and free scalar degrees of freedom is

P (z)l b teon 2iplat g it 200
W W4 (@) 0’ (0)) = (Tr U(z) Te UT(0))e* ™ (e VN e VN ), (4.5)

where d¢ denotes excitations of ¢ around (4.3)) and we have used the decoupling of the two
sectors to factorize the correlator.

Let us now assume that the operator Tr U has a non-vanishing expectation value (at
zero temperature) in the SU(N); theory deformed by the current-current interaction.
Then, in the limit |z| — oo, (4.5)) approaches

2 2ip/at |1~ NN RN
(TrU)|%e |z| NO+N/2EN) (4.6)

that is, it decays with power-like behavior times an oscillating factor. The latter is con-
sequence of the chiral spiral configuration, whereas the former is the hallmark of quasi
long-range order. Only a diagonal subgroup of the U(1)4 symmetry and spatial trans-
lations preserves the would-be order parameter Tr Ue2in'a', Recalling that the ¢T_a1/}i
bilinear carries U(1)4 charge 42, this subgroup is a U(1)4 transformation of parameter
a accompanied by a translation with parameter dz' = —a/y/. The condensation of Tr U
breaks completely the global center symmetry Z% of the SU(N); theory.

There are a number of arguments in favor of spontaneous breaking of Z% on R? |I| As
we will discuss in the next Section, in the SU(N); WZW model there is a mixed 't Hooft
anomaly involving the PSU(N)y x Z% symmetry , which is also the symmetry that
is preserved by the JJ deformation, hinting at the fact that the Z@ symmetry is sponta-
neously broken. Moreover, in Appendix [A] we study the classical potential arising from
the JJ deformation in the free field realization of SU(N)i, and indeed one finds there N
degenerate minima with a spontaneously broken Zk symmetry. Given the absence of tun-
neling effects in a QFT in infinite volume, one expects that this also holds at the quantum

!The full extent of those argument was not known to us at the time of publication of [1], for this reason
one finds a more cautious discussion there, which we report after this paragraph.
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level.

Even if the Z% symmetry were unbroken in the SU(N); theory (that is, (Tr U) = 0),
one can find an operator of the cGN theory with a spatially modulated expectation value
who contains only vertex operators of the form eV ¢/ ‘/N, with k € Z. This ensures that
the operator is invariant under Zﬁ,, without the need of a compensating factor charged
under Z% from the SU(N); sector (recall that the diagonal subgroup of these two Zy is
gauged, so any physical operator must be neutral under it). For instance, the quasi-long
range order could be detected in the two-point function of the composite fermion operator
det(@biaqbi). In this case the combination of U(1)4 and translation that preserves it will
be different, namely a U(1)4 transformation of parameter o needs to be accompanied by
a translation with parameter §2' = —Na/y/. There could also be intermediate possibili-
ties in which only a nontrivial subgroup Zﬁ, C Zﬁ is preserved, when N is a multiple of N’.

The vacuum is then in a so-called “chiral spiral" configuration, where only a linear
combination of the U(1)4 symmetry and of spatial translations preserves the would-be
order parameter. Such combination depends on the realization of the Z]LV symmetry in the
vacuum of the deformed SU(N); theory. Excitations on top of the chiral spiral are gapless
and have a relativistic dispersion relation.

4.2 Anomalies and Persistent Order at 7" > 0

We have discussed in Section the bosonization of the chiral Gross-Neveu model in
absence of the JJ deformation, i.e. of free fermions, on a non-trivial manifold. The defor-
mation has a mild effect in the U (1) sector, where it just changes the radius of the compact
scalar, and a non-trivial effect to the SU(IN) sector, where it gives rise to a strongly cou-
pled gapped theory [1]. In this Section we use 't Hooft anomaly matching conditions to
determine key IR properties of the theory.

We start by discussing 't Hooft anomalies of the bosonic SU (N ) WZW bosonic model
in isolation. It is known that SU(N); WZW models have a mixed Zy anomaly between
PSU(N)y and Z% symmetries for K = 0 mod N [104] 105|E| In presence of a nontrivial
PSU(N)y bundle P and a background gauge field Ay, for the Z% symmetry, the partition
function is not background gauge invariant. Invariance can be restored by coupling the
theory to a three-dimensional bulk topological theory defined on M3 with O0M3 = M. This
is a symmetry protected topological (SPT) phase with partition function

2mik
ZspT = €xp ( N / Ap U UQ(P)) . (47)
M-

In uy € H*(BPSU(N),Zy) = H*(PSU(N),Zy) = Zy is the Brauer class (for
N = 2, it coincides with the more common Stiefel-Whitney class ws). The SPT phase
is non-trivial unless K =0 mod N.

An alternative way of detecting such anomalies is to study QED with IV Dirac fermions,
i.e. gauging U(1)y. This theory (upon summing over the spin structures) is expected to

2 Another notable ’t Hooft anomaly of SU(N), WZW models is a Z» mixed global-gravitational one
present for N even and k odd [106H109|. This anomaly is at the root of the different treatment of even
and odd N in Section 3.2}
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flow in the IR to the SU(N); WZW model. Using anomaly matching conditions, we can
then determine the anomalies from the UV theory. The axial U(1)4 symmetry is broken
down to Zon by the ordinary chiral anomaly. The sum over the spin structures is performed
by gauging Z£ C Zay, so in the bosonic theory we are left with a Zy chiral symmetry. In
presence of a non-trivial PSU(N) bundle we can have fractional U(1) fluxes,

F 1
/ o1 (4.8)
Mo 271' N

where F' is the field strength for the U(1)y gauge field. In this backgroud the fermion
measure is not invariant under a chiral Zy transformation and Zy is completely broken.
The IR manifestation of this anomaly is precisely the mixed anomaly .

Yet another way to get this anomaly is by using the correspondence between 3d Gy,
Chern-Simons on My x S and the WZW coset G}, /G, on My (for G simply connected)
obtained by dimensional reduction [61, [110]. The coset is implemented by gauging the
vector G symmetry of the two-dimensional G WZW theory. For G = SU(N)g, the 3d
Chern-Simons theory has a global Zy one-form symmetry %\}), implemented by topological
defect lines. This symmetry has an 't Hooft anomaly unless £ = 0 mod N [14]. Upon
compactification to Mo, 25\1,) gives both the Z% global zero-form symmetry and the Zg\l,)
one-form symmetry of the SU(N) two-dimensional gauge theory. These symmetries are
implemented in the two-dimensional theory by topological defect lines and by topological
local operators, respectively. The topological defect lines for Z]LV are Wilson lines for the
two-dimensional gauge theory, and are thus charged under Zs\lf) unless they have vanishing
N-ality. Conversely, the topological local operators that realize the one-form symmetry of
the gauge theory are charged under Z]LV. We conclude that there is a mixed 't Hooft anomaly

between Z% and 25\1,) in the SU(N)1/SU(N)1 coset WZW model. On the other hand, in
the limit of infinite gauge coupling a non-trivial SU(N) gauge field configuration together

with a non-trivial Zg\lf) background form a (possibly non-trivial) PSU(N)y background,
thus the result holds also for the non-gauged SU(N); WZW model.

We now consider the .J.J-deformed SU(N); WZW model. As discussed in the previous
chapter, the deformation preserves a PSU(N)y x Z% subgroup of the symmetry group
(SU(N)L x SU(N)R)/ZY; of the undeformed theory. The above mixed PSU(N)y x Z%
anomaly forbids the J.J-deformed theory to be trivially gapped in the IR. The most nat-
ural possibility is to assume that the deformed SU(N); theory has N vacua and displays
spontaneous breaking of Z%. E|

We can use (3.19) and the knowledge that the deformed SU(N); flows in the IR to
N gapped vacua connected by the Z% symmetry to argue about the low energy effective
theory of the cGN model. More specifically, we want to understand the fate of the vacuum
at finite temperature. For this it will be important to have a closer look at the possible
discrete 't Hooft anomalies associated to the free U(1) compact scalar.

4.2.1 A mixed Z; anomaly of the bosonic theory

In this subsection we discuss a certain Zs 't Hooft anomaly of the bosonic theory B in
(3.17). It involves the charge conjugation Z$ and other two Zg symmetries which are not

3 As further evidence, using the correspondence between modular invariants of 2d rational CFTs and
topological interfaces in 3d TQFTs [111], it has been conjectured in [112] that the ground state of the
JJ-deformed SU(N); theory is exactly N-fold degenerate on My = T?.



4.2. ANOMALIES AND PERSISTENT ORDER AT T >0 o7

broken by the J.J deformations. The anomaly manifests itself as follows: when we gauge
one of the two Zs factors, the remaining global Zs and Zg are realized projectively in the
twisted sector of the Hilbert space of the theory.

This anomaly is a generalization of an anomaly found in the compact boson in [113],
so it is useful to first review the anomaly for the compact boson in isolation. In this
case the Zy symmetries involved are, in addition to Zg, the ZQP and ZIQ/V subgroups of the
momentum and winding symmetries . When we gauge, say, Zy , the vertex operators
(2.50) with odd m are projected out, but new operators with half-integer e appear from
the twisted sector. This phenomenon is a discrete remnant of the mixed U(1)p — U(1)w
anomaly. The physical vertex operators in the gauged theory are then Ve, /3 9m, €, m € Z,
¢=0,1. Let P and C be the topological lines implementing the Z and Zg actions in the

Hilbert space. On vertex operators V

et L 2m we have

P?=(-1)¢, copr=(-1)'pPC, (4.9)
where we used the action of charge conjugation given by
z5 - Voa = V-p—q; (4.10)

for any fractional or integer p, q. We see that the symmetry Zg x Z§ acts linearly in the
untwisted sector, but projectively in the twisted sector of the orbifolded theory.

