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LAY ABSTRACT

The superconductivity in heavy-fermion compounds, iron pnictides and cuprates has
been intensively studied for over thirty years. Amongst some of these materials, the com-
mon denominator is the presence of strong antiferromagnetic fluctuations in their normal
state, signaling an underlying quantum phase transition between a paramagnetic metal and
a metal with antiferromagnetic long-range order. Although the quantum critical point is
experimentally inaccessible due to the presence of superconducting order, it determines the
physical properties of the normal state of the metal in a wide range of temperatures. In
this thesis we study the low-energy theory for the critical metallic state that arises at the
aforementioned quantum critical point. We present a nonperturbative study of the theory
in spatial dimensions between two and three. We pay special attention to two dimensions
where we show that our physical predictions are in qualitative agreement with experiments
in electron-doped cuprates. We further develop a field theoretic functional renormalization
group scheme that is analytically tractable. It provides a general framework to study the
low-energy theory of metallic states with or without a quasiparticle description. Within this
formalism we characterize the single-particle properties of the antiferromagnetic quantum
critical metal. This allows one to study the superconducting instability triggered by critical
antiferromagnetic quantum fluctuations quantitatively.
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ABSTRACT

This thesis is devoted to the study of the low-energy theory describing the antiferro-
magnetic quantum critical metal in dimensions between two and three. In the past two
decades this theory has been the subject of intense theoretical efforts due to its relevance to
layered materials such as high-temperature superconductors and heavy-fermion compounds.
Despite such efforts, only recently the exact low-energy properties of the theory have been
determined through a nonperturbative renormalization group analysis. This thesis is mainly
devoted to develop this nonperturbative approach and characterize the low-energy properties
of this novel state of matter in a controlled way.

In the first part of the thesis we focus on the theory in two dimensions. Despite the
strong coupling nature of the theory, its low-energy properties can be determined reliably by
organizing quantum fluctuations in terms of an emergent control parameter, which differs
from the standard perturbative expansion in the coupling. Based on a nonperturbative
renormalization group approach we predict the exact critical exponents at the fixed point
into which the theory flows in the low-energy limit. We also compare our predictions with
known experimental data in electron-doped cuprates. We further compare our results with
previous theoretical works and point out the main qualitative differences.

In the second part of this thesis we study how the nonperturbative solution in two di-
mensions evolve as the dimension of space is increased from two to three. We present a
generalization of the nonperturbative approach used in two dimensions, and provide ex-
pressions for the exact critical exponents and low-energy physical observables of the theory
in space dimensions between two and three. We show that, on the one hand, the critical
exponents are smooth functions of the dimension. On the other hand, the physical observ-
ables display subtle crossovers that make it hard to access subleading scaling behaviors in
two dimensions from the low-energy solution valid above two dimensions. This is caused
by a noncommutativity between the low-energy limit and the limits in which the physical
dimensions are approached.

In the last part of this thesis, we study the single-particle properties of low-energy elec-
trons in the two-dimensional antiferromagnetic quantum critical metal within a unified the-
ory that includes gapless electronic modes away from the hot spots on the Fermi surface.
The theory studied in the first part of this thesis is generalized to account for all gapless
electronic excitations on the Fermi surface. Through an analytically tractable functional
renormalization group scheme, we show that low-energy electrons are characterized by a
universal momentum-dependent quasiparticle weight that decays to zero as the hot spots
are approached along the Fermi surface. The momentum-dependent quasiparticle weight
shows how quasiparticle and non-quasiparticle excitations coexist within the same metallic
state. This approach also allows one to characterize how the global shape of the Fermi
surface is renormalized due to the strong interaction between the electrons and the criti-
cal spin fluctuations. These predictions are testable through angle-resolved photoemission
spectroscopy experiments. The work presented in this part of the thesis provides a general
theoretical framework for theories of metals with or without quasiparticles whose universal
low-energy properties are characterized by an infinite amount of low-energy data. Finally, we
present a preliminary analysis of the superconducting instability of the metallic state. With
this we determine the temperature range in which our predictions are testable and provide
an upper bound for the superconducting transition temperature of the metallic state.
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1 | INTRODUCTION

The theoretical study of universal long-distance physics of different phases of matter and
their phase transitions is at the core of modern condensed matter physics. Within the vast
landscape of physical phenomena that this entails, understanding the critical points associ-
ated to such phase transitions is of great importance, despite the fact that these represent
only a very small set within the space of theories describing condensed matter systems. The
importance of studying critical points is two-fold: First, critical points associated to continu-
ous phase transitions separating two different phases determine the universal nature of those
phases to a great extent. In this sense, the study of critical points provides a framework
to organize and classify different phases of matter. Second, critical points often host novel
states of matter in which there exists no well-defined single-particle excitations. Such states
are often described by strongly interacting field theories.

Phase transitions are conventionally classified into two main classes: first-order (or dis-
continuous) and second-order (or continuous) phase transitions [1-7]. A common example of
a first-order phase transition is the liquid-to-gas transition of water, which can be driven, for
example, by tunning the temperature at fixed external pressure. A well-known second-order
phase transition is the paramagnetic-ferromagnetic transition in which, by tunning the tem-
perature down, a paramagnetic material spontaneously develops a nonzero magnetization at
a critical temperature. Even though phase transitions are omnipresent in all materials, the
theoretical description of first-order and second-order phase transitions differ tremendously
and are still subject of intensive theoretical research.

First-order phase transitions are mainly characterized by a discontinuity in the entropy
of the system at the transition point, giving rise to a latent heat. These transitions are
highly dependent on the microscopic details of the material under consideration because, at
the transition, the constituents of the system are spatially correlated on length scales that
are small compared to the (linear) size of the sample. This is commonly referred to as the
system having a finite correlation length [1, 4, 7]. As a consequence, a generalized theory
of first order phase transitions is hard to achieve due to the lack of universal features that
are material-independent. Second-order phase transitions, in contrast, do not display such
a discontinuity in the entropy and there is no latent heat associated to them. Moreover, at
the transition points, known as critical points, the constituents of the material are spatially
correlated at length scales comparable to the (linear) size of the sample. Theoretically,
this is referred to as the scale of correlations being unbounded in the thermodynamic limit
[1, 4, 7]. Because of this, second-order phase transitions display universal features that
are independent of the microscopic (short-distance) details of materials, which allows their
description to be significantly more systematic than that of first-order phase transitions
[1, 2, 4-7].
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The fact that second-order phase transitions are independent of the microscopic details
of materials is often referred to as universality. Different second-order phase transitions
are characterized entirely by material-independent data such as the critical exponents that
govern the scaling properties of long-wavelength physical observables. Such universal data is
largely fixed by the dimensionality of space and the symmetries of the phases involved in the
transitions. Different space dimensions and symmetries lead to different universality classes
which are parametrized by the critical exponents |2, 4, 6, 7|. The power of this idea lies in
the fact that second-order phase transitions that belong to the same universality class are
described by the same physical theory irrespective of the microscopic details of the materials
harboring the transition. A canonical example that illustrates this is the three-dimensional
Ising universality class which describes both the the paramagnetic-ferromagnetic transition
in two spatial dimensions and the liquid-vapor transition of water at the critical point [8, 9.

For the most part, the systematic understanding of second-order phase transitions has
been built upon Landau’s idea of symmetry and local order parameters that encode the
macroscopic degrees of freedom of the system and which distinguish between the phases in-
volved in the transition [10, 11]. In Landau’s line of reasoning, second-order phase transitions
are seen as occurring between a disordered (symmetric) and an ordered (broken-symmetry)
phase. This naturally led to the idea that spontaneous symmetry-breaking is at the heart of
second-order phase transitions. In this formalism, the way in which the expectation value of
the local order parameter (in the statistical mechanics sense) transforms under a symmetry
transformation encodes the broken symmetry characterizing the phase transition |2, 4, 6].
Landau’s symmetry-breaking paradigm was originally conceived as a mean-field approach in
which the local order parameter is treated as a static entity whose fluctuations are completely
ignored. These fluctuations can either be thermal or due to quantum effects. The former are
responsible for the existence of thermal (or classical) phase transitions, where the transition
is driven by long-wavelength thermal fluctuations close to the transition temperature. The
latter, on the other hand, are responsible for the existence of quantum phase transitions
(QPTs) where the fluctuations arise as a consequence of the uncertainty principle that is at
the core of Quantum Mechanics. The critical points of this type of transitions are known
as quantum critical points. QPTs are driven by tunning non-thermal parameters (such as
pressure, doping or magnetic fields) and only occur at zero temperature |2, 6].

Since Landau’s mean-field theory ignores fluctuations of the order parameter it is ex-
pected to fail when such fluctuations become large. This is a situation that typically hap-
pens close to classical and quantum critical points that are realized in low dimensions.
The reliability of Landau’s mean-field theory is determined through Ginzburg’s criterion
[2, 4, 6, 12, 13], which states that a mean-field theory is valid provided that the fluctuations
of the order parameter remain small compared to its expectation value arbitrarily close to
the critical point in the symmetry-broken phase. Ginzburg’s criterion imposes constraints
on the applicability of Landau’s mean-field theory as a function of the space-time dimension.
In particular, this criterion gives rise to the notion of the upper critical dimension of a theory
[2, 4]. That is, the dimension above which fluctuations of the order parameter can be ignored
and Landau’s mean-field theory is reliable. Typically, experimentally relevant second-order
phase transitions are described by theories whose upper critical dimension is higher than
the physical space-time dimension at which the transition occurs. Thus, a systematic un-
derstanding of these second-order phase transitions requires the inclusion of fluctuations of
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the order parameter. The addition of these fluctuations to Landau’s mean-field theory is
commonly known as the Ginzburg-Landau paradigm and it constitutes the first stepping
stone in which the work presented in this thesis is based on'.

