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Abstract

This work deals with quantum phase transitions in Dirac systems where the symmetries
involved play a key role in the nature of the transition and are enlarged at criticality. By
using functional renormalization group (FRG) methods, we show that an emergent relativis-
tic symmetry not present at the bare level is a common feature of several different kinds
of phase transitions. In three different projects, the interplay of emergent symmetries and
universality in critical phenomena are explored through FRG techniques. In the first project,
we studied the relation between discrete symmetry breaking and the emergence of two di-
verging length scales with their respective critical exponents. A second project explored
the relation between multicritical points where two adjacent symmetry-breaking phases
are compatible and the possibility of a continuous, order-to-order transition. The third and
final project was concerned with the persistence of chiral symmetry in three-dimensional
quantum electrodynamics - here seen as an effective description of different condensed
matter systems - for the lowest possible number of fermion flavours, as well as with a dual
description that has the potential to provide exact results for this strongly correlated theory.

Kurzzusammenfassung

Diese Arbeit befasst sich mit Quantenphaseniibergangen in Dirac-Systemen, bei denen die
auftretenden Symmetrien eine entscheidende Rolle fiir das kritische Verhalten am Uber-
gang spielen. Wir verwenden Funktionale Renormierungsgruppen Technicken (FRG) um zu
zeigen, dass eine emergente relativistische Symmetrie ein gemeinsames Merkmal mehrerer
verschiedener Arten von Phaseniibergange ist. In drei verschiedenen Projekten, wurde das
Wechselspiel zwischen emergenten Symmetrien und Universalitat durch FRG Technicken
untersucht. Das erste Projekt befasste sich mit dem Zusammenhang zwischen diskreter
Symmetriebrechung und dem Auftreten von zwei divergierenden Langenskalen sowie deren
zugehorigen kritischen Exponenten. Im zweiten Projekt wurde die Verbindung zwischen
multikritischen Punkten an denen zwei symmetriebrechende Phasen kompatibel sind und
die Moglichkeit eines kontinuierlichen Ordnung-zu-Ordnung Ubergangs beleuchtet. Das
dritte und letzte Projekt befasste sich mit dem Bestehenbleiben chiraler Symmetrie in drei-
dimensionaler Quantenelektrodynamik, die hier gesehen werden kann als eine effektive
Beschreibungverschiedener Festkorpersysteme, fiir die niedrigst mogliche Anzahlvon Fermio-
nenarten als auch mit einer dualen Beschreibung, die das Potenzial hat exakte Ergebnisse
flir die stark korrelierte Theorie zu liefern.
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Chapter 1

Introduction

Understanding phase transitions and the critical phenomena associated to them has been
a major driving force in the quest for unveiling which states of matter Nature allows and
one part of fundamental physics that seems to continue to provide fruitful insights into
the inner workings of our universe. The technological prowess of the last few decades has,
moreover, allowed us to experiment with phenomena that were before, perhaps, thought
to be only of academical interest, for they were not readily available in Nature. A prime
example of this sort of development was the production in 2004 of a free standing two
dimensional structure made of carbon atoms: graphene [1]l. In fact, twenty years earlier, the
first suggestions of an emergent relativistic low energy behaviour in graphite sheets had
already been made [2, 3] and with these, the first attempts at understanding the possible
phases in the system and the transitions between them.

Amongst the first interesting phenomena to be explored theoretically was that of breaking
of chiral symmetry in graphene, and its related anomaly [3]. Chiral symmetry breaking is,
however, a feature of strongly interacting systems (like QCD,), and graphene’s realization
of a three dimensional Dirac fermion is known for being very good at screening the elec-
tromagnetic interaction (at charge neutrality), due to the vanishing of the density of states
at the Dirac point [4]. Lucky for us, the condensed matter setting allows several different
interactions to be induced. These can mimic the action of a gauge field [5-7] and indeed,
chiral symmetry breaking in Dirac systems can be achieved in different ways [8, 9].

One way to induce chiral symmetry breaking in graphene is by including adsorbed atoms
on its surface [10-12]]. In this case, the mass generation for the massless fermions is con-
comitant with a Kekulé distortion, and the system goes into one of three equivalent ground
states, each of which can be rightly called a Kekulé Valence Bond (KVB) configuration. The
first experimental realization of this phenomenon [13] was achieved with graphene grown
on a copper substrate, where the long range order was observed through scanning tunneling
microscopy (STM) (see FIG [1.1). Once an experimental observation of the phase is achieved,
it seems only natural to consider the phenomena related to the transition into this phase.
In fact, although some of the features of the system when it is in a KVB phase had been pro-
posed [10H12] and partially confirmed experimentally [13], there had been considerably less
effort in understanding the transition itself and the universality (or lack thereof) associated
to it.

The nature of the underlying lattice and the particular ordering formed in this case are
unique to the condensed matter setting (when compared to e.g. the high-energy-inspired,
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FIGURE 1.1: Observation of Kekulé Valence Bond patches on graphene grown
on a copper substrate, as seen through STM. Figure adapted from [13].

emergent-gauge-field treatment), and play an important role for critical behaviour. Because
these aspects had remained largely unexplored until recently [1416], we set out to fill in
some of the knowledge gaps in this area. In particular, we explored in detail questions like
the nature of the transition (can it be considered as a first or second order transition? if
the latter holds, under what conditions?) and features of the scaling behaviour of observ-
ables when the system transitions from one phase to the other. The results of this analysis
comprises Chapter 3 of this work.

The critical point describing a transition into the KVB phase of graphene is only one example
of what has been dubbed in the literature as a Fermion Induced Quantum Critical Point
(F1QCP) [17]. As such, not only are similar symmetry breaking patterns in other Dirac systems
possible, but different realizations of the kind of mass generation described here could also
appear simultaneously. By this we mean that a similar mechanism as the one described
above could be responsible for two different kinds of long range order in the same system.
With this setting in mind, it becomes important to consider different ordering tendencies
and how they interact with each other.

In the simplest setting, where the gapless, semimetallic Dirac phase could be adjacent to
two gapped phases, the system exhibits a multicritical point (MCP) where all three phases
meet. According to a Landau-Ginzburg description of the phase transition [18], when two
adjacent phases have unrelated, independent symmetry properties, the transition between
them is no longer genericallyf| of second order (continuous), but is either of first order (dis-
continuous) or accompanied by an intermediate phase, as depicted in FIG. One of the key
features of FIQCPs is that a simple Landau-Ginzburg description in terms of order parame-
ters only need not hold in a system where the low energy degrees of freedom are itinerant
fermions, so the natural question arises as to whether or not these are the two only options.

Recent Quantum Monte Carlo (QMC) simulations [19] suggest that, indeed, a third option
could be realized in Dirac systems: a generic direct, continuous, order-to-order transition.
The findings in [19] moreover seem to indicate that the line separating the two phases (with
broken O(3) and Z, symmetry, respectively) has an emergent O(4) symmetry (see Fig.
in Chapter@. A quick search through the literature points to another system where such a

By this we mean, without the need to do some extra fine tuning in the parameters driving the transitions.
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FIGURE 1.2: Possible phase diagram scenarios in the vicinity of a multicritical

point (MCP) according to Landau-Ginzburg theory. A disordered phase (D)

can reach the ordered phase O, > by tuning the parameter g;,», and these

two phases meet at the MCP (the red dot). The boundary between ordered

phases can be either a line of first order (discontinuous) transitions (left) or
a region of coexistence (M) where both orders are mixed (right).

non-Landau transition is possible, namely a Deconfined Quantum Critical Point (DQCP) in
spin-1 antiferromagnets on a square lattice. In that case, the critical point separating the
Néel ordered phase (which breaks O(3) symmetry) from the valence bond solid (VBS) phase
(which breaks O(2) symmetry) is more aptly described by emergent degrees of freedom
(spinons) which couple to an emergent gauge field and render the transition continuous,
while being confined in both of the ordered phases [20-22].

According to the numerical evidence [23], the transition there also shows an enlarged O(5)
symmetry at the critical point. Furthermore, recent developments in numerical simulations
of similar models indicate that emergent O(N) symmetries are an ubiquitous feature of
DQCPs [24} 25]. One question that naturally arises is: could the emergent enlarged symmetry
be a smoking gun signature for the kind of non-Landau transitions seen at DQCPs, namely,
for the existence of a line of continuous order-to-order quantum phase transitions?

The first theoretical analysis of the kind of transition studied numerically in [19] confirmed
[26} [27] that there is always? an MCP with emergent O(N; + N,) symmetry, if the adja-
cent phases break independent O(N;) and O(N,) symmetries, respectively. These works
served as inspiration to explore the phase diagram of Dirac systems with two compati-
ble, dynamically-generated masses that come about through the same mechanism as the
chirality-breaking KVB phase. The results in Chapter[s)summarize our partial understanding
of the phase diagram of the system.

As mentioned earlier, graphene’s massless Dirac fermions can acquire a mass by the fluc-
tuations from induced interactions, but its "natural" electromagnetic interactions are not
strong enough to gap the system. This can be understood as a consequence of the fact that
the system is only quasirelativistic, i.e. the velocity of fermions and of gauge degrees of free-
dom is not the same and the electromagnetic interactions are still allowed to propagate in
3+1 dimensions, while the emergent massless fermions are confined to move in 2+1 dimen-
sions. In fact, the fully relativistic theory analogous to the one in graphene corresponds

2Terms and conditions apply. These can be found in Chapter@
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FIGURE 1.3: Expected phase diagram of QED; as a function of number of
flavours N;, taken from [28]. Note that here N; refers to 4-component
fermions, of which the minimal number allowed is Ny = 1.

to three dimensional quantum electrodynamics (QEDs) and is expected to exhibit sponta-
neous chiral symmetry breaking below a critical number of fermion flavours N; < N; . ~ 4.5,
as depicted in FIG.(see e.g. [28] and references therein). Note that the low energy theory
of a single sheet of graphene corresponds to a system with N; = 2 flavours of fermions.

To probe spontaneous chiral symmetry breaking in a 2+ 1 dimensional Dirac system, it thus
seems, we need a way to have a truly three dimensional gauge field mediated interaction.
Naturef} as luck may have it, has found a way to provide this to us in the form of an effective
theory for the surface states of an interacting 3+1 dimensional topological insulator (TI) [29,
30]. This latter realization, however, differs in one key aspect from the usual setting where
e.g. FIGN.3|is believed to hold: where as in high energy conventions relativistic fermions
are collected in four dimensional representations of the Clifford algebra of R%!, their TI
counterparts are made up of two-component fermions and, incidentally, only one of them.
This situation can be loosely referred to as "Ny = 1/2".

Because the field theory at hand (QED;3 at Ny = 1/2) seems to also be an effective description
of several condensed matter systems [31-33], it seems natural to ask: can we also expect
spontaneous chiral symmetry breaking in this setting? Our attempts to provide an answer
to this question are collected in the first part of Chapter|g]

The relation of QED; to one particular system, namely the half filled Landau level [33], is
particularly interesting in our current setting since it more or less takes us back to square
one but with "less" fermions. Concretely, it has been proposed [33-35] that the seemingly
strongly interacting QED; shares the same low energy properties of (one quarter of) the free
Dirac theory we started with®} We provide a simplified explanation of this equivalence as
well as our attempt to extract universal information from it in the second part of Chapter|s]

Outline of the Thesis

The contents of this work have already been outlined in the above paragraphs and in ex-
actly the order they appear in the thesis, with one small but important exception. Since

30r theoretical physicists, depending on the point of view.
4Recall that the ground state of a normal graphene sheet can be described by an effective theory with N; = 2
flavours of free Dirac fermions.
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the quantum phase transitions considered in Chapters [3]and [] can be induced by diverse
mechanisms, it is not at all clear from the outset that the degrees of freedom involved
(i.e. the bosonic order parameters) have a low energy description in terms of relativistic
dynamics. In the theoretical models used in those chapters, however, we do start from a
Lorentz invariant Ansatz for the effective actions involved in which bosonic and fermionic
degrees of freedom have the same velocity, vy = v, = 1 (in approppriate units). The jus-
tification for this choice is found in the final part of Chapter 2} right after a short recap on
critical phenomena meant to set up notations and conventions and a recap of the variant
of renormalization group tool used in all other chapters. Concluding remarks are gathered
in Chapter[6l Appendix[Al contains detailed formulas used in the main text, and appendix|B]
is a supplement to Chapter[s|and contains an alternative way to compute one of the main
equations in that chapter.






Chapter 2

Phase transitions and relativistic
invariance

In this chapter we discuss some of the common features that will be found in all of the prob-
lems dealt with in later chapters. In Sec.2.1lwe introduce the common language we will use to
describe phase transitions, starting with a recap of widely known facts. The discussion here
therefore borrows heavily from standard textbooks (e.g. [36,37]) and is by no means exten-
sive since it serves mainly as a way to introduce the formalism that will be applied later on.
In Sec.]2.2.2Jwe describe our weapon of choice to tackle quantum phase transitions involving
strongly interacting fermionic systems, namely the functional renormalization group. Again,
the discussion is kept brief and the reader is advised to consult the literature for a more
in depth treatment [38,39]. Finally, Sec. [2.3{ presents a first application of the formalism: a
nonperturbative argument for emergent Lorentz symmetry at criticality in Dirac systems in
d = 2 spatial dimensions. The contents of section [2.3|are original, unpublished work by the
author and are a crucial part of the setup in later chapters.

21 Symmetry breaking and order parameters

A quantum system whose ground state does not have the full symmetries of the hamiltonian
describing it is said to exhibit spontaneous symmetry breaking [37]. Just as in thermal phase
transitions, the onset of spontaneous symmetry breaking in quantum many-body systems
is accompanied by the nonanalytic behaviour of some observable quantity [36]]. Let the
symmetry transformations of the system be denoted by G. If the ground state |¥) is not
invariant under the action of a symmetry element g € G, then one can find an operator O
transforming nontrivially under g and such that

¢»=(0)#0, (21)

where (O) := (¥|O|¥) is the expectation value on the ground state. The quantity ¢ will be
called an order parameter for the symmetry g. If the hamiltonian depends on a dimension-
less parameter § such that the ground state is symmetric (¢ = 0) for values of § > §. but has
broken symmetry (¢ # 0) for § < §. then the phase transition at § = . is signaled precisely
by the nonanalytic behaviour of ¢.

Order parameters thus serve as labels to identify different phases and are therefore key
to understand the phase transitions between them. Consequently, they will be the main
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focus of a considerable part of this work and it will prove useful to get an intuitive feel for
them. To this end, we consider a fermionic system whose time evolution is determined by
the second quantised microscopic hamiltonian

H=Hy+V, (2.2)
where Hj is the free part and V' a two body interaction, i.e.
Zeac Ca (2.3a)

V= Zval,ag,ag,a4 al &2604003 ’ (23b)

with o @ multi-index collecting all degrees of freedom including e.g. band and/or sublattice
indices and ¢/, is an operator that creates a fermion in state . For spinful fermions on a
simple lattice, for example, a = (E, s), with k € U c R?is a momentum vector in the first
Brillouin zone U and s € {£1} denotes the spin projection on the z axis in units of i/2.

Order parameters of interest for such a system can be defined as expectation values of
bilinears of the original fermions, namely, combinations of the form

Oap = Z Vel (2.4)

where the coefficients 172’7[’3 can be thought of as a partial decomposition of the kernel of the
interacting potential V. To illustrate this last point, consider a translation invariant system
of spin 1/2 fermions, for which the bare interaction V is SU(2) conserving, then a = (k, )
and Vi, a,,04,0. €N be split as

Varomaacs = Uk, ko, k3)(2m) 26 (Ky + ky — ks — k4)S({3}). (2.5)

where S is a function depending on the product of spin-rotation invariant combinations
g; - 0; fori,j € {1,---,4}. An analytic function S with these properties depends on the
products of such combinations so that it can be further decomposed into parts commuting
or anticommuting with the components of the spin operators. The coefficients of such a
decomposition correspond to a choice of V and lead to the order parameters

= <Zcz(z€ + q)cs(E)> : (2.62)

E,s

M(q) := < > e+ @)(&)S,S,CS(E)> , (2.6b)

k,s,s’

i.e., to order parameters for staggered charge density or staggered spin magnetization [40,
41]. It is worth pointing out that also order parameters of the form ~ cfct (e.g. accounting
for the formation of Cooper pairs) can be written in the aforementioned form. Alternatively,
one can consider order parameters starting from a given fermion bilinear and considering
the kind of interactions that could give rise to nonvanishing expectation values for it. This
approach, in turn, provides a way to identify the kind of interaction that leads to a breaking
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of the symmetry.

First hint of universality and field theory description When the phase transition is such
that ¢ = 0 at § = g. the transition is said to be continuous or of second order. Close to g,
the correlation length ¢ associated to the observable O, defined as the exponent in

(O(x)0(0)) ~ e~ I7I/% (2.7)
diverges as a power law, that is
7~ 1g—gel”, (2.8)

for v a positive number. Because of this divergence, all other intrinsic length and en-
ergy scales in the system play no role and the onset of nonzero ¢ depends only on the
general features of the system, like the dimensionality and the symmetry properties that
O breaks/preserves. A description of the transition is thus possible in terms of a coarse
grained theory for the order parameter - a continuous field - since changes at microscopic
scales become irrelevant (in the nontechnical sense) and one can expect only these univer-
sal aspects to be of importance.

211 Landau-Ginzburg-Wilson theory

Let us start by considering a thermal phase transition in spatial dimension D, where the
parameter that needs to be tuned to reach said transition is temperature (i.e. g = 7). A
good starting point to understand the vicinity of the critical point T = T, is to describe
the dynamics of the space dependent order parameter ¢(x), where x € R?, by the Landau-
Ginzburg free energy Fp] = kT S[¢], with

Stel = [ 4% (500 + V() (29)

where V(¢) is an analytic function of ¢, and i = 1,--- , D. In the action Eq. (.9), %, as well
as the coefficients of V' in an expansion in powers of ¢, contain all microscopic details of
the system and can be thought of as phenomenological parameters that can, in principle,
be determined from, e.g. experimental or numerical data. In the simplest scenario, where
the only relevant symmetry is ¢ — —¢ one can truncate V' to the lowest nontrivial order,
that is,

r

Sle] = /de (g(ai80)2 + 597+ %9@4) (2:10)

where r ~ T —T, changes sign at the critical point. The inclusion of a spatially varying order
parameter is an improvement on the mean field treatment (corresponding to = 0) and
can be further improved by considering all possible field configurations in a path integral
formalism. One thus sets F = —In(Z), where

Z = /@cp exp(—S[¢]) . (2.11)

is the partition function of the system.
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From the partition function Z in Eq. one can now obtain the n-point functions which
provide information about e.g. the susceptibility and other observable quantities.

2.2 Renormalization Group

Renormalization group techniques combine the idea that the properties of a system depend
on the energy scale at which it is probed with the scale invariance and universality implied
by the divergence of the correlation length. Although the method has proven to be useful
in a variety of contexts [42], we will be mainly interested in its use in describing critical phe-
nomena and consequently our discussion of the method will go straight to this particular
aspect.

The basic idea of the renormalization group transformation is to perform an iterative evalu-
ation of the partition function Eq. where in each step one integrates out or decimates
certain degrees of freedom only, in such a way that at the end of the iteration process all
degrees of freedom have been considered. In a lattice system of spins, for example, this
could be adding the contributions of spins in a given block to define a new coarse grained
spin variable [43].

The form of decimation we will be interested in consists of integrating out high energy de-
grees of freedom and is closely related to the so called momentum-shell RG which we now
describe. Consider a system whose energy is a monotonic increasing function of momen-
tum p := |pl, e.g. a quadratic in momentum dispersion, then one can distinguish between
low and high energies by spliting momenta into "fast" and "slow" modes, i.e. A/b < p < A
or 0 < p < A/b, respectively, where b > 1 and A is the UV cutoff of the theory (for a lattice,
this would be the inverse lattice spacing). This induces a spliting of the field variables as
¢ = ¢t + ¢, where p* only contains fast/slow Fourier components.

The effective action S.g is now defined as
exp(~Sualp™]) = [ 2ot expl-Sle* + 97 (212)

and by rescaling the fields and couplings, one can rewrite the latter so that it takes the same
form of the bare action, thus producing a mapping in the set of couplings,

zi — &b, {x;}) . (213)

If the procedure is performed n times, the limit n — oo, corresponds to integrating out all
degrees of freedom, so that the field independent part so obtained would correspond to
the free energy density of the system. Considering the decimations by the factor b to be
made up of infinitesimal steps of size #¢, i.e. b ~ 1+ 6t for 6t < 1, one obtains from Eq.
a system of differential equations of the form

d
% = Bil{z(0}) (214)

and it is at this point that the divergence of the correlation length comes into play again.
Indeed, the procedure just described is nothing but a rescaling of the momentum scales of
the system, and close to the phase transition, the fact that there is a divergent length scale
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in the system leads to scale invariance. From this it follows that a stationary point of the
differential rescaling transformation Eq. (2.14), i.e. the so called beta functions, describes
the behaviour of the couplings at the phase transition.