We can refine the analysis by considering the torus partition function in presence of
nontrivial backgrounds W = [Wy, W;] and S = [S,, 5] for the winding ZY and its dual ZY
symmetry, where T,, Ty = 0, 1 label the holonomy of the Zs gauge field on the corresponding
cycle of the torus. The partition function of the orbifolded theory is given by :

Zyp[Sa, Sb] = Z Zlwa, wy)e™ S0 (4.11)

Eq.(4.9) implies that
P2 = (_l)wa ) PC = (_1>waCP7 we =0,1, (4'12)

from which we get

( cy [Sa,Sb ZZ PC) U) W ] im [ SUw — %Z(_l)wazécp) [wa,wb]e”fsuw

w

Z Z CP) wa, ’LU ZTrwa[Sme‘f‘l] ( P)I[Saa Sb + 1] ’

1 )
ZQ(Z Sa?Sb ZZ U}a, 27TfSUw - 5 Z(_l)waZR[wmwb]elﬂ'fSUw

w
— 5 Z ZR[wa,wb}eiﬂ-wa[sa7Sb+l} = ZéR[S(la Sb + 1] y
w

(4.13)
where Z(4) indicates the partition function with the insertion of the charge operator associ-
ated to the Z4 symmetry in the trace. While Z% and Z§ acts projectively, the combination
of 7L, ZQC, and ZY acts linearly, since from (4.13)) we have

PP=W, PC=WCP. (4.14)
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B Zy =+1 Zy = -1
k,0 k,0
Og,eﬂ)n = n—i—k,nve_i_%’m, OﬁL,e,r)n = n+k,nVe+%’m
H' n+k=m mod N, n+k=m mod N,
m=0 mod 2, k€ Zy m=1 mod 2, k€ Zy
k1 k,1
’ On’e’m - Sn_i_k’nve-&-%-f'NTz,m ? Og’e’y)n = n+k’nve+%+NTQ7m ’
tw n+k=m mod N, n+k=m mod N,
m=0 mod 2, k € Zy m=1 mod 2, k€ Zyn

Table 4.1: Classification of the operators of the theory B’ = W, for N odd,
under the ZY symmetry (£.19).

We see that Z1 x ZQC is centrally extended by the dual symmetry igV to the group Dsg,
the dihedral group of order 8, defined as

Ds = (P,C,W|P*=C?>=1,CPC =P P>=W). (4.15)

The Dg symmetry group of the gauged theory is anomaly-free. Upon gauging its ng sub-
group, we reobtain the original theory with the anomalous Z3 x Zg x Z¥ symmetry. The
extension by 25" and the anomaly involving Z} get exchanged by their gauging [15]. If we
gauge Zg instead of ZY , all the considerations above apply with the replacement P <> W.

We are now ready to discuss a similar 't Hooft anomaly in our setup. We first discuss
N odd and consider the theory B’ in the formulation (3.18). The operator of B’ are Z%
are gauge-invariant products of the operators of S in the SU(N); sector and of the vertex
operators V in the U(1)y sector.lﬂ As far as our considerations are concerned, it is enough
to classify the SU(N); operators according to their N-ality, so we denote by S, 5 the
SU(N); operators with L and R N-ality n and n under SU(N ), and SU(N)g, respectively
(n,n=0...,N — 1, primary operators have n = n). The diagonal Zx symmetry acts on
the SU(N) and U(1) operators as follows:

2imn
N Sn,ﬁ 9

VASE Spn— e
N (4.16)

2imTm

Z%:Vem%e N Vem -

Charge conjugation acts on the U(1) sector as in (4.10) and on SU(N); operators as

Zg : Sn’ﬁ — SN—n,N—ﬁ . (417)
After gauging the diagonal Zx of (4.16)), the physical operators of the theory are
ngg] = Sn%nvﬁ%,m , n+k=m mod N, (4.18)

where k = 0 represents the unwisted sector and k = 1,... N — 1 the twisted sectors of the
orbifolded theory. The second global symmetry involved is the ZY appearing in (3.18).
Its action on the fields is]

| itN?m
Ly Ve+%7m — e Ve+%7m, Sntkn = Sntkon - (4.19)

4In order to avoid clutter in the formulas, we remove the hat from Z% and ZY which appear in (13.18]).

5Note that for N odd e™° = e™™ but the choice of shift in (£.19) ensures that the Z¥ acts as a
chiral action on the fields.
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B 7E = +1 7L — 1
k,0 k,0
1 01(1,6,7)n = n+2k,nve+k’m+% ) 07(1,6,7))1 = n+2k,nVe+k’m+% )
n:e—i—%m mod N, k € Zy/, n:e—l—%m—i—% mod N, k € Zyyo

O(kvl)

(k,1) _
Htw On,é,m - n+2k+l,nve+k+%’m+% 9 n,e,m — Sn+2k+1,nve+k+%’m+L&F1 )

nze—i—%m mod N, k € Zyyo n:e+%m+% mod N, k € Zyyo

Table 4.2: Classification of the operators of the theory B = w, for N even,
N/2
under the Z% symmetry (4.25).
When we gauge Z, the physical operators read
k.l
(9;7;1) = S”+k’”Ve+%+NT2",2m’ n+k=2m mod N, (4.20)
where £ = 0 and ¢ = 1 represents the ZY untwisted and twisted sector, respectively.

Finally, the third Zs global symmetry involved is a Z§ C U(1)p which acts aﬂ

P it N k N%
Lyt Verpontegy = ¢" R )Ve+%+NT2Z,2m’ Snikn > Swikn- - (4.21)
Using egs.(4.10), (4.17) and (4.21)), it is immediate to verify that on the operators (4.20)),

P2=(-1)* = CcP=(-1)'PC. (4.22)

Similarly to the compact scalar case, ZQC X Zf acts linearly in the £ = 0 untwisted sector
and projectively in the £ = 1 twisted sector. The analysis from until applies
with obvious changes. Due to the anomaly the Zg X Zg is centrally extended by the dual
symmetry 25" to the group Dg in .

We now discuss the theory B with IV even in . As we will see, the role played by
Zﬁj and ng above will be respectively played by a Z‘Q’V and a Z% symmetry. The action of
the diagonal Z% /o Symmetry on the S U(N) and U(1) operators is as followsﬂ

4im

Zijg: Vem = eNErEmy, S e N S (4.23)

Charge conjugation acts as before. After gauging Z% /2 the physical operators are

ng) = n+2k‘,nv

Uy e+k,m+% ’

N
n = e mod 5 (4.24)

where k& = 0 represents the unwisted sector and k = 1,... N/2 — 1 the twisted sectors of
the orbifolded theory. The second global symmetry involved is the ZZ appearing in (3.16):

L . 2im e+k+ﬂ m+Lk _ 2im(n+2k)
ZZ : Ve—i—k,m—o—% —er ( 2 ( N))Ve+k,m+%k ’ S”+2k7n —e N S”H'?kyn :
(4.25)

Note that Z% is not a Zso action individually on § and V, but only on the operators (’)g?n,

where it acts as Oék%, — (—)moe(f)

read

. When we further gauge ZJ, the physical operators

N
okl = Sn+2k+€,nve+k+§,m+%+% , n=e+ o m mod NV, (4.26)

e,m

5This is obtained by taking ap = N7 in (2.47), since after gauging Z¥ ap ~ ap + 27N.
"Note that the action on the U(1)x sector is the same as a Zﬁ/Q momentum shift.
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where ¢ = 0 and ¢ = 1 represents the Z% untwisted and twisted sector, respectively. Finally,
the third Zs global symmetry involved is a ZY C U(1)y which acts as

W, TN (mt+ R+
Zy Ve+k+ mi2Ei L e (mt N)Ve+k+g’m+2wk+£, Snt2k+t,m — Sng2k+o,n -

(4.27)
Using eqs.(4.10), (4.17) and (4.27), we get
W= (-1, COW=(-1)'WC. (4.28)

The ZQC X ng symmetry acts linearly in the £ = 0 untwisted sector and projectively in
the ¢ = 1 twisted sector. The analysis from (4.11)) until (4.15) applies again with obvious
changes. Due to the anomaly the ng X ZQC symmetry is centrally extended by the dual

symmetry 25 to the group Dg in (4.15]).

Note that the mixed ZL x Z¥ x Z§ anomaly ([#.9) reduces in 1d to the Zs anomaly in
quantum mechanics discussed in Appendix D of [114]. Indeed, the action for the compact
scalar ¢ ~ ¢ + 2R with a background U (1) gauge field 4, on R x S} is

Sadld, A /dt/ dz(0¢)? 27TR dt/ dxe" A, 0,0 . (4.29)

We choose A, to be a flat gauge field with a nontrivial holonomy ¢ around the compact
Si, Ay =0, A, =0/L, with 6 ~ 6 + 27. If we neglect the 2d massive excitations and only
keep the zero mode ¢(x,t) ~ ¢o(t) we get

L . 10 .
Sulon.0) = o= [ ded— 5o [ardo. (4.30)

The action (4.30)) inherits the following symmetries from the 2d theory:

{ZﬁD . ¢ g+ TR, for any 6, (4.31)

7§ : ¢ —do, for § =0, 7.

We then recover the situation described in [114]: ZL x Z$' is realized linearly at § = 0 and
projectively at # = 7. In the latter case we have a Zo 't Hooft anomaly which forbids to
have a unique gapped vacuum.