It is noted, however, that the Ginzburg-Landau symmetry-breaking paradigm does not
provide a full characterization of all continuous phase transitions known to occur in con-
densed matter systems. The most prominent examples of continuous phase transitions that
lie beyond this paradigm are those happening amongst topologically ordered phases of mat-
ter where no local order parameter distinguishes amongst them [3]. Even more interestingly,
there are known cases of QPTs between phases that can be characterized by the Ginzburg-
Landau symmetry breaking paradigm, but whose transition cannot be described within
this same framework. The description of “deconfined” quantum critical points arising in
two-dimensional antiferromagnets [15] is a well-known example of this. In this thesis, how-
ever, we will only focus on a QPT that falls within Ginzburg-Landau’s symmetry-breaking
paradigm.

Thanks to the development of renormalization group (RG) techniques based on the sem-
inal works by Kadanoff [16] and Wilson [17, 18], a systematic treatment of the effects of
long-wavelength fluctuations of the order parameters at critical points has been achieved in
the past decades. This treatment finds no better language than that of effective field theories
(EFTs) [2, 4, 6, 14, 19, 20]. At critical points, the physics of the system is dictated by long-
wavelength fluctuations which make EFTs ideal candidates for capturing this physics without
taking into account the microscopic details of the system. Furthermore, EFTs equipped with
RG techniques are capable of describing the universal features of both classical and quan-
tum phase transitions. The main reason behind using this framework to describe continuous
phase transitions originates from the fact that only universal features like the space-time
dimension and the symmetry of the order parameters are necessary when writing down the
EFTs describing the transitions. Despite this simple starting point, many phase transitions
that are found in nature occur at space-time dimensions that are below the upper critical
dimension of the EFT used for their description. According to Ginzburg’s criterion, the
fluctuations of the order parameter become stronger as the dimension is lowered, and thus
obtaining the universal data characterizing the phase transition becomes a hard problem
because the description of the latter finds itself written down in terms of strongly-coupled
EFTs that, in general, cannot be accessed perturbatively.

The field-theoretic description of continuous phase transitions has progressed immensely
through the study of systems that are relativistic at long wavelengths and that display either
conformal symmetry or supersymmetry at low energies [2, 46, 14, 19-24|. In the presence of
these symmetries, kinematic constraints can be strong enough to fix some dynamical prop-
erties of the system. An example of this is provided by the conformal boostrap which has
gained considerable attention recently and, to date, is the method that yields the most accu-
rate results for the critical exponents characterizing the three-dimensional Ising universality
class [5, 19, 23, 24|. The kinematic constraints offered by either conformal symmetry and

! Although the Ginzburg-Landau paradigm originated in the study of classical phase transitions, it also
applicable to the study of QPTs. This is due to the quantum to classical mapping [2, 5, 6, 14] in which a d-
dimensional quantum system that evolves in imaginary time can be mapped to a (d+ 1)-dimensional classical
system at finite “temperature”. However, it is important to note that this does not imply an equivalence
between classical and quantum phase transitions, but rather that these are objects that can be studied within
the same formalism.
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supersymmetry are often supplemented with perturbative techniques such as the € expansion
[25, 26] and the large N expansion [27]. In this context the latter perturbative techniques
have proven to be powerful tools in the study of strongly coupled field theories.

Although the study of relativistic EF'Ts has greatly increased our understanding of QPTs
between insulating materials, it has not been as successful in furthering our understanding
of QPTs of metallic systems. Metallic systems are not relativistic at long-wavelengths and
many of the theoretical tools developed for relativistic EFTs do not directly apply in this
setting. The main roadblock in the study of metallic QPTs is the existence of an extensive
number of gapless modes present at the Fermi surface?. These QPTs of itinerant electrons
are characterized by the strong coupling between the gapless electronic excitations and a
bosonic local order parameter whose quantum fluctuations drive the transition [6]. The low-
energy properties of conventional metallic phases are well understood thanks to Landau’s
Fermi-Liquid Theory. However, this description usually breaks down at itinerant quantum
critical points due to the strong coupling between the large number of gapless electronic
excitations and the order parameter fluctuations [28]. In this scenario, Landau’s Fermi-
Liquid theory breaks down in two main ways: Either the Fermi surface of the metal gets
destroyed by the strong interaction between the gapless electrons and the order parameter,
or it remains sharp, but with incoherent electronic excitations. In the former, the metallic
state is destroyed while in the later the system still retains metallic properties [6, 28]. In
this thesis we focus on the latter case, where the metallic state realized at the quantum
critical point is commonly referred to as a “non-Fermi liquid metal” whose long-wavelength
description is expressed in terms of a strongly-coupled EFT. The strongly-coupled nature of
the EFT description of non-Fermi liquid metals is the reason why a systematic understanding
of these exotic states of matter is still lacking.

To date there is no universal theory of non-Fermi liquid metals that is analogous to
Landau’s Fermi-Liquid Theory for conventional metals. To achieve a general theory of
non-Fermi liquid metallic states, it is useful to scrutinize concrete examples in order to
obtain some insights for the broader setting. Guided by this philosophy, in this thesis we
tackle the strongly-coupled EFT describing the non-Fermi liquid metallic state arising at the
antiferromagnetic quantum critical point in two spatial dimensions. This is motivated by
experimental observations in quasi-two-dimensional layered materials such as electron-doped
cuprates [29-36], heavy fermion compounds [37-40] and iron pnictides [41-47] which suggest
the presence of such a quantum critical point. We not only present a nonperturbative RG
approach that allows the extraction of the exact universal data of the transition in two
spatial dimensions, but also extend this approach to spatial dimensions between two and
three, where the latter is the upper critical dimension of the theory. Because the theory is
exactly solvable in this dimensional range, we use it as a model theory to put to the test
the extent to which perturbative RG schemes based on dimensional regularization and the €
expansion can be used to infer the universal data of strongly-coupled field theories. Before
we delve deep into the details of the EFT description of the metallic state realized at the
antiferromagnetic quantum critical point, we give a brief review of the key points behind
Landau’s Fermi-Liquid theory and recent theoretical progress in understanding non-Fermi
liquid metals.

2That is, the surface in momentum space separating the occupied and unoccupied single particle electronic
states.
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1.1 FERMI LIQUID THEORY

In the simplest terms, conventional metals can be viewed as gas of electrons in the presence
of a crystalline structure of ions and which interact with each other through the long-range
Coulomb interaction. The metallic state is characterized by electronic single-particle wave
functions that are spread around the interstitial space between the positively charged ions
forming the underlying crystal [48]. Despite the fact that the Coulomb interaction is long-
ranged, the electrons interact with each other through an effective short-range potential
because the Coulomb potential gets screened. The screening arises as a consequence of the
electrons being in a positively charged background and the fact that the electronic density of
states is nonzero at the Fermi energy [48, 49]. Even with the short-range interaction, under-
standing the properties of conventional metals involves solving the many-body Schrodinger’s
equation in the presence of the screened Coulomb potential. This is, in general, a hard en-
deavor. However, it was first due to Landau’s phenomenological Fermi-Liquid Theory [50, 51]
that the low-energy properties of conventional metals could be understood. We devote this
section to review the key properties of Landau’s Fermi-liquid theory as an EFT and show
that all low-temperature features of conventional metals that were originally postulated by
Landau from a phenomenological point of view, arise as low-energy emergent phenomena of
a system with a large number of electrons at finite density in the presence of short-range
interactions.

1.1-(a) LANDAU’S PHENOMENOLOGICAL FERMI-LIQUID THEORY

In the absence of interactions, a metal is an ideal Fermi gas that can be described in terms
of single-particle electronic wave functions parametrized by the electron’s momentum and
spin. At zero temperature, the ground state is constructed by filling the energy levels with
the electrons under the constraint imposed by Pauli’s exclusion principle. This gives rise
to a ball of occupied states in the momentum space whose radius is the Fermi momentum
kp = |EF\, and whose boundary is a constant energy surface known as the Ferm: surface
(FS). All energy levels below the FS are filled (commonly known as the Fermi sea) and
all energy levels above the FS are empty. This is expressed in terms of the single-particle
occupation number distribution as a function of momentum:

nes(k) = © <kp - yE\). (1.1)

At nonzero temperature, Eq. (1.1) is replaced by the Fermi-Dirac distribution:

1

[BE()—p’

l+e T

np.p. (k) = (1.2)

where we have chosen the convention in which the Boltzmann constant is kg = 1. Here,
E(k) = k2/(2m) denotes the energy of the electron, with m being its mass and p the
chemical potential which at zero temperature is nothing but the Fermi energy: Fr = E (EF)
Excitations over the ground state of the ideal Fermi gas arise by creating electrons (holes)
above (below) the FS. For example, electron-like excitations are created when electrons in
the Fermi sea acquire momentum k such that E(k) > Ep, or equivalently, |k| > kp.
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Figure 1.1: Scattering processes 7
around a one-dimensional Fermi sur-
face (black circle) in two-dimensional
momentum space. The shaded re-
gion corresponds to the occupied
states. An electron (1) with energy
Fy over the Fermi energy Ey inter-
acts with an electron (2) with en-
ergy Fs < Er and get scattered into
states with energy E3 > Ep (3) and
E4 > Ey (4), respectively, as a con-
sequence of Pauli’s exclusion prin-
ciple. Energy conservation requires
that Fo, F5 and E4 lie within a shell
of thickness 2|Ep — Ep| around the
Fermi surface (region bounded by the
dashed circles).