For interacting field theories, however, obtaining an exact beta function is as complicated
as solving the full theory so that this procedure is often impossible to carry out, and one
must resort to approximations. Within perturbation theory, one thus identifies some control
parameter and the approximation takes the form of a series of Feynman diagrams in said
parameter.

Although it is beyond the scope of this work to describe in detail the methods devised for
this purpose, it is worth mentioning two common approximation methods whose results
often serve to compare the results obtained with the nonperturbative method that will be
described in Section The first one, the e-expansion, uses the fact that the scaling of
fields depends on the dimension of spacetime D in such a way that there is a dimension
D, such that for D > D, all couplings not present in the free theory get reduced with each
successive RG step, and thus become unimportant. Low order expansions in terms of the
difference ¢ := D, — D should thus provide trustworthy results close to ¢ ~ 0. Unfortu-
nately, the systems of interest to us are such that e = 1, so that high order expansions are
required to obtain sensible results and even then, the validity of the results in the limite — 1
cannot be ensured without further independent checks and/or complicated resummation
schemes. The second common method is applicable whenever there is a large number N of
some degrees of freedom of the theory (e.g. components of the order parameter or flavours
of fermions), in which case a similar expansion can be performed in powers of 1/N. This
method suffers from the same disadvantage as the e-expansion, namely that the systems of
interest to us usually lie in the range of N ~ 1, so that results obtained within a large IV ex-
pansion usually need to be complemented by other methods. Nevertheless, and as stated
above, both methods serve as a valuable guide to benchmark some of the results obtained
by nonperturbative methods where no obviously small control parameter is available and
we will make use of this observation in chapters[3land s}

2.21 Critical behaviour from RG fixed points

In the vicinity of a continuous phase transition, the free energy density, and consequently
several physical quantities of interest of the system, display scaling behaviour similar to that
of the correlation length ¢ in equation Eq. (2.8). The scaling properties of the different ob-
servables like susceptibilites and other correlators of the theory should thus be accessible
from information about the fixed point that describes said phase transition, as discussed
in the previous section. We now describe how to extract this information from knowledge
of the beta functions.

The set of beta functions for all the couplings of the theory are the prototypical example
of a dynamical system [44], for which there are extensive results and analogies that can not
only be carried over almost verbatim, but can also provide useful insights [45]. Of partic-
ular interest for us is the stability analysis, i.e. the description of properties close to the
stationary points of the flow.
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In the following, we rephrase the discussion in terms of the renormalization time ¢, which
is defined as

t:=1In (i) <0, (2415)

with A the UV cutoff of the theory. Denoting the full set of couplings by a vector as 7, a
stationary point is then just an element in coupling space z* such that

—

Ba) =0, (216)

and for analytic beta functions we can linearize the system of equations Eq. to study
deviations from this point. Denoting these as i := ¥ — #*, the linearized system takes the
form

y = My 21
7 v, (217)
where
0B;
M , 218
T O la=a (218)

is the stability matrix of the critical point. The solutions of equation Eq. (2.17) are given by
= exp(Mt)ijo , (219)

from where the following physical picture of the vicinity of the critical point in terms of
the spectrum of —M - denoted by o(—M) - emerges: all directions with positive eigenvalue
correspond to couplings that are driven away from their critical values when the scale is
changed, while those with negative eigenvalues correspond to couplings flowing towards
their critical values. Directions in the kernel of M correspond to couplings that freeze at
different values depending on the initial conditions. Couplings satisfying these conditions
will be called relevant, irrelevant and marginal, respectively. Since (M) is in general com-
plex, the previously introduced classification should be understood to apply to the real parts
of the eigenvalues.

A continuous phase transition can now be identified with a stable saddle point, i.e. a station-
ary point that has only one relevant direction. In this case, one can obtain the correlation
length exponent, v, from the scaling hypothesis and the assumption that close to criticality
¢ is the most important length scale. Concretely, if one denotes the momentum scale by %,
and if the parameter corresponding to the relevant direction is denoted by g, the singular
part of the free energy density scales as

Fuing(g(K)) ~ 71012 |g — g|(dF2 o JdF2)/00 (2.20)
where z is the dynamical exponent relating frequency and momentum as w ~ k%, and

01 := max{o(—M)}; (2.21)
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is the largest eigenvalug| of the stability matrix.

Away from the critical point and in the disordered phase where () = 0, the correlations
in the system will fall off as C(z) ~ e~1#I/¢, so the scaling behaviour exactly at criticality is
characterized by another exponent, namely the anomalous dimension of the order param-
eter. The anomalous dimension  measures the algebraic decay of the two point correlator
of the order parameter,

o—lal/e
G(x) := (p(x)p(0)) ~ T[T (2.22)

and, together with v, they provide all scaling exponents of response functions of the system
[39].

Saddle points with more than one relevant direction will be identified with a first order
transition or with a multicritical point joining three or more different phases. In the latter
case, and when the fixed point involves only two relevant directions, we say the multicritical
point is stable.

2.2.2 Functional Renormalization Group

The renormalization group transformation described in the previous section can be imple-
mented exactly in terms of a functional closely related to the generator of one particle
irreducible diagrams, T, also known as the effective action. This is particularly useful, since
n—point correlators depend solely on these diagrams. The effective action is obtained from
the generating functional by adding a source term J, as

exp(W[J]) := /9@ exp(—S[¢] +/J<p) , (2.23)

and then taking a Legendre transformation of this quantity, i.e.

I'[¢] := sup {/ Jé — W[J]} : (2.24)

J

To implement the renormalization group on the effective action we construct a new scale
dependent functional by introducing an infrared cutoff at the scale &, denoted by I'}"[¢], in
such a way that at any given scale &, only fluctuations with momenta ¢? > k2 are included in
I'/V. Inthelimitk — Oallfluctuations are included so thatI'}" = T"is the full effective action.
Atthe UV cutoff scale A no fluctuations are included and 'Y’ = S is the classical action. Such
a functional interpolating between the full (effective) and bare actions can be constructed
by following the same procedure used in contructing T, but with the replacement § — S +
AS}, where

D
ASufel = 3 [ Gme@R@el-a) . (2.25)

and Ry(q) is a regulator function that satisfies three properties:

"Note that we assumed, as is actually the case in spacetime dimension D > 2, that the space of non-irrelevant
couplings is of finite dimension so that for all fixed points, o(—M) is compact and can be ordered by ordering its
real parts.
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(i) limy_o Rx(q) = 0 for fixed q.
(ii) limp_ o Ri(q) = o0.
(iii) Rx(q) does not explicitly break any global symmetries in S.

With a regulator satisfying the above properties, the flow equation for I'}", usually referred
to as the Wetterich equation, is given by [42} [46]

Oy Ry,
KTV [®] =STr | ——— |, (2.26)
g ka(z) + Ry,

where

F
e _ EFW 9
& 60 * 50

(2.27)
is the functional Hessian and STr denotes the super trace, i.e. a trace that includes a nega-
tive sign for each fermionic component of the (column) vector of fields ®. The notation here
is merely used to distinguish the functional just defined from the effective action generating
the one particle irreducible diagrams I". From now on we will drop the superscript and refer

to this functional simply as the effective action.

For a given regulator Ry, properties of the flow are nonuniversal and scheme dependent
at intermediate scales, but the conditions imposed on R ensure that they approach the
scheme-independent and therefore physically relevant quantities of interest. For this rea-
son, one has a lot of freedom in choosing the regulators. In particular, given that Eq.
has a one loop structure, one can choose a regulator that simplifies the required loop in-
tegrals. A convenient choice in relativistic systems that we will often use is the linear opti-
mized Litim regulator [47]. For bosons, it takes the form

Ri(q) = Zu(k* — ¢*)O(K* — ¢%) (2.28)

where Z;, := k=7 is the "wavefunction normalization" including the anomalous dimension
n, and © is the Heaviside step function. For fermions a similar regulator can be defined by
including the spinor/band structure. These form of regulator has some convenient conver-
gence properties while allowing analytic evaluation of the loop integrals involved in com-

puting Eq. (2.26).

Truncations

The exact equation Eq. is usually impossible to solve for nontrivial models and ap-
proximation schemes have to be devised. These take the form of an infinite hierarchy of
integro-differential equations that can be truncated to a given order to make them a closed
system. The main approaches involve either a vertex or a derivative expansion, both of
which we will now briefly describe.

The vertex expansion consists of, as the name suggests, expanding both sides of Eq. in
powers of the involved fields and matching the resulting coefficients. This kind of approxi-
mation is particularly useful when extracting information about instabilities in condensed
matter systems, for it gives an unbiased way to probe the momentum dependence of, e.g.
competing order parameters.
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Derivative expansions are particularly useful when the momentum dependence of inter-
acting vertices is known beforehand and one is interested in long-wavelength physics, i.e.
where the order parameter fields can be expected to vary smoothly in spacetime. In this
case, an expansion in gradients of the order parameter fields is sensible. To implement this
approximation, an Ansatz for I" is made, which for an O(V)-symmetric theory takes the form

Iy = /de E%(P)(%%)Q + Uk(p) + iYk(P)(aup)z + - } : (2.29)

with p := ¢2/2. When one further sets Y = 0, and considers Z to be field independent
this approximation is known as the improved local potential approximation, or LPA It is
this approximation that we will use in the following chapters, where we further expand the
potential U(p) in a Taylor series around a running minimum, and truncate up to some power
of the field ¢.

Convergence and validity of results The FRG method does not rely on any parameter being
small (like e.g. e or 1/NV) and for any particular truncation there is, in principle, no clear cut
method to control the range of validity of the results obtained. For the particular truncations
described above, one way to check for the consistency of results is to include all symmetry
allowed couplings (in LPA’) or vertices (in the vertex expansion) up to a given power of the
fields, and neglect the flow of higher order terms.

In LPA’ the approximation of considering powers of the field up to order NV is aptly referred to
as LPA'N. The reliability of the obtained results can thus be measured by the convergence of
observable quantities when increasing the order of truncation. For this reason, in the next
chapters we will always include all allowed couplings up to some N (high but, of course,
finite) where it is already clear that the results for, e.g., critical exponents converge.

2.3 The case for Lorentz symmetry

As a first application of the formalism reviewed in Section we provide a simple and
fairly general argument for the emergence of Lorentz symmetry at criticality in certain phase
transitions of interacting Dirac systems. Specifically we will argue that, at the critical point,
the velocities of fermions and of bosons reach the same value and that the difference of
velocities is an irrelevant parameter in the system.

Our starting assumption is that the bare action possesses relativistic covariance in the sep-
arate bosonic and fermionic sectors. This assumption, in turn, consists of two separate
statements:

(i) All spatial directions are equivalent.

(ii) The (bare) dynamical exponent controlling the frequency momentum relation w ~ k3,
satisfies z = 1.

To proceed, we consider a system of gapless Dirac fermions that interact with an NV,-component
order parameter field . The final assumption will be that the interaction is such that a
nonvanishing expectation value for the order parameter corresponds to the opening of a
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fermionic mass gap, and such that it anticommutes with the kinetic terms of the fermions?]
Concretely, we consider the system described by the microscopic action

S = /dDIE {E(Z’yo@o + ivf"}/jaj)'l/) + iLE (’Yoﬁpa) ’l/)
1 m2, X
= 59a(0 + v30])ea + |8 + 1A+ | (2.30)

where repeated indices are summed over, j =1,--- ,d,a =d+1,--- ,d+ N, and the gamma
matrices appearing in Eq. (2.30) are a 4-dimensional representation of the euclidean Clifford
algebra, i.e.

v} =20, (2.31)

forall u,v € {0,1,--- ,d + N,}. The bosonic and fermionic velocities are represented by vy,
and v respectively, and A is the Yukawa coupling between bosons and fermions. The dots in
Eq. refer to either higher order terms in || (corresponding to self-interactions con-
sistent with O(N,) symmetry) or terms mixing different components of the bosonic fields
(corresponding to anisotropy terms explicitly breaking O(NV,) symmetry). The bosonic mass
m? serves as a tuning parameter to reach the transition and the quartic coupling )\ deter-
mines, as usual, the curvature at a minimum of the potential. We generalize the previous
bare action by considering N; flavours of fermions and the most general bosonic potential
analytic in ¢,. The corresponding LPA’ Ansatz for the efective action thus has the form

L3, 0, 0] = /dD33 {Zw,ka(i%ao + ivp kY 0;) W + hie ¥ (Yoo ) U

1 =
- §Z¢,k<pa(8§ + vp 407) o + Uk(‘P)} , (2.32)
where we defined ¥ = @\ 4. In the following, it will prove convenient to define the dimen-
sionful momentum vectors

a:=(90,q) , (2.333)
@ = (q0,vx k@)  forxe {f,b}, (2.33b)

In the previous equation we made explicit that vy, ¢ are running couplings, but from now on
we will omit the explicit k¥ dependence. As mentioned before, for each physical situation,
the choice of regulator should be such that it does not explicitly break the symmetries
under consideration in order to avoid artificial regulator-induced symmetry breaking. Using
the notation just introduced, and the Feynman slash notation v,v, =: ywe can take the
regulators to be of the form

2

Rap,k(q()aq) = Zc,a,kqartp (Zg) ’ (234)
q2

Ry k(q0,9) = Zy kd;ry (kf2> ; (2.35)

2A detailed discussion of the kind of physics described by such a system, for N; = 2,d = 2 and N, = 2,
is performed in chapter[3] The conditions required to define this model for general d, N; and Ny, can be found
in chapter [¢] where a detailed analysis of the transitions is performed for the case where all OPs involved have
rotational symmetry.
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where r,,,(-) are arbitrary "shape functions" such that the regulator satisfies the require-
ments stated in Section We could, for example, use the linear Litim regulator intro-
duced in Eq. (2.28), whose shape function is

v, = (; _ 1) o(l—1), (2.36a)

ry = (;5 _ 1> ol — 1) (2.36b)

However, in the following we avoid restricting to a particular regulator shape function, to
ensure our argument remains as general as possible, and only use this particular form to
make provide some estimates later on. The choice of the functional dependence of the
regulator on momenta ensures that we do not introduce any bias towards either bosonic or
fermionic degrees of freedom. We note, however, that this is not the only possible choice
and, in principle, a momentum-only regulator should allow one to obtain the same results
as we will present below, at least in the low energy limit k£ — 0.

The vector of fields in momentum space is given by

®(q)" = (8(q), ¥(q), ¥(—q)") | (2.37)

so the regulator matrix is represented as

Ry.1(9)0ap 0 0
Ry (Q) = 0 0 R¢7k (q) . (238)
0 _R?/;,k(_Q) 0

To formulate the beta functions applying the Wetterich equation, Eq.(2.26) to the LPA’ Ansatz,
Eq.(2.32), it is necessary to compute the dressed propagator. We thus split the Hessian of
I’ into field dependent and independent parts as I'\”) = AT +T'7), with I'{") the hessian
of 'y, at zero fermionic fields and at the minimum of the bosonic potential U,. The field
independent part of the dressed propagator then takes the form

B D(g) 0 0
Pl o) = (TR +R) a=| 0 0 —GT(-q)|"-0),  (239)
0 G(q) 0

where the N, x N, matrix D, and G, are the bosonic and fermionic propagators respectively.
Their entries are given by

02U
D~ = o(1 Nap + —F— 2.40
( (q))aﬁ 0.k 5 (1 +74(q5))dap + Dol min7 (2.40a)
G ) = Zy g, (1 +75(6F)) + MYaPomin - (2.40Db)

The p-functions of the velocities can now be obtained from the following projections

)
0z, = ;lgg) afqg@tfw(q) , (2.41)
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.0
O(Zpv7) = (E% Watrw(q) , (2.1b)
1. 7]
atZw = Tj\ff (}I—I)I(l) tr (")/anoatrww(q)) s (2.41C)
1. 7]
O (Zyv) = iNd ;g% tr <’yj %8tf¢¢(q)> . (2.1d)

In the previous equation we used the notation

5,5

Ol's, e, = Eﬁtrkr{)b ;
%
K O Ry, d
= — Tr | ————— — . .
5. <S r(AFff)JrP)) 5o, (2.42)

The anomalous dimension and the velocity anomalous dimension can now be defined as

N :=—0InZ,, 7N,:=0In ZW’U% , (2.43a)
Ny 1= —0; In Zw R 771/, =0 In Z¢UF R (243b)

from where we finally obtain the flow equations for the velocities

2
v _ v vp
Orvp = D} (N + 1) = <1 - <Ub> ) 271}5162@) ) (2.44a)
Byve = vt (ny +71p) = vely (vr, 003 8) (2.44b)

where g denotes all other (dimensionless) flowing couplings, and ¢; are dimensionless
threshold functions that, of course, depend explicitly on the regulator shape functions. The
one entering the bosonic velocity is given by

N 2 9 N 2
-2 Caia o (55) ) < (25)) | e

while the one entering the fermion velocity is given by

Bnnig) =2 [ 48 [ap/iya, (L2l (2 )

Py(pf)
. r 2 ! ,02—2
+tr(atD(p%))(1;wé%f)> ( ff —pﬁ)] : (2.46)

In both equations, the prime stands for the derivative with respect to the argument, since
all functions involved depend only on squares of momenta p2 and the scale derivative
d, is defined to act only on the regulators R, . Moreover, we introduced the notation
M7 = h?@Z,, for the (dimensionless) generated mass of the fermions and P, (y) = y(1 +
ry(y))? + M2, while vp is the geometric factor coming from integration over the d sphere,
vp = (T(D/2)2P+1xP/2)=1,

Remarkably, Eq. does not depend on the velocities at alP] The dependence on the

3Because of the dressed fermionic propagator, the equation does depend on 7, and 7}, but it does so linearly,
so the discussion that follows still holds.
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velocities is just the prefactor of Eq. (2.44a). From this it follows that the only zero of this
beta-function (for nonnegative v;) corresponds to equal velocities. The line in parameter
space v = v, would consist of fixed points of the RG flow equations if it is also a zero of
the beta function for v, that is, if A (ve = vp; g*) = 0, with all couplings at their fixed point
values g = g*.

That this is true follows, in turn, from the fact that for v = v, = ¢ we can perform the
following substitutions in Eq.(2.46) (by homogeneity of the arguments and the integration
region)

(2.47)

) (2.48)

which merely introduces an overall prefactor of ¢=¢ and evidently cancels the contributions
on both lines of Eq. . Therefore ¢, vanishes for v; = v, = ¢ and we can try to extract
the leading behaviour with respect to the velocities close to the line of fixed points in order
to perform a stability analysis of this line. In the vicinity of vy = v, = ¢, and by the same
homogeneity argument leading to Eq. (2.48), we obtain

~ o\ 2 (f) v\ 2 (b)
O1(vg, 03 8) = <(;f’> - 1) 6120(;) - ((U}i) - 1) 6127](;) : (2.49)

with the new threshold functions given by

0oy . 2hvp [* b oo (L)
W= 252 [Tau# lawwa (570 (2:502)
Aw@w=263D(fﬁyy?bmaD@»(l;ﬂf”)]- (2:50)

Before we continue, it is worth pointing out that these equations hold regardless of the form
of the flowing bosonic potential U,. The particular dependence of U, on & as well as the
number of components N, are "hidden" in the matrix propagator D. Moreover the simple
form of the beta functions of velocities, namely Egs. with the approximation Eq. (2.50),
depend solely on the assumed isotropic nature of the LPA Ansatz, i.e., of the fact that we
assume the velocities in all spatial directions to flow identically.

We now proceed with the stability analysis. Considering the flow of only this sector of the
theory while all other couplings are at their critical values, i.e. g = g*, the stability matrix
at a fixed point with v = v, = ¢ has the eigenvalues

A =0, (2.51a)
1 X * *
Yo =~ (V&) - (&) + La(e") - (251)

so the fixed point has no relevant directions coming from this sector if the sum of threshold
functions in Eq. (2.51b) is non-negative.

Without an explicit choice of r,, ,,, we cannot say much about the positivity of the different
¢;, but we can get an estimate for them if we approach the critical point from the disordered
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FIGURE 2.1: Flow of the velocities cf. Eqs. for ¢*) (g*) = 0.1, 2(g*) = 0.7

and (a) negative or (b) positive ng) in spatial dimension d = 2. The stream

lines point to the infrared, i.e. in both cases the line of fixed points v¢ = v,
is attractive when k£ — 0.

side. In that case we the minimum of the bosonic potential U(p) lies at py = 0, and the
function ¢, satisfies

Ne = l2(g") (2.52)

where 7, is the anomalous dimensions of the bosonic two-point correlator. The latter is
expected to be nonnegative in integer dimension and for any interacting field theory that
leads to a well defined underlying Hilbert space, i.e. where no negative norm states are
allowed (that this is not necessarily true for noninteger dimensions has been argued for in
48]). We can thus expect ¢, to be positive and of order unity 50]. To get an estimate
for the other two threshold functions we have no choice but to use a particular regulator
shape function. With the choice of (2.36), for example, we obtain

=06 (g"), (2.53a)
0=0"g"), (2.53b)

i.e. we can expect 69’) to be a small positive number. With these values of threshold func-
tions and different values for ¢.” (since its vanishing in Eq. (2.53b) seems to depend strongly
on our choice of regulator), the flow of the velocities is as depicted in FIG.