4.2.2 Fermionization and Persistent Order

In this Section we study the fate of the bosonic anomaly discussed above upon fermion-
ization. It is useful to first look at the simplest case N = 1, i.e. the duality between a
compact boson at R = 1 and a free Dirac fermion. The Zs bosonic symmetry to be gauged
is Z¥" as in the relation (2.130)). The fermion partition function is obtained from (2.122)),

ZF[pas pb) Z Z1 [wa, wp] (—1) Al (4.32)

We determine the effect of (4.14)) in the fermionic theory by adding the corresponding line
operators for P and C in the partition function. We then get

1 ; .
Z;_ITC) [0as pb] = 5 Z(_l)waZ§CP) [wmwb]emArf[w Pl — (_1)/7«12;, )[Pmpb +1],  (4.33)

w



4.2. ANOMALIES AND PERSISTENT ORDER AT T >0 61

where p, + 1 means (with a slight abuse of notation) that we are exchanging p, = 0 = NS
and p, = 1 = R spin structures on the b-cycle, and we have used the identity

/w UT + Arf[w - p| = Arf[w - (T - p)] + Arf[T - p] + Arf[p] (4.34)

specified for T' = [T,,Ty] = [0,1], i.e. for T having nontrivial holonomy only along the
b-cycle. Similarly, we have

2 1 .
28 pas o) = 5 D (1) Zafuwa, w )™ = (1) Zppa, oy + 1] (4.35)

w

The Z§ x ZL action is realized projectively in the fermionic theory by (—1)F due to the
shift pp — pp + 1:
P?=(-1)f,  pPC=(-1fCP. (4.36)

Like in the bosonic case discussed in the previous subsection, the resulting extended group
is Dg , Where Dg is the group (4.15) with W — (—1)¥. Its action on the Weyl components
of the free Dirac fermion is given by

P: e =i, Wl —ipl,
pf: (C: by e P Wl =y, (4.37)
(—D)F: g —gr, Lo —ul.

As it can be seen, the symmetry is not broken by the Ay and A, deformations in
(3.1). In fact, it is unbroken also under the O(2N) deformation which defines the GN
model. In the fermionized theory, P is a Zy C U(1l)y transformation whereas C' is still
charge conjugation. However, while Dg acts linearly in the NS sector, it acts projectively
in the R sector because of an additional sign which arises from the (—1)”* factor in
and . The projective action in the R sector is a manifestation of a Zs anomaly
involving the group Dg .

The same fermionic theory F’ can be alternatively obtained by , namely starting
from the compact boson with R? = 4 and gauging Zg . In this formulation, it is easy to see
that the factor (—1)?* disappears from the analogue of (4.33)) and (4.35]), being reabsorbed
due to the presence of the additional Arf term. The opposite occurs to the fermion theory
F. We conclude that, depending on which projection we perform in the R sector (i.e.
if we take F or F', see ), either a Dg involving Zf (with P corresponding to a
ZY transformation) or one involving ZY (with W corresponding to a Z4' transformation)
is realized projectively in the R sector. No matter what we choose, there is no way to
have both Dg ’s linearly realized and hence a Zs anomaly persists. The ZL or ZY acts on
fermions as discrete U(1)y or U(1)4 rotations, so this phenomenon is nothing else than
the discrete version of the well-known fact that we can move the mixed U(1)y — U(1)4
anomaly by counterterms, but there is no way to get rid of it altogether.

We now consider the fermionization of the bosonic theory . For N odd we start
from the bosonic theory B’ to get the fermionic theory F’ using (3.18). The analysis is
identical to the one performed for the N = 1 compact boson. It is enough to replace 2
from ([4.33) to (4.35) with the partition function of the B’ theory, to infer that in F' we
have a Dg symmetry which is anomalous because it is realized projectively in the Ramond
sector.
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F' 5 =41 Zf = -1
k0 ED)
Og,e,r)n = n+k’nve+%’m, 01(1,6,7)11 — n+k,nVe+%+N72’ma
HNs n+k=m mod N, n+k=m mod N,
m=0 mod 2, k€ Zy m=1 mod 2, k€ Zy
O(kvo) J— V O(k»l) = V 9
n,e;m — Ontk.n e—l—%,m n,e,m n+k,n e+%+N7,m’
HRr n+k=m mod N, n+k=m mod N,
m=1 mod 2, k € Zy m=0 mod 2, k€ Zy

Table 4.3: Classification of the operators of the theory F’, for N odd, under fermion parity
zL.

F ZE = +1 7z = -1

%,0) (k,1)
O( = )% 2k Oy =S8, % 1 2k41
HNS n,e,m n+2k,n etkm+2E 5 n,e,m n+2k+1,n etk+1,m42EEL

n:e+%m mod N, k € Zy/s n:e+%m+% mod N, k € Zy/,

(k,1) k,
Hr On,e,m = n+2k+1vnve+k+%,m+2k]\,—+1 ) 07(1,8,7)71 = n+2k,nve+k,m+% )
n=e+%m mod N, k € Zy/o nze—i—%m—i—% mod N, k € Zyys

Table 4.4: Classification of the operators of the theory F, for N even, under fermion parity
zt.

For N even we use (3.19) but we look at the fermionic theory F. We get

c 1 c inArf[l- ., (C
Z¥pa, 1) = 52 (=1)le 2 1, ™o = (—1)0e 2 [, oy £ 1], (4.38)
l

where [, and I, are the holonomies of the ZZ gauge field around the two cycles a and b of
T?. The comment in the last paragraph holds also in this case, so we have chosen F’ and
F for N odd and even, respectively, because these are the theories where the above Dg ’s
symmetries are projectively realized in the R sector.

As we will discuss in detail in Section the above Zs anomaly has an important
physical consequence. The fate of the quasi long-range order discussed in [1] for the chiral
Gross-Neveu model at finite temperature depends crucially on the fermion periodicity along
the thermal circle. In the NS sector (antiperiodic fermions) we expect that as soon as T' # 0
quasi long-range order disappears due to thermal fluctuations (as generally expected in 2d
models due to quantum mechanical tunneling effects). On the other hand, in the R sector
(periodic fermions) the presence of a Zy anomaly forbids a trivially gapped spectrum and
a form of order is expected. Interestingly enough, this ordered phase should persist at
arbitrarily high temperatures.

4.3 Inhomogeneities at 7' > 0

In a two dimensional theory, quasi long-range ordered phases are not detected directly
from the one-point function of an order parameter, but rather from the slow decay of the
two-point function of a “would-be order parameter” [55, 56]. For this reason, in order to
explore the existence of inhomogeneous phases at finite temperature, we now consider a
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two-point function in the fermionic theory, and in particular its long distance behavior
when the temperature is turned on. The goal of this calculation is two-fold: firstly, we
show the loss of the order at finite temperature in the theory with antiperiodic conditions,
and the persistence of the order with periodic conditions; secondly, we show that the addi-
tion of a finite chemical potential p for the U(1)y symmetry induces a spatial modulation
of the would-be order parameter, i.e. the finite-temperature version of the chiral spiral
behavior found at zero temperature in Section .1 We work at finite u, but everything
that we say in this Section can also be applied to the special case of vanishing chemical
potential. The role of the chemical potential is simply to mix the U(1)4 symmetry with
translations.

What are the possible local operators that can play the role of the would-be order
parameter? The minimal requirement is that the operator is charged under U(1)4. The
most obvious candidate is the lightest scalar operator in this category, namely wlaw‘i.
This is the operator we used to detect the chiral spiral order in R? in Section How-
ever, upon bosonization, this operator is mapped to a primary operator of the form
tr[S11]Vio = tr[Ue/E for N even, or tr[S;1|Vag = tr[U]e*¢/E for N odd and its
two-point function receives contributions from various correlation functions of the opera-
tor tr[U] in the deformed SU(N); theory, which is gapped and strongly coupled at large
distances. In R? the only required information about the correlation function of tr[U]
could be deduced from the spontaneous breaking of the Z@ center symmetry. At finite
temperature, instead, we need to include a sum over the insertions of the charge operator
along the Euclidean time-like circle, and this requires substantial more information about
the SU(N)1 sector which is hard to obtain with the present tools, unless one restricts to
the special cases N = 1 or N = 2. To circumvent this problem we consider instead the
baryon (or “determinant”) operator in the fermionic theory

1

O = ﬁeal”'aNEbl,,,walal'Lﬂlil - 'wlanliN = det(?/Jj_lD_) ) (4.39)

which under bosonization is mapped to

Op =S80oVnp =1 eNi(b/R, N even,

) 4.40
Op = SpoVano = 12N/ R N odd. (4.40)

This choice has the advantage that the part of the correlator due to the SU(N); sector
greatly simplifies, reducing essentially to the contribution from (possibly twisted) partition
function in the absence of nontrivial operator insertions, and most of the calculation can
be performed in the free U(1)y or U(1)4n sector, where exact results can be obtained.

Let us clarify the type of long-distance behavior that we expect at finite temperature,
and what we mean by the order being lost or persisting at finite temperature. In the deriva-
tion of the chiral spiral order in the zero temperature case (see Section an important
role was played by the spontaneous breaking of the Z]LV symmetry in the strongly coupled
sector of the bosonized theory. The long-distance behavior of the two-point function on
R? combined the approach to a constant value in the SU(N); sector, associated to Z%

5In this Section, for N odd we use the description in terms of the (JJ deformed) U(1)an compact
scalar, i.e. B and not B’.
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breaking, and the power-law decay of the free scalar sector, associated to the quasi long-
range order. When we turn on the temperature, effectively at large distances we are in a
one-dimensional system, and the order is expected to be destroyed due to tunelling. As a
result, barring the presence of anomalies in the effective quantum mechanics, generically
we expect both of the behaviors to turn into an exponential decay on a scale fixed by the
temperature. We find that this expectation is met for antiperiodic conditions: in this case
the spatially modulated chiral spiral has an exponentially decaying amplitude. However,
this exponential decay is absent instead for periodic conditions. We interpret this as the
presence of an obstruction to tunneling that makes the order persist. This is ultimately
a manifestation of the anomaly presented in the previous Section, that survives at finite
temperature in the presence of periodic conditions.