The key question is whether the ideal Fermi gas picture remains valid once short-range
electron-electron interactions are turned on. Landau postulated that some of these features
are preserved in the low-energy sector of the interacting theory provided that the interactions
are turned on adiabatically®. This is commonly known as Landau’s Fermi-Liquid Theory
(FLT) [50, 51]. The starting point of this phenomenological theory is the assumption that
the ground state of the interacting system is in one-to-one correspondence with that of
the ideal Fermi gas. Landau’s key idea is to describe the low energy excitations of the
interacting system in terms of fermionic quasiparticles which have a similar spectrum as
that of free electrons, but renormalized due to the effect of the short-range interactions
[50, 51]. In Landau’s picture, the energy levels of the quasiparticles are labeled by the same
quantum numbers as those for the ideal Fermi gas (i.e., spin and momentum). The low-lying
excitations of the interacting system are labeled by the occupation number of quasiparticles
Wgose_‘energy E (or equivalently, momentum E) satisfy the condition: |F — Ep| < Ep
(|k = kp| < kp).

It is legitimate to question the validity of Landau’s idea since, even in the presence of
a screened Coulomb potential, the electron-electron scattering rates can be quite high and
therefore the quasiparticle picture may be invalidated due to the absence of stable (long-
lived) low-energy excitations. However, Pauli’s exclusion principle dramatically reduces the
possible electronic non-forward scatterings at temperatures 7' < Ep [48|. To see how this
comes about, consider the system at zero temperature and suppose that there is a single
quasiparticle excitation with energy E; > FEy in the system. For this quasiparticle to
get scattered, it necessarily has to interact with a quasiparticle within the Fermi sea with
energy Fo < Fp. Pauli’s exclusion principle requires these two electrons to be scattered into
unoccupied states, i.e., into states with energies E3 > Fr and E4 > Er. This is shown in Fig.

3By this it is meant that the noninteracting states evolve smoothly into the interacting ones without
encountering any singular behavior as a consequence of a phase transition.
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1.1 for the simple case of a circular FS in two dimensions. In addition to these conditions,
energy conservation requires that

E{ + Ey = E5 + Ejy. (13)

Since Ey > Ep, all E5 < Ep, 3 > Er and E4 > Ex should be chosen to lie between a shell
of thickness 2| Ep — E1| around the F'S. Therefore, there is a nonvanishing phase space for the
scattering process and thus a non vanishing cross section. Consequently, the quasiparticle
with energy E1 > FEr will have a finite lifetime, and thus can become incoherent. However,
the energy conservation in Eq. (1.3) imposes a strong constraint in the choice of energies
Es, E3 and Ey for |Fy — Ep| < Ep. Such a constraint implies that the scattering rate of
the electrons scales as (E; — Fr)?, and the lifetime of the quasiparticle excitation at zero
temperature scales with energy as

Er
(Ey — Ep)?

Hence, at zero temperature, the quasiparticle excitations above the F'S become more stable
as their energy approaches the Fermi energy. This is one of the key features of Landau’s FL'T
and this argument shows that the low-energy sector of the theory of interacting electrons is
well described by the quasiparticle picture.

At a given nonzero temperature 7', Eq. (1.1) is smeared into the Fermi-Dirac distribution
in Eq. (1.2) and the single-particle levels are partially occupied on a shell of thickness of order
T. This provides an extra range for the energies Fs, F5 and Ej4 in the previous discussion
and thus the scattering rate receives a thermal correction of order 72. In this case, Eq. (1.4)
is modified to

T ~ (1.4)

Ep
~ , 1.
T E-Ep2 17 (15)

At nonzero temperature, quasiparticles on the FS have a finite lifetime 7 ~ EpT~2. Eq. (1.5)
shows that Landau’s quasiparticle picture becomes well-defined at sufficiently low energies
and temperature.

Now we turn our attention to the main physical signatures of Fermi-liquid metals. In the
low-temperature limit, Eq. (1.5) implies, according to Drude’s theory of metals [48|, that
the resistivity of a Fermi-liquid metal scales with temperature as

p(T) ~ po+ ;1 T, (1.6)

where pg and p; are temperature-independent constants that are not universal (i.e., material-
dependent). Apart from the scaling of the resistivity with temperature, the most important
experimental signatures of Fermi-liquid metals are the temperature dependences of ther-
modynamic observables. Since Landau’s FLT is reliable when the quasiparticle occupation
number deviates slightly from the thermal equilibrium one, the total energy of the system is
well approximated by [50]:

Elonk) =&+ Y / dk Eo(k)0nee (k)
o=T,

1 R L .
50 / di / AR 20 (kK ) onap(F)nas (K) + Ofon k),
a7ﬁ7’y75:T7‘L

(1.7)
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where & is the ground state energy at zero temperature, EO(E) is the energy of quasiparticles
at zero temperature measured with respect to the Fermi energy, and 5n00/(E) = nwx(E) —
2500an_D(E) is the deviation from the thermal equilibrium quasiparticle distribution. The
quasiparticle density and magnetization at momentum k are given by M = Tr[nJU/(E)]
and M = Tr[n(k)#], where & = (0,0y,0.) denotes the vector of Pauli matrices and the
trace is taken over the spin indices. The function fva 53 (E, K ), known as Landau’s interaction
function, captures t the forward scattering between quasiparticles and it satisfies the symmetry
property: fa’B(k: K = fgg(/g’,lg) In Eq. (1.7), dk = d%/(27)? denotes the integration
measure in d spatial dimensions. In the following discussion we keep the dimensionality
general and only fix it when needed.

Eq. (1.7) postulates that the main features of Fermi-liquid metals are captured by the
quasiparticle energy spectrum and Landau’s interaction function. Since Landau’s FLT is
valid only when the quasiparticle momentum is such that |E — £F| < kp, the quasiparticle
energy can be written as

Eo(k) ~ i*(k? — kp) - kr, (1.8)

m

where, m* is the effective mass of the quasiparticle which differs from the bare electronic
mass m. The quasiparticle effective mass determines the specific heat in the low-temperature
limit [48]:

1

Cy = gm*ka. (1.9)

The specific heat has the same temperature-dependence as that of free electrons, but with
a renormalized mass as a consequence of the electron-electron interactions. As we shall see
below, m* is related to the mass of the free electron through Landau’s interaction function
in the presence of Galilean invariance.

Since the deviation of the quasiparticle occupation number from the ground state distri-
bution is significant only in the proximity of the FS at low temperatures, the momenta in
the Landau function in Eq. (1.7) can be evaluated at the Fermi momentum. Therefore, the
interaction function will depend only on the direction of the momenta k and k’. To build
some intuition about this function we assume that the system is in two spatial dimensions
with a circular FS and that it has SU(2)-spin symmetry?. In this case, Landau’s interaction
function depends only on the relative angle ¢ between k and k' and one can write it in the
most general form as [51]

N (0) £33 (k, K') = F(12)a5055 + G(9) (Fap - Frs) (1.10)

where Ny (0) is the quasiparticle density of states at the Fermi energy. The functions F(p) and
G(¢) encode the effect of the electron-electron interaction through their expansion coefficients
when written in the Legendre polynomial basis:

™

1
(2l +1)R;Py(cosp), R; = 3 /d(p sin ¢ R(p)P(cos p), (1.11)
=0 0

Mg

4A similar treatment holds for any dimensionality and for arbitrary shapes of the FS. Here we assume
that the F'S has spherical symmetry for simplicity and this corresponds to the physical situation in which
there is a low density of electrons.
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where R = F, G, and F; and G; are expansion coefficients with [ denoting the angular mo-
mentum quantum number, and Pj(x) is the Ith Legendre polynomial. These coefficients
encapsulate the electron-electron interactions in the different angular momentum channels
and are known as the Landau parameters. For Galilean-invariant systems, the effective mass
of the quasiparticles is related to the mass of the free electron through the Landau parameters
as [50, 51]:

*

T 14F. (1.12)
m

Similarly, the compressibility (k) and spin-susceptibility () of the Fermi liquid are given,
in terms of the Landau parameters by

_ 1 Nw(0)
o n21 + F07

> Nx(0)
1+ Gy’

g
=T (1.13)
where n is the quasiparticle density and g is the gyromagnetic ratio. We note that these are
exactly the same expressions as in the ideal Fermi gas up to the factors of the form (1+4Fg)~!
and (1 + Gg)~! which encapsulate the renormalization effects generated by the interaction
amongst the quasiparticles [50, 51]. To end this section we note that Pomeranchuk developed
a criterion for the stability of the Fermi-liquid metallic phase against the formation of any
type of order [52]. For the simple case under consideration, Pomeranchuk’s stability criterion
asserts that if the Landau parameters satisfy the condition

F, > —1, & G > -1, VieN, (1.14)

the Fermi-liquid metallic phase is stable.

1.1-(b) THE FERMI-LIQUID AS A RENORMALIZATION GROUP FIXED POINT

We now proceed on describing Landau’s FLT in the language of EFTs. Although successful
in the description of the low-energy properties of conventional metals, Landau’s FLT was
originally conceived as a phenomenological theory. It was not until the problem of interacting
electrons at finite density was studied under the framework of EFTs, and analyzed through
the lens of the RG, that Landau’s FLT found a solid theoretical ground. Through the use
of zero and nonzero temperature RG techniques, Landau’s FLT is understood as a stable
low-energy fized point of metals with short-range electron-electron interactions [53-58].