The physical significance of Egs. (2.44a) and (2.44b) is perhaps best understood by switching
to the variables

Ay = ﬂ;b : (2.54)

where it is clear that the difference A_ corresponds to an irrelevant direction and the sum
A, tothe marginal direction. This means that velocities will always flow to a common value.
Our results also indicate that the value of ¢, controlled by the flow of the sum A, is not
universal but freezes at some value that depends on the initial conditions v}, o and v¢ .
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The form of Eq. seems to indicate that there are no further fixed points with v¢ # vy,
in Dirac systems in any spacetime dimension. Note that chiral O(V,) universality classes for
N; > 1 are expected to satisfy the conditions leading to Eq. (2.52), namely, the fixed point
describing the transitions are well defined and can be found from an expansion starting in
the symmetric regime [49, |50]. We can thus expect the flow of the velocities close to the
quantum critical points of interest in this work to be as described here.

For Lorentz invariance to be reached in a particular simulation of the given phase transition
or in an experiment (where the system sizes are finite), the velocities would have to flow
to the common value at a faster pace than the leading correction to scaling exponent as
obtained from a Lorentz invariant analysis, #;. The rate at which the velocities approach
each other is given by the negative eigenvalue of the stability matrix, Eq.(2.51b), which we
denote by 6_. Since for universal critical behaviour we require only 6, to be positive, the
previous statement translates to 0 > 6, > 0_.

Note that without specifying a particular regulator shape function, it is not possible to tell
how fast the velocities approach their common terminal value ¢ = v = v,. Additionally,
since Eq. depends on the nonuniversal fixed point value ¢, it also depends on the
initial conditions on the velocities. With the choice leading to Eq. (2.53), however, we can
obtain an estimate for the chiral O(V,) transitions by assuming ¢ to be of the order of
ve o = 1. These estimates for N; = 2 can be found in Table

TABLE 2.1: Stability exponents: Numerical values for the largest two critical
exponents of chiral O(XV,) transitions and the exponent controlling the ap-
proach to Lorentz invariance 6_ for Ny = 2 and different N, in D =2+ 1 in
LPA12’'. N, = 25 corresponds to an XY model with cubic terms, i.e. the model
studied in Chapter In all cases except for the Chiral Ising model (V, = 1)
the leading corrections to scaling (shown in boldface) are larger than _.

Np 0, 02 0_

1 0.9819 -0.8723 -0.7916
2 0.8623 -0.8779 -0.9376
3 0.7717 -0.9239 -1.099
4 0.7333 =-1.017 -1.251

5 0.7374 -1132 -1.374
23 0.8623 -0.00497 -0.942

Finally, our generic argument can be compared to results from an e-expansion, where the
approach to Lorentz invariance was studied for O(2) order parameters without charge [51].
There it was found that in the absence of fluctuating gauge fields, the bosonic and fermionic
velocities indeed approach a common terminal velocity ¢ whose value lies between the ini-
tial values of v¢/,. We further stress the key role played by the assumed isotropy of the
velocities in obtaining our results, since there is evidence that there is no common veloc-
ity if e.g. anisotropic gauge fields are taken into account [52]. We moreover note that the
results derived here stand in stark contrast to quantum phase transitions in two spatial di-
mensions involving gapless fermions with a Fermi surface, in which both assumptions are
invalid [53,[54]. In such a system, directions parallel and perpendicular to the Fermi surface
have different momentum dependence and z > 1.
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Chapter 3

Emergent length scales from
discrete symmetry breaking:
the Kekulé Valence Bond Solid

The quantum phase transition from a Dirac semimetal to a Z3-ordered Kekulé Valence Bond
Solid (KVBS) in two spatial dimensions is discussed in this chapter. This is an example of
a fermion-induced quantum critical point, in which the presence of the gapless fermions
becomes crucial to observe universal critical behaviour in what would otherwise be a dis-
continuous transition. In terms of symmetry breaking, the phase transition corresponds
to a crystalline system going from having a Cs to a C3 point symmetry. As such, this phe-
nomenon is relevant for e.g. graphene, as its honeycomb layer structure allows both the
presence of gapless fermions as well as the particular symmetry breaking patterns of in-
terest. The dimerized pattern that results in a KVBS state has been recently observed in
graphene grown on a copper substrate in [13].

As will be discussed in more detail below, the low energy efffective theory of this transition
corresponds partially to that of a breaking of chiral symmetry for Dirac fermions and accord-
ingly, there have been considerable theoretical efforts to understand such a phenomenon,
even in the context of condensed matter [3,7-9]. However, given the particular nature of
a lattice system setting, there are two important aspects which are rather unique to it: The
first one is the fact that starting from a miscroscopic model possessing only Zs symme-
try, the phase transition is characterised by an emergent U(1) symmetry at criticality. The
second is that, unlike the usual picture of second order phase transitions where only the
correlation length ¢ diverges, the symmetry broken regime has a second diverging length
scale ¢’ induced by the discreteness of the nontrivial leftover symmetry in the symmetry-
broken regime. We discuss both of these aspects in more detail below. Our results include a
detailed examination of the emergence of the second length scale, improved estimates for
the value of corresponding critical exponent v/, as well as general characterization of the
symmetric and symmetry-broken phases of Dirac fermions in spatial dimensions 1 < d < 3
and for general numbers of fermions.

The outline of this chapter is as follows: We introduce the dimerization pattern and discuss
its symmetry properties in Sec.[3.1} This includes a discussion of the systematics of fermion-
induced QCPs and some of the recent findings and evidence which support this scenario,
which justifies the introduction of the Gross-Neveu-Yukawa theory of interest to describe
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the quantum phase transition of gapless Dirac fermions towards a Kekulé valence bond
solid (VBS) in Sec.[3:1.3} In this model the Kekulé VBS transition is captured by a complex-
valued and Zs-symmetric order parameter field which is coupled to the fermions. In Sec.[3.3
we discuss our results for the renormalization group flows in the vicinity of the FIQCP. In
particular, we describe the flow of the system from the symmetric into the symmetry-broken
regime which is subject to the influence of various fixed-points. Technical details on the flow
equations are given in Appendix Al

Disclaimer The contents of this chapter have been published in [55] and some parts of the
text and figures here are identical to that manuscript. Changes with respect to the published
manuscript include the addition of Sec.[3.1.1} the substantial modification of the discussion
of Fermion-Induced Quantum Critical Points in Sec. and several minor changes in other
sections, where detailed explanations have been added or expanded for improved read-
ability.

31 Kekule Valence Bond Solid on the honeycomb lattice

3141 Kekulé dimerization and related symmetries

To describe what a Kekulé dimerization pattern is, we start with the simplest tight binding
model describing the motion of spinless fermions on the honeycomb lattice [56], which
takes the form of the second quantized hamiltonian

o=ty (a(ﬁ)w(ﬁ + &)+ h.c.) : (31)
R

where the operator a(R) (¢(R)) annihilates an electron at position £ of the triangular sub-
lattice A (B), €; are the position vectors of the nearest neighbours, and the hopping param-
eter ¢ satisfies t > 0 [57]. This hamiltonian can be diagonalized in fourier space to yield the
single particle energy dispersion

e(k) = +t : (3.2)

3
Z exp(ik - €;)
i=1

with & in the first Brillouin zone. The two inequivalent points in the Brillouin zone at which
the dispersion vanishes, denoted by K and K’ = —K, provide the main contribution to low
energy excitations above the ground state. We thus retain only Fourier modes close to these
points, i.e. |k + K|a = |fla < 1 with a the lattice constant, and define the spinor

DT = (WK + ), 0(K + @), 0(—-K + @), a(~K + ), (33)

with (q), 9(q) the corresponding annihilation operators in the momentum representation.
In terms of these, the Hamiltonian takes the form

Ho= > %@ h@)(), (3.4)

|qla<1
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with
h(q) = vid - ¢, (3.5)

fora = 0, ® &, and vs = 3ta/2. The advantage of this representation for the spinors ¢ is
that they can be clearly seen to be composed of two Dirac cones with opposite "chiralities"
given by eigenvalues of the operator o, ® 1,. Of the many different kinds of interactions
that can open a gap in the spectrum [58-64], we will be concerned with those that break
this chiral symmetry.

The simplest terms connecting the two Dirac points [13, 65-69] take the form of anticom-
muting mass terms for the spinors. Concretely, adding to i(q) a term of the form

6h = dras + doas , (3.6)

where ¢/, € R, a3 := 0; ® 1 and a5 := 02 ® 1, corresponds to opening a 2\/¢% + o2 gap
in the one particle spectrum and clearly {d, ag/5} = 0.

The complex quantity ¢(R) := ¢, (R) +idy(R) is a Kekulé texture. Whenever ¢(R) is nonzero
we will say that the system is Kekulé ordered or that the system is in a Kekulé Valence Bond
(KVB) phase. The microscopic effect of the added term can be seen by going back to the
real-space representation, where ¢ corresponds to a modulation of the hopping parameter
with a wavevector connecting the K and K’ Dirac points, i.e. t — ¢ + 6¢(R, j), with

St(R,5) = p(R)eK el E=K)-R 3 4 cc. 37)

which means ¢ induces a dimerization pattern in the honeycomb lattice and thus doubles
the size of the unit cell or, in other terms, turns the Cs symmetry of the original lattice into
a smaller C3 symmetry. This is depicted in FIG.[31}

We used the linearization of the hopping hamiltonian, Eq. (3.5), to introduce the Kekulé or-
der parameter but the latter can be considered without discussing the former and both
descriptions should, of course, be consistent. Because of the lattice origin of the Kekulé
ordering as a modulated hopping amplitude, it is important to ensure that all other sym-
metries of the microscopic hamiltonian in Eq. are preserved when we add interactions
to the continuum limit of the linearized version Eq. (38.5). In this sense, the most relevant
symmetry with respect to the Kekulé order is time reversal (TRS) symmetry, which basically
amounts to demand that the modulation induced by ¢ is real. TRS is implemented in the
linearized hamiltonian Eq. by the transformation ¢ — T.# ¢ where .%# is complex con-
jugation and T is a matrix exchanging K and K’ but leaving the sublattices invariant. In our
representation, this matrix is given by

T = Op ® Oy 5 (38)

which, combined with the interpretation of ¢ as an order parameter, leads to the following
transformation rule under TRS

$1(R) = (41 (R)azd(R)) — +61(R) (3.9)

¢2(R) = (41 (R)asd(R)) — —¢a(R) . (310)
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FIGURE 3.1: Honeycomb lattice and Kekulé dimerization. (a) Sublattices A and

B are represented by the open and filled circles. (b) One of the three possi-

ble dimerization patterns of the Kekulé VBS state, where thick red lines mark

stronger bonds and thinner gray lines mark weaker bonds. (c) Brillouin zone

of the honeycomb lattice with the Dirac points K, K’ where the Kekulé pat-
tern opens a mass gap.

31.2 Fermion-induced quantum critical points

The Kekulé ordering can be any of three different but equivalent patterns observed in FIG.[3]
Thus, ¢ is a complex-valued order parameter whose physics is invariant under rotations of
27/3 on the complex plane. Within the Landau-Ginzburg-Wilson approach and to study the
onset of this order, one would define a free energy functional F[¢] possessing a discrete Z;
symmetry, i.e. F[¢] should include terms proportional to ¢*. A mean-field Landau-Ginzburg
approach then suggests that the minimum of F[¢] discontinuously jumps from ¢ = 0 to
¢ # 0 when the system is tuned through the transition, see FIG.[3.2} This simple assess-
ment, however, underestimates the impact of fluctuations which can become essential for
an appropriate description of a system, when the dimensionality is decreased or when ad-
ditional degrees of freedom are relevant. In fact, even beyond this mean field picture (as
will be discussed below in Sec.[3.2.3]and in particular FIG.3.3), a description in terms of a Z3
order parameter field alone appears to be inadequate for the Kekulé VBS transition in Dirac
systems at zero temperature, as the fluctuations of the gapless Dirac fermions can strongly
affect the nature of the phase transition.

For instance, it is known that the critical behaviour of O(N)-symmetric order parameters
gets strongly modified by the inclusion of gapless fermion fluctuations and define the chi-
ral universality classes [70H74]. That massless degrees of freedom affect the physics of this
particular problem has already been hinted at in Refs. [1417, [75], where evidence that the
expected discontinuous Kekulé transition is rendered continuous in 2+1 dimensions is pre-
sented.
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Flolgl=m°¢°+g¢™+Ae"

FLel®]

........

FIGURE 3.2: Landau-Ginzburg free energy for nonzero cubic terms g # 0.
Across the transition, the minimum of F'[¢] jumps from its value at the origin
Fl¢ = 0] = 0, to a nonzero value F[¢ = ¢min] # 0.

From a RG point of view, the fact that the phase transition changes from being discontinu-
ous to continuous can be understood by considering the scaling dimensions of the coupling
constant g corresponding to the cubic order-parameter term, i.e. g¢>. At the GauRian, non-
interacting fixed point, its presence suggests a second RG relevant direction with sizable
power-counting dimension [g] = 3 — D/2 where the spacetime dimension is D. At a non-
trivial interacting fixed point, fluctuation corrections modify the RG scaling of all couplings
as compared to the scaling suggested by dimensional analysis [76| 77]. Whether the phase
transition is first order or continuous then depends on whether the direction correspond-
ing to the cubic coupling remains relevant or becomes irrelevant at the fixed point that
describes this transition. This means when the fluctuations from the gapless Dirac fermions
are strong enough to render the canonically relevant direction from the cubic coupling irrel-
evant, a continuous transition is induced. In this case, only one relevant direction remains,
i.e. a single tuning parameter is sufficient to drive the system to the non-trivial fixed point

and universal critical behavior can be observed [16].

341.3 Effective model for the Kekulé transition

In the previous section, it was established that a description of the KVBS transition requires
considering the fluctuations of the gapless fermionic degrees of freedom. We now consider
the continuum limit of the previously described theory and rephrase the main ingredients
of the low energy effective theory in the path integral formalism. As a generalization we
consider N; pairs of independent Dirac points, to account for e.g. spin (N; = 2), so the

euclidean Lagrangian corresponding to Eq. (3.5) takes the form (in units where v = 1),

Nt
W (—i (311)

where we defined ¢, := 1% for 4° := ¢, ® 1, and 4* := +°a;. Considering the Kekulé
order parameter as a dynamical bosonic field, its coupling to the fermions corresponds to
the Yukawa coupling

Ny
Zy=h Z@u (017 + 627°) Yo (312)
v=1
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with %/% := 4%3 5. Note that in the Lagrangian for the fermions and the Yukawa interac-
tion alone, cf. Egs. (3.11) and (312), the chiral symmetry is the same as the U(1) symmetry
generated by 35 1= —iy34°:

- e/ e (313)

This symmetry is, however, reduced by the transformation properties of ¢ under rotations
of 27r/3. Since any of the three dimerization patterns of FIG.[3.1 represents the same phase
transition, the effective theory should be invariant under these rotations. For later conve-
nience, we define ¢ = M\/%"’?, so the dynamics of the order parameter are thus described
by a lagrangian

Ly = —10¢]* +V(9,0") , (312)

in which the potential V' (¢, ¢*) contains all bosonic self-interaction terms allowed by Z;
symmetry. Since this includes all U(1) symmetric terms, this means that V depends (only)
on the rotationally invariant quantity p := ¢*¢ o ¢2 + ¢3, as well as a Zs-invariant quantity
7’. In principle, this means that we have two choices for 7':

¢ + 0" = ¢} — 30193, (315)
or i(¢* —¢") = d3 — 3201 . (316)
but due to Eq. terms of odd degree in ¢, alone are not time reversal symmetric, and

should not enter the effective theory. This leads us to conclude that the most general po-
tential describing the transition is a real function of the two invariants

2 2
p(6,07) = 9= AT (317)
/ %\ . 3 *3_¢?_3¢1¢%

that is V(¢,¢*) = U(p,7’). The full low-energy effective theory for the transition is thus
given by the Gross Neveu Yukawa theory with lagrangian [3,67]

L=%+L+ L. (318)

3.2 FRG analysis of the symmetry broken regime

3.21 Truncation

Our FRG analysis of the KVBS transition is based on an ansatz for the effective average ac-
tion Ty, inspired by the original form of the microscopic lagrangian, Eq. (3.18). Denoting
dimensionful quantitites by a bar, we have explicitly

Ty = /dDa;[Zw’k@(—i'y’*@u)\Il + hp U (@17° + @27°)

1
- §Z¢,k(‘1>132‘1>1 + 207 ®2) + Ur(p, ?')} , (319)
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where Z, ,, and Z; . are the running wavefunction renormalization constants, p, 7’ are the
bosonic field invariants defined in Eq. and (3.20), and hy, is the running Yukawa cou-
pling. To simplify notation, we defined ¥ := ¢,¥,, so that our gamma matrices are now
of size N¢d,, with d, the dimension of the chosen representation of the Clifford algebra of
R2*! (namely d, = 4). The potential Uy (p,7') is defined as I'y[®, ®*] =: QUy(p,7'), where
the fields ®, ®*, ¥ are held constant and where Q is the volume of the system.

In the symmetry-broken regime, the potential V(®, ®*) exhibits three equivalent minima
and the physics is generally determined by the global minimum of the potential and its
surrounding. Consequently, we use an expansion around one of these three minima in the
following. Additionally, to simplify some of the resulting expressions, we introduce another
time reversal symmetric Zs-invariant quantity, which is a combination of p and 7'

7i=7 +2p°2 . (3.20)

With this definition, we find that 7 = 0 when evaluated at a minimum of V(®, ®*). We note
that the whole procedure could also be carried out in terms of monomials of the original
fields,so that there are no introduced nonanalytic terms by using this new invariant.

3.2.2 Flow equations

The different threshold functions I:), m.: can be all evaluated explicitly and are presented
in App.[AJ]

Mass terms and bosonic potential

To discuss fixed point properties, it is necessary to switch to dimensionless variables, de-
noted without the bar, and defined as

LD—2 kS(D—Q)/2
pi= p, and 71:= T (3.21)
Zg.k zy)/

for the bosonic invariants and

h*: 2

R (3.22)
K-PZ1 73,

for the Yukawa coupling.

Moreover, to study the FIQCP from both sides of the transition we now expand the dimen-
sionless potential u := k~PU,, around p = 7 = 0 for the symmetric phase and around one
of its running minima, «, j, := pf}c“ # 0 for the symmetry broken regime. Here, 5 € {1,2,3}
enumerates the three equivalent minima of the potential. We use the freedom in choosing
any of the three minima by choosing one in which 7 vanishes, which is equivalent to the
choice ¢Pin = —/2p, " = 0.

The expansion of the potential in the symmetric regime then reads explicitly

Nmax

)\mn' M
unlpyr) = 3 RO (3.23)

m-+n=1
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8m+nuk
A 2
k- 8pm 97 | s’ (3.24)
while in the symmetry-broken regime, the expansion is given by
Nmax
m n; k m_n
ur(p,7) = Roawt+ Y (0 —hpr) T (3.25)
m+n=2
where
a7n+71uk
Apon; _— .26
ke apmé)T” pP=Kp,T= 0 (3 )
ou
0="~ , (3.27)
P lp=k,,7=0

and N,,.. denotes the order of the truncation.