There are some general considerations about the tunneling induced by the temperature
in the strongly-coupled sector of the bosonic theory, that will allow us to greatly simplify
the study of the two-point function. Upon adding the .J.J deformation, the SU(N); WZW
model develops a mass gap. On R?, its Z% center symmetry gets spontaneously broken,
with N degenerate vacua. In 2d any non-vanishing temperature 7' > 0 leads generally
(but not always, as we will see) to symmetry restoration with a unique symmetric ground
state Q) since there are kink solutions with a finite energy M,k interpolating between
the N distinct vacua. We can obtain a finite action bounce just by taking the time-
independent kink solution and wrapping it around the Euclidean time circle. This leads to
Sbounce = BMiink. Of course, as in any other dimension d > 2, symmetry restoration with
a unique symmetric ground state generally occurs also by taking the space volume to be
finite (at any 7', including T' = 0), in which case the bounce is given by Shounce = L Miink,
where L is the length of the spatial dimension in 2dE| In the following we will denote by
M the mass gap of the deformed SU(N); WZW model. We then write My, = ¢M, with
¢ an order one coefficient. We will be interested in the limit of low temperatures M > 1,
in which case the prefactor K = ¢/ M, with ¢’ another order 1 coefficient.

We study the two-point function both in the limit of low temperatures and large spatial
distances |x|M > 1. To perform the calculation, especially in the compact scalar sector,
it is convenient to study the model on a torus 72 with modulus 7 = it and then take the
limit L — oo where the spatial dimension becomes non-compact.

4.3.1 N odd

The SU(N); partition function with insertion of Zk topological lines on both cycles, in
the limit discussed above, behaves as follows,

Zsu(Nyy+a71tas to] ~ C X 0, 0 - (4.41)

Here the first entry t, denotes the insertion of topological lines wrapping the circle of length
B, while t, denotes lines wrapping the circle of length L (equivalently, ¢, denotes the Z%
holonomy along the circle of length L and ¢, the one along the circle of length ). The
independence on t, in our limit is the consequence of the va—invariance of the ground
state Q) in the quantization where the J circle is regarded as space. The fact that only
tp = 0 contributes is simply the statement that sectors with ¢; # 0, as is manifest in this

9If on R? we have a discrete Zy symmetry breaking, we expect however N — 1 almost-degenerate states
|Q%), k=1,..., N — 1, whose gap with respect to |Qo) is of order AE) ~ Ke~Spounce,
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different quantization, have an energy gap above the ground state and decouple when we
take L — oco. C'is an unknown constant which we will not need to fix.

We can use the identities , , and to express correlation functions
in the fermionic theory in terms of SU(N); and U(1)4ny correlation functions. Thanks
to , the partition function and the two-point function of the determinant operator
further simplify to

C Irr|s- — AT N_l
Zplpl~ o D (DM ) g T (s )]

SEHl(T2,ZQ) ta:()

> ¢ rf|s-p|—Ar
ZrlplOr (2 )01 0,0), ~ 55 > (F)RTA (4.42)
sEHY(T?,Z2)
N-1
x Z ZU(1)4N+JJ[T(ta7 3)] <€21N¢/R(Za 2)6—21N¢/R(0’ 0)>T(ta,s) .
tqa=0

The subscript in the two-point function and the argument in square brackets in the partition
function both denote that these quantities are computed with line insertions along the two
cycles, corresponding to the two entries of the vector T'(tq,s) = 2(N + 1)(t4,0) + 2N's.
This is the background appearing in with the renaming [ky, ly] = s and k = tq,
¢ = t, which is set to 0. Thanks to the gauging of the Zy diagonal between the
WZW and the compact boson is implemented through a single sum over the remaining
label t,. Finally the sum over the background s for Zf implements the fermionization, and
the choice of spin structure is denoted by p. Note that the JJ deformation in the U(1)4n
sector modifies the value of the radius R according to .

The quantities appearing in can be computed exactly, since the summands are
correlators in a free CFT. The computation is performed in full generality in Appendix
[B] on the torus. We compute the expression on a rectangular torus of modular parameter
7 =1if/L. We will compute the two-point function of generic vertex operator of charge e,
namely €**/B and then set e = 0 to obtain Zz and e = 2N to obtain Zp(OF(’)}). Given
that we are interested in the limit of high temperature 7 = 3~! > 1, it makes sense to
consider correlation functions with operators inserted at equal times and a spatial distance
x. The result is

Z ZU(1)4N+JJ[T(ta7 8)] <eie¢/R(z’ 2)6_i6¢/R(07 0)>T(ta,s)

ta
: 2e?/R? ifiNex/R?
_|_GAOLT) | NetimNer/RE (4.43)
01(—ixT|iLT) [n(iLT)|?
~ 2 . . 2 . 2
« F <2,uN L 2ieNaT |2iLTN )FZS (0 tLTR > .
mR? R? R? 2
where
FOO _ 500 _ o
(0,1) (0,1)
F =65, F =0
! S 2 2 (4.44)

M =y, M =0
MY =0y, FYVY =05,
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and [ is related to the chemical potential  appearing in the action (4.1)) by a rescaling,

_ / N

such that 21N is the chemical potential for the U(1)y current at radius R. The details
of why the chemical potential induces a spatial modulation of the two-point function are
very similar to the zero temperature case studied at 7" = 0 and they are spelled out in
Appendix [B4]

The next step is to plug back in and perform the fermionization sum. We

~ 2 . .
set u = Qijj\égL — QZejjz\ng. The result of the sum is

2¢2/R* 4ifiNex/R?
T 72 X
In(iLT)] (4.46)

) (-+ 500 (o] 25|

C| 6 (0[iLT)
2 |0,(—izT|iLT)

HLTN?) 4 00, (0

Zp[p){OF (2, 2)04:(0,0)), ~

x [93 (0

where wf72,3 are the following signs which depend on the spin structurﬂ

LTE) (05 + w6s) (u

[NS,NS]

w[le,NS] — 41, wl — 11, w:[%NS,NS] — 1.
R, NS R,NS R,NS
W2, Nl "
WiV g NSRBI g SR g
wER’R] =-1, ng’R] =-1, ng’R] =-1.
To take L — oo we use the following asymptotic expansions for ¢t — io0,
01(ulit) ~ 2e ™ sin(ru), Os(ulit) ~ 2e ™4 cos(mu),
t—100 t—100
O3(ulit) ~ 1+ 2e ™ cos(2mu), O4(ulit) ~ 1—2e ™ cos(2mu), (4.48)
t—r100 t—r100
0,(0)it) ~ 2me ™4, n(it) ~ e ™12,
t—ioco t—ic0
Plugging these asymptotics in the result (4.46)), we obtain
T 4 268/ 12 4ifiNex/R? mLT/6
Z x| p|{O 2)01(0,0)), ~ C | ———F—= e T
F [p]< F(Z7Z) F( ’ ))p Sinh(ﬂ'[l}T) € € X
v (4.49)
1+ O(ePM), p = [any, NSJ,
2e~2mLTN?/R? cosh(4re NoT/R? + 4ijiN2L/R2) + O(e M), p = [any, R].

Note that upon taking L — oo we lose dependence on the periodicity condition along
the cycle of length L, but we retain dependence on the periodicity on the cycle of length
B =T~!. Evaluating for e = 0 this gives

1+0(e”"M), p = [any, NSJ,

9¢—2mLTN?/R? cos(4iaN2L/R?) + O(e=PM),  p = [any, R],
(4.50)

Zpilp] ~ CemH TS {

1%We remind that p = [pa, ps] denotes the periodicity along the a cycle (of length L) and the b cycle (of
length ), respectively.
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and taking the ratio between the results for e = 2N and e = 0 we get the result for the
two-point function

(OF(2,2)04(0,0)),

e SN T/R? 4 O(e=BM) = [any, NS],  (4.51)

~ (2 8N?/R? j8NZifix/R?
2 2
% O(efBMefSN m|x|T/R )7 p [any, R] )

|z|T—o00
In the last equation, in addition to the limit explained above, we also took the large-distance
limit |z|T" — oo.
Summarizing, we see the following behavior:
e for thermal fermions, i.e. fermions with antiperiodic conditions p = [any, NS], the
correlation function of the operator Op = det(wivﬁ,) vanishes at large |z| exponen-
tially with the temperature

/

AN) o (4.52)

™

(OF(2,2)05(0,0)) yg ~ e l#l/er2iNie el — N7 <1 +3

/ )71/2, so the

where we used that R = /4N (1 + ﬁ) and we set ' = p (1 + 5w
modulation is visible only at intermediate scales, provided that Ny’ 2 w&, L.
e for periodic fermions, i.e. with conditions p = [any, R], the same correlation function

does not decay, and the spatial modulation due to the chemical potential p is visible
at large distances even at finite temperature,

(OF(z,2)05(0,0)) g ~ HNHT. (4.53)

4.3.2 N even

The SU(N); partition function with insertion of ZJLV /2 and possibly also Z% topological
lines on both cycles behaves as follows in the limit

ZSU(N)1+JJ[2ta’ th] ~ C X 6tb70 5

. (4.54)
ZSU(N)lJri[Qta + Sq, 2ty + Sb] ~ (C x 5tb70Z [Sa, Sb] .

where

Z% (54, 8] = (£1)%% | (4.55)

is a sign that remains ambiguous due to the anomaly in Z& in the SU(N); theory. The
independence from t, and the projection to ¢, = 0 have the same explanation as in the
case of N odd, and again C' denotes an undetermined constant.