The EFT describing electrons at finite density with short-range electron-electron inter-
actions in the (d + 1)-dimensional Euclidean space is written as [54-58]

SeL = Y /dk W (k) [iko + e(k) — Brlig (k) + Z [H/dk‘] A1 (K, kip, ks, K

el (1.15)

X ?/)ll(kl)%z(@)%s(’f3)¢a4(’f4)(2ﬂ)d+15(d+1)(kil + ko — k3 — ka).

Here, k = (ko, k) denotes fermionic Matsubara frequency (ko) and d-dimensional spatial
momentum (k). We use the notation dk = [dkq/(27)][d%k/(27)%] for the integration measure.
The field ¥, (k) is a Grassmann field representing an electron with frequency and momentum
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Figure 1.2: One-dimensional circular Fermi surface (solid circle) in two-dimensional mo-
mentum space. The dashed circles bound the shell of thickness A < kr which enclose the
low-energy degrees of freedom of the metallic phase.

k and spin o =1, |. The energy dispersion of the electron is denoted by €(E) and Fp = 5(EF) is
the Fermi energy. The four-fermion interaction sources the scattering of electron pairs where
momentum is conserved. The strength of the interactions is encoded in the momentum-
dependent coupling function )\g;gi(l_{l, ko, ks, E4). The local interaction term in Eq. (1.15)
can be thought of arising from a short-range interaction encompassing a combination of the
screened Coulomb potential and the phonon-induced electron-electron interaction that the
electrons are subjected to in a conventional metal. Finally, 81 (k) is the (d+1)-dimensional
Dirac distribution. We note the similarity between Eqs. (1.15) and (1.7). Indeed, the Landau
interaction function is related to the four-fermion coupling function and as we shall see, the
latter corresponds to the low-energy fixed point of the four-fermion coupling under the RG.
The latter resemblance becomes more apparent when it is noted that the most general four-
fermion interaction that is invariant under SU(2)-spin rotations can be decomposed as [see
Eq.(1.10) for a comparison| [56]

Agégi (Ela E27 k37 EAL) = F(Ela k27 Eg, k4)6010350204 + G(]gla k2> ];/:3, E4) (0_:0103 : 0_:020'4) ’ (116)
with F' and G some analytic functions of the momenta. The analyticity condition comes
from the fact that the four-fermion interaction is local and short-ranged.

The RG analysis of Eq. (1.15) starts by noting that the low-energy excitations of the
system are electrons whose energy is close to the Fermi energy. In the spirit of the Wilsonian
RG [54, 55|, we consider a shell of thickness A < kp around the Fermi surface (as shown in
Fig. 1.2 for the case of a circular F'S in two spatial dimensions) and write down the EFT

10
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by integrating out electronic modes that have energies outside the shell. This renders an
effective theory with ultraviolet (UV) cutoff A:

Sto= Y [ dk wb) {iko + 5eR) - [F ~ Bol)]} v (k)

U:T»J/ A

- - o ~ 1.17
+ > H / dki | AZ302 (v, ko, K, ka)woh, (k0 )wl, (ko) ey (ks) e, (ka) (17)

o= [i=1})
X (27{')d+1(5(d+1)(k1 + ko — k3 — ]{74),

where kp (E)Ais the Fermi momentum closest to k which depends on the orientation of the
momentum k = k/|k|. In Eq. (1.17), the dispersion of the electron has been linearized close
to the FS with vp (%) denoting the Fermi velocity which also depends on orientation of the
electronic momentum. The subscript in the integration symbol is used to denote that the

integration is done over momenta such that ‘UF (k) - [k — kg (?c\)]‘ < A < kp. At low-energies,

and in the spirit of the RG [54-58], we expand the four-fermion coupling function in powers of
[k — kp (k)] and keep only the first term in the expansion because the momentum-dependent
terms are irrelevant in the RG sense. Therefore, to leading order in this expansion the four-
fermion coupling functlon in Eq. (1. 17) depends only on the orientation of the electronic
momenta: 7172 (K1, ko, ks, ka) ~ )\glgi(kl, kg, k3, ks; kp). From now on we focus on the zero
temperature case and we note that the results we are about to present hold for temperatures
such that T" < Ep [54-58]. We further consider the case of a spherically symmetric FS,
in which case the Fermi velocity is uniform and normal to every point on the zero energy
manifold. In this concrete case, one can further manipulate Eq. (1.17) in order to write it in
terms of the momentum along and normal to the FS. Using generalized spherical coordinates

Eq. (1.17) takes the form

A
o dky [ dk -~ | _
SpL= ) / T 1/ - /(%) 4 (ko k; Qa1)[iko + vekldhs (Ko, k; Q1)
A

(2m)d=1 | (27)
o= Tisd 1 —
A, [ dkgy f s102 (00 02 o) o®
+ > H/ 271-)0[1/(277)/(271-) azezid ol ol all) (1.18)
o= | =lgi R —A

X wgl <k0§17 kl; Q((il_)l)l(z;lg (k0;27 k27 Q[(f_)l){p\o'g (k0'37 k-?)) 9513)1)$0'4 (k0;47 k47 Q((;gl)
(2m) T3 (ko + ko2 — ko — ko,a)8' [El(ﬁ( ')+ k() — ks(0f) - E4(Ql(14_)1)] :

where Q4_; denotes the angle of k on the FS and which parametrizes the (d— 1)-dimensional

sphere. In this action, the fields and four-fermion couplings are given, in terms of the origi-
(d— 1)

nal ones by ¥, (ko, b, Qa_1) = kp 2 ko, [k+kp]Q4_1) and AZ22(0(), 0P o oW ) —

kl(?d 1))\(k’1, kb, k3, l/.:47 kr), respectively, with, k! denoting the momentum written in general-
ized spherical coordinates. It is noted that this action is valid in the limit in which |k;| < kp
for all ¢ = 1,2, 3,4, which justifies dropping the magnitude of the fermionic momenta com-

pared to kp inside the momentum-conserving Dirac distribution and approximating the

11
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<>
<<

Figure 1.3: (a) The forward scattering and (b) BCS scattering channels. For a circular Fermi
surface in two-dimensional momentum space, the orientation of the electronic momenta of
the ith electron is parametrized by the angles 0 < 0; < 27. In (a) the initial and final states
of the scattering have been displaced for clarity.

integration measure over the spatial momentum as dk ~ k:l(;dfl)dk: dQy_1. As it can be

seen from Eq. (1.18), the angle along the F'S becomes merely a dimensionless flavor. These
coordinates label the low-energy gapless electronic modes of the metal. In contrast, the mo-
mentum normal to the FS is dimensionful in the conventional RG scaling analysis®. Writing
the action as in Eq. (1.18) effectively maps the (d + 1)-dimensional theory into a (1 + 1)-
dimensional theory of electrons with a continuous flavor parametrized by the momentum
along the FS [54, 55].

The action in Eq. (1.18) depends implicitly on the UV scale A and the size of the FS,
which is parametrized by kp. The low-energy sector of the theory is characterized by the
hierarchy of scales: A < kp. In the Wilsonian RG picture for interacting fermions, the
process of lowering the UV scale A is tantamount to gradually approach the FS, and thus

5 We note that the decomposition of the spatial momenta in terms of momentum along and normal to the
F'S does not require the FS to have any particular symmetry. In fact, for any smooth surface a decomposition
into the tangent and normal directions is always possible. Furthermore, when the electrons are in the presence
of short-range interactions (a fundamental assumption behind Landau’s FLT), the momentum along the FS
is parametrized by dimensionless quantities and only the momentum normal to the surface is important in
the scaling analysis. In Chapter 4 we show an example where this picture breaks down due to the presence
of long-range interactions. In there, the momentum along the FS not only acts as a continuous flavor
parametrizing the low-energy fermionic degrees of freedom, but it also enters in the scaling analysis of the
low-energy theory.

12
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the dimensionless ratio A/kp becomes a small parameter in the theory. Therefore, under
successive mode elimination, A/kp — 0 [54, 55]. The fact that A/kp is a small parameter
at low-energies has striking consequences on the allowed electron-electron scatterings of the
theory. These arise from momentum conservation, which enforces the condition on the
orientation of the fermionic momenta:

k(@) + B — ks(@) — ka9 =0, (1.19)

where /k\z = ?{:\i(QSzl) with ?6\12 = 1. As A/kp — 0, the phase space of most scatterings
channels shrinks and therefore, Eq. (1.19) has only a few possible solutions. In this limit,
the only significant scattering channels at low energies are the forward scattering and the
Bardeen-Cooper-Schrieffer (BCS) |59, 60| channels [54-58]. These are depicted in Fig. 1.3
for the case of a circular FS in two dimensions.
_ The forward scattering channel is characterized by the scattering with kg 7<:\1 and
ky = k:g or kg = k:g and k:4 kl arbitrarily close to the FS. These two possibilities are
depicted in Fig. 1.3(a). The BCS channel, on the other hand, corresponds to the case in
which the orientation of the initial and final momenta are given by k1 —kg and k:g —k4,
respectively. This allows two electrons on antipodal points arbitrarily close to the FS to be
scattered to any other two antipodal points close to the FS. In Fig. 1.3(b) we exemplify
the BCS processes. It follows that the four-fermion coupling functions that survive at low
energies effectively depend only on two independent momenta, and in the case of spherical
symmetry, it depends only on the relative angle between these momenta. The forward
scattering channel is precisely what Landau’s FLT postulates in Egs. (1.7) and (1.10) from
a phenomenological perspective [50, 51|. Here, we view this as emerging from a tree-level
scaling analysis of the action in Eq. (1.18) [54-58].