The flow equations are functions of the second and third derivatives of the bosonic poten-
tial. Of particular importance is the Hessian of the potential, for its eigenvalues define the
longitudinal and transversal masses. We denote the derivatives with respect to the compo—
nents of ¢ with a subindex and the derivatives with respect to the invariants Egs. (3.17) and
by a superindex, i.e. u;; = M a¢ and analogously for u;;; and u("") = g”,f; L With
these conventions, the general expression for the masses in terms of the invariants p and 7

is
O gﬁu(o,n FCRO S (Qu(0,2> + 3u(171)) n
2
l( (20) _ fu(o 1)) 437 (200D 4+ 3(r = 22U 4 29y ) 420
97 97
+ —(uOV)?2 4 — ((3 60>/ + 7)ul®? + 10pu(1’1)) u(OD
oD+ 2 (3000 47

1/2
+2p (9\//37(1L(0’2))2 + 67uM Dy 02 4 4p(u(1’1))2>>} . (3.28)

which simplify substantially when evaluated at the minimum of our choice to

m%,min =2K,M2p0 , (3.29)
m%",min = 9\/@/\0,1 . (3-30)

From Egs. (3.29) and (3.30), it can be seen that there are no Goldstone modes in the system
for any nontr|V|al dependence of uw on 7, which is to be expected given that only a discrete
symmetry is broken. In other terms, the masses m?2,m2 are always different and nonzero
except exactly at the phase transition. The appearance of a nonzero transversal mass is
the reason behind the emergence of a second length scale in the symmetry-broken regime.
Note, moreover, that this phenomenon can only be seen when «, # 0 and, in particular, ob-
serving its effect depends crucially on the fact that we can follow the evolution of the system
for arbitrarily large values of «,, which is not a feasible task in a perturbative approach. In
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terms of these masses, the flow equation for u is given by

1
Opu = —Du + i(D —241ng) (2pu(1’0) + 37’u(0’1)) +2(Ig(m3) + lp(m7))

— 2N¢do Lp(wy), (3.31)

where wy, = 2h?p, and the anomalous dimension 7, will be defined below. Flow equations
for the individual bosonic couplings A\/A are obtained by acting with 9, on both sides of
Egs. (3.26) and (3.27). Further terms appearing in the flow equations below are given by the
expressions

1 = 2pu® 440 (3.32)
u2 =uz =0, (3.33)
22 = 9/pu @V 4 ulH0) (3.34)
Ui = —/2p (3U(2’0) + QPU(g’O)) ) (3.35)
Ur12 = Uil = U211 = U222 =0, (3.36)
U221 = U212 = U122 = wiE 18put;§) : 2\/EU(270) ' (3.37)

Yukawa Coupling

To obtain a projection for the Yukawa coupling, we expand the fields as a sum of their ex-
pectation value plus a fluctuating part, i.e. ®; = &1 + APy, Do = Ad,. We choose the
following projection for the Yukawa coupling,

O [”5 5 (sqf;@) i Mf(q)} | (338
leading to the flow equation
Och? =(D — 4 + 1y + 2)h? — 8h* (lfle - zﬁRl) — 164/2k,h gl 2 (3.39)
Anomalous dimensions
The anomalous dimensions, are defined as
Mg =—0eInZyy, 1y =—-0InZyy, (3.40)

and to compute them, we evaluate the Wetterich equation for momentum dependent fields
and take the derivatives with respect to momenta of the two point function. We project
onto the transversal mode to obtain the low energy contributions (this would correspond
to the Goldstone modes in a continuous symmetry-breaking scenario). Explicitly,

5
Zok = g / 5A<I>2 ) 0A®,(q)

b
Z .
vk Nd D h‘apu/a\p k5\I’(q)] ’ (342)

Iy (3.41)
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FIGURE 3.3: Stability exponent ¢, for the U(1) symmetric non-GauBian fixed
point of the Z; GNY model. In the purely bosonic limit, this corresponds to
the O(2)-symmetric Wilson-Fisher FP. We show different small numbers of
fermion flavors Ny as function of the dimension. From top to bottom, we

show Ny € {0, 1, 3,2,1,2}. As soon as fermions are added, this FP becomes

stable below some critical dimension. The results have been calculated in
LPAS’.
from which one gets the flow equations
8v
Ty szhQ (mﬁ% Rt mﬁ%Rz) , (3.43)
4ov
Mg :TD [mfRz (u222, u221) + mle (u211, u21) + 2m€322)R1R2 (u221, U211, U202) (3.44)

+ 2Ngdy h® (mf (wy) + 2h%Kymy (wy)) } ;

where vp = (2P+17P/21(D/2))~! is a geometric factor coming from the loop integrations.
For a given truncation of the potential including powers of the field up to Ny, EGs. (3.31)
to (3.44) form a closed set of coupled differential equations, cf. Ref. [16].

3.2.3 Fixed point analysis

The FRG approach as set up in the previous section allows us to study the fixed-point prop-
erties of the system, as well as the RG flows in the symmetric and the symmetry-broken
regime. In this section, we first extend previous investigations of the FIQCP by including
spacetime dimensions 1+1 < D < 2+1 which are accessible with the FRG [78H83]. Then, we
present how the system flows from the Dirac semimetal regime to the ordered phase and we
explain the different regimes of this flow in terms of the characteristic fixed point structure.
Finally, we give estimates for the scaling exponent of the second length scale that emerges
in the ordered phase.

Fermion-induced QCP below D =2 + 1

The existence of the FIQCP above a critical N¢. ~ 1.9 in D = 2 + 1 was established in the
work [16], where the FRG analysis of fixed points in the symmetric regime was carried out.
there it was found that the FIQCP is characterized by an emergent U(1) symmetry where
all couplings that break the U(1) down to Z3 vanish at the fixed point. Therefore, the FIQCP
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coordinates and, more importantly, a subset of the critical exponents coincide with the ones
from the chiral XY model which also exhibits a global O(2) = U(1). An analysis of the fixed
points for lower dimensions is the goal of this section.

Here, we show that this is also true for lower dimensions, cf. also Ref. [14]. We find that for
any given non-zero number of Dirac fermions Ny, there is a critical dimension below which
an O(2) symmetric Gross-Neveu-Yukawa fixed point becomes stable so that a second order
transition is induced realizing the FIQCP scenario. This can be seen in FIG.[3.3} where we
plot the second largest critical exponent 6, of the O(2)-symmetric fixed point for different
dimensions and N;. If 05 < 0, the fixed point is stable and describes a second order phase
transition. We see how 6, of the O(2)-symmetric FP changes from the case without fermions
Ny = 0to the one with fermions and that it drops below zero at a critical dimensions D, > 2
assoon as Ny # 0. This critical dimension continuously connects to the value that was found
before [16].

Interestingly, there is potentially another fixed point that can yield a second order transition
for dimensions close to D = 2: in the system without fermions, this fixed point corresponds
to the phase transition of the three-state Potts model [84-86], and disappears above a cer-
tain critical dimension in the vicinity of D = 3, see Sec.@ We find, however, that as soon
as the fermions are included, this Pott’s fixed point always becomes unstable, so that the
O(2)-symmetric FIQCP is the only possibility to obtain a second order transition. The reason
for the destabilization of the Potts fixed point upon inclusion of fermions is that, even for
small N¢, we introduce another RG direction represented by the Yukawa coupling h. At the
Potts fixed point, the Yukawa coupling is h* = 0, and below D = 4, this always introduces a
relevant direction to the Potts fixed point making it unstable.

3.3 Flow from Dirac semimetal to Kekulé order

Turning back to the physical case of D = 2+ 1, we now study the renormalization group flow
of the model, which exhibits a rich structure. In the phase diagram of the considered Gross-
Neveu-Yukawa model, the FIQCP separates the symmetric or Dirac-semimetal (DSM) from the
symmetry-broken regime. To see the scaling behavior as induced by the FIQCP, a fine-tuning
of the RG-relevant parameter is required. Eventually, in the deep infrared, when almost all
momentum-modes have been integrated out, the system ends up either in the DSM phase
or in the symmetry-broken phase. To understand the semimetal-to-Kekulé-VBS transition
in terms of the renormalization group flow, we have to consider the fixed point structure
beyond the FIQCP. Generally, the renormalization group flow to the symmetry-broken phase
in the vicinity of the fermion-induced QCP proceeds as follows [14]:

(1) At microscopic scales, the RG flow of the system is initialized in the symmetric regime
and a fine-tuning of the mass parameter m? has to be performed to drive the system close
to the FIQCP.

(2) The system still remains in the symmetric regime on intermediate scales where it ap-
proaches the FIQCP which then dominates the scaling behavior. In this regime the cubic
coupling, A\p1 =: g, is attracted to its fixed-point value g* = 0 and therefore becomes small.
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FIGURE 3.4: Schematic flow of the cubic coupling as a function of a tuning

parameter m?. m? > 0 indicates the system is in the symmetric regime and

m? < 0 that it is in the symmetry broken regime. Vertical dotted lines are
m? = +o0. We show four trajectories for identical initial g and different val-
ues of m?.

(3) After some RG-time close to the FIQCP, the flow departs from it and goes towards the
fixed point that characterizes the symmetry-broken phase of the O(2) model - the Nambu-
Goldstone (NG) fixed point. We note that due to the small but finite cubic coupling, the
transversal mode already acquires a small mass.

() Finally, as the cubic coupling is relevant at the NG fixed point and g # 0 the flow will be
driven away from the NG fixed point and the mass of the pseudo-Goldstone mode becomes
more pronounced which is related to the appearance of the second length scale ¢’.

When the initial system is not fine-tuned, the flow will stay in the symmetric regime, domi-
nated by a fixed point that we call DSM fixed pointin the following. This behavior is schemat-
ically shown in FIG.[38.4] In the following, we describe the different fixed point regimes char-
acterizing the symmetric and ordered phase in detail. Furthermore, we show representative
RG flow trajectories of the quartic coupling in FIG. running through all the described
regimes explicitly. Thereby the different fixed point regimes are revealed as plateaus where
the flow of the quartic coupling hardly changes. However, if there is a relevant direction,
the flow is eventually driven away from the corresponding fixed point value.

Dirac semimetal regime.

When the system is in the DSM phase it is eventually dominated by the symmetric DSM fixed
point which can be analytically found in the symmetric FRG flow equations upon taking the
limit A1 o =: m? — oo. In this limit, we obtain the following 3 functions for e.g. the Yukawa
coupling (h?), the cubic (g) and the quartic scalar coupling (A := Xz )

3D — 4
_ 12 o 2
Bz =h (D 4+ 2cp Nih D] 2)) , (3.45)
_9(H_ g2 3D —4
By = 5 (D 6 + 6¢p Nih NGEIA (3.46)
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_ dcpNeh? (5 4—3D
Br=AMD—4) = =5 <8h + A(D_2)> ; (3.47)

where ¢p = d,vp. These admit a nontrivial fixed-point solution

D (4-D)(D -2)

hZ,* _ L8

DSM T 90 Ny (3D —4) (3.48)

9psm =0, (3.49)
8D (4 — D)(D —2)2

( )( ) _ (3.50)

Absu =
DSM ™ ¢pN: (3D —4)2

We note that these 3 functions are not restricted to a finite expansion in the LPA’, but are
valid to any order, i.e. in particular for LPAn’ with n — co. In fact, one can characterise
the Dirac semimetallic phase by precisely these fixed point values and moreover, the values
of the couplings at the DSM fixed point depend only on the dimension D and the fermion
number N;. As we mentioned before, they are independent of the order of truncation within
the LPA” and the fixed point solution can be generalized to arbitrary \, ;.

_ — r |
)‘:ESM:<(4 D)(2 D)D) 4cp Nyr! 5e0 ) (3.51)

coN:(3D—4) ) D(2r — D)

forall s € Ny, 7 > 2. Further,the anomalous dimensions for the order parameter fluctuations
and the Dirac fermions characterizing the DSM are

ng=4-D, (3.52)
ny =0. (3.53)

An evaluation of the stability matrix at the DSM fixed point gives three leading eigenvalues
Oipsm =D —3, 0Oapsm =03psm =D —4. (3.54)

Therefore, disregarding the flow of the mass term ~ m?, there is no relevant direction at
the DSM fixed point as 6; < 0. Only the direction corresponding to the cubic coupling turns
out to be marginal. This implies that, while all other couplings flow to their respective DSM-
fixed-point values, the cubic coupling freezes at different infrared values, depending on the
initial conditions.

Symmetry-broken regime

After departing from the FIQCP in the symmetry-broken regime, the RG flow exhibits a win-
dow of scales where the couplings are dominated by the fermionic generalization of the
Nambu-Goldstone fixed point, which is well-known from the purely bosonic O(~N) models.
Therefore, it is characterized by the vanishing of all the U(1) breaking couplings A; ; = 0
for j > 0 and h? = 0. Furthermore, we can define it formally in terms of the limit s, — oo,
which allows us to simplify the 3 functions in the symmetry-broken regime. The lowest
order couplings have the g8 functions

+ (D — 4)) , (3.55)
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FIGURE 3.5: Flow of the quartic coupling into the different regimes: (1) for g = 0
the flow generically starts in the symmetric regime in the ultraviolet and can
be fine-tuned to approach the FIQCP. Later, it may enter the SSB regime (as
indicated by the change of color from blue to red) and flows to the NG fixed
point, where it remains (light red line). (2) For small g # 0 the flow trajectory
is almost identical during the entire flow. Only in the deep IR it departs from
the NG fixed point due to the dangerously irrelevant direction corresponding
to the cubic operator. (3) There can also be flows which remain completely in
the symmetric regime and no symmetry breaking occurs. In this case the flow
approaches the DSM fixed point in the deep IR as indicated by the light blue
line. In the insets, we schematically show the shape of the effective potential
in the different regimes.

24UDA270

Baso = (2D —6)A3 o + D

(Az0—A3p) - (3.56)
These § functions admit a non-trivial fixed point solution for the scalar couplings, which we
refer to as the Nambu-Goldstone (NG) fixed point, reading

D(4—-D D \?(4—-D)3
agNe = PU=D) ),Ag“éGs( )( ) (357)

8’UD 8UD 6—D '

Just as in the case of the DSM fixed points, the 3 functions Eq. (3.56), and therefore the fixed
point values of the couplings, Eq. (3.57), are independent of the order of the truncation and
are valid for any LPAn'. This can be traced back to the fact that for 22 — 0 and s, — oo, the
B functions for any given coupling of order » depend only on the couplings of degrees less
than r, i.e. there is some function depending on r, f,, such that

Ba.o = fr{Aj0}), <. (3.58)

Moreover, it can be seen that the NG fixed point solution is independent of N;. The Yukawa
coupling and the U(1) breaking coupling are both relevant directions at the NG fixed point.
Without them, i.e. in case of the O(2) model, the NG fixed point is fully attractive and com-
pletely dominates the infrared behavior of the model in the symmetry-broken phase. The
evaluation of the full stability matrix at the NG fixed point, taking into account perturba-
tions in the direction induced by 42 and U(1)-breaking couplings A;“ = 0 for j > 0, shows
that the cubic coupling not only is relevant at the NG fixed point, but it is the most relevant
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FIGURE 3.6: Flow of the dimensionful masses m? ., cf. Egs. and (3.30),
in the symmetry broken regime. The red and blue curves correspond to
the masses of one of the trajectories that escape the NG fixed point (i.e.,
when g # 0) and the black dashed curve corresponds to the flow of the
purely U(1) symmetric system with otherwise identical initial conditions. At
the beginning of the flow all masses are identical and they eventually split
when approaching the IR. In the IR both masses flow to non-zero values
m3 (k = 0) # 0, m%(k = 0) # 0.

couplingin D =3, as

——  [Mna=4-D, [k))na =2—-D. (3.59)

3.31 Second correlation length exponent

Having established the global RG flow of the model, we turn again to its implication for criti-
cal properties. The fact that the cubic coupling changes from being irrelevant at the FIQCP to
relevant at the NG fixed point implies that eventually, in the deep infrared, the flow is driven
away from the NG fixed point when the cubic coupling does not exactly vanish. This means
that g will start to grow. As a result the transversal mass, which is zero for g = 0, also in-
creases and thus provides a second mass scale besides the longitudinal mass (cf. Eq. (3.29)).
We show the evolution of the dimensionful longitudinal and transversal masses in FIG.[3.6]

The two length scales ¢ and £’ can de defined from the values of & for which the flow departs
from the FIQCP and the NG fixed point, respectively [87]. For & > k., the longitudinal and
transversal mass are identical and both flow to zero at the transition to the Kekulé phase. On
the symmetry-broken side of the transition k < k., they split and, after an initial increase,
fluctuations lead to a decrease of the masses towards the infrared. The transversal inverse
susceptibility (i.e. the mass) stops running beyond the scale given by k¢ < 1 while the
longitudinal susceptibility does so at the scale k¢’ < 1. This means that the respective

~
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dimensionless quantities flow according to their canonical dimension, i.e. for k < ¢!

M3 ~ ([ Kp(k)g(k) ~ (/K€1) (kE) BV 2g(¢71) (k) P02 | Jig k27102172

—. 25202 (3.60)

where, v = 9{1 corresponds to the inverse correlation length exponent of the Z3 order, 0,
is the scaling exponent related of the cubic coupling at the FIQCP and 4t the distance to the
critical point. Since the second length scale marks where the (dimensionless) transversal
mass escapes the NG, this happens when mZ(k = ¢~1) ~ 1, so by definition

m2 ~ (k€)% = k266> . (3.61)
Egs. (3.60),(3.61) thus lead to
!
LA e ) (3.62)
v 2

Despite the exclusive appearance of the second length scale in the symmetry-broken regime,
the ratio of their correlation length exponents v/ /v is uniquely determined by a scaling law
employing properties of the FIQCP alone [14,|87]. This can be understood in terms of the
dangerously irrelevant coupling g. Only if g is non-zero, the transversal mass, which is re-
sponsible for the second scale, will be finite away from the critical point. Therefore the
scaling of m2 must be related to scaling of g at the critical point. This scaling, in turn, is
given by 0,.

In Tab. we show the two largest critical exponents for several choices of Ny and list
our estimates for v/, whenever we find that the FIQCP is stable in D = 2 4+ 1. v/ shows
only very small deviations from v due to the smallness of |5 < 1 which we deem unlikely
to be observed either in an experimental setup or in lattice Quantum Monte Carlo (QMC)
simulations. Instead, as stated in earlier works [16], one can expect that large corrections
to scaling will have to be considered in corresponding lattice QMC simulations.

TABLE 3.1: Correlation length exponents: Numerical values for the largest two

critical exponents and the second correlation length exponent for different

Niin D = 2 4+ 1 in LPA12'. The exponents are given by v = 67! and v/ =
v(1 — 62/2). The exponent deciding over stability 62 is shown in boldface.

Ny v 0 v

1 1195 +0.167 -

2 1157 -0.0031 1159
3 1109 -0.0235 1122
4 1.082 -0.0263 1.096
5 1.066 =-0.0255 1.080
o0 1 (o) 1

3.4 A sanity check: remark on the Potts model

Due to the fact that the FRG approach does not rely on any parameters being small, it is
useful to find some form of benchmarking of our results other than the convergence de-
scribed in Section.2.2} Some aspects of the Kekulé transition in D = 3 have been explored
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with QMC simulations in [17]], and the results there are in relatively good agreement with the
corresponding FRG calculations of critical exponents in [16]. For 2 < D < 3, to the best of
our knowledge, there are no analogous numerical results.

For one particular case, however, there is something better: an exact result. Indeed, for
N = 0and D = 2, the effective action reduces to the bosonic part only, i.e. Eq. and
this is the field theory of a three-state Potts model, for which the exact solution is known
[85]. In particular, itis known that there are two critical points: a critical Potts and a tricritical
fixed point (TCP) with three relevant directions. The Potts FP comes with correlation length
exponent and anomalous dimension[8s]

4
~ 083, Mex = 12 2 0.27. (3.63)

S| Ut

Potts : 19 ox =

The critical and tricritical fixed points can be continued above two dimensions where they
change their coordinates. It is expected [85] that these two collide and disappear to the
complex plane for some d. > 2. In that case no stable fixed point exists in the system
and the transition from the symmetric to the Z3 ordered phase is discontinuous. Numerical
results in d = 3 for the three-state Potts model suggest that d. < 3.

Here, we explore a simple approach to the two-dimensional case by a finite expansion in the
LPA’ and note that this can only provide qualitative results on the Potts fixed point. As has
been shown in earlier work for scalar [78-81}/83] and scalar-fermion models [82], the FRG can
also be used to describe critical behavior below three dimensions. For a quantitive estimate,
itwill be required to work with higher expansions or use methods beyond a finite expansion,
as towards two dimensions more and more couplings become canonically relevant.

Employing an LPA8’ expansion in the symmetric regime, we can give first estimates on the
limit of the purely bosonic Potts model. In fact, we find both the critical Potts fixed point
and one tricritial fixed point, as expected. In d = 2 the Potts fixed has the critical exponents

Potts : vo 1pas ~ 0.82, 7o rpag ~ 0.22, (3.64)

which already compares well to the exact results. Also, we can continue the fixed point
search in higher dimensions towards d = 3 and beyond to exhibit the fixed-point collision.
Within LPA8’, we find that the Potts FP and the tricritical FP indeed collide at a critical di-
mension of d. 1 pas’ =~ 3.2 which seems too large in comparison with numerical results. We
observe that higher orders in the LPA’ seem to push the critical dimension below three.
However, we note that, in contrast to the FIQCP, going to higher orders in the LPA’ still leads
to corrections and we do not yet see convergence. Therefore, to settle the convergence of
the critical exponents and the critical dimension for the Pott’s fixed point with the fRG, a
more thorough study will be required, which is beyond the scope of this work. As one alter-
native, we suggest the pseudo-spectral methods as developed in Refs. [83, (88} 89| for FRG
applications.
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3.5 Conclusion

In this chapter, we have provided a thorough study of the renormalization group flow near
the fluctuation-induced quantum phase transition to the Kekulé VBS state in Dirac semi-
metals as it appears for fermions on the two-dimensional honeycomb lattice. This transi-
tion is characterized by the condensation of the Kekulé order parameter which reduces the
chiral U(1) symmetry of the Dirac system to a discrete Z3 symmetry, resulting in a series of
unconventional properties at and close to the quantum transition. Firstly, the fact that the
transition is continuous and not discontinuous is an effect driven by strong (fermion) fluc-
tuations. Secondly, there is an emergent U(1) symmetry at the quantum critical point and,
thirdly, a second length scale appears in the symmetry broken phase due to the breaking of
the discrete symmetry. We noted that these properties are shared with the scenario of the
deconfined QCPs.