Plugging (4.54)) in the fermionization formula that can be derived from (3.16|), (3.17]),
and (3.52), we obtain

N/2—-1
C IrT|s-p|—ATr
Z i [p] ~ v Z (—1)Arfleel=Artle] 75 [g] Z Zyyy4a7T (tas 8)]
SGHI(T2,ZQ) ta=0
_ c rf[s-p]—Ar
Zr/[pHOr (2, 2)OR0,0), ~ = Y (-1 ATl Z% 5] (4.56)

s€H(Zs)
N/2-1

X Z ZU(l)N-f—Jj[T(taa S)] <€iN¢/R(Z) z)eiiNd)/R((L 0)>T(ta,s) .
ta=0
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where the notation follows the same conventions as in the case of N odd, explained under
([4.42)), and T'(tq, s) = 2(ta, 0) + s is the background appearing in ([3.52)) with the renaming
[ky,ly) = s and k = 2t,, £ = t, which is set to 0. Also for N even the radius R in the
U(1)n sector is modified according to (3.15]).

Like we did in the previous Section, we proceed by performing exactly the part of the
calculation that involves the free scalar sector. Again, we compute for generic charge e of
the vertex operator, and this will give the partition function for e = 0, and the product of
the partition function with the two-point function for e = N. The result is

Z Zy)yy 15T (ta, 8)] (€9 B (2, z)e "¢/ R0, 0))T(ta,s)

ta
9,1 (0|’LLT) 2¢2/R? NeQi;]Nea:/Rz y (4 57)
"~ |0 (—iaT|iLT) 2|n(iLT)? '
« FS <,uN L ieNaT|iLTN )Ff (O iLTR > 7
27 R? R? 2R? 2
where
Fl(o,o) _ F2(0,0) — 0, .
(0,1) (0,1)
F = =0y,
! 2 ? (4.58)

FOO _ A0 g
+ Y = MY — g

and again i = p4/1 + 27)r\7/N Note that the s = (1, 1) contribution, which seems to have an
ambiguous sign, actually vanishes. This means that Z¥[s] contributes always 1 and can
be neglected.

Performing the fermionization sum over s we get

2¢%/R® 2ifiNex/R?
X
In(iLT)[?

i LT N2 4.59
iLTA ) (4.59)

iLTN? )}
b

C| 6(0)iLT)
2 |01(—iaT}iLT)

LN g, (0|2 g, (u

2R?
. 2
zLT;R ) 0y (u

Zp [p)(OF (2, 2)0}(0,0)),, ~

X [93 (0 @) 93 (u

+w§92 (O

2R?

AN2L ieNxT

where we set u = and w'iQ are the following signs that depend on the spin

27 R2 R2
structure
w[lNS,NS} — 41, ngS,NS] =11,
N g1 Ny (o0
w[le,R} _ 1, ngS,R] ~ 1, .
w[lR’R} =-1, w[QR’R] =-1.
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We then use (4.48) to take the limit L — oo, obtaining

2¢2/R?
) —\ T - ™ 2ifiNex/R2 wLT/6
ZF [p]<OF(Za Z)OF(Ov 0)>.0 ¢ sinh(ﬂxT) € € X
140 ?M), p=[any, NS,
2e~mLTN?/2R? cosh(2reNzT/R? +iiN*L/R?) + O(e~#M), p = [any, R].
(4.61)
Plugging e = 0, the result for the partition function is
14+ O(e=PM) p = [any, NS]
Zy|p) ~ Cem /6 ) PO (4.62
F [P] 26—7rLTN2/2R2 COS(ﬂN2L/R2) —I-O(G_BM), p= [any7 R]v ( )

while taking the ratio between e = N and e = 0 we obtain for the two-point function
(Op(2.2)00(0,0),  ~  (2m)*N /NI
|z|T—o00
e—2mla|N>T/R? | O(e M), p=lany, NS|, (4.63)
14 O(e M e=2mleIN*T/R2y - — [any | R] .

In the last equation, we also took |z|T" — oo and kept only the large-distance asymoptotic

’ . ’ —-1/2
behavior. Upon substituting R = /4N (1 + 2;‘—]\,) and setting ' = p (1 + 27rN> /

see that this is exactly the same behavior as in the case of N odd, summarized in equations
(14.52)-(4.53]).

, we
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Chapter 5

The N = oo Phase Diagram with
Feynman Diagrams

The chiral Gross-Neveu model in the large N limit is conveniently studied by introducing
a complex Hubbard-Stratonovich (HS) field A rather than reformulating the theory as a
JJ deformation of a WZW model. At large N the Z% symmetry can be spontaneously
broken even at finite T', because the usual no-go theorems do not apply in this limit. In
this Chapter we derive the critical temperature T, of the chiral Gross-Neveu model, repro-
ducing the result of [47-50] with a different method, and we extend them also to the case
of fermions with periodic boundary conditions along the thermal cycle. To this end, we
compute the free energy density per flavour (which for simplicity is called free energy in
what follows) both for a homogeneous condensate and for a inhomogeneous one, assumed
to have the same chiral spiral form found at finite N for T' = 0. We show that, for ther-
mal fermions, at low temperatures T" < T, the chiral spiral configuration minimizes the
free energy also at large N; for T' > T, the symmetry-preserving configuration, in which
fermions are massless, is recovered. For periodic fermions, instead, we find again persistent
order in the large-N limit, as hinted at in [45], consistently with our finite N analysis; in
particular, we find that the chiral spiral configuration always minimizes the free energy.

5.1 Thermal Fermions

We take the 't Hooft limit N — oo with A5, A, fixed in (1.22). To obtain the usual
description of chiral Gross-Neveu model at large N we set A\, = 0. The free energy of the
chiral Gross-Neveu model at large N is given by

AP
As

F(A) = — Trlog (@ + AP, + A*P_) | (5.1)

where |A]2 denotes the spacetime average of the square modulus of the condensate. It is
not known how to perform the minimization in full generality, and in practice one has to
minimize within a given ansatz for the functional form of A.

Let us consider homogeneous configurations A(z) = M, and let us minimize the free
energy as a function of M. We can perform a perturbative expansion in the coupling A,
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or equivalently in M. Neglecting irrelevant constant terms, we have

o0 n+1
F(M Z Te(d ' M) (5.2)
n=1
On the other hand,
1 2
~Te (¢ M) = @ , (5.3)

where oriented lines denote massless fermion propagators and crosses ® denote M inser-
tions. By gamma matrix algebra the diagram is nonzero only when n is even. Resumming
the insertions, at 7' = p = 0 one has

23121” @ B / (;ljgz log <p2 ;zM2> : (5.4)

At T > 0 we need to replace [ dQLﬂQ — T3, with pp = m(2n+1)T, and at p # 0 we have
P2 — p2 + i = pay. Performing the integral over pi, we get

1 T
FM)=M*| — - =

P%+
_TZ \/p2++M \/a \/7

The second sum is manifestly finite. Also the first sum is finite, because A is the bare 't
Hooft coupling. We can trade the bare coupling for a UV cutoff A via the T'= = 0 gap

equation (|1.26]),
d d 1 1 2A
/ e log< ) , (5.6)
A 2T 21 p* + M o My

where My is the mass of the fermions at " = y = 0. We can define a renormalization
scheme by putting a cutoff pa max = 7(2nmax — 1)T" over the Matsubara frequencies and
relate it to the UV cutoff as A = 2mnpaT". In this way is finite and we can safely
remove both cut-offs by taking nm.x — co. We then get

FM) = (1o
(M) =5 - log ) TReY onT
M2
~TY (VPR M2\ -
D2 2\/p2+

where 1 is the digamma function. The minimization over M is performed as follows.
Extremizing with respect to M, one obtains an implicit expression

(5.5)

(5.7)

=0, (5.8

47T 1 1
lg< )+Rei/1( >—27rTRe
Mg 2 27TT Z M2+p+ \/Ig
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which is inverted numerically at fixed (u,T"). Then, the resulting values for M are plugged
back into F' to obtain Floy, = minys FI(M), which is plotted as a function of (u,T) see

Figure [5.1}

Let us now consider spiral configurations. Under a U(1)4 transformation the HS field

A = pe' transforms as (1.27),
U(l)4: p=p, 00+ 2, a€l. (5.9)
At large N we can then identify (cf. (3.10))

h— O (5.10)

VN’
where ¢ is the compact scalar in the bosonization of the model at 7' = 0, c.f. (3.10)). In
terms of the HS field A, the chiral spiral configuration (|1.42) reads

A(z) = Me*® (5.11)

where we expect ¢ = p at large N (at fixed A\s and A, = 0), and we denote z = z!. Let us
however keep g generic and minimize the free energy F(M, q) over these configurations, to
prove that indeed this is the case. We have

=, (-

F(M7Q)_]¥S _Z

x Te[d™ M (e29 Py + e~ 2197 p_)|" . (5.12)

n=1

As before, we can interpret the traces diagrammatically, as each insertion of Py, denoted
by 6,6 respectively, brings an insertion of mass M and spatial momentum F2¢q. By
momentum conservation in the loop there has to be equal number of Py insertions, which
must be alternated because PLy*PL = 0. Therefore,

—Trlog [§7' M(e27 Py + e*%qu_)f” =2 @ : (5.13)

n_

where the extra factor of 2 comes from P, <+ P_. Letting p1+ =p1 F2¢,at T =p =0
one has