A straightforward scaling analysis of Eq. (1.18) in which frequency and momentum
have scaling dimensions [kg] = [k] = 1, reveals that the scaling dimension of the fermion
field is given by [¢»(k)] = —3/2 which implies hat both the forward scattering and BCS

channels are marginal at the tree-level ([Aglgi (Qélzl, QEI )1, le?’)l, 9(4) 1)] = 0). This remains
to be true for the forward scattering channel upon including loop corrections. However,
the BCS channel becomes either marginally relevant or irrelevant depending on the sign of
the value of the bare four-fermion coupling. This comes as a solution to the one-loop flow
equations for the four-fermion coupling functions. In the case of spherical symmetry, this
translates into computing the beta function for the Landau parameters [54-58]. Therefore,
the Landau parameters introduced earlier from a phenomenological perspective correspond
to the marginal couplings at the fixed point.

In the EFT and RG languages, Pomeranchuk’s stability criterion [52] in Eq. (1.14) is
nothing else than the condition for the low-energy fixed point of the theory to be stable.
However, we point out that even if Pomeranchuk’s stability criterion is met, the Fermi-
liquid metallic phase becomes unstable at sufficiently low energies. The RG analysis for the
BCS channel shows that, if at the bare level there is a nonzero attractive interaction (i.e.,
the value of the bare coupling is negative), the system becomes unstable and eventually
transitions into a superconducting phase. This is commonly known as the BCS instability
and happens at a finite energy scale which is associated to the superconducting temperature
of the underlying material [54-58|. Provided that Pomeranchuk’s conditions are satisfied,
the Fermi-liquid metallic phase is stable and only the forward scattering channel governs

13
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the low-energy physics of the metallic phase at temperatures above the superconducting
transition temperature [52, 56-58|.

Although the four-fermion coupling in the forward scattering channel is marginal, it
offers corrections to the free electron picture without modifying its scaling properties. Such
corrections are also manifest themselves in the two-point function for the electron. From Eq.
(1.17), this one reads,

-,

G(ko, k) =

SR - — (1.20)
iko + Up(k) - [k — kp (k)] 4+ X(ko, k3 A)

where X (ko, k; A) is the fermion self-energy and A is a short-hand notation for the four-fermion
couplings. Analytic continuation of this expression to real frequency (—iky — w+1i0") yields
the retarded Green’s function [61]

1

R Y
G ko, k) = w — 0+ — (k) - [k — kp(k)] — SR (w, k; A)’ (1.21)

where ZR(w,E; A) = Y(iw — 0t k; A). The spectroscopic properties are encoded in the
electronic spectral function, A(w, ]Z) = 2Im [GR(w, IZ)}, which takes the generic form

A ) = 2Im [ER(W,E; A)} o
’ {w — (k) - [F — ke(R)] - Re [ER(w, i A)} }2 +Im [ER(W, e /\)] v

The spectral function has a peak at the renormalized energy w(/;) satisfying the equation
w(k) — dp(k) - [k — kp(k)] — Re {ER [w(E), k; A} } —0, (1.23)

- -

provided that Im [ER(w, k; )\)} varies slowly in w near w ~ w(k). The width of the peak is
controlled by Im {ER [w(g), /2;; )\] } If the imaginary part of the fermion-self energy is small,

-,

the peak is sharp and this is interpreted as a particle-like excitation with energy w(k) and life
time 7(k) ~ 1/Im {ZR [w(E), k; /\}} [61]. The condition w(k) = 0 defines the renormalized
FS. Although the interactions may deform the FS from that of the free electrons, the volume
of the Fermi ball does not change. This is commonly known as Luttinger’s theorem [53].

If the spectral function is highly peaked around w(k) given in Eq. (1.23), one can
approximate the spectral function by expanding it around w ~ w(k):

- Z(k) 1
-

AR = B bR e e P e

where the quasiparticle weight Z (E) and quasiparticle lifetime T(/%’) are obtained from the
fermion self-energy through the expressions [53, 61|

Z(k) = {1 - aiRe [ER(W, k; A)}

-1
) } , (1.25)
w=w(k)
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— Z(F)Im {ER [w(E), k; )\] } , (1.26)

and Ajpc. (w, E) denotes the incoherent part of the spectral function which corresponds to
a broad excitation spectrum with no particle-like features. We note at this point that Eq.
(1.23) shows that the electron-electron interaction renormalizes the spectrum of the free
electrons. This provides a renormalization of the electron mass which is expressed in terms
of the renormalization of the Fermi velocity (k). The quasiparticle weight Z(k) encodes
the overlap between the single-particle wave function of a free electron and the single-particle
wave function of the quasiparticle excitation at a given momentum k. Notice that in the
limit of no interaction it reduces to one. Finally, an explicit computation of the self-energy
shows that the quasiparticle lifetime diverges at the FS [i.e., at w(E) = 0] and it decays as
the energy of the electron strays away from the Fermi energy in accordance with Eq. (1.5).
Very close to the FS, the lifetime of the quasiparticle excitation can be taken as infinite, in
which case the spectral function in Eq. (1.24) is given by:

-, -, -,

A(w, B) = Z(F)5 [w - w(k)} + Ape. (w, B). (1.27)

It is important to note that the quasiparticle weight, quasiparticle lifetime and spectrum of
the excitations are physical observables of the theory that can be accessed experimentally
through angle-resolved photoemission spectroscopy (ARPES) experiments.

Not surprisingly, the above discussion shows that Landau’s FLT is recovered as an emer-
gent effective theory in the RG treatment of the EFT for electrons at finite density in the
presence of short range interactions. In particular, the quantum corrections are not strong
enough to modify the scaling properties of the theory. This is expressed in the fact that
the Fermi liquid has a dynamical critical exponent z = 1, where, z quantifies the scaling
dimension of frequency relative to that of the spatial momentum. Although Landau’s FLT
theory has been successful in determining the low-energy and low-temperature properties
of conventional metals, it is far from being a general theory of all metallic states. To date
there are several known metallic materials that display spectroscopic and thermodynamic
properties that deviate from the predictions of Landau’s FLT and in which there is no low-
energy quasiparticle excitations. Such metallic states of matter are dubbed non-Fermi-liquid
metals.

1.2 NoON-FERMI LIQUID METALS

The most prominent example that lies beyond the framework of Landau’s FLT is the
Tomonaga-Luttinger liquid which arises as the low-energy description of interacting fermions
in one dimension [62-66]. The low-energy excitations of this metallic phase are charge and
spin waves that propagate independently. Their single-particle spectral function exhibits no
sharply defined peaks. The existence of metallic states beyond Landau’s FLT is not endemic
to one-dimensional electron systems. There are numerous examples of higher-dimensional
non-Fermi-liquid (n-FL) metals. Amongst these, quantum hall systems [67-71] and layered
materials such as high-temperature superconductors [29-36|, heavy fermion compounds [37—
40| and iron pnictides [41-47|, excel as experimental examples in which spectral, transport
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and thermodynamic observables display features that are inconsistent with Landau’s FLT
[72] and whose origin is still a matter of intensive research.

Strictly speaking, conventional metals also exhibit non-Fermi-liquid metallic behavior at
sufficiently low energies due to electromagnetic fields. In the presence of an electromagnetic
field, the Amperean (current-current) interaction between electrons is always present in
conventional metals [73]. The Amperean interaction is induced by the transverse component
of the electromagnetic field which is not screened, and therefore remains long-ranged. The
effect of the Amperean interaction manifest itself through a vanishing quasiparticle weight on
the F'S and a logarithmic correction in temperature to the specific heat of free electrons [73].
However, such effects are significant only at temperatures way below the superconducting
transition temperature due to the small value of the hyperfine coupling, and thus the normal
state of the metal is still described by Landau’s FLT®. Although the effect of the Amperean
interaction will probably never see an experimental confirmation, it brings up the main
ingredient that causes the demise of Landau’s FLT: long-range interactions between electrons.

To develop a theory of n-FL metallic states that is analogous to Landau’s FLT, it is
of prime importance to study the effect of long-range interactions in systems with a finite
density of electrons. Long-range interactions between electrons can be induced by their
interaction with a massless collective bosonic mode. The bosonic degree of freedom can
arise either as an emergent gauge field which remains gapless within a phase’ or a critical
mode which appears at critical points associated to a spontaneously broken symmetry |2, 4,
6, 7, 14, 20]. In the rest of the discussion we focus on the latter and restrict our discussion
to those phase transitions that are driven by quantum fluctuations of the bosonic mode and
whose description conforms to the Ginzburg-Landau symmetry-breaking paradigm®. Our
goal is to understand the n-FL metallic states that arise in these quantum critical points
(QCPs) of itinerant electrons. Although reaching a QCP requires fine tuning, the universal
scaling properties of the QCP have the potential of dictating the finite temperature scaling
behavior of thermodynamic and transport properties of the n-FL metal [85].

Although the study of itinerant QCPs is well motivated from a theoretical perspective,
it has received more attention due to a large amount of experimental evidence that suggests
the presence of one or more QCPs in high-temperature superconductors [29-36, 86-93],
heavy fermion compounds [37-40] and iron pnictides [41-47, 94, 95]. In these materials,
the temperature scaling of the resistivity signals the break down of Landau’s FLT as a
description of their normal state above the superconducting transition temperature [28]. This
is commonly attributed to the physical properties of the n-FL metallic state realized at the
QCP even if it is inaccessible in an experimental setting due to the onset of superconductivity.
Therefore, a full understanding of n-FL metals arising in QCPs of itinerant electrons is crucial
in explaining the anomalous properties of layered compounds.

The experimentally relevant itinerant QCPs can be roughly classified into two categories

SWe further note that the effects of the interaction between vector-photons and electrons has also been
studied and it constitutes another instance where Landau’s FLT breaks down [74].