We have investigated the semimetal-to-Kekulé quantum transition in terms of an appropri-
ate Gross-Neveu-Yukawa model with the help of the non-perturbative functional renormal-
ization group. While building on our previous work, we have extended it in various direc-
tions. First, we have established the FIQCP scenario for the full range of dimensions between
14+ 1< D <2+ 1forsmall numbers of fermion flavors Ny < 2.

We have found that for every N; > 0, there is a critical dimension 2 < D < 4 above which the
fermion-enhanced O(2) fixed point becomes stable, giving rise to a second order transition.
This is in stark contrast to the model where N; = 0, corresponding to the field-theoretical
formulation of the three-state Potts model, where only close to D = 1 + 1 does a stable
0O(2)-breaking fixed point appear. Our findings fit nicely to the observation that fermions in
Dirac systems tend to support symmetry enhancement [26} |51, /90-92].

Furthermore, we have discussed that, due to the discrete symmetry breaking, there are no
Goldstone modes. Instead, in the symmetry-broken regime, two finite masses appear - the
longitudinal and transversal mass. Importantly, the scaling of the transversal mass depends
on the scaling of the cubic term and defines a second length scale, which diverges at the
QCP.

We provided a comprehensive analysis of the fixed-point structure in the symmetric as
well as in the symmetry broken regime. By solving the flow equations in both regimes,
we studied the complete behavior of the RG flow beyond a pure fixed point analysis. While
the Dirac semimetal fixed point dominates the long-range behavior of the system in the
semimetallic phase, the symmetry-broken regime shows a more subtle behavior: here, the
Nambu-Goldstone fixed point dominates the system on intermediate length scales. Even-
tually, when the cubic coupling is finite, the RG flow leaves the NG regime giving rise to a
sizable transversal mass and the concomitant second length scale.

We also calculated improved estimates for the correlation length exponent of the second
length scale and show that it is very close to the order parameter correlation length ex-
ponent. We therefore expect that it will be very challenging to observe this behavior in
numerical simulations.

In summary, we provided a unified picture of the system close to the fermion-induced QCP
in the symmetric as well as in the symmetry-broken phases.
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Chapter 4

Order-to-order transitions of Dirac
fermions with compatible orders

As mentioned briefly in the introduction 1, a prominent example of a transition that can-
not be described within Landau-Ginzburg theory, is a Deconfined Quantum Critical Point
(DQCP) in spin-4 antiferromagnets on a square lattice. This is a critical point describing a
continuous transition between a Néel ordered phase (which breaks O(3) symmetry) and a
valence bond solid (VBS) phase (which breaks O(2) symmetry), where an emergent gauge
field couples to spinons which are confined in both of the ordered phases [20-22]. Numeri-
cal analysis of several models expected to exhibit such a transition [23H25], moreover reveal
that there is an enlarged O(NN) symmetry at the critical point.

Quantum critical points with emergent O(N) symmetry are not entirely new, and indeed
have been argued to exist in different unrelated contexts, e.g. [93, 94]; nevertheless, the
emergent symmetry has been mostly seen as a secondary feature and considered indepen-
dently from the nature of the transition. There is, however, at least one case where the non-
Landau nature of the transition and the emergent symmetry coexist: the Landau-forbidden
phase transition describing a semimetallic to Kekulé VBS phase of graphene studied in the
previous chapter shows an enlarged O(2) symmetry at the critical point [14, 16, 17, 55]. Be-
cause in that case the continuity of the transition can be seen as a consequence of fluctua-
tions of the massless fermions, it is natural to ask if the two phenomena are related, namely,
what is the relation - if any - between fermionic-induced criticality and Landau-forbidden
transitions (like the one found at a DQCP).

An interesting development from recent QMC simulations[19] suggests that the connection
could be more than circumstantial and might indeed play a role for the kind of non-Landau
transition expected in DQCPs, namely the existence of a direct order-to-order transition
which is possible not only at a multicritical point where the phases meet, but also away
from it. Moreover, the findings in [19] seem to indicate that there is a line separating the two
phases (with broken O(3) and Z, symmetry, respectively) with an emergent O(4) symmetry

(see Fig. [4.).

It is worth to emphasize that evidence for some of the features expected to be present in
non-Landau transitions comes mostly from numerical simulations of various models, and it
is desirable to have complementary analytical methods to better understand this phenom-
ena. Progress in this direction has been achieved already and indeed, the emergent O(5)
symmetry observed in Quantum Monte Carlo simulations [23] can be argued for within the
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FIGURE 4.1: (a) Expected phase diagram from Quantum Monte Carlo simula-

tions of a system of hopping electrons on the Honeycomb lattice with on site

Hubbard repulsion U and Ising-like bond interactions k. The Antiferromag-

netic phase is characterised by broken O(3) symmetry and the KVBS ohase

breaks Z> symmetry by allowing only one of the possible patterns described

in Chapter (b) Emergent O(4) symmetry across the putative line of contin-
uous transitions. Pictures taken from [19].

recently proposed web of dualities of D = 2 + 1 field theories [34, 95], while the expected
existence of a second length scale at the continuous transition proposed in [96] and sup-
ported by QMC simulations therein can, for example, be understood to be a general feature
of a continuum field theory with a dangerously irrelevant parameter in the flow of the theory
[87]l. In the case of itinerant quasirelativistic massless fermions interacting with two families
of order parameters, the first efforts to understand analytically the emergent symmetry at
the critical point were made by means of a first-order e-expansion [26} |27].

For this reason, in this chapter we concern ourselves with the investigation of the quantum
phase and the multicritical behavior of Dirac fermions with two compatible orders in the
vicinity of a multicritical point where the two ordered phases meet with the semimetallic
phase. Our goal is a better understanding of the recent numerical studies that found evi-
dence for non-Landau transitions and emergent symmetry between the two ordered states
arguing in favor for deconfined quantum criticality in 2+1d Dirac materials. Here, we pro-
vide a field-theoretical analysis of this transition in a generalized model based on non-
perturbative functional renormalization group equations. Our findings support the emer-
gence of enhanced symmetry at the multicritical point and further suggest that the tran-
sition between the two ordered phases away from the multicritical point takes place as a
sequence of two continuous transitions with an intermediate region of coexistence with ap-
proximate O(N) symmetry. We compare to the numerical Quantum Monte Carlo simulations
for the case in which the order parameters correspond to phases with broken O(3) and Z,
symmetry.

The main result of this chapter is the phase diagram presented in FIG.[4.11 Our main result
thus consists of different key results, the first being the confirmation of the existence and
stability of an Isotropic Fixed Point (IFP) for all consistent values of N; and N (see the def-
inition of 'consistent’ below). We show that some of the features observed in simulations
(emergent symmetry away from the IFP and increase of the one particle gap across the tran-
sition and phase boundaries composed of continuous transitions) are consistent with the
scenario described above.
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This chapter is organized as follows: in section [4.1we describe the general features of the
model we consider, set up some of the notation to be used, and make a short recap of
the results obtained in [26, 27] by e-expansion methods. Section presents our main
results including a detailed description of the properties of each of the phases. Finally we
discuss our results and their relevance to QMC simulations in section The contents of
this chapter are currently being prepared for submission [97].

41 Compatible orders in Dirac systems

In a system of gapless Dirac fermions, several ordered states can take place. If one charac-
terizes the ordering tendencies by the symmetry they break, one can moreover study the
interplay of different interactions in terms of the relations between the operators that gen-
erate said symmetries. If the generators anticommute with each other we say that they are
compatible. If they, moreover, anticommute with the kinetic terms of the free Hamiltonian
in d spatial dimensions, they are said to be compatible masses. This is because if H is the
free Dirac hamiltonian, built out of gamma matrices v; (j = 1,-- - , d) and the two generators
of the compatible symmetries are members of the Clifford algebra g, € Ci(d) fora = 1,2
satisfying

{Ba, v} ={B1, 82} =0, (44)

then adding terms of the form AH = m; 81 + mafS2 to H, opens a gap in the spectrum as

E(p) = |p] — \/P% +m2 +m3. (4.2)

The generalization to two families of compatible masses, with N; and N, generators re-
spectively thus generate a O(N7) & O(N2) symmetry under which the mass operators 3;m;
transform as vectors. Depending on the kind of interactions, the order parameters involved
can take several forms.

For example, and as discussed at length in the previous chapter, a 2 component OP with
a global Z3; symmetry - i.e. a Kekulé texture - is one candidate for such a mass. Another
mass-like OP is the one induced when the lattice system possesses some on-site spin de-
pendent repulsive interactions. In that case an antiferromagnetic order can take place. If
this interaction acts identically on both chiral sectors, the orders are compatible. For spin-
less fermions on the honeycomb lattice one can moreover define another mass compatible
with the Kekulé texture that takes the form of a staggered chemical potential [66].

To construct an effective theory of the onset of any of these kind of orders, one needs to take
into account the gaplessness of the fermions, since they cannot be described by mere LG
theory alone and, instead, the effective low energy theory takes the form of a Gross Neveu
Yukawa (GNY) model [59} |62]. Concretely, this means the critical properties of the system
are described by the microscopic euclidean lagrangean ]

N¢ Ny Nj
L= U, (—z‘(‘ﬁ + 91> Vhbat g2 %‘Qm) Yo
a=1 a=1 b=1

"Note that, as in the previous chapter, we assume from the outset that the system has Lorentz invariance at the
critical point.
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FIGURE 4.2: Domain of consistency of the model of Eq. |s.3|as a function of
fermion flavour number N; and OP components N := N; + N» is depicted

as the blue shaded region and the region of stability of the IFP (according to
the e-expansion) as the red shaded region.
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where the real order parameters (OPs) ¢ = (¢1,...,6n,) and x = (x1,..-, xn,) couple to

the N flavours of fermions via the Yukawa couplings g, » and the N; + N, matrices 73,7;

anticommute with each other as well as with the ones coming from the kinetic terms of the
fermions.

Letting N := N; + N, it becomes clear that the model of Eq. (4.3) requires d + N anticom-
muting matrices, where d is the spatial dimension. Since the dimension d,, of the irreducible
representations of Cl(m) - the Clifford algebra generated by m elements [98] - is

d'y = 2L7J ) (44)

a minimal requirement for the model to be consistent is thus that the number of flavours
of 4-component fermions satisfies 4Ny > d., (see FIG. . For graphene (N; = 2 and d = 2),
for example, this implies N < 5.

The first-order e-expansion analysis is sufficient to confirm the existence of an RG fixed point
with an enlarged O(IN) symmetry, from now on to be referred to as the isotropic fixed point
(IFP), which is stable for all consistent combinations of N; and N. However, it is known from
studies of purely bosonic O(N;) & O(Nz) theories [99, 100] that the perturbative analysis
not only grossly overestimates the stability of fixed points, but can “find” features of the
system which do not exist beyond the first order expansion. Additionally, in the bosonic
O(N1)®O(N-,) theory it is known that the stability of all fixed points depends heavily on the
particular value of N and, for example, in d = 2 + 1 the IFP is unstable for V > 3. Moreover,
because the nature of a multicritical point (e.g. bicritical vs tetracritical) is usually described
in terms of the sign of

§ 1= ugug — uj (4.5)
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FIGURE 4.3: Topological defect in a system of spin-2 particles on a square lat-

tice. At a point where 4 domain walls corresponding to the different ground

states meet, there is an unpaired spin 3. The defect thus carries a spin quan-
tum number. Figure taken from [101].

at the fixed RG point, there are no general statements that can be said about the transition
between the ordered phases when, like in our case, the fixed point has § = 0.

What could be missing in this picture?

For order parameters transforming as vectors under O(N), one can in principle associate
certain "topological defects". These can be thought of as singular configurations of the OP
fields that carry some nontrivial quantum numbers, and whose conserved current can be
encoded as the flux of a gauge field. The most physically transparent example of this is that
of the Valence Bond State (VBS) of a system of spin-1 particles on a square lattice [101].
In that case there are four degenerate ground states that correspond to the four different
dimerization patterns and the system is said to be in a VBS if it is in any of these ground
states. A topological defect of the VBS is just a domain wall between two different dimer
patterns as seen in FIG[4.3}

The effect of the vortices in the system can be understood easily: when they proliferate, the
VBS order is destroyed. An effective description of the transition between a VBS-ordered
and a vortex-condensed phase takes the form of a field theory of a 2-component spinon z
with a Z,4 anisotropy and minimally coupled to a U(1) gauge field, i.e. a theory whose low
energy description is given by the lagrangean

2 2 2 2
. . 2 T 2 Uy § : 2 U2 § : 4 1 v
L = E ‘ (aﬂ - zea#) Za‘ + 5 ( E Za) + § ( Za) + § Za + Zf'uyfu 5 (46)

a=1 a=1 a=1 a=1

| —

with f,, = 9d,a, — 0,a,, the field strength tensor. Because of the spinful nature of the
vortices, the destruction of VBS order comes with the onset of SU(2) = SO(3) spin symmetry
breaking. The field theory of Eq.(4.6) should thus describe a second order phase transition
(upon tuning r) between two ordered phases: one breaking O(2)-symmetry (the VBS state)
and one breaking O(3) symmetry (in this case, it can be identified with an antiferromagnetic
Néel ordered state).
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Such a description in terms of the topological defects becomes relevant (in the standard,
non-RG sense of the word) if both ordered adjacent phases can be described in terms of the
proliferation of their corresponding topological defects. The take-home message is that the
inclusion of topological defects through a gauge field becomes pertinent, if not necessary, in
this case. This in turn, provides an answer to the question raised in the title of this section.
Indeed, Eq. includes several cases where there is no description in terms of topological
defects, namely, whenever N; = 1 or N, = 1. In these cases, Eq. can still describe the
vicinity of the transition between a phase with broken O(1) = Z, and a phase with broken
O(N) symmetry, and the presence of topological defects of the O(N) order parameter (if
allowed) should play no significant role in the nature of the transition. We adopt this point
of view also in the case where both OPs can have topological defects in the following, and
discuss briefly the general case in Secl.3]

4.2 FRG analysis

For our renormalization group analysis we can immediately postulate the form of the LPA’
ansatz for IT';, based on the original form of the microscopic action in Eq. (4.3), namely

Iy = /de{Ey (=iZy @+ G1.Mg + G2, My) o

1 1
- §Z¢,k¢a52¢a —3 kX602 X6 + Vie(a, Xb)} : (4.7)

where we use the summation convention on repeated indices. In the following we denote
with a bar dimensionful quantities. The scale dependence of the Yukawa couplings g, ; and
g2, as well as the wavefunction renormalizations Z3 ;, have been made explicit and the
mass terms in the previous equation M, M, are given by

My =40¢a, My =72x0 - (4.8)
Furthermore the bosonic potential V;(¢, x) is an analytic function of the O(Ny) and O(N»)
invariant quantities

$aPa XbXb
Po = 5 Py = 5 (4.9)

and it can be expanded around a (running) minimum, denoted by x4/, = ps/y.min- The
nature of the minimum corresponds to three different scenarios:

(i) Both OPs remain in their symmetric phases - x,/, = 0.

(ii) One of the OPs acquires an expectation value, while the other one remains in its sym-
metric phase.

(iii) Both OPs acquire an expectation value - x4/, # 0.
The beta functions for the dimensionless Yukawa couplings g; ., defined as

—2 —2
2 9; 2 93

_ 9 10
N=Z, 72600 BT 7 72D (410)
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FIGURE 4.4: Stability exponent. The third exponent of the stability matrix at

the IFP (63), as a function of N := N; + N, for fixed N;. determines if the MCP

is stable. The lines include only consistent values of N; and N. All values
except for the gray line correspond to FRG results within LPA"12.

as well as for the anomalous dimensions 9,7, are obtained by taking the corresponding
derivatives of the Ansatz Eq. (4.7). The details of the regulators used as well as the choice of
projections can be found in the appendix[Al

4.21 Fixed points and criticality from FRG

Denoting the set of flowing couplings by x and the coordinates of the fixed point by x*, the
fixed point will be stable if 65, the third largest eigenvalue of the stability matrix,
9B

M;,; = — s 1
J 3x]— x* (4 )

is negative. We find that all values of Ny, N which are consistent are also such that the IFP
is stable. Unlike in the perturbative result, where 3 = —1 for all combinations of N, N, we
see that for fixed N, the IFP becomes more stable with increasing N. This is depicted in

FIG. .4}

4.2.2 Constructing the phase diagram

The IFP can be found from a truncation in which both OPs have vanishing expectations
values, that is, when we use the expansion

M2
ulpg, py) =mips +mipy+ Y AP (412)
m4+n=2 o

for the dimensionless bosonic potential. Note that in this notation the quartic couplings
correspond to Az, Ag,2 @and Aq ;. A first guess about the phase structure of the system can
be obtained from the RG flow diagram in the relevant sector, corresponding to the bosonic
masses (m?, m3), by setting all other couplings to ther fixed point values. This is depicted in
FIG.[s.5for Ny = 2 and N = 2,3, 4,5 within LPA'4, but the situation is qualitatively the same
for different consistent values of NV;.

Taking into account that negative values of m? correspond to a phase where the symmetry
O(N;) is broken, one can infer that at the IFP with coordinates (m?2,m?), the phases where
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FIGURE 4.5: Flow diagram in the (RG-) relevant submanifold spanned by

(m3,m3) for Ny = 2 when all other couplings are set to their IFP values. The

red dot corresponds to the IFP, and the black stream line to a flow within the

enlarged-symmetry subspace. Stream lines that cross the vertical (horizon-

tal) red line correspond to flows where the O(N1) (O(N2)) symmetry breaks.

Note that most flows crossing one of the red lines are ultimately directed
away from the red line perpendicular to it.

only one of the symmetries is broken meet with the semimetallic one, and that the phases
with one of the symmetries broken are generically characterised by the other symmetry
being always present i.e. flows where m? < 0 stay in the m3 > 0 region and viceversa. This
is portrayed as the blue and green stream lines in FIG.[4.5] However the diagram seems to
suggest that for all combinations of N, /, there are flows that remain in the region m3, m3 < 0
so that a coexistence of phases seems possible in a fan around the line where m? = m3 -
i.e. the line with exact O(IV) symmetry - and whose thickness depends on the particular
combinations of ;. This is displayed as the dark gray line in the bottom left panel of FIG.[4.5}

This preliminary analysis is incomplete for several reasons. Firstand foremost is the fact that
the flows for m7, < 0 need to take into account that the minimum of the bosonic potential
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lies away from the origin in field space, a fact which is neglected in Eq. (412). Additionally,
these streams can be misleading in the sense that there appears to be a saddle point for
m? = m3 < 0 which upon closer examination is, in fact, not a fixed point of the whole set of
flow equations.

Additionally, whenever there are two relevant directions (like at the IFP), the presence of «;
can lead, e.g. to the full O(2V;) symmetry getting restored, i.e. the blue, green and gray flow
lines in FIG. 4.5 can return to the m? > 0 region along the k — 0 flow. In fact, examples of
flows where a nonzero minimum of the potential develops only at intermediate scales are
known from renormalization group studies of ultra cold atoms and QC,D [102} 103]. Conse-
quently, to determine what phases are allowed in the system, one needs to follow how the
expectation values of the OPs flow towards the infrarred, i.e., to compute

lim By , and lim &, . (43)
k—0 k—0

We do this by solving the initial value problem for the whole set of beta functions where
the initial conditions are drawn from paths in the plane of (RG-) relevant couplings in the
vicinity of the IFP and computing the quantities of Eq. from the solutions obtained. The
(dimensionful) expectation values of the OPs in units of the scale A along a curve enclosing
the IFP take the form depicted in FIG. [4.6]

Ne=2, N =3, Ny,=1 Ne=2, N =3, Ny=2
1.0 — 1.0
- Mo

08 — Ry 08
g os g os
€ o4 € 04

0.2 Au 0.2 / j

0.0 0.0

S s

FIGURE 4.6: Dimensionful expectation values of the order parameters along
a circular path on the relevant plane centered at the IFP and parameterised
by the angle s € {0,2x} (in units of the maximum value obtained along the
trajectory). The path has a radius of » = m2/300. the gray vertical line corre-
sponds to the point where the trajectory crosses the direction along the line
m3 = m3. For these parameters there seems to be some regions of coexis-
tence within the blue shaded area, with widths of at least 97/80 (top) and
37/20 (bottom). The lack of points in the region closest to the line of ex-
act O(N) symmetry is caused by numerical instability of the integrated flow,
which serves as an indirect evidence of the preservation of O(IN) symmetry
in the coexistence regions - see main text for details.