1, 1
- 1 [ dp M*(p? + p3 — ¢* + 2iqps)
Z - = 5log | 1+ 0 2N/ 2 3 . (5.14)
=t ' (27) (pf_ +p3)(Piy + P3)

n_ -t

At nonzero T and p, after p; integration we have

2
F(M,q) = ]\/\i = (\/M2 +p5,(q) — \/p%+(q)) : (5.15)

where poy(q) = 7(2n+ 1)T + i(u — q). It is immediate to verify that the configuration
with
qa=p, (5.16)
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Figure 5.1: The large N free energy F' as a function of p and T, in units of My. At
low T', the chiral spiral configuration (yellow) is favored with respect to the homogeneous
configuration (brown) and the chirally symmetric phase (green). At T" = T, there is a
second order phase transition (red line) dividing the chiral spiral phase from the chirally
symmetric phase. Assuming homogeneity one finds a different phase transition line (blue
line).

achieves minimization of F(M,q) with respect to q. Proceeding as in the homogeneous
configuration, for ¢ = p, we then get

F(M,p) = [];f <log (ﬁ;) —7) —T%: <\/p% + M2 — |py| — M )] ;o (517)

2 2|p2\

where v is the Euler-Mascheroni constant. We see that the p-dependence drops completely
in F(M, p), and that

Fs = I]\I}i(r]lF(M, q) = Frhom(n =0). (5.18)

We compare the minimum of the free energy in the homogeneous and inhomogeneous
configurations in Fig. We see that the chiral spiral configuration A = M (T)e?* is
always favored with respect to the homogeneous configuration A = M (u,T'); moreover,
one has M(T) =0, i.e. the symmetric massless phase is recovered, for

T>T.,=—M, (5.19)
s

where a second order phase transition occurs!T]

5.2 Periodic Fermions and Persistent Order

We can repeat the diagrammatic argument for the case of fermions with periodic boundary
conditions along the thermal cycle. This is equivalent to choosing a different spin structure
for the spacetime manifold. Let us start from the expression of the free energy density per
flavor,

F(M,q) = ]\i =13 (VM2 4 p(0) — Vi) | (5.20)

INote that the value of T. is renormalization scheme-dependent.
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Figure 5.2: The large N free energy F' (for periodic fermions) as a function of p and T,
in units of My. The massless configuration (green) is favored only at high p with respect
to the homogeneous configuration (orange), but the spiral configuration (yellow) is always
favored with respect to both of them. As a consequence, symmetry is never restored at
high temperature.

where now pa(q) = 2mnT + i(p — q), n € Z, in order to impose periodicity. As in the case
of thermal fermions, this expression contains divergences that need to be regularized. It is
convenient to separate the contribution from the zero-mode in the sum,

2
F(M,q) = Ai —T(\/M2—(u—q)2—\/—(u—q)2)

—2TRe Y (/M2 +p3(0) — /1Bl(a)) -

p2>0

(5.21)

We proceed similarly as in the antiperiodic case. We use the T' = p = 0 gap equation, to
trade the dependence on the bare coupling As for the UV cutoff A. Similarly, we regularize
the sum by placing a cutoff pa max = 2mnmax1’ over the Matsubara frequencies and relate
it to the UV cutoff by letting A = pa max. Removing the cutoff, we are left with

F(M,q) = ];/f {log <4]\7;f> + Re (1 + Z(FQLWTQ)N

—T(\/MQ—(M—Q)Q—\/—(M—Q)2> (5.22)
M2

—2TRe Y [ VM2 +p3(q) — \/P3(0)

pa>0 21/13(q)

We now compare the minimum of F' over the whole parameter space with the one computed
assuming translational invariance (¢ = 0). In the former case, g-minimization is obtained
for ¢ = pu, as in the antiperiodic setup. We can extremize with respect to M to get an
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implicit expression for M,

1
M? = (p—q)?

AT (1 —
log (—7r >+Re¢<1+2<“ q)) — 7T Re
MO ™

0,

1 1
— 27T Re — =
pz§>:0 VM?+p3(q)  \/P3(9)
(5.23)

and use this expression to get the value of the free energy numerically, both for ¢ = 0 and
for ¢ = p. The results are plotted in Figure We see that, as in the antiperiodic setup,
the spiral configuration is always favored with respect to the homogeneous one. This time,
however, the M = 0 configuration is never favored with respect to the spiral one at any
value of T" and p, i.e. translational invariance is never restored.



Conclusions and Outlook

In this thesis, we have studied a specific interacting model of fermions in 141 dimensions,
the chiral Gross-Neveu model. Our main accomplishments have been to rigorously derive
the ground state of a strongly interacting theory, as well as having computed correlation
functions of certain local operators in it. This determination has come from a mixture of
't Hooft anomaly matching arguments which have constrained the nature of the vacuum,
either to spontaneously break a Zy symmetry at zero temperature or to provide persistent
order with periodic boundary conditions for fermions, and explicit CF'T computations for
the gapless excitation on top of the vacuum.

Thanks to our efforts, we are ready to draw the phase diagram of the chiral Gross-
Neveu model at finite N. For fermions that are thermal, i.e. antiperiodic around the
Euclidean time direction, the quasi-long-range ordered crystalline phase at 7" = 0 is the
only remnant at finite IV of the large-N crystal phase, with an amplitude of the two-point
function of the would-be order parameter that decays power-like with the distance. At
T > 0, thermal fluctuations destroy any asymptotic large-distance behavior with a finite
correlation length, and the oscillating behavior in the two-point function is visible only
at finite scales, cf. Figure For periodic fermions, instead, we have found that the
crystal phase persists at arbitrarily high temperatures, and the amplitude of the two-point
function approaches a finite value at large distances, see Figure

The obvious question that is left open is to which extent the methods and the results of
this thesis can be extended to the physics of the ordinary Gross-Neveu model. The main
difference between the two is in the amount of symmetry preserved by the deformation,
which is orthogonal, Ggn = O(2N)y x Z3', rather than unitary, G.gy = U(N)y x U(1) 4.
This implies that its bosonization has a more natural description as a deformed Spin(2N);
WZW model, since the marginally relevant (17))? operator has a local realization in terms
of SO(2N) currents. Nevertheless, it is possible that an expression in terms of a compact
scalar degree of freedom can still be obtained, but for sure it will not be free. Moreover,
we expect that the Dg anomaly derived in the free theory will still be present with the
Gross-Neveu deformation, pointing towards the existence of persistent order for periodic
fermions also in that setup.

There is another direction from which we could have studied this problem, completely
orthogonal to the one present in this thesis, and that is integrability. Both the ordinary
and the chiral Gross-Neveu model are integrable field theories. Their symmetries are so
constraining that one can solve the Yang-Baxter equation for the three-body scattering
and determine their exact spectrum of asymptotic states and S-matrix elements |[115-118].
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Disordered Phase

—J\— ——

Quasi-Long-Range Crystalline Order
— WLMMN\/\/\/\/VW >
“

Figure 5.3: (T, 1) phase diagram for the finite NV chiral Gross-Neveu model, with thermal
fermions. The drawings sketch the shape of the two-point function of the would-be order

parameters (4.5 and (4.52)).

T

Persistent Crystal Phase

Quasi-Long-Range Crystalline Order
= MU.QMMM]\N\/\N\N\ >
I

Figure 5.4: (T, 1) phase diagram for the finite N chiral Gross-Neveu model, with periodic
fermions around the Fuclidean time direction. The drawings sketch the shape of the two-

point function of the would-be order parameters (4.5 and (4.53).

With Thermodynamic Bethe Ansatz techniques, one can compute essentially any informa-
tion about the ground state properties in the thermodynamic limit as a function of the
thermodynamic parameters, see e.g. [119] for a review. This approach is extremely pow-
erful as it is completely free from assumptions, except the underlying symmetries of the
system. It has one downside, namely that its computational complexity increases rapidly
with the number of flavors. Even for N as small as 2, though, it would be interesting to
have our predictions checked explicitly by the Bethe Ansatz.

Our thesis contains a discussion about a certain D anomaly of a system of free Dirac
fermions. Anomalies of fermionic systems are classified in terms of spin group cobordisms,
rather than group cohomology. The cobordism groups for the discrete Dg symmetry are
not discussed as extensively in literature as simpler cases (see however [120H123]). Our
construction has the advantage of making the appearence of the anomaly manifest in a
concrete way from a parent Zy X Zy X Zs anomaly of a compact scalar under the bosoniza-
tion/fermionization duality. It would be interesting to rederive this result within the for-
malism of discrete fermionic anomalies.

In two spacetime dimensions, the dualities presented in Section [2.3] are exact as they
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are obtained by gauging discrete symmetries. In three spacetime dimensions, a similar
set of dualities exists, but they are not exact dualities, rather statements about emerging
properties in the infrared [124} |125]. As such, they are useful for describing quantum crit-
ical points of condensed matter systems, in particular those who fall outside the Landau
paradigm. Our work is very similar in spirit to this approach, but from a more high-energy
perspective.