"Examples of these are the phases realized by the interaction between electrons at finite density and a
gauge field [68, 73-82|, and systems of itinerant electrons with a broken symmetry, where the momentum
operator (which gives a well-defined quantum number for the free electrons) does not commute with the
generators of the broken symmetry group [83].

8 However, we note that there are known phase transitions that do not conform to this description and
can, in principle, lead to novel n-FL metallic states [15, 84].
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depending on whether the bosonic order parameter that drives the transition is spatially
modulated or not [6, 96]. The spatial modulation of the order parameter determines the
ordering wave vector Qorder.- Examples of QCPs where the order parameter is not spatially
modulated (QOrder. = 6) arise at the nematic [89, 90, 93-95, 97-120| and ferromagnetic
[87, 121-129] metallic transitions. Itinerant QCPs that involve the transition between a
Fermi-liquid metal with no order and a metal with long-range charge-density wave order
or spin-density wave order are examples of QCPs where the order parameter is spatially
modulated (Q’Order. #0) [86, 88, 91, 92, 129-149]. The transition between a paramagnetic
metal and a metal with long-range antiferromagnetic order constitutes an example of the
latter. The QCP separating these two phases is commonly known as the antiferromagnetic
quantum critical point (AFM QCP) [129, 131-135, 137-151] and the n-FL metal realized at
the QCP is dubbed the antiferromagnetic quantum critical metal. In this thesis we focus,
from a theoretical perspective, on the study of the critical properties of the AFM QCP and
the low-energy properties of the AFM quantum critical metal. Before we delve into the study
of this transition, we introduce the main strategy behind the study n-FL metals and recent
theoretical developments in the field that are pertinent to this thesis.

1.2-(a) EFFECTIVE FIELD THEORIES FOR NON-FERMI L1QUID METALS

The low-energy properties of n-FL metallic states emerging at QCPs are best described
through the language of EFTs. The reason for this is two-fold. On the one hand, the n-FL
metallic states arise as a consequence of long-range interactions between electrons that are
mediated by critical bosonic modes. On the other hand, as shown in Sec. 1.1-(b), these
states arise in QPTs of Fermi-liquid metallic states for which their EFT description is well
understood. The RG machinery provides a powerful tool in the study of the universal low-
energy properties of n-FL metals. Hence, the study of n-FL metals follows a similar strategy
as the one introduce in Sec. 1.1-(b) : We seek for a description of these novel metallic states
as a RG fixed point of the flow triggered by the interaction between the electrons and the
gapless collective mode.

From an analytic point of view, the starting point is an EFT of a Fermi-liquid metal
interacting with a critical order parameter. In Sec. 1.1-(b) we showed that, at the field
theory level, a Fermi-liquid metal in (d 4+ 1) dimensions can be understood in terms of a
(1 + 1)-dimensional EFT that remains weakly coupled at low energies irrespective of the
space dimension®. In the EFTs of n-FL metals such a mapping is generally unfeasible
due to the interplay between the long-range interaction between electrons mediated by the
collective mode. It is not surprising that the dimension of space plays an important role in
their description when n-FL metals arising at QCPs are thought of as belonging to different
universality classes. In one spatial dimension, for example, the absence of an extended
zero-energy manifold for the electrons allows the low-energy EFT to be cast in terms of a
relativistic field theory that usually has an emergent conformal symmetry. This is exemplified
in the description of the one-dimensional Tomonaga-Luttinger liquid [62-66]. In higher

9Notice that this does not imply that the temperature scaling of thermodynamic and transport observables
is independent of the space dimension. What this merely states is the fact that the low-energy scaling
properties of Fermi liquid are governed by the scaling of a (1+1)-dimensional field theory of interacting
electrons which does not modify the temperature scaling of observables obtained from the free electron
picture.
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dimensions, in contrast, the FS provides a large amount of particle-hole excitations that
interact with the order parameter and the EFT has very low symmetry. Usually n-FL
metallic states arise in dimensions below the upper critical dimension of the EFT used
for their description, and in which fluctuations of the order parameter are expected to be
strong [98-100, 102-114, 120-123, 129, 131-135, 137-139, 141-144, 146, 148]. In two spatial
dimensions, quantum fluctuations of the order parameter are strong and their interaction
with the gapless electronic modes close to the FS remains strong at low energies. Therefore,
a wide class of n-FL metallic states are described by strongly-coupled field theories in two
dimensions'®. In what follows we focus on n-FL metals in two spatial dimensions.

The strong-coupling nature of the field theory renders perturbative approaches unfea-
sible. At a first glance one can think on borrowing nonperturbative methods engineered
for strongly-coupled field theories of bosons and electrons at zero density. However, these
usually rely on the presence of Lorentz symmetry, conformal symmetry [5, 19, 22-24, 155]
or supersymmetry [21, 24, 156—159], which are absent in n-FL metals due to the presence
of a F'S. The absence of these symmetries makes the number of systematic nonperturbative
tools that can be used in the treatment of n-FL metals very limited. Despite this roadblock,
in the last decades there has been a vast progress in understanding the strongly-coupled
theories of two-dimensional n-FL metals. Let us briefly review those advancements that are
pertinent to the contents of this thesis.

In the quest of understanding the universal properties of two-dimensional n-FL metals,
two main approaches were adopted in the first place. These approaches aimed to treat the
underlying EFT as one that involves only electronic or critical bosonic degrees of freedom.
In the first case this is achieved by integrating out the bosonic mode (in the path integral
sense). However, this yields a long-range effective interaction between the fermions that
becomes rapidly uncontrolled due to the proliferation of non-forward scatterings between
the electrons [54, 55|. In the second approach, the electrons are integrated out with the
goal of obtaining an EFT for the critical order parameter [160, 161]. However, due to the
presence of an infinite number of fermionic gapless excitations close to the FS, the remaining
effective action becomes nonlocal and includes an infinite number of marginal interactions
[133], deeming the resulting EFT intractable. The failure of these two approaches evidenced
the need of treating the electronic modes and the order parameter on an equal footing in
the EFT.

In those theories that keep both the order parameter and the gapless fermionic excita-
tions, the common problem is the loss of control of the perturbative expansion due to the
strong coupling between the electrons and the collective mode. To gain control over the
theory, the large N expansion used in relativistic field theories [27] has been imported to the
realm of metallic quantum criticality. In the latter, an expansion in powers of 1/N (where
N denotes either the number of electronic or bosonic flavors) has been continuously used to
study n-FL metals from a perturbative perspective [76, 110, 131, 132, 162]. Although at a
first glance this approach seemed to be controlled, it was later shown to fail. In the EFTs

107t is important to point out that a strong-coupling EFT is not necessary for the deviation from Landau’s
FLT to occur. In fact, there are weakly-coupled field theories from which a marginal deviation from Landau’s
FLT is evidenced. These are known as marginal Fermi-liquids (mFLs) and are mainly characterized by an
incoherent spectral function which, at the FS, behaves as AmrL(w) ~ [wlog(po/w)] ™!, where po is some
reference energy scale [142, 152-154]. We shall see an example of this in Chapter 3.
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for n-FL metallic states known to date, the 1/N expansion is not enough to control the
perturbative expansion because, even to the leading order in the N — oo limit, there are an
infinite number of quantum corrections that need to be taken into account to capture cor-
rectly the low-energy physics of the system [81, 113, 134]. A completely opposite approach
has also been used in order to gain perturbative control. This approach takes the number of
electronic flavors to be small: N < 1. In this line of thought, a small N expansion is per-
formed while keeping the product Nkp ~ O(1) fixed |78, 163-165]. In this limit, the effects
of the underlying FS is neglected because keeping Nkp ~ O(1) fixed in the N — 0 limit
implies keeping only a finite number of gapless excitations in the low-energy limit. Although
a controlled approach, it is unclear if it can be connected to physical systems where N is an
order one number and kr is large in the low-energy limit.

Although the large N expansion fails to capture the low-energy physics of all known
n-FL metals by itself, there has been progress in combining this approach with additional
small parameters in the theory. An example of this is provided by tunning the dynamics
of the bosonic order parameter. In this approach, the dispersion of the boson is tunned to
have a momentum dependence of the form |7|'?, where ¢ is the spatial two-dimensional
momentum and 0 is a small parameter [77, 166]. When ¢ = 1, the boson dispersion coincides
with that of an ordinary boson. Tunning § to smaller values reduces the bosonic density
of states and, in combination with a large N expansion, the theory is controlled provided
that, in the N — oo and 6 — 0 limits, the product N§ ~ O(1) is kept fixed [82]. Although
this procedure yields controlled results and preserves the symmetries of the physical theory,
it introduces nonlocalities for § < 1 and it is questionable whether this approach correctly
captures the low-energy features of the physical theory.

Finally, in the past years there have been successful approaches to n-FL metals based on
€ expansions. These are motivated by the success of the dimensional reqularization scheme
in relativistic field theories |2, 8, 25, 26]. In this approach, the strength of quantum fluctu-
ations is tamed by promoting the theory to general space dimensions and then performing
a controlled expansion in the deviation from the the upper critical dimension ot the theory
(e expansion). However, we point out that, even in the case of relativistic theories, the
extrapolation of results to the physical dimension of interest is subtle and there is nothing
that guarantees that such extrapolation yields correct results [159, 167-171]. Besides this
caveat, the standard dimensional regularization approach applied to theories of n-FL metals
conveys further subtleties due to the presence of a FS. In these cases, enlarging the spatial
dimension bifurcates into two possible scenarios: one can either keep the co-dimension or
the dimension of the FS fixed.