From this we can already confirm our earlier suspicion and infer that a system described by
the low energy effective theory of Eq. indeed realizes all three possibilities mentioned
at the beginning of Sec. [4.2} which means that there is a semimetallic phase, two ordered
phases with broken O(N;) symmetry and at least one region of coexistence of both orders.
The one different case is when both OPs are of Ising type (N; = N, = 1). Then, there is
no coexistence region at all, and the transition between both phases appears to be of first
order, we discuss this particular case in Sec.
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From the global plots in FIG.[4.6]it is not evident that there is some extra structure within the
coexistence region for Ny = 3, N, = 1. To see exactly what happens in this region, we can
zoom in on the same trajectory, and find the behaviour observed in FIG.[4.7, where it can be
seen that there is a thin strip within the in which one of the symmetries gets restored, and
that this symmetry gets broken again on approaching the line of O(N) symmetry, which is
inside the region where the integrated equations remain unstable - depicted as the white
region in that figure.
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FIGURE 4.7: Expectation values of the order parameters in units of the UV
cutoff A along the same circular path described in FIG[4.6] ¢ = 57/4 ~ 3.927
marks the line emerging from the IFP where 77 = /3. Color code is identical

to FIG.

A direct and continuous transition between the ordered phases thus seems possible, but
not generically. By this we mean that such a transition is possible only within a finely tuned
trajectory that passes exactly through the IFP. From FIG. it appears that all transitions
involved are continuous, so that the multicritical point in question is closer to a tetracritical
point than to a bicritical one [99]. There is also a hidden hint in FIG.[s.6|about the existence
of an enlarged O(IV) symmetry away from the IFP and in the coexistence region.

The lack of data points in this region is caused by a numerical instability of the integrated
beta functions, which we interpret as a consequence of the fact that the expectation values
of the OPs flow according to (see the exact expression in the Appendix[A)

1
ey X — (414)
Op
where
(Sk = )\2’0)\0’2 — )\il (l}15)

is the scale dependent version of the quantity defined in Eq. (4.5). In the region closest to
the line of exact O(N) symmetry, where all couplings are identical, we have limy_,( 6 ~ 0,
which causes said numerical instability. We now describe in more detail each of the phases.
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DSM, , > phase

The phase where limy,_, ¢, = limg_,o Ky, = 0, i.e. where both symmetries are left unbro-
ken, is connected to the Dirac semimetallic one and, as expected [26], is trivially O(N; + Nz)-
symmetric. We denote it as DSM1,,. Moreover, this phase is characterised in LPA'co by
nonvanishing universal fixed point values for all running couplings [55]. This means, in par-
ticular, that the Yukawa and quartic couplings satisfy g3 = g3 =: ¢°/up and Xap = A1 1 =
Xo,2 =: A/vp, and they flow to the universal values

Jbse = D(;(;DD_)(SJ\; 2 ) (4.16)
ADSM,« = 2D(4 = D)(D — 2)" , (4:7)

(3D — 4)2IN;

as can be seen in FIG.[4.8]
(a)

FIGURE 4.8: Flow of dimensionless couplings (a) Yukawa couplings and (b)

quartic couplings, for initial conditions such that the system remains in the

disordered phase. The initial conditions for both sets of couplings here de-

picted are identical and coincide with the values at the fixed point. Note that,

unlike in a purely bosonic theory [[99], the system leaves the higher symmetry

subspace at intermediate scales 0 < & < A and returns to it at the end of the
flow.

We note here that this just implies that the dimensionful quantities flow according to their
canonical scaling, and the physically relevant quantity controlling the strength of interac-
tions flows to zero in the infrarred [104],

—0. (418)

NG, ©DSM; phases

For a range of initial conditions, only one of the OPs acquires a finite expectation value. In
the following discussion we fix the OP with the broken symmetry to be that corresponding
to Ny, i.e. ¢, so that our statement can be rephrased as

lim % 0,and limk,,=0.
k—0 ¢’k7é ’ k—0 Xk
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This OP can thus be described as flowing to a Nambu-Goldstone infrared fixed point (of that
symmetry) where the dimensionless expectation value satisfies

lllg%) Kl = 00, (4.19)
while the other OP approximately decouples and flows to a semimetallic-like fixed point (of
the other symmetry), i.e, one where Eq. (4.18) holds. We denote such a phase as NG;&DSM;.

Order-to-order transitions with O(N) symmetry

The most interesting part of the phase diagram is, arguably, where the two phases meet. As
mentioned in the previous section , crossing from an O(N;)-broken phase into an O(N2)-
broken phase takes place as a continuous two-step process in which both symmetries are
broken after the first step. This is clearly in FIG.[4.7]is the definition of a coexistence region.
One consequence of this is that the one particle gap at the Dirac points does not close
during the whole process, unless one fine tunes the system to go exactly through the IFP.
Denoting the single particle gap by

Ay = 2g%/@¢ + Qggnx , (4.20)

the previous statement can be seen in FIG.[4.9}
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FIGURE 4.9: Single particle gap at the Dirac point along the same kind of circu-

lar path described in4.6) and normalized to the maximum attained along this

trajectory, Asp max. As before, the vertical line corresponds to the direction
of exact O(IN) symmetry.

Unsurprisingly thus, the two symmetries do not decouple inside the coexistence regions.
Keeping up with the previous conventions this means that the fan is not a NG;®NG; phase,
i.e. the infrarred behaviour of the couplings differs from that of two decoupled bosonic
theories in their respective symmetry-broken regimes. Instead, the phase is closer to what
we could denote a NGy »-phase, i.e., to a phase where all bosonic couplings flow together
to an infrarred fixed point of broken O(N) symmetry. The approximate conservation of the
enlarged symmetry was already adressed in the discussion of FIG.[s.6/and we now provide
a more direct evidence.

To this end we consider different initial conditions corresponding to points within the co-
existence regions in FIG. and to the left and right of the line of exact O(N) symmetry.
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We choose initial conditions such that
07 lim kg s 7 lim kyx 0. (4.21)
Exact O(N) symmetry would imply

F(dar x0) 5= lim Vi, x) = £(62 +3) (522)

lim §, =0, (4.23)
k—0

where V;, is the running bosonic potential and 4, is defined in Eq. . This, inturn, implies
that lines of constant f, i.e. contour lines, are circles as a function of ¢,, xs. FIG.shows
the contour lines for the two points mentioned, where it is clear that to a very good approx-
imation these contours are indeed circular close to the center (¢, = x; = 0) although they
are both characterised by limy_.q 65 # 0.

(@) (b)

Pa a

FIGURE 4.10: Contour plots of the bosonic potential close to the line of exact
O(N) for different points on the path described inin arbitrary units. For
N; = 3, N» = 1 (figures (a) and (b)), the initial conditions correspond to
|s — 5m/4] = (@) 117/800 (b) 77 /400 , while for N; = 3, N = 2 (figures (c) and

(d)) they correspond to |s — 57/4| =(c) & and (d) 7.
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Phase diagram

A summary of the considerations exposed in the previous sections is given by the phase
diagram in FIG. As a final remark, we note that the continuous transitions that make
up the border of the coexistence region - i.e. away from the IFP - have critical behaviour in
the universality class corresponding to the OP that develops a nonzero expectation value.
By this we mean that for the first transition observed when crossing from a O(N;)— to a
O(N,)—broken phase, the critical exponents should be that of the chiral O(N5) universality
class, while the second transition belongs to the chiral O(N;) universality class. This is in
contrast to the expected chiral O(N; +Ns) criticality that would be observed crossing exactly
through the IFP.

0.10

DSM;@NG,
0.05

€ 0.00

NG{@&DSM;
-0.05

-0.10
-0.10 -0.05 0.00 0.05 0.10

FIGURE 4.11: Phase diagram close to the IFP for Ny = 3, N> = 1,Ny = 2.

The tuning parameters required to reach the IFP are m? and the phases with

broken O(XNV;) and unbroken O(N;) symmetry are denoted NG;®DSM;. The

evolution of the expectation values is along the red path marked in the figure

and described in FIG.[4.6] For the case with Ny = 3, N> = 2, N; = 2, the phase

diagram looks very similar, but the very narrow region of DSM; ®NG2 within
the coexistence region is missing.

423 Thecase N, =N, =1

The case where both OPs are of Ising type is different from the ones discussed thus far. As can
be seen in FIG.[4.12} there are no regions where both OPs have nonzero expectation value,
which means there is no coexistence of phases in this case. This is further confirmation
that, unlike what the top left panel in FIG. suggests, the flow of the couplings in the
symmetry-broken regime can differ dramatically from the phase diagram expected from an
analysis based solely on the symmetric expansion.

From FIG. it moreover appears that the transition is of first order, since the values of
the expectations values of both OPs seem to jump abruptly to zero along the line of O(2)
symmetry. The phase diagram for this case thus looks like that of a bicritical MCP, i.e. the
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FIGURE 4.12: Dimensionful expectation values of the order parameters along

the whole path described in FIG.for N; = N> = 1. The closeup (inset)

suggests no evidence of a coexistence region or numerical instability of the
integrated flow.

left panel of FIG.[i.2} The one particle gap also remains open in this case, as can be seen in
FIG.[513)

4.3 Conclusion

We investigated a system of massless D = 2 + 1 dimensional Dirac fermions interacting
with two families of compatible order parameters with O(N;) and O(N,) symmetry and
found that, contrary to earlier field theoretical [27] and numerical expectations [19], this
system does not seem exhibit a line of direct continuous order-to-order transitions. For the
particular case N; = N, = 1, it does seem to support a line of discontinuous transitions.
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FIGURE £4.13: Single particle gap at the Dirac point along the same kind of cir-

cular path described in and normalized to the maximum attained along

this trajectory, Aqp max- The gap diminishes at the line of exact O(2) symme-
try but remains nonzero across the (discontinuous) transition.
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The previously established emergent O(INV; + N,) symmetry [26] is exact only at the multi-
critical point, but the enlarged symmetry survives to a good approximation within a finite
portion of the phase diagram of the system as long as both OPs are not of Ising type. These
results, in particular the phase diagram, depend solely on the properties of the effective
action when k£ — 0, and are thus robust to all orders of the local potential approximation
[55. Our results explain the two seemingly incompatible findings of recent Quantum Monte
Carlo simulations [19], namely the continuity of the transition and the nonvanishing of the
single particle gap at the Dirac points away from the multicritical point. Indeed, note that a
direct order-to-order transition in a system where the order parameters are masses and no
other mechanism is at play, can only be made continuous by closing the gap. Conversely,
a direct transition where the gap does not close cannot be continuous. We observed this
latter scenario for the case where both of the involved symmetries are Z,. Then, the transi-
tion is discontinuous while the gap remains open, and the fact that no topological defects
can be defined in this case suggests that there is no other mechanism that can change the
nature of the transition.

As we found, the key ingredient to bridge these two situations is the fact that the transition
is not direct but takes place as a sequence of two transitions. The width of the coexistence
region could, in principle, be made to vanish by the inclusion of topological defects of the
involved order parameters [101], as long as they are irrelevant at the fixed point. Note,
however, that our findings are qualitatively the same for all values of consistent Ny and N
and in particular for all systems where one of the order parameters does not support such
a topological defect, e.g., where N; # 1 = N,. It would be an interesting problem to see,
for example with the help of dualities [95], what happens to the topological defects of the
O(Ny) order parameter in this case.
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Chapter s

Conformal symmetry of QED; at
Nr = 1 and its dual description

The previous two chapters dealt with quantum phase transitions described by massless
Dirac fermions that can acquire a mass by the fluctuations induced from interactions. In
contrast, this chapter deals with Dirac fermions that do not get gapped by interactions. Our
system of interest is QED3, i.e. Dirac fermions interacting with a U (1) gauge field. Different
incarnations of this quantum field theory have been proposed as an effective description
of several physical situations of relevance in condensed matter systems. These include
algebraic spin liquids [331], high temperature superconductors [32] and, more recently, as a
theory for the surface states of interacting topological insulators [29, 30] and of the half-
filled Landau level [33]. The latter two proposals are peculiar in that they involve a single
two-component Dirac fermion (Nr = 1) coupled to an emergent U(1) gauge field, and it is
this particular version of the theory that has been proposed to be a fermionic analogue of
particle-vortex duality in two spatial dimensions [34, [35].

Because the physics of the problems dealt with in the previous chapters led naturally to this
choice, we kept the convention of high-energy physics, where Dirac fermions are collected
in a 4D-representation of the fermion spinor algebra. We will keep the notation used so
far (namely, N;) to refer to the 4D representation, and use in this chapter Ny to refer to
the 2D representation. The case of interest in this chapter can therefore be referred to as
“N¢ = 1/2" It has only recently received attention due to its association to topological
condensed matter systems.

QED; at Nr = 1 poses two interesting questions. The firstis related to the fact that according
to many studies (e.g. [28, 105]), chiral symmetry is expected to be spontaneously broken
below a certain fermion number. That is, for N; < Nf)fcr ~ 4, the fermions are expected to
acquire a mass dynamically in the ¢7) channel (cf. FIG.. Since the Ny = 1/2 case does not
have the full chiral symmetry to begin with, as it may be viewed to operate within one chiral
sector, this expectation may not hold. One can thus ask, what symmetries can be broken
in this case? The second is related to the aforementioned proposals, where the strongly
interacting field theory at hand appears to be dual to a free Dirac fermion. The question
that can naturally arise is: assuming such a duality, what can we learn about QED3? That
is, can we obtain nontrivial results for observables of a strongly interacting theory (QED3)
based on exact knowledge of the properties of a noninteracting one?
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Using the functional renormalization group, we explore the first of these two questions. We
find that the interplay of gauge fluctuations with generated interactions in the four-fermi
sector stabilizes an interacting conformal field theory (CFT) with finite four-fermi coupling
in the infrared. The number of symmetries that can be broken is now reduced and there
remains essentially only one independent four-fermi coupling ()\) of the associated Fierz
algebra, as explained in detail in Sec.[5.2). With this, we find that gauge fluctuations never
destabilize the four-fermi sector toward symmetry-breaking sufficiently strongly; instead,
the flow is always attracted toward an infrared stable fixed-point for the four-fermi coupling,
which preserves the scaling/conformal symmetry of the gauge sector. Surprisingly, this is
due to the absence of a A\? term in the g-function for the four-fermi coupling: the flavor
trace carries a ~ (Ng — 1)\2. This is what stabilizes the CFT at Ny = 1. Related cancellations
of s-functions in the single-flavor case also appear in the Gross-Neveu model; in particular
these also hold at higher loop orders [106H108]. To answer the second question we explore
some of the consequences of the proposed particle-vortex duality between a free Dirac cone
and QED3. We do this by studying the constraints imposed by the duality on the strongly
interacting theory and compute the universal constants of the topological current correlator
of the latter.

This chapter is organized as follows: in Sec.|5.1, we recapitulate how related runaway flows
of different physical origin have been detected in Ref. [28]. Then, the Fierz-complete action
of N; 4-component Dirac fermions from which we project out the S-functions for a single
two-component fermion, Ny = 1 is presented in Sec. Details of a direct derivation of the
B-function for the four-fermi coupling \ are relegated to appendix|B] In Sec.[5.3} we explore
consequences of a fermionic particle-vortex duality. We determine exactly the universal
constant of the topological current correlator of QED3, an interacting theory, by relating
it to the electromagnetic response of a free Dirac cone. Finally, in Subsec.[5.3.2 we point
out the need to include the generated four-fermi coupling (and possibly other ingredients)
in order to establish exponent identities for operator dimensions in compliance with the
duality.

Disclaimer The contents of this chapter have been published in [109]. All figures coincide
with the published manuscript, and several parts of the texts are reproduced almost iden-
tically and with only minor changes. Several portions of the text have been rewritten for
clarity and a recap subsection[5.3.1 has been included to provide context. Some references
have been updated to include recent results.

51 Conformal scaling and its breakdown for QED; at low /V;

In Ref. [28], 3-functions for QED5 with four-fermion couplings were calculated using a 4D-
reducible representation of the fermionic spinor fields. The main scope of that work was
an investigation of the symmetry breaking patterns of QED3, including chiral channels, by
detection of runaway flows for fermionic couplings caused by fixed point annihilation. To
set the stage for QED3; with a 2D-irreducible representation of the fermionic spinor fields,
we now recapitulate the key elements of this analysis.
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511 Fierz-complete action

Based on the bare action of a Maxwell term for the photons coupled to a set of N; flavors
of 4-component Dirac fermions (flavor index implicit)

S = / d’z {w (id + ed) v + iF,wFW} , (51)

the following Fierz-complete LPA ansatz for the euclidean, scale (k-) dependent effective ac-
tion is sufficient to study symmetry-breaking into the complete set of all possible fermionic
channels

Zq

L[, v, a] = / d3z {1/7 (iZyd +ed) ¥ + %FWFW + Q—E(aﬂaﬂ)2

+ QLM(T/;MM/J)Q + ZQM(WWF} : (5.2)

Here we used the Feynman "slash-convention", where v#z, = #. For later convenience, we
introduce an explicit representation of the gamma matrices, namely, for p = 1,2, 3,

Yo =02Q 0y, (5.3a)
Yu=01®1, (5.3b)
Y5 =772V =031, (5.30)
Va5 = 1Y4Y5 =02 Q1. (5.3d)

In the ansatz Eq. (5.2), the last two terms §, g are two four-fermi couplings from which all
possible interaction channels, which can lead to condensation of fermion bilinears, can be
constructed. ¢ is a gauge fixing parameter which will be set to ¢ = 0in the following (Landau
gauge). In total, Eq. has 5 running couplings (Z, Z,, €, g and g), which depend on the
cutoff scale k. We will be interested in their flow as £ — 0.

51.2 A-functions

The quantities discussed so far are dimensionful quantities (denoted with a bar). Since
we are not only interested in their evolution in the infrared, but also in the fixed point
properties, we define the associated dimensionless quantities (without the bar) as

2 €
= 7% (5.4a)
kg
g = Zii ) (5-4b)
. kg
g= Z—i’ : (5.4¢)
P

In the simplest, point-like truncation for the couplings, projected onto the most singular
pointin frequency- and momentum space (the origin at ¢ = 0), the leading order g-functions
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for the gauge coupling €2 and the two four-fermi couplings g, ¢ of Eq. are:

Oe* =(ng — 1)e* (5.5)
1
1 2N; + 1 Iy
=g(1+2 =g 2) — ¥ (4ge? — 2g€? 5b
g =g(1+ n¢)+>¢,(pﬁgg-+ s Y ) (4ge* — 2g€?) , (5.5b)
ONy—1_, 3 2
G =g(1 + 2ny) — 12 — 29— —g?
g =g(1+2ny) — 1y ( N 7’ <A&gg N )
— 1,y (29¢% +4ge®) + 1) 2N¢e . (5.5¢)

Here, as per our convention, we have abbreviated the scale-derivative §; = k ;. The set of
B-functions Eq. (5.5) is closed by two anomalous dimensions making it 5 equations and 5
couplings to solve. The anomalous dimension of fermions 7, is given by

mo= 2 [, i) (56)
where the threshold functions take the form
PRE 3 1 1
Moy = 5~ 67711) “qla
mi, =1- X (573)

4

The photon anomalous dimension 1, is physically caused by decay and recombination into
fermion-antifermion pairs. In general, the gauge sector of QED3 requires a delicate treat-
ment due to its complicated momentum structure in the infrared regime, as detailed in
[28]. For our purposes, it will be enough to make use of the analysis developed there, that
delivers the following form for n,:

=N;e2L$" () - (5.8)

The threshold function appearing in Eq. is listed in the appendix [A.3 and those in
Eq. are (for the linear Litim regulator)

2 1
Ih==-2 .
P 3 6777»/1 (5.9)
4 1 2
bl =2 u a0
a,p 3 6771/’ 1577 (5 )
1 4
l2’1 —9_ = _ u k|
a,y 677w 1577 (5 )

and are positive in the regimes of interest, that is, the “RG-corrections” by the anomalous
dimensions are subdominant when compared to the leading term.

The 5 g-functions Eq. and Egs. have nontrivial (i.e where not all couplings are
zero) scale-invariant, real-valued solutions for large enough N; > N; .; these signify a con-
formal phase. We now first describe the nature of these conformal fixed-points and subse-
quently explain how the scaling breaks down at Ny = N¢ .
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FIGURE 5.1: Fermion anomalous dimension and value of the gauge coupling in

the conformal phase as a function of the flavor number Nt. The dashed line

indicates the regime below Nt ., where the conformal fixed point becomes
unstable and likely spontaneous symmetry breaking sets in.

51.3 Interacting conformal fixed point for N; > N

Due to charge conservation, the photon anomalous dimension is exactly equal to one for
any value of Ny > Ng .