Summarizing, we have used dualities to find equivalent descriptions of a strongly-
interacting system, in which our question — namely, the nature of the phase diagram of the
chiral Gross-Neveu model at finite N — became easier to answer. The techniques in this
thesis can in principle be extended to many other interacting theories in 1+1 dimensions.
In particular it would be nice to study models of fermions with more general deformations.
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Appendix A

Free field realization at N flavors

The SU(N); WZW model can also be described in terms of N —1 compact scalars, in what
is known as free field realization [126]. This description makes manifest only the U/(1)V 1
Cartan subalgebra of SU(N);. However, it is useful here because it allows us to write in
an alternative form the current-current deformation. Let 6,,¢ =1,..., N — 1, be scalars
with radius 7 = /2. In these variables, the undeformed SU(N); theory reads simply

N-1

2
Lo=) 5 040001, (A1)
(=1

where we have made explicit the radius in the normalization of the kinetic term, so that

with these conventions 0y ~ 0y + 27. The SU(N) currents are given by

1 1 1 -
£ _ [ o = — 1 . Q = — —1 .
Ji = yp 0+0y, JS¢ 5 exp(ia - V), J 5 exp(—ia - 9), (A.2)

where ¥, and 9, are the holomorphic and antiholomorphic components of 6;, and ac € A*
are the positive roots of the su(N) algebra. We then have

1 1

ATA _

E JLJE = 162 0+000_6, — ) E cos(a - 0). (A.3)
A acAt

The scalar potential can be rewritten in a more explicit form as

N-1 N-1 N-1
Z cos(a - 0) = Z Z cos <Z(AM + Aje+ -+ A,ipg)05> , (A.4)

aEAT p=1 i1 >ig>>ip=1 =1

where A;; = 20;j — d);_j|,1 is the su(N) Cartan matrix. Using (A.4) it is not difficult to
see that the potential has exactly N classical minima, attained at
(k) 21l
0p=0," = —k, k=0,1,...,N—1. (A.5)
N
It is instructive to look at the symmetries preserved by the J.J deformation in this
language. Of the full PSU(N)y x Z% symmetry, the ones that are explicit are only a Z% X
73, x 7% subgroup, with ZK x Z3, ¢ PSU(N)y being ‘clock’ and ‘shift’ transformations.
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The action on the matrix field U is as follows,

27i

Z%: U—enU,

2mi(a—1)
ZK: U~ MgUM),  (Mg)a =€~ dap, (A.6)
ZS: U MsUME,  (Mg)ab = Sapo1 mod N »

which translates to the following action on the (anti-)holomorphic components of 6y,

2%+ Y99+ Z0, g+ Uy,
ZJ[\(T: 19@%295—%—%%, @g%l%—%rf, (A.7)
Z3 0 Ve 91 — Y1, Vg Oppq — 1, In=0UN=0,

The configurations @ﬁk) spontaneously break the Z% symmetry: under Z%, @ék) — @§k+1);

on the other hand, they preserve the Zﬁ X Z% symmetry.

A.1 Condensation for N =2

For N = 2, the deformed theory is a sine-Gordon model, for which (TrU) can be exactly
computed and shown to be non-vanishing. The non-Abelian J fJ A deformation modifies
the free SU(2)1 = U(1)2 WZW model,

2 A
L= 00000+ 150,006 — 5 cos(26), (A.8)

16 2 2

with 0 ~ 0427 in this normalization. This is also known as the 2-folded sine-Gordon model
introduced in [127]|. The k-folded sine-Gordon model differs from the original sine-Gordon
model as the target space for the scalar is wrapped into a circle in order to have exactly
k minima of the potential. This spontaneously breaks the U(1) translational symmetry of
the scalar to its Zj subgroup. We have two classical degenerate minima of the potential,
at § =0 and 6 = 7.

In the undeformed SU(2); theory U is a (h,h) = (1/4,1/4) field transforming in the
bifundamental representation of SU(2). In terms of the compact scalar 6, up to unitary

transformations, we have i
1 ei@ _eié'
a _
U b — E < e_ié e_,ie ) ) (Ag)

where 6 is the T-dual of . Note that cos(d) = TrU/v/2 is a local operator and takes the
classical value +1 at § = 0 and —1 at § = w. The exact quantum vacuum expectation
value of (TrU) can be computed using the results of [128|, where a formula for one-point
functions of vertex operators in the sine-Gordon model is derived. Using eq.(20) of [128]

we get
MT 3O
(TrU) = [ r<(2§ )q exp (A(g)) , (A.10)
where
ot Sil’lh2 (% 66_% At
A(€) = o - , =—, Al
© /0 t | 2sinh (5%1) sinh(t) cosh (H%t) 2(1+¢) ¢ A ( )
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Figure A.1: The value of (TrU)/+/2 as a function of \.

and M is the mass of the sine-Gordon soliton, which is exactly determined in terms of &:

1+¢

27 0(5) (Tl \ *
M = (4_22) <5r Eﬁ)) . (A.12)

We report in figure the value of TrU/+/2 as a function of A. As can be seen, it is

non-vanishing for any value of A > 0. For large A\ we enter a semi-classical regime. The

soliton mass (A.12]) reads

M~ Q(HO(A ), (A.13)

and agrees with its semi-classical value. Consistently, Tr U approaches the classical value

V2.

A.1.1 Symmetry breaking from the mixed Z, anomaly

We could have argued for the same result without computations, as the 2-folded sine-
Gordon model presents the mixed 't Hooft anomaly between Z¥ — 7Y — 7§ inherited
from the free theory. As a consequence, it cannot have a unique symmetric ground state.
Noticeably, the JJ-deformed SU(2); WZW model has a mixed PSU(2)y — Z anomaly
leading to the same conclusion. We show here that these anomalies are in fact the
same, in the sense that the anomaly embeds into the anomaly for N = 2.

Let us recall how Z&, ZY and Z$ act on the scalar fields,

7y 00+, 60,
ZY . 09—, 0 0+ 2rm, (A.14)
78 0 -0, 0 —0,

where we have also included the action on the T-dual field §. On the SU (2); side, let
us work with “clock” and “shift” matrices, cf. (A.6). Using the expression (A.9), it is not
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difficult to see that

K(U)=MgUMg' =W(U), SU)=MgUM;'=WCU), LU)=-U=PW(U),
(A.15)
where P, W, C are the generators of Z§ , ng , and Zg, respectively.

Thanks to this correspondence, we can translate the triple anomaly of the compact
boson to a special case of the PSU(2)y — Z& mixed anomaly . We can largely
repeat the argument for N = 1 presented in Section [1.2.T]in an almost identical way. The
symmetry operators K = W and S = WC will not commute on the L = PW-twisted
sector. Indeed, on U(1)y primary operators,

Z% : Ve’m ’_> (_].)e—‘rmVe’m,
ZE: Ve = (=)™ Ve, (A.16)
Z5: Vem = (=1)"™V_o _pm,

and since in the L-twisted sector e,m € Z + 1/2, it is evident that K and S will not
commute there, but rather anticommute. Similarly, K? = —1 on the L-twisted sector.



Appendix B

Two-point function of vertex
operators on 1’ 2

B.1 Free case

Let ¢ be a free compact boson of radius R, ¢ ~ ¢ + 27 R, living on the torus with
parameter 7. We are interested in computing the two-point functions of primary operators
on the torus. Because of electric and magnetic neutrality, the only non-vanishing two-point
functions are of the kind

<Ve,m (21, Zl)v,e,,m(zg, 22)> . (B.l)

This has been computed e.g. in |101], to which we refer for the full computationE] Let
us report only the key steps that we wish to generalize. Since the boson is compact,
periodicity of ¢ on the torus can be satisfied up to 2w R Z. The two-point function gets
contributions from each periodicity sector (n,n’), where the field ¢ satisfies the following
boundary conditions,
p(z+1,241) = ¢(z,2) + 2nRn,,
d(z+T7,2+7)=¢(2,2) +2nRn’ .

We can decompose ¢ such that it satisfies the boundary conditions (B.2]) and that it has
a discontinuity of 2r Rm along the line that connects z; and 23,

(B.2)

¢ = (I)fll,n/ + (I)i)lm + ¢0 ) (Bg)
with
I "—nT
¢/ (2,2) = 27R m(’z(gm n7)) (B.4)
_ 01(z — z1|1) 27 }

o =mR1 [1 — R B.5
e(2,2) = mRIm |log 52— 27 o2 Rez (B.5)

and ¢q the free part, with propagator

) 01(z|7) __am»?|?
=1 ) e Tmr B.

<¢0(272)¢0(070)> og 8z01(0|7') I ( 6)

!Please note that the corresponding expression and its derivation as appear in |[101] contain some
typographical errors. Here we report the correct expression.
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The final result reads

9.0 (0 2he,m W 2he m
ZR<ve,m(zl,zl)v_e,_m(zg,z2)>:(1<‘T>) (1<|T)) y

) 91(212|T) 01 (2’12|7') (B.7)
hor o1 =h.s s 47ri[a ! Qe mZ12—0 1 10 m212]
X — q e mqgreme e/ m s e/ \m s ,
2
F 2
where ) R 1 R
e m e m
= =4+ = e = —|=—-—. B.8
Qe m \/§(R+ 2>, Qem \/§(R 2> ( )

B.2 Nontrivial Z% background

We repeat the above computation in the presence of a nontrivial ZII\D, C U(1)p background
on the torus. The insertion of a Zﬁ defect alters the boundary conditions of the scalar
field. Let a,b € Zy denote twists by Zf, on the two cycles. Then the new boundary
conditions in each (n,n’) sector become

p(z+1,Z24+1) =¢(2,2) + 2nR(n+a/N),

B.9
d(z+T7,2+7)=¢(2,2) +2rR(n' + b/N). (B.9)
One easily computes the partition function in the presence of defects,
1 z 4
A bl = he,m+ta/N Gle,mta/N o—2Tieb/N
R[CL? ] |77(7_)|2 ;q q e s (BIO)

and similarly for the (unnormalized) correlation function one obtains the following result,

ZR [av b] <Ve,m(zl7 El)v—e,—m<22> 22)>[a,b}

01(212|7) 01 (z12]7) NGIE (B.11)

« § : qhe/,nz/+a/Nqhe/,m/-l»a/N6727Ti€/b/Ne47ri[ae/,m’+a/Na57mZ127ae/,m/+a/Nd57m212} )
e',m