In the dimensional regularization approach that tunes the dimension of space but keeps
the co-dimension of the FS fixed [172, 173], it is hard to access the low-energy physics of
two-dimensional n-FLs from a perturbative expansion close to the upper critical dimension.
This is because when the dimension of the FS is greater than one, the system suffers from
ultraviolet (UV)/infrared (IR) mixing caused by the size of the FS [174]. Such an UV/IR
mixing is spurious because it is absent in two dimensions and extrapolating results to two
dimensions yields unphysical predictions [175]. In contrast, the dimensional regularization
approach that tunes the co-dimension of the F'S while keeping its dimension fixed to one
[114, 142, 148, 176] avoids such an UV/IR mixing. To date, it has been, arguably, the most
successful perturbative approach in the the study of n-FL metals. Although this approach
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keeps the theory local, and therefore suitable for the use of conventional RG techniques, one
has to break some symmetries of the two-dimensional theory in order to keep the dimension
of the FS fixed to one in arbitrary space dimensions. It is therefore legitimate to question
the validity of the extrapolation quantities sensitive to such broken symmetries from the
upper critical dimension to two dimensions.

The vast majority of approaches in the study of n-FL metals have been guided by con-
trolled perturbative methods. This is due to the scarcity of nonperturbative methods in the
study of these novel phases of matter. Nevertheless, there has been only few n-FL metals
that can be understood in a controlled way without relying on a perturbative treatment.
Amongst these, the chiral n-FL metal in two dimensions stands out as an exceptional exam-
ple in which the low-energy properties of the state can be accessed nonperturbatively due to
the hard constraints that are imposed by the chiral nature of the state [177]. Even though
there exist examples of n-FL metallic states that can be understood nonperturbatively, a
systematic understanding of two-dimensional n-FL metals is still far from reach. For a brief
review on recent progress on controlled descriptions of n-FL metals, see Ref. [96]. Because
of the lack of controlled understanding over a large variety of n-FL metallic states, it is
still a matter of debate whether the enhancement of the superconducting transition tem-
perature and the anomalous temperature dependences of transport quantities in the strange
metallic phase of layered compounds find their roots in the low-energy properties of the
n-FL state realized at the QCPs present in these materials. Moreover, it is still theoretically
unknown if there are n-FL metals whose universal properties can be seen in the normal
state of these materials before superconductivity sets in. In principle, the n-FL effects can
be only appreciable at temperatures lower than the superconducting transition temperature
[114, 146, 177]. Motivated by this debate, we present in this thesis a nonperturbative study
of one specific n-FL metal in two-dimensions: the antiferromagnetic quantum critical metal.

In the following sections of this chapter we introduce the EFT for the AFM quantum
critical metal and review previous works on the matter. In the rest of the thesis we devise a
nonperturbative approach that allows the determination of the exact low-energy properties
of the state in two dimensions. We further study the system in dimensions between two and
three using the aforementioned co-dimensional regularization. Because the theory admits
an exact solution in dimensions between two and three, we use it as a model theory to test
the extent to which (co-) dimensional regularization schemes can be used to capture the
correct universal data of strongly-coupled field theories. Finally, we study the low-energy
single-particle properties of the two-dimensional AFM quantum critical metal by including
into the theory all gapless electronic excitations on the FS. Through a field theoretical func-
tional RG scheme that admits an analytic treatment, we show that this metallic state hosts
both quasiparticle and non-quasiparticle excitations. We further comment on the supercon-
ducting instability of the state and determine to what extent our experimental predictions
are applicable to the normal state of electron-doped cuprate superconductors, heavy-fermion
compounds and iron pnictides. The formalism developed in this thesis provides a general the-
oretical framework for the study of low-energy properties of metallic states whose low-energy
properties are characterized by an infinite amount of low-energy universal data.
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Figure 1.4: A schematic phase dia-
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1.3 ANTIFERROMAGNETIC QUANTUM CRITICALITY: EFFECTIVE FIELD THEORY

Some quasi-two-dimensional materials such as high-temperature superconductors [29-36],
heavy fermion compounds [37-40| and iron pnictides [41-47| exhibit strong AFM fluctua-
tions. These fluctuations are usually associated to the existence of a QCP that separates a
paramagnetic metallic phase from a metallic phase with long-range AFM order. A schematic
phase diagram for these materials is shown in Fig. 1.4. Due to the strong fluctuations present
at the QCP, it is reasonable to think that many of the physical properties of the normal
state of the system that are seen in the the quantum critical regime are tied to the universal
properties of the QCP. This is the reason why this transition has been extensively addressed
through both analytical and numerical methods [129, 131135, 137-143, 143-150, 178, 179].
In this section we introduce the EFT describing the universal features of this transition in
two spatial dimensions.

Following the notation of Fig. 1.4, the AFM QPT can be described as follows. For
p > pc, the system is well described by a parmagnetic Fermi-liquid metal with a FS that
is determined by the band structure of the material. As the tunning parameter crosses
the critical value p = pc, the SU(2) symmetry of the paramagnetic metal is spontaneously
broken, giving rise to a collective spin-density wave with spatial modulation dictated by
the ordering wave vector @AFM #* 0. The spatial modulation of the order parameter, in
combination with the conservation of energy and momentum, implies that only electrons
close to certain regions on the FS interact with the order parameter at low-energies. These
regions can be either points on the FS or extended regions of the FS that are nested, that
is, parallel to each other, and which are connected by the ordering wave vector. Typically,
finding nested regions of the F'S connected by the ordering wave vector requires fine tunning
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the band structure, and thus, in the most general situation, only electrons close to a discrete
set of points on the F'S can interact strongly with the order parameter. The points on the FS
that are connected by the ordering wave vector are known as hot spots. When the tunning
parameter is such that p < pc, the electrons at the hot spots become gapped and the system
enters into a metallic phase with a long-range AFM order which supports disconnected
electron and hole pockets. The change in the topology of the FS along the transition is
known as Fermi surface reconstruction and it is characteristic of AFM QPTs [6].

Different AFM QCPs are characterized by different ordering wave vectors Cj ArMm- The
ordering wave vector can either be incommensurable or commensurable with the lattice!l.
In the class of incommensurate AFM QCPs, the special case in which |QAFM| = 2kp stands
out due to its relevance to cuprate superconductors [150, 178, 179]. Recently, the original
claim that such a transition is discontinuous [150] (first-order) has been contested [179] and
whether the onset of incommensurate AFM order is described by a first-order or second-
order phase transition is still a matter of debate. Nevertheless, there is consensus in the fact
that a n-FL metallic state is realized at the QCP. In the case of commensurate AFM QCPs,
the are two possibilities. The first one arises when Q AFM = 2EF. In this case (as in the
incommensurate case), the hot spots on the Fermi surface are locally nested since 2kp vector
connects antipodal points on the FS. Originally, the transition was thought to be a weakly
first-order and to realize a marginal Fermi-liquid metallic state at the QCP [150]. It was
later shown, however, that umklapp scatterings play an important role at low energies. Once
these are taken into account, the low-energy description of the AFM transition is consistent
with a continuous second-order phase transition, and the metallic state realized at the QCP
is a n-FL metal [151]. The second scenario is the one in which the commensurate wave
vector is such that QAFM #* 2/21: and it is, arguably, the most interesting case [129, 131-
135, 137-143, 143-149]. In this case the FS is generically not nested since the wave vector
Q AFM connects points on the F'S that are not antipodal to each other. The rest of this thesis
is devoted to the study the low-energy properties of the n-FL metallic state arising in this
scenario.

Commensurate AFM QCPs in which the hot spots are generally not nested, are believed
to be present in electron-doped cuprates, iron pnictides and heavy-fermion compounds [29—
47]. Amongst these materials, electron-doped cuprates [29-36] are the simplest because these
materials have a simple band structure with no more degrees of freedom than the conduction
electrons, and the AFM transition is driven by electron doping which maintains inversion and
time-reversal symmetries. A large class of the cuprate superconductors have the tetrahedral
crystal structure and the Bravais lattice of the two-dimensional superconducting layers is a
square lattice [31-34, 36]. Therefore we focus on a system whose F'S has a Cy symmetry (i.e.,
90°-rotational and reflection symmetry). In this case, there are eight hot spots on the FS.
For a square lattice, the commensurate wave vector is given by Qapy = (m,7), in units of
the inverse lattice spacing, and thus the long-wavelength spin-density wave fluctuations with
small momentum on top of Q apy correspond to the low-energy excitations [6, 14, 20]. Finally
we note that inelastic neutron scattering measurements in the electron-doped cuprates show
the existence of spin fluctuations peaked at momenta @ = (m,m), signaling the existence of

1A wave vector is said to be commensurable with the lattice if the real space periodicity of the order
parameter is a rational multiple of the lattice constant. This sometimes is phrased as the fact that, if
Qarm = G/2, with G a reciprocal lattice vector, then Qarm is commensurate.
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strong AFM fluctuations [32, 33].

Having discussed the main assumptions under which we will analyze the AFM quantum
critical metal in two dimensions, we proceed on writing down the EFT that describes this
transition. The low-energy degrees of freedom of the theory are clearly the electrons close
to the FS and the low-energy spin-density excitations whose momentum deviates slightly
from Qapy = (m,m). Since the zero energy fluctuations of the order parameter already
carry nonzero momentum, only electrons close to the hot spots on the FS interact strongly
with the collective mode. Electrons that are far away from the hot spots, but close to the
FS, require high-energy spin fluctuations to be scattered into other points close to the FS.
Although those electrons that do not interact with the spin-density wave fluctuations still
affect the low-energy physics of the metallic state, its long-wavelength physics, apart from
the superconducting instability of the state, is dominated by the interaction of the collective
mode with electrons close to the hot spots. The description of those electrons residing far
away from the hot spots are expected to be described by Landau’s FLT. This will become
manifest in Chapter 4 once we include electrons away from the hot spots into the low-energy
description of the AFM quantum critical metal. For now, we focus only on the low-energy
theory that includes electrons close to the hot spots.