=1, (542)

that is, along the line of interacting conformal fixed points corresponding to the conformal
phase. This follows from Eq. . Since n* depends on ¢? itself, this fixes the numerical
value of the gauge coupling, given in FIG. as a function of N;. The values of 7}, depend
on the number of fermion flavors. This follows from a solution of the coupled equations for
the anomalous dimensions Egs. (5.6),(5.8). Its values are given in FIG.[5.1for the linear regu-
lator.Alternative techniques to access the conformal phase and its exponents and operator
dimensions are the 1/N; expansion, which offers perturbative control for sufficiently large
N; (e.g.: [31,110H116]]), and the e-expansion around d = 4 in the limit e — 1 (e.g.: [116-118]).

It is a feature of the B-functions that the flow of the gauge coupling Eq. and conse-
quently the universal fixed-point values e?(N¢) shown in FIG.[5.1|do not depend on g or g. At
the level of the perturbative Ward identity, this is diagrammatically due to Furry’s theorem,
i.e., the vanishing of graphs with an odd number of external gauge field insertions. This
decoupling of the gauge flow from the fermion sector permits a simplified analysis of sym-
metry breaking patterns. e? may be viewed as an external parameter for the fermionic flow
Egs. and (s.5b). Here we have taken the fermionic couplings to be not fundamental in
the UV, gr—a = gr—a = 0. They first need to be generated by gauge field fluctuations. We
now recapitulate how to detect symmetry breaking from the flows of Egs. (5.5]5.6]5.8).

51.4 Breakdown criterion of conformal scaling at V; .

For sufficiently large Ny > N¢, the initial values, gx—n = gr—a = 0 lie in the basin of at-
traction of a conformal fixed point. Note that in general there are four fixed point solutions,
only one of which is infrared attractive. This is the conformal fixed-point at finite e _, , = €.
This point will be labeled as O.
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FIGURE 5.2: Fixed point values of the fermionic couplings j and g at the scale-

invariant/conformal fixed point O for a range of Ny > N;.. The gauge

coupling is set to the respective fixed point value e2(N;). Finite imaginary

parts indicate spontaneous symmetry-breaking. Here this happens below
Nie =4.7.

For Ny < N, however, the four-fermi couplings at O start developing imaginary parts,
which is indicative of spontaneous symmetry breaking and the phase boundary between
the conformal phase and a phase with spontaneously broken symmetry.

In FIG.[5.2} we plot the fixed-point values of g and § in the complex plane for varying N;.
We observe that at Ny < N;. ~ 4.7 the couplings develop imaginary parts. This estimate
is coincidentally close to a recent computation from the F-theorem and a resummed e-
expansion N¢. =~ 4.4 [117] as well as to another recent estimate from the e-expansion at
Ni. =~ 4.5 [118].

An explicit solution of the 5 coupled flow equations as a function of k£ confirms this picture:
for Ny < 4.7, the four-fermi couplings diverge at some finite scale k,. These runaway flows
indicate that fluctuations in one, or several, fermion bilinear channels become so strong
that one, or a combination, of bilinears are likely to condense and spontaneously break the
conformal symmetry.

5.2 QED; with Ny =1

We now adapt the analysis of the previous section to the novel case of Nz = 1 and delay
the discussion of the physical realizations of this system to the next subsection. The 2D
irreducible representation of the Clifford algebra can be obtained by a procedure described
in Ref. [28] and that we now reproduce for completeness.

Defining the projectors
1
Py = 5(14 +a5) (513)

one can define 2D-spinors by the prescriptions (with a = 1, ..., Nt a flavor index),

1 _
&w=\2v®@>, bh = e (1 -i) (5:14)
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(a): Ny =6 > nyc (b) Nr=4< Nf’c
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FIGURE 5.3: Explicit solutions of the flow equations in the conformal phase
(a) and in the phase with putatively broken symmetry (b). In the second case,
the fermionic flow diverges at t5, = —12.9.

1 1 - 1
Pryp? = —y* Vi g , AP = — N (1) . 545
RY \/§X (—z) Y Pr \/§X ( z) (5.15)
The four fermi interactions then become
a a) 2 i1 2
(W 59) 1 e = (X)) iy (516a)
a a\2 =1 1 2
(1/J T )a=1...Nf - (X OuX )i:l...NF ; (516b)
which implies, for Ny =1,
=3(x0)° = (xo,.x)? , (547)

which in turn means there is only one independent fermionic interaction term left. The LPA
ansatz for the effective action Eq. (5.2) then reduces to

Za

2€

bl = [ dte{x 2+ of) xot 2B E

@ 30| 638)
with A = §, —3g,. Making use of the flow Eqs. (5.5), the 3-function for A can be obtained from
A = 0,gr — 30,gx. Consequently, the flow equation for the dimensionless renormalized
coupling A = A\kZ,? is given by

O = A1+ 2ny) + 207y e” + 12 e (519)

The key feature of this equation is the absence of a A\? term. This is due to cancellations
in the g-function special to the Ny = 1 case as we explain in Appendix[B.2} This structural
specialty is already visible upon setting N; = 1/2 in Eq. (5.5¢); then the 2 in that equation
disappears and the fixed-point structure qualitatively changes. Further implementing the
symmetry Eq. (5.17), then yields Eq. for a single four-fermi coupling. Of course, this
B-function Eq. may also be derived directly from applying the Polchinski-Wetterich
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FIGURE 5.4: (a): Universal location of the interacting conformal fixed point in

the plane of interaction couplings for Ng = 1. Arrows point towards the in-

frared. (b): Explicit numerical solutions for a range of initial values e show-

ing convergence of both, the gauge coupling e* and the four-fermi coupling
), toward fixed-point plateaus in the infrared as & — 0.

equation [46] 119] to the ansatz Eq. (58). This is performed explicitly in Appendix B}

5.21 Interacting conformal fixed point

We can now perform the symmetry-breaking analysis along the lines explained above but
with the reduced number of equations, by feeding the gauge sector and anomalous dimen-
sions into Eq. (519). Given the IR fixed point of the gauge sector (¢2 = €2 = 1.59, n* = 1,

ny = —0.64) as an input, and because 9, is linear in ), there can be only one fixed point
solution to Eq. (5.19):
15,6l DD\
A= — A = —1.20, (a; | 2y + 1,2 =387 (5.20)
1+277¢+21A7w6* Ow)

The numerical values are provided for the linear regulator and in Landau gauge as before.
Given the positive slope of 9;), the fixed point ), is found to be infrared attractive. There-
fore, no runaway flow occurs for arbitrary initial values e7_, and the fixed-point structure
and explicit flows (see FIG.[5.4) preserve scaling/conformal invariance as k — 0.

5.2.2 Discussion

In principle, by virtue of Egs. a runaway flow in the four-fermi sector with gauge-
invariant regularization can lead to quadratic mass terms ~ myy and spontaneous back-
ground currents ~ (j#)xo*x thereby breaking time-reversal and space-reflection symmetry.
In fact, this parity anomaly appears generically if the entire set of large gauge transforma-
tions is allowed, such that Chern-Simons terms of all levels are induced [120+123].
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This seems to not be the case in the physical systems where Eq. is supposed to be
a good effective description. Indeed, as a theory for the surface states of topological in-
sulators, QED3 with Np = 1 is a good description provided that 47 units of flux of a, are
identified with the creation operator of one electron (this will be discussed in some more
detail below). As such, a single Chern-Simons term (corresponding to a 2r-flux of a,,) breaks
charge conservation and is therefore not allowed in the effective theory [29].

5.3 Fermionic particle-vortex duality: an application

In this section we first discuss the general idea of a field theory duality and the particular
form that we will be interested in latter parts of the chapter. The discussion in section|5.31
is based primarily on [124}, 125]. The recap on bosonic particle-vortex duality consists of
widely known facts and can, accordingly, be found in standard textbooks, e.g. [37, 126]]. The
version of fermionic duality that we describe here is adapted from [34, 35].

5.31 The general idea and the bosonic version

Two physical systems are said to be dual to each other if they are equivalent. In the simplest
form, this just means that one system is a "rewriting" of the other. To illustrate this point,
consider systems described by hamiltonians H, H’ depending on some degrees of freedom
(DOF) ¢, ¢', and coupling constants g, ¢/, respectively. Ifitis possible to find a transformation

of the DOFs, ¢ = T'(¢’), as well as of the couplings, g = T'(¢’), such that

H(o(¢');9(9") = H'(¢';9') (5.21)

then the systems are clearly equivalent to each other, and there is a direct way to obtain all
information of one of the systems from knowledge of the corresponding information of the
other. Exactly this kind of dualities were the first ones to be discovered in the context of
statistical physics, where, e.g. a rewriting of variables of the Ising model on a square lattice
leads to a self duality relating strong to weak couplings [43].

This seemingly trivial kind of duality can be seen to be at the heart of the celebrated
bosonization procedure in 1+1 dimensional field theories [127,[128]]. Concretely, the fact that
the field theories S; and S}, given by

St = [ @ (179, — mibw - Lo ving) (5.22a)
S¢ = /d2 x <—;8“¢8u¢ + mcos(ﬂgb)) ; (5.22b)

produce the same amplitudes (i.e. all n-point correlators) upon the identifications

2
% = Wig : (5.23a)
Py «— %e“”&qﬁ , (5.23b)

Pip +— cos(B9) , (5.23¢)
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can be seen to be a consequence of the possibility of constructing bosonic operators out of

the fermionic ones and viceversa. Incidentally, this fact is hidden in the dictionary between
theories Eq. (5.23), as only pairs of fermionic fields there are mapped to bosonic ones. If one
is notinterested in an exact rewriting of individual operators, but only in comparing correla-
tors, the dictionary translating fermionic into bosonic theories can be roughlyf|summarized
as

P(z) = exp (zx/ﬂ¢(x)) , (5.24)

1
V2ma
with a a cutoff regularizing the short distance x — 0 limit in correlators. In these terms,
the theories are dual if the same cutoff is chosen to regularize both the fermionic and the
bosonic theory.

As written, both theories in Eq. are strongly interacting, so the usefulness of the duality
is not all too evident. However, for m = 0, the bosonic side of the duality is noninteracting
and thus exactly solvable while the fermionic side remains interacting. Although care is
needed when translating the results obtained from the bosonic system into the fermionic
one, the duality provides a full solution of a strongly interacting theory. Of course, for any
given interacting theory we cannot expect to find a dual free theory describing it, but if some
dual description is available, we can still gain some clear physical picture from it. This is
illustrated with a further example in the next section.

The duality just described is an example of a 'weak duality’ in the language of [125]. It is weak
in the sense that the equivalence holds when both field theories are exactly as written. In
contrast, a 'strong’ duality is a statement about RG flows and fixed points of the two related
theories, as we will see in the next section.

Bosonic particle-vortex duality in 2d

To define what a strong duality means, we start with an example, namely the the bosonic
version of particle vortex duality. To this end, consider a complex order parameter field ¢
living in 2+1d and described by the action (in Minkowski signature)

S = [ € (10,0 — rlof? - uigl®) (5.25)
This field theory is dual [129] to a gauged version of itself, namely

. _ _ 1 v
S = [ @ (10~ i)l — lel? ~ alel + 5z ™) (5.26)

with f,, = d,a, — 0, a, the srength tensor of the U(1) gauge field a,. The dictionary relating
the two theories is given by

56— (97)0 > 50,0, (5.27)

'The standard treatment starts with two bosonic fields ¢+ out of which left/right-handed fermions are defined
accordingto ¢,/ g ~ exp(iviaroy)
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i.e. the particle current of ¢ corresponds to a flux of the gauge field q, so that the particle
number operator for ¢ translates to an operator destroying a monopole (or magnetic flux
vortex) of a. This is precisely where the name of the duality comes from.

The last fact can be easily encoded to produce a statement about path integrals with the
help of a background gauge field A, and a coupling constant e. This is done by minimal
coupling in the theory of Eq. (5.25), 9, — 9, — ieA,, and by adding a so called BF-term to
the lagrangean density of Eq. (5.26),

S, — S, + /d3 x%e’“’”A,ﬁyal, ; (5.28)

in this way S, — S}, /v[A] and the duality can be expressed as

Zp[A] = Z,[A], (5.29)

with
ZlA) = [ 76explis,lA) (5.30)
Zy[A] = / ‘ D9Pa, exp(iSy[A]) . (5.31)

A concrete physical model where the action of Eq. is of relevance is that of an effective
theory for the Mott insulating to superfluid transition in a bosonic Hubbard model at filling
one. Then ¢ is an order parameter for the superfluid density, and tuning the parameter r
through zero in Eq. leads to a conformal field theory describing the transition between
these two phases. In the "particle" formulation, the disordered phase with (¢) = 0 corre-
sponds to the Mott insulator, while in the "vortex" picture, it is a condensate of the vortices
of the gauge field q, and corresponds to the Higgs phase of Eq. (5.26), with () # 0.

Note that, although the duality gives information about the phases of the system, for the
partition functions in Eq. to be gauge invariant with respect to the background field
A, the scalar fields on both sides of the duality must remain massless [35]. Thus, the extra
step of rewriting the duality as an equality of partition functions gives a statement about
the conformal phases of both theories: the phase transition described by Eq. ob-
tained by tuning the parameter 7 to zero describes the same transition as Eq. when
the parameter r is tuned to zero.

The new formulation of the phase transition is not only conceptually rich, but carries more
information than it may at first appear. Indeed, by identifying the CFTs of both field theories
we have made a statement about the equality of the scaling dimensions of all operators
involved, and therefore, about the involved universality classes. This means, in particular,
that complete families of field theories that differ from each other by irrelevant operators
get identified by this duality. It is in this sense that this equivalence is referred to as a
"strong" duality in the literature [125]. From the equivalence of the CFTs, the equality of e.g.
the following scaling dimensions can be deduced

lol?] = [lel?], (5.32a)
[p* 0" ] = [¢"FDyay) - (5.32b)
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5.3.2 The fermionic duality

Starting with the works [29, 30, 33], it was suggested that QED;3 at Nr = 1 is dual to a much
simpler theory, namely a free Dirac con€?] In terms of the path integrals involved, the duality
is

ZylA] = Zy[A] , (5.33)
where
Sold) = [ s (510770, ~ ied,)]v) (5.34)
and
Sy = /d?’a: (lll [iv*(0,, — iéa,)] ¥ + Lf o+ é—ee“""A oya ) (5.35)
M H 2é2 21 47 HEVEp . .

and both fermionic fields +, ¥ are two-component spinors. The form of the two actions
involved makes already evident why we refer to this duality as the fermionic version of
particle-vortex duality. In the following we will also refer to the theory Eq. as the Dirac
cone and to the theory Eq. as the composite fermion. Moreover, the dictionary relating
the two theories can be read off the previous two equations and is explicitly given by

_ 1
Py «— Ee“”@ya;) , (5.36)

i.e., the density of the y-fermions corresponds to two (in units of 2r) fluxes of the gauge
field a.

A good argument for the veracity of the duality has been made in [130], and we will content
ourselves with taking the arguments there as a proof, i.e. we assume that the strong form
of the duality holds. In this section, and based on the considerations from the previous
subsection, we thus want to make universal statements regarding the CFTs of both sides
of the duality, similar to those in Eq.(5.32), which are independent of energy scales and,
in particular, of the fixed point value of the couplings involved. We can therefore set the
couplings e, ¢ to their fixed point values e,, é. and redefine the gauge fields, i.e. a — a/é.
and A — A/e,. This sets the stage for our program: constraining the topological current
correlator in Subsec.[5.3.2]and the mass dimension in Subsec.[5.3.2}

Constraining the topological current correlator

The current-current correlator on the Dirac cone side of the duality Eq. (5.34) can be com-
puted explicitly

Gu(—=p)iu () = —NeCVlp] (5 - p;f;”) (5.37)

2There are several technicalities involved in defining this duality rigorously which, however, add nothing to the
present discussion. The interested reader can find all the details in [34]
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where j, = ¢, is the ¢-fermion current, Ny = 1 is the number of ¢-fermions and

1
cl = " (5.38)

This equation is exact because the CFT in the Dirac cone side Eq. (5.34) is that of a quadratic,
free theory. On the composite fermion side, the +) current gets mapped to the topological
current

O 1 VKR
J;tl P= A €u Oyay , (539)
and we should have
(Gu(=0)dv(p)) = (T, (=p) TP () (5.40)

where it is understood that the expectation values on each side of are taken with
respect to their respective actions. Now, for zero doping and in a conformal phase (charac-
terized by n* = 1) with conserved topological current 0, J°P = 0, the correlator must also
have the form of Eq. with an independent universal constant

DI 0) = ~Ne a5l (S0~ 252 (5.4

with Ny s = 1 the number of composite fermions ¥. The number C}Op is, however, not
known, since the composite fermion theory is interacting. We can now use Eq. to de-
termine C'’" exactly thus constraining perturbative computations for C'°°. The best esti-
mate for '’ has been obtained by large-N diagrammatic methods Denoting the number
of fermionic components as N, the result reported in Ref. [116] ( Eq. (4.3.)) then reads:

CYr = [ 2 <1 L <8 — 736)) + AX“)P(NG)} (5.42)

71'2NG NG 97‘(2

where we have gathered the unknown interaction corrections to all orders in 1/Ng into the
variable AX*P(Ng) and already adjusted the conventions defining the current correlator,
i.e. Ji°P — J;°P /2. Recalling that our spinors are two-dimensional,

Ng = 4N; = 2Np , (5.43)

and invoking Egs. (5.38/5.40), we obtain for Np = 1

C'P = [0.347365 + AX'P(Ng = 2)] , (5.44)
AX'"P(Ng = 2) = —0.0973652 . (5.45)

Knowledge of the exact value for this and other universal constants may help to constrain
perturbative computations of thermodynamics, entanglement, and response functions of
QED;3 and possibly extensions thereof.

3By this we mean that a counting of diagrams is performed to order 1/N, but no assumptions are made about
the size of N.
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Scaling dimension of mass operator at one-loop

Our analysis of QED; in Sec. [5.2]was based on an Ansatz with massless fermions, so it does
not allow us to obtain directly an estimate of the scaling dimension of the fermion mass
operator. As advertised before, the duality allows one to obtain such scaling dimensions.
In particular, in addition to the matching of particle current and gauge field flux, the strong
form of a duality implies that the mass scaling dimensions coincide [130]. The analogue of

Eq. (5.32) is then

(Y] = W] . (5.46)

The left hand side of Eq. is exactly zero, as are the anomalous dimensions of any free
theory. To obtain the right hand side, we use a more pedestrian approach, namely a one-
loop calculation. That is, we compute the singular corrections to the scaling dimension of
the mass operator U for the fermion fields at the fixed-point of Subsec.

/ A3z Zs Zg O (5.47)

Defining the anomalous exponents (A is the running cutoff scale),

dlog Zy
=—— .48a
nw dlogA (5.48a)
dlog Zz
= — m .48b
U Tlog A (5.48b)
the total correction to the scaling dimension of the mass operator is then
Nmass = Mm + Nw - (549)

We first compute the fermionic field renormalization Zy and ny from the one-loop self-
energy shown in FIG.[5.5] The photon anomalous dimension is 7; = 1 so we can use the
overdamped one-loop form for the propagator of the gauge field, i.e., for Ny = 1:

16 v
D;Lu(q) = éTm (TI,LLV - (]- - 5) q;g > ) (550)

where, as before, ¢ is the charge of the ¥ fermion with respect to the gauge field q, as
denoted in Eq. (5.35). For simplicity, we use the Feynman gauge ¢ = 1 in what follows.

SN,

FIGURE 5.5: One-loop fermion self energy for Zy and the corresponding
anomalous dimension 7y.

With this, the singular fermion self-energy correction is:

ale) = & [ G (=")Gula+ )Py
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(@) (b)

FIGURE 5.6: One-loop graphs for insertions of the mass operator /. = U,

(a) is computed in the text and (b) arises from the four-fermi coupling A and

does not produce singular corrections, when approximating A as momentum-

independent. Upon keeping the momentum-dependence of the four-fermi

coupling, for example via o-meson exchange [131], (b) can also generate sin-
gular corrections to operator dimensions.

8 A
= ——F 1 b .
524108 <q|> ; (5.51)
and the anomalous dimension for the fermions is
0 0 8
= —/\—— (A = —
ny = —Agrtr (v 90 52\11(61)) T3 (5.52)
g=

in agreement with a previous calculation upon setting their N to 1/2 and gauge fixing £ = 1
[32].

The one-loop graphs for the correction to the mass operator ém(k) are shown in FIG.|5.6]
Graph (a) is non-vanishing and yields the divergent correction

- 24 A
om(k) = Ilﬁ log <|k>

M =——%5 - (5.53)

Adding the exponents as per Eq. (5.49) we get the final result

64

Thmass = _Q 5 (554)

which agrees with the leading term in a computation of the same quantity by Gracey upon
setting his Ny = 1/2 [132]. This differs by a lot from the expected result from the duality.
However, one must bear in mind that the computation just presented is based on a one-
loop computation, which is not the best estimate for low fermion numbers. Implementing
the momentum-dependent four-fermi coupling via o-meson exchange [131] will produce
corrections to Eq. (5.54), as may other additional terms to the truncation Eq. (518). It is an
interesting project to establish explicitly the exponent identities conjectured by the duality.