B.3 Nontrivial Z% background

We would like to turn on a background for the symmetry Z% as in (2.55),

Z%: ¢r—>¢+2—MpR, q~5+2—7r€p'z, {=0,1. (B.12)
2 2 "R

Here, p and p’ are coprime positive integers such that Z% matches the Zy subgroup of the
U(1)r symmetry at the rational value R? = 2p//p. In doing so we lose modular covariance
due to the chiral anomaly. To restore modular covariance, we should consider a product
theory of the compact scalar with another theory with equal (and opposite) anomaly for
a Z% symmetry. Then turning on the diagonal ZZ background in the product theory is
equivalent to turning on the same Z& background for both factors. This is what we will
be doing, and for this reason we are allowed to ignore the issue of modular covariance.
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The partition function for general Z& background [l4, 1], la, I € {0, 1}, can be computed
with the same method as above, and one obtains

ZR[ZC“ lb] = % Z (_1)lb(pe+plm)qhe+p’la/2,m+pla/2qﬁe+p/la/2,m+pla/2 , (B13)
WP 2=

The correlation functions between vertex operators is also easily generalized from the
one in the absence of background to

ZR[laa lb] <Ve,m(zla Zl)vfe,fm (22a 22)>R[la,lb}
(A0 (R0 L
01(z12|7) 01(212|7) In(7)[? (B.14)

« 2 § qhe’,m’ qﬁe’,m’ e47ri[a5/7m/aeymzlg—ad’m/de,miu] .
e'€Z+p'la/2m' €Z+pla /2

B.4 Chemical potential for U(1)y

In the presence of a chemical potential for U(1)y, the action reads

1

o 1%
5= /(8¢)2d2x + %R/alqsd%, (B.15)

The classical minimum of this action is
CIJZI(Z,Z) =2uRez/R. (B.16)
This means that ¢ will in general satisfy the boundary condition

p(z+1,24 1) = (2, 2) + 20 R(n + p/(7R?)),

, 5 (B.17)
d(z+71,247)=¢(2,2) + 27R(n' + puRe7/(7R?)).
Proceeding as usual, one gets the following expression for the partition function,
1 h h —2iepN R
ZR, o q e,rn+y,N/7rR2q e,7n+uN/7rR26 e eT X B 1
TEEPD (B.18)

Let us now compute the two-point function. To the decomposition (B.3)) we should add
the term (B.16]). By doing so, one obtains

ZR,M <Ve,m (Zla gl)v—e,—m(z% 22)>H

e %hem
_ (8291 (O|T>)2he’m a2'91 (O’T) % €2ie,uRe z12/R272muIm 212/R2 >
01(212|7) 01 (z12|7)

1 Rt pt 2R r2 ,—2ie’uReT (Blg)
X W Z |:q e/ m'+pu/mTR q e/ m'+p/mR e X
e/, m’/

% 647rz(ae’,m’+,u/7rR2ae’mzl2_ae’,m’+,u/ﬂ'R2ae’mZIQ)i| .
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Let us also add a nontrivial Zﬁ background. Then for the partition function one gets

ZR,,u[aa b]

)

—omie( L4+ R
‘2 Zq em+a/N+H/7TR2q em+a/N+ll«/TrR2e 7|'7'e<1\v7<">7r}32 eT) (B20)

I()

while the correlator reads
ZR,u[ay b} <Ve,m(zlu zl)v—e,—m(z% 52)>,u,[a,b]
2he m 7YY 2Be,m
_ (a 61 O’T ) 7 8291(0‘7—) e2ie,uRezlg/szZmuImzlg/RQ 1
6)1 212‘7' 91(212|7’)

T - 1( b 1
X E |:q e/ ,m/+a/N+p/xR2 qhe’,m’+a/N+;L/TrR2 6727.”6 <N+ﬂ-R2 ReT) X
e m’

o ATt s/ g2 ae,mm—de,7m,+a/N+u/,rR2de,mz1z)] '

For a nontrivial Z% background, similar expressions hold,

’
ZR,N[laa lb = Z Z q E ;m+u/wR2 7 q E rrH—,u/TrR2 —2iep ReT( )lb(pe+p m) ,

e€Z+p’ la m€Z+p
(B.22)
and

ZR,M[ZCU lb] <Ve,m(zla El)v—e,—m(z% 22)>M [la,ls)

_ (@91(0’7))%5’” <8 91(0\7')> e o2ienN Re 212/ R2=2muNTmz10 /R __ 1 1 «
01(2’12‘7) 91(2’12‘7’) |77( )‘2
% Z Z |:qhe/,m/+u/7rR2 e ! w2 g2 1 Rer(_1)l(pe'+p'm’)
e €Z+p'la /2 m!' €Z+pla/2

% 647Ti(ae/,m/+#/7rR2O‘e,m212_0_éel’m/+’u/ﬂ.R20_46,m512>

(B.23)



Appendix C

Useful identities for elliptic
f-functions

In dealing with CFT computations on the torus one systematically encounters infinite
sums that can be expressed in terms of elliptic #-functions. This class of functions has a
huge number of identities that can be used to further simplify expressions. We follow [129].

The elliptic 6-function of argument u € C and modular parameter 7 € C, with charac-
teristics a,b € R, is defined as

Oop(ulT) = Zexp {miT( k4 a)? + 2mi(k +a)(u+0b)} . (C.1)
keZ

This series converges absolutely for any v € C if Im7 > 0. It has the following properties,

Oup (u+ Ta +V|7) = e 2mie Wbt ra'/2)g Ly (ulT),
Oa+1,6(ulT) = Oap(ulT) (C.2)

27ria9

Oapt1(ulT) =€ ap(ulT).

A special class of #-functions is given by the ones with a, b either integer or half-integer,
which can be reconduced to the following four basic #-functions,

01(ulT) = =01 1 (u|T) = —@Z % (k+3 i(2k+l)u7
272 =
O2(ulr) = 01 o(ulr) = Zqz (k+3)" gmiCh+1)u
ke s
(u|7) = 90 0 u|7‘ Zq 5 eQﬂ'lku
keZ
2 .
94(u|7—) — ‘907;(147') = Z(fl)kq%€2ﬂ'zku’
’ keZ
withl] |
q= 2T c4)

'Here we use the most common convention in physics. The most common convention in mathematics
isqg=1¢e""".
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Additionally, another typically encountered function is 0] (u|7) = 0,01 (u|T), as well as the
Dedekind n-function,

) =¢/*J[0-q". (C.5)
n=1

Elliptic #-functions have particularly simple transformation laws under a shift of the
argument u by one of the two periods of the torus at fixed 7,

O1(u+1|7) = =01 (ulT), b1(u+T7|T)= — e mi(2utT) 91(u|7')
Oo(u+1|7) = —02(u|T), O2(u+71)=e™ i(2ut7) O (u|T), (C.6)
Os(u+1|7) = 03(ulT), O3(u+7)= 6_7”(21“” O3(u|T), ‘
Os(u+1|7) = 04 (ulr).  O4(u+7) = —e ™D, (u|7),

as well as under shifts of u by half-periods,
01 (u+3|7) = Oa(ulr), 61 (u+3|7) = ie_f"(“+7/4)04(u|7') :
92 (U-i-% 7') = —91(u|7), 92 (U—F%’T) :e’””‘(“+7/4)93(u]7), (C 7)
03 (u + %|7') = O4(u|T), 03 (u + %’T) = e‘”z(“+7/4)92(u]7) , ’
04 (u+ %|7‘) =03(ulr), b4 (u+3l7) = ie~™WET/Ng, (u|r).

However, their most relevant relations are the ones that involve modular transformations.
Under a modular T transformation,

Or(ulr + 1) = T 0y (ul7),
Oo(ulT + 1) = T fo(ul7)
Os(ulr + 1) = O4(ul7), (C.8)
O4(u|T 4+ 1) = O5(u|7),
n(r+1) = 6”/1277(7) ,
whereas under a modular S transformation
01(u/7) — 1/7) = —iv/—iTe™ /70, (u|7T)
Ox(u/7| — 1/7) = vV—ire™* /70, (u|7)
O3(u/7) — 1/7) = V—ire™™ /T3 (u|7) (C.9)
04(u/T) — 1/7) = V—=ire™ /Ty (u|7),
n(=1/7) = v=irn(r).

01 (u|m)01 (v|T) = O3(u + v|27)02(u — v|27) — O2(u + v|27)85(u — v|27),
01(u|T)02(v|T) = 61 (u + v|27)04(u — v|27) + O4(u + v|27)01 (u — v|27) ,
02 (u|T)02(v|T) = O2(u + v|27)05(u — v|27) + O3(u + v|27)02(u — v|27), (C.10)
O3 (u|T)03(v|T) = O3(u + v|27)03(u — v|27) + O2(u + v|27)02(u — v|27) ,
O3 (u|m)04(v|T) = O4(u 4+ v]27)04(u — v|27) — O1(u + v|27)01 (u — v|27) ,
O4(u|T)04(v|T) = O3(u 4+ v|27)05(u — v|27) — O2(u + v|27)02(u — v|27) ,
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or equivalently,

—_— o~~~ =~

S 3 3 3 3 3
D — Y —

N N ~t — <t N
= REN SR S RN o R N o S N

e+ 4+ +

N N N N N

— ~— ~— ~— — —

o~ o~ o~ o~ o~ o~

—_— o~~~ =~

201 (u+v
201 (u+v
205(u+ v
205(u + v
203(u+v
204(u 4+ v

which, as a corollary, have the famous relation

(C.12)

= 03 (u|T) + 03 (ulT).

01 (ulr) + 05 (ulT)
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