Having identified the low-energy degrees of freedom involved in the commensurate AFM
transition, we can write down the EFT for the AFM QCP by following the Wilsonian RG
picture used in Sec. 1.1-(b) and integrating out high-energy electronic modes away from
the FS and high-energy bosonic modes whose momentum deviates largely from the ordering
wave vector. This is tantamount to expand the dispersion of the electrons locally at each
of the eight hot spots on the FS and expanding the dispersion of the spin fluctuations close
to the ordering wave vector. The low-energy theory for the AFM quantum critical metal in
two dimensions reads [131, 132, 134, 142, 148]:

Si=2 = i > /dk‘ @ﬁv,g(k) [ik‘o +en(k; U)} Yo (k)

N=1o="1,]
+5 [ da [ + P o) (1.25)
8
vod Y [ar g [ul (ot OB @)ina ()]
N=1lo,0'=1,|

v / day / da / dgs Tr [®(q1 + 45)® (g2 — 43)] Tt [(—q1)®(~g2)]

Here, k = (ko, k) [¢ = (qo,q)] denotes fermionic (bosonic) Matsubara frequency and two-
dimensional momentum k = (kz, ky) |7 = (g2, qy)], with dk = d3k/(27)3 [dg = d3¢/(27)3].
The coordinate system in which the two-dimensional momenta is written is shown in Fig.
1.5(a). In this choice of coordinates, the commensurate wave vector is written as Q AFM =
+v/2(m,0) or Qarm = £v2(0,7) up to reciprocal lattice vectors. The Grassman field
N (k) represents an electron near hot spot N that carries momentum k measured with
respect to the hot spot and SU(2)-spin flavor o =7, . At low energies, the dispersion of the
electrons is linearized close to the hot spots as shown in Fig. 1.5(b). At each hot spot the
dispersion is written as e1(k;v) = —es(k;v) = vky + ky, ea(k;v) = —eg(k;v) = —ky — vky,
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Figure 1.5: (a) A one-dimensional F'S (solid lines) with fourfold rotational symmetry. The
(red) dots represent the hot spots connected by the AFM wave vector Q AFM, Where Q AFM =
+/27% or Qapm = £v/27§ up to reciprocal lattice vectors. (b) Linearized F'S at each of the
hot spots where the angle between FS’s connected by the same Cj AFM vectors is 2v in the
v < 1 limit.

es(k;v) = —er(kiv) = —ky + vk, and es(ksv) = —eg(k;v) = vky — ky. The component of
the Fermi velocity along the ordering wave vector QAFM is set to one while v denotes the
component perpendicular to it. We note that v also corresponds to the local slope of the FS
at the hot spots. Thus, in the rest of this thesis, we will refer to v as the “fermion velocity” or
“slope”; interchangeably. The patches of the F'S that are connected by Q AFM have a relative
angle of 2tan~!(v) which becomes 2v in the v < 1 limit as shown in Fig. 1.5(b). When
v = 0, we say that the F'S becomes locally nested.
The collective AFM spin fluctuations are represented by the matrix field

3
= 3" 76%(q), (1.29)
a=1

where 7 are the generators of SU(2) subject to the normalization Tr[r?7%] = 24,, and
¢?(q) are bosonic fields satisfying ¢%(q) = ¢*(—¢)*. In the kinetic term of the boson, ¢
denotes the velocity of the AFM spin fluctuations and ¢ denotes the bosonic momentum
relative to Cj AFM: ¢%(q) carries total momentum Cj ArM +¢. The Yukawa coupling g denotes
the strength of the interaction between the collective mode and the electrons near hot spots
connected by @AFM- Physically, it describes the processes where an electron is scattered
from hot spot N to hot spot N by absorbing or emitting a spin fluctuation, where 1 = 4,
2=7,3=6,4=1,5=8,6=23,7=2and 8 =5. The quartic coupling between the
collective modes is denoted by wu.

Understanding the universal low-energy properties of Eq. (1.28) is the central goal of
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this thesis. As it will be proven to be useful for Chapters 2 and 3, it is convenient to rewrite
Eq. (1.28) in terms spinor fields that pair electrons at antipodal hot spots on the FS. As we
will see in Chapter 3, this allows a straightforward locality-preserving generalization of the
theory to space dimensions higher than two [142, 148|. Defining the two-component spinor

fields,
not = () we=(020).

(1.30)
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Eq. (1.28) is written as
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where n = 1,2, 3,4 will now be referred to as the hot spot index and 7 denotes the hot spot
connected to n by the ordering wave vector. In this notation 1 =3,2=4,3=1and 4 = 2.
The energy dispersion of the two-component spinor fields are given, in terms of the original
dispersion of the electrons near the hot spots, by e1(k;v) = e1(k;v), ea(k;v) = es(k;v),
e3(k;v) = eq(k;v) and e4(k;v) = eg(k;v). Furthermore, vy = oy, 1 = 0y and U, ,(k) =
\IlL,g(k:)*yo, with o, and oy denoting the first two Pauli matrices.

To make the discussion as general as possible, we promote the spin symmetry of the
fermions from SU(2) to SU(N,) and endow the fermions with an extra SU(Ny) flavor. This
generalizes Eq. (1.31) to:

4 N, Ny
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In this generalization, the spinor fields ¥y, , j(k) transform under the fundamental represen-
tations of SU(NNV.) and SU(Ny). The collective mode in Eq. (1.29) is now promoted to an
SU(N,) matrix field

N2-1

O(q) = Y ¢"(q), (1.33)

a=1

where 7¢ are the (N2 — 1) generators of SU(N,) with the normalization Tr[r%7%] = 26,.
The quartic interaction between the AFM spin fluctuations is promoted to two independent
interactions for N, > 4. For N, < 4, these are not independent as a consequence of the
identity Tr[®%] = J(Tr[®?])? and either u; and up can be set to zero. Although we are
considering the AFM quantum critical metal for general values of N. and Ny, none of the
results presented in the remaining of this thesis rely on any of these being large parameters
in the theory.

The action in Eq. (1.32) is the starting point for the bulk of this thesis. In Sec. 1.5
we outline the path we will follow in this thesis. Before getting into the details of this
nonperturbative approach, we briefly discuss earlier analytical works done on the AFM
quantum critical metal in two dimensions.

1.4 SUMMARY OF PAST PROGRESS

There have been intensive theoretical works on the AFM quantum critical metal in the
numerical [129, 137, 140, 145, 147, 149] and analytical fronts in the past two decades [131—
135, 138, 139, 141-143, 143, 144, 146, 148]. In this section we briefly summarize earlier
analytical works on the EFT for the AFM quantum critical metal.

Due to the strong-coupling nature of the EFT in two dimensions, most of the previous
works have been done through perturbative methods that rely on the introduction of small
parameters. The theory was first studied through a large N expansion, where N is the
number of hot spots on the FS [131, 132]. At the one-loop order, this predicted an asymptotic
nesting of the FS at the hot spots and a dynamical critical exponent!'? z > 2 which signifies
the breakdown of Landau’s FLT near the hot spots. It was later shown that this 1/N
expansion fails to control the perturbative expansion [134] in analogy to the breakdown of
the 1/N expansion in the case in which electrons on a FS interact with a U(1) gauge field
[81]. The perturbative expansion has been extended beyond the one-loop order in which
the collective mode dynamics has dynamical critical exponent z = 2. This approach also
predicted a local nesting of the FS at the hot spots, but in contrast to the one-loop result,
it predicts a dynamical critical exponent z < 2 [134]. Although higher-order quantum
corrections are only logarithmically divergent, the low-energy fixed point found therein is
not under control because such divergences can introduce O(1) corrections as a consequence
of the strong-coupling nature of the theory.

The failure of the 1/N expansion motivated the study of the AFM quantum critical
metal through the more systematic perturbative approach offered by the co-dimensional
regularization scheme [142, 146, 148|. The one-loop analysis based on this scheme and an

12We recall that the dynamical critical exponent sets the scaling dimension of the frequency relative to
that of the spatial momentum.
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e expansion close to three spatial dimensions (the upper critical dimension of the theory)
predicts a dynamical critical exponent z > 1 and an asymptotic nesting of the F'S at the hot
spots [142]. However, the one-loop fixed point of the theory is uncontrolled due to an infrared
singularity at the two-loop order associated with the emergent quasi-locality characterizing
the metallic state [142, 148|. The study of the onset of commensurate spin-density wave order
in anisotropic Fermi-liquid metals evidenced the necessity of extending the one-loop analysis
to higher loops in order to cure the emergent infrared singularity even if the deviation from
the upper critical dimension of the theory is small [146]. Indeed, once a two-loop correction
is introduced into the analysis and all quantum corrections are captured to the leading order
in the deviation from the upper critical dimension, the perturbative expansion is controlled.
This controlled expansion predicts a dynamical critical exponent z = 1 and an asymptotic
nesting of the FS at the hot spots [148|.

We point out that the two-dimensional AFM quantum critical metal has been also stud-
ied nonperturbatively based on the Polchinski-Wetterich functional renormalization group
(FRG) [180, 181] supplemented with numerical methods. This approach predicts a local
nesting of the F'S at the the hot spots with signatures of n-FL metallic physics character-
ized by a common dynamical critical exponent z > 1 for the electrons and the collective
mode [138, 144