For the insertion of the (conserved) current operator, the cancellation can be seen already
at the level of our approximation. That is, for

/ dd*z j, Z;, Zy O (5.55)
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FIGURE 5.7: One-loop correction to insertions of the current operator j, =
Wy, 0.

with j, = U, ¥, the current anomalous dimension is

8 8

ncurrent — nj“ + 77‘1/ = —3? + ﬁ = 0 R (556)
which follows from evaluating the diagram of FIG.[5.7}
. 8 A q*
Sit () = —— [ ~*1 )1 .
7M@) = 55 (v og (|q> " 51) : (5.57)

5.4 Conclusion

This chapter explored aspects of a particle-vortex duality for Dirac fermions in two space
dimensions. We raised the question whether a single two-component Dirac fermion cou-
pled to U(1) gauge field can have a conformally invariant ground state and found indica-
tions that this may the case, at least for the initially only weakly coupled model. The CFT
we found is not free but has non-trivial anomalous dimensions and finite four-fermi cou-
plings. It would desirable to have a (non-perturbative) proof of the absence of spontaneous
symmetry-breaking in the ground state of Eq. by generalizing the Vafa-Witten theorem
to smaller flavor numbers down to Ng = 1.

The strong form of the duality between QED3; and a free Dirac cone constrains operator di-
mensions and, as we tried to show, also universal constants of electromagnetic response
functions. Admitting the presence of Chern-Simons terms would in principle open up the
possibility to investigate a number of other possible dualities [34,35]. Coupling the dynam-
ical gauge field a,, to a dynamic field b, via o~ [ d*ze**?a,d,b,, for instance, a duality to the
Wilson-Fisher fixed-point of ¢* theory has been conjectured recently [34}35]. In the future,
it will be interesting to investigate this scenario within the present RG framework by adding
the corresponding terms to the ansatz for the scale dependent effective action Eq. (5.2).
The computation of the respective flow equations, however, may not be straightforward. As
discussed in [28] in detail, the gauge sector of QED; requires a delicate treatment due to its
complicated momentum structure in the infrared regime. While the computation in [28] on
which the present work relies was specifically tailored to account for this subtlety, it is not
clear whether the modification due to a Chern-Simons term can be incorporated directly.
We leave this more generalized problem for future work.

It would also be interesting to establish exponent identities and possibly emergent conser-
vation laws of dual QED3; more completely and to higher loop order. To strengthen the link to



5.4. Conclusion 73

a specific condensed matter situation, a further topic of interest are the “non-universalities"
of dual QED;3 such as the kinematics, velocities, additional interactions, and energy scales
below which the continuum field theories for the effective degrees of freedoms emerge.
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Chapter 6

Summary and outlook

In this work, we have presented a functional renormalization group study of quantum phase
transitions and phases of Dirac materials, with a focus on spacetime dimension D = 3 and
with an eye on transitions that might present behaviour outside the expected scope of a
naive Landau description. In Chapters 3] and |4 we showed the important role that gap-
less fermions play in the dynamics of the order parameters and how they provide a simple
mechanism to observe transitions that would otherwise not be allowed within the Landau-
Ginzburg paradigm.

Our results moreover illustrate the versatility of the FRG method. Indeed, many of the rel-
evant features of the transitions studied in this work can be best observed when analyzing
the critical points by approaching them from the ordered phases, a task which is much more
easily achieved within our nonperturbative treatment when compared to usual perturbative
approaches. In chapter 2l we moreover provided an original example of this versatility by
showing how all quantum critical points that involve mass-like order parameters in Dirac
systems approach a Lorentz invariant form in the low energy limit, regardless of the dimen-
sionality of the system, the number of fermions involved or the particular details of the
bosonic self-interactions, but provided that these are isotropic in the spatial dimensions.
A potentially interesting extension of our arguments to e.g. interactions mediated by emer-
gent gauge fields could lead to novel fixed points or phases where no Lorentz symmetry is
achieved [52].

The treatment of compatible orderings presented in Chapter [4] certainly allows room for
improvement. As mentioned in detail there, although it is reasonable to consider the tran-
sition as mediated just by fluctuations of the local order parameters and of the fermions,
it is of course not unthinkable that monopole operators for the order parameters play an
important role. To what extent they effect the symmetry enhancement properties of the
gapless fermions is not at all clear and could lead to a better understanding of not only
the phases of Dirac materials, but also of spin models in which deconfined quantum critical
points are presumed to exist.

Additionally, we showed in Chapter[s|how the condensed matter realizations of well known
theories like Quantum Electrodynamics can present unexpected behaviours differing from
their high energy counterparts. In Chapter 5| we moreover explored a dual description of
QED; that allowed us to obtain nontrivial information of this strongly interacting theory.
This latter fact opens the door to study similar systems. The duality that we considered is
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perhaps the simplest of a recently proposed web of dualities that seems to provide unex-
pected and far reaching connections between many field theories, yielding complementary
descriptions of several condensed matter systems.

One need not even consider other "threads" of the web, as the exact same duality that we
have analyzed in Chapter [5| offers a rich variety of phenomena that can be theoretically
challenging and experimentally accessible [133]. The connection that this duality provides
to the physics of the half-filled Landau level promises to provide several interesting options
that remain to be explored [134, 135].
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Appendix A

Threshold functions

This appendix lists all the threshold functions not written explicitly in the main text.

Aa Threshold functions - Kekulé Valence Bond Solid

Here we present the threshold functions that appear in the flow equations and the anoma-
lous dimensions of chapter In the following we restrict to a choice of cutoff Rg 1 (¢) that
allows explicit analytic evaluation of the integrals involved and has favorable convergence
properties [47, 136H139]:

Ry i(q) = Zpr(k? — ¢*)0(k* — ¢%) (A1)
qRy 1 (q) = iZy kd(k — @)0(K* — ¢°) . (A.2)

The threshold functions in the effective potential read

o 2’UD Mo 1
ls(w) = 5 (1 D+2)1+w, (A3)
2’UD Ty 1
l = —(1- _ A.
rw) =75 < D+1>1+w (A4)
In the anomalous dimensions the threshold functions are
1
F
_ A.
me (1+(JJ,¢)4, ( 5)
1 1—n, 1 1—ny 1 1
F P Thp
= — — - . A.6
4 (1+w¢)4+D—2(1+w¢,)3 <2D—4+4> (1+ wy)? (A6)

For any of the three equivalent minima of the order parameter potential, the remaining
threshold functions are somewhat more involved and read

(1 + ugg/11)v1 — u1202
mﬁ)Rl/z(m,vz) =YD ((1 + U22/11) { / -

1+ ui1)(1 + us2) — ui,)?
(1 +u11/22)v2 — u1201 >2
1+ up1)(1 + uge) — u2y)? ’
(14 u11)vr — w12v2)((1 + uge)v1 — u1203)
((1+u11)(1 4 uz2) — ufy)*

U12 { (A7)

mgz)RlR2 (v1,v2,v3) = vp ((1 + u11) (1 + uge)
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Ful, (1 4 u22)va — u12v1)((1 + u11)vs — u1201)
(14 u11)(1 + uge) — uiy)?
((1 + u22)va — u1201) (1 4+ ug)vy — ug2v3)
((1+urn) (1 + uz2) — ufy)?
(1 +u11)vr — u2v2) (1 + u11)vs — ug201)
(1 un) (1 + uzo) — ufy)
(1 +ugp11)” +uiy

— U12(1 + u22)

— U12(]. + uu) ) 5 (A8)

FB _ Ne
m(l?)R1/2 - (1 o D+ 1) ((

2 ) (A.9)
14+ wi1)(1+ ug2) — U%Q) (14 wy)

JE R _2vp - (14 usz/11)* + uiy
nm .D D + 2 1 1 a2 1
(T4 w11)(1 4+ uw22) —uiy ) ( +U22/11)

1 1+ m
n (1 . DW 1) - } x (1+ u22/11) _ , (A10)
+ twy ((1+u11)(1 + ua2) —Ufg) (1 +wy)™

[FRiRs _ 20p [(1 Mg >(2+u11+u22)(1+u11)(1+um)+u§2

111 D B D+2 (1+U11)(1+UQ2) —U%Q
< ) 1—|—U11 1—|—UQ2):| % 1

5 .

D+ 1 I+wy ((1 +u11)(1 4 ug2) — U%z) (1+wy)

(Aa1)

Let us note that these threshold functions simplify for our choice of the minimum as w2 = 0
in this case.

A.2 Threshold functions for compatible orders

A.2a FRG equations

Anticipating the splitting of the bosonic degrees of freedom into longitudinal and transver-
sal, we denote the combined independent fields as ® := {¢., ¢r,xL, xr}- We moreover
make use of the standard linear regulators for bosons and fermions, Re(p) = Zop*rp(p?)
and Ry (p) = —Zyprr(p?), and feed the Ansatz of Eq. into the Wetterich equation. The
respective projections are described below.

Masses and bosonic potential

The different masses appearing in the threshold equations are obtained from the Hessian
of the dimensionless potential u(py, p, ). Denoting derivatives with respect to ® with sub-
scripts and derivatives with respect to p, p, with superscripts, (i.e. u(™™ := gr:,fgp“ ), the
nonzero entries are given by

20) g = 410 (A12)

U3z = u(071) + 2pxu(0a2) , Ugq = u(oal) ,

U = w0 4 2ppu

urz = uz1 = 2,/paprutt wy = 2(93ps + G3Px)
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from which we define the entries of the bosonic propagator matrix as

14+u
dija,L = TEE jiﬁ;;) =2, (A13)
1
diT == m 5 (Aaz)
u
dox = udy — (1+ u1131)(1 + usz) (A1)
The flow equation for the potential therefore takes the form
dyu = —Du+ (D — 2 + 1) ppu™?) 4+ (D — 2 + 0, ) pyu®V (A16)
+ 07, + (N = VP + 057, + (No — 1)05p — d 0"
with threshold functions
o = 2 (1 S ) dic , (A7)
D D+2
4qu 1
=2 (1 - D"_t 1) o, (A18)

Yukawa couplings

In order not to introduce a bias between order parameters with and without goldstone
modes (i.e. when one of the OPs is of Ising type), we take a projection along the longitudi-
nal directions of the OPs. The coordinates are chosen such that ¢; and y; are the massive
directions, this means

(A19)

01g; = itr L
W=\ 158, 1) 59(q)

The full flow equations thus obtained are

8759% =(D—4+m+ 2771/))95 - 29% [Q% ((Nl - 1)Lf1%,1:r - LflEf,lL)
+ 95 ((NZ - 1)Lf£,2T + LﬂEf,zLﬂ — 169195/ L3)"
+ 297 [Uzzl(Nl —1)\/2p g3 L1517 + tas1 (N2 — 1)\/@@%@324
- 29%%11 [\/%(Q%Lﬂg,m - QSL?QB) + 293 \/@Lﬂﬁ]
— 2g7uss1 {M(Q%L%B - ggLng,ZL) + 293 \/ELQE]
— 293 (w1 + 1) /200 (GFLES — LIS ) + 03 /20 (LEF + LEF)|

- 89411&# {g%(Lngi,lL —(Ny — 1)L§1%,1T) - 93((N2 - 1)L§1%,2T + L2F£,2L)} )

and
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g5 = (D —4+mn2+ 20y)95 — 295 {92 ((N 1)Lf1%;,2T - LflflgﬂL)
+ g7 ((Nl Lo + L1t} 1L>] — 169597 \/Popx L3)"
+ 295 [U443(N2 —1) 2Px9§Lf2]g,2T + ug23(N1 — 1) 2P¢Q%Lf2%,1:r}
- 29§U333 [\/ﬂ(ggLfﬁzL - Q%L%B) + 29% \/%Lffé}
- 29§U113 [\/%(gzLBB L122 1L> + 29% \/%szﬁ]
— 295 (u313 + u13s) [\/E(QQLSRQ LfQRl) + 97V 2p6 (LT + LoBzR)}

- 8930)( [gg(LQFlfsz — (N2 — 1)L§11(3),2T) - 9%((]\7 )L210 i+ L2Fllf 1L):| )

with threshold functions given by

o )
+ (1 - Dni 2) r|eij|d?¢,x] m , (A20)

B (1 GRS 1) m ' (1 B D?Q) ndi
" (1 - Dni 2) €is] (o + dlLd?L)] @Jilij;)m ) (A.21)

LBB.:&)7D 1— 77111
mn D D+1 1-|—wq/J
1 d dox (A.22)
o “D3) %) | Tra |
8up m
LBE .— 1
i D[( DH)H%

a2 +mdypd

m 2 bX 1L42L
1-— d 1-— d - A2
+”<( D+2) 1L+( D+2> QL)] Ttwy (A-23)

where the index i, j € {1,2}, which refers to the two distinct Yukawa couplings, is summed
over when repeated and o € {L,T'} refers to the longitudinal or transverse components,
respectively.

Anomalous dimensions

Finally, the set of equations is closed by considering the anomalous dimensions.

<_
o 3 5
OZ; = lim — o , (A.24)
K q—0 aqz 0P 1( ) ’ k5‘1’21 1( B fmp=0
%
1 ) ? 5
Zy = — i A.
OZy=-lm T h ( 907 5000 E 5ule) (A25)

from which one gets
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4
ni = % [mf + Nfdwg?mF} ; (A.26)
8
= % (g% (mfll,glL + (N1 - 1)mfoj,81T) + 95 (mﬁ%L + (N2 — 1)mf0],32T>) ; (A.27)
with
Fo_ (1= 2 fl-my 1 1
" '_<D—2+1> (1 +wy)? (D—2+2> (1 +wy)?’ (A.28)
m¥ = d%T<<u122d1L + ugnadgy ) + (usoadar, + U122d¢x)2) ; (A29)
my = dir ((U344d2L + u1a4d gy )? + (uraadir + U344d¢x)2) ) (A.30)
FB ._ N 2 oy 172 1
mmn,ia T (m (1 D+ 1) dwc +n (1 D+ 1) |61J|d¢X) 1+W¢ : (A31)
A.3 Threshold function for the gauge field anomalous dimen-
sion

To compute the photon anomalous dimension it is necessary to take into account the mo-
mentum dependence of the wavefunction renormalization factor. Because we expect the
polarization to go as ~ 1/p, the naive zero momentum limit might be ill-defined. To have
control over the calculation, one instead defines the anomalous dimension as dependent
on a control parameter ¢ by defining

Na i= =0, In Z,(p? = C2k?) (A.32)

where k is the running scale. The pointlike limit that we used for all other couplings is thus
achieved by setting ¢ — 0 if the limit is well defined. This produces, upon inserting the
projection into the Wetterich equation the following threshold function

oo 1 2
P P, gud 20re(y) —myrely) L[yt —Cx
O A Fav it B v e

[ [0ery)(y) — nyry ()

[L+ 7y ()21 + 7y (y — 2¢z /Y + ()]

n [0y (y — 2C2\/y + C2) — nyry (y — 2C2/y + Cz)]
1+ 7y (I + ry(y — 2¢z /Y + (2))? '

(A.33)

For the Litim linear regulator shape function r(z) = (Vz ' —1)0(1 — z), the limit ¢ — 0 is
finite.
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Appendix B

Direct derivations of 3-functions of
four-fermi couplings

Ba Derivation of 3-function 9, for four-fermi coupling \

The beta function for the single fermionic coupling A can be derived without making refer-
ence to the flow equations by applying the ansatz to the Wetterich equation

Ot Ry,
F,(CQ) + Ry,

2 i (_1:_1 (P F)" (Ba)

n=1

1 1. - 1
Oy = 3STr — STr {atm} + 55T

to extract 9, from the ansatz (5.18). The expansion of this equation on terms of propagator
and fluctuation matrices F,(f) + Ry, = P, ' + Fy facilitates a projection onto the respective
operator structures. The propagator matrix is given by

P 0 0
Pt=0%p-¢| 0 0 -P|. (B.2)
o -PT o0
Py=g-[Zy(L+ry) 7", (B.3)
Py = [0d® = 4ua] - [Zag? (L +1a)] 7 (B.4)

Here, only terms ~ (yx) are of interest. Therefore, any explicit dependence of the fluctua-
tion matrix on the gauge field a, can safely be dropped from the outset and we get

0 X0 ) —EXp—qu
Fr = —éngg_p =2\ fpl Xglip—q+p1 2\ fpl [Xngg—qupl - (Xpl XP—Q+P1)]1]
€0uXp—g 2\ fpl [(Xp1 Xp—q+p1) 1 4 Xp1 Xp—q+p1) —2A fpl Xp1 Xg—q—pl

(B.5)

Projecting onto spatially constant fermion fields y, := x6®®)(p), the basic building block of
the expansion can be expressed as

0 Pexo, —PvexTol
[Pt 7], =8P —a) | —Peoux  —P2X ()1 + x¥] P2ixx”
Pleoly” PT2AY" ¢ —PI2X [X"XxT - (xx)1]

(B.6)
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FIGURE B.a: Diagrammatic representation of the contributions to d; ). It is a
special feature here that diagram (a) vanishes after the trace.

There are three contributions to the flow of the bare coupling A which can be depicted
diagrammatically as in fig.[B.1| below.

Here, double lines symbolize the (full) renormalized propagators in (B.2).

Fermionic self interaction This contribution does not involve the gauge vertex. Conse-
quently, only the lower right submatrix of eq. is needed. Projecting onto (yx)? gives
11-1

O 52 (Xx)? = 5575Tf [(Plzlfk)iz} =0 (B7)

where Q is the three-dimensional spacetime volume. Thus, tracelessness of the quadratic
term in the expansion enforces linearity of the S-function. This finding is crucial for QED;
being conformal for Nf@) = 1and it only occurs for this flavor number. Some details of why
this is the case are given in App.[B.2|below.

Triangle diagram Both gauge and fermionic sectors are involved in the computation of this
diagram. It is given by

1,1
< 111 3 i 2
(v = === 13 ]2 ey o2
O3 (00)* = 5535Tr | (P F) 5] = 25 w717, () (8.8)

Here, the usual compact notation in terms of a threshold function has been introduced,

o A — 2 — Oire — NaTa 1+r . —n
la;b L — k? A—2ny 3/ dqq4 |:na t 5 7 +27’L¢ 5 w(atTw _ nwrw) P’r‘a Q‘P”'w w’ (B9)
r T

a

with
P?“a = q2 [1 + Ta] y Pm/, = q2[1 + Tw]z. (B.'IO)

Box diagram The last diagram is particularly important as it is responsible to generate the
fermionic interaction when starting from the QED5 action in the UV, where A\, = 0. When
computing its value, the lower right submatrix of Eq.(B.6) may be ignored as only the gauge
vertex contributes.

11-1 -

3 _ _ 4 a, 1 L
at)\‘ézl(XX)Q = §§TSTI‘ [(Pk 1]:]@)é4} = ﬁWGAI(XX)Q (B.11)

Renormalization and rescaling In a last step, a renormalization of the couplings as in
eq. and the fields as x — x/./Zy as well as a rescaling of ¢ and A with =2 provides
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the final result for the 3-function:

ko
O = M1 +2) + 7 0 = M1+ 2y) + 25, Ae® + 1. (B2)
¥

This reproduces Eq. (5.19) of the main text.

B.2 Cancellation of )\? term from flavor trace in 9,

In order to understand the origin of the cancellation enforcing linearity of the 3-function (B.12)
with respect to ), it is necessary to revisit the corresponding contributions for general fla-
vor number Ng. Although there are two independent quartic fermion terms for Ny > 1 (see
Eq. (5.16b)), it is sufficient to consider the generalized interaction

(00 = (WX iy - (B13)

The fermion sector of the analog to eq. is then given by

P-LlE 7} =@ (p— )22 ) ] ) ) -
L o N A (SO ) e Ty
(B.14)
where the flavor dependence of the fermion propagator has already been absorbed. It is
then

2 (PX [(xx) 16 + X' x| P ()" )

_ o Nel /-1 9 y o g
_ (oii2 . PYE L -1 - P ca.a\ <i g (oa.a\2 gij
0l (X =4 5 (5 ) ST (P A% =2 e [(eeae) v = (e
1
»

=2

(1 o NF) 5\2 ()Zixi)Z

- NF7T2
(Bas)
where in the first line all traces but the flavor one have been performed and
n n— 1 + T
lw = 2nk2 ) 3/ dqq4(8t7“w — lerw)PT—{-f} (B.16)
T

We emphasize the prefactor in this expression vanishes for the case of interest Ny = 1
as announced in the main text. This is due to the absence of flavor off-diagonal terms in
Eq. for this case. For Ny = 1, the flavor indices a = i = j must fall onto each other
and the bracket [...] in the first line of Eq. vanishes. Related vanishing of g-functions
in the single-flavor case also appears in the Gross-Neveu model and in particular also holds
at higher loop orders [106-108]. Complete cancellations of individual contractions in a 8-
function for a four-fermion vertex also appear in Luttinger liquids [53]], although these are
specific to spatial dimension D = 1.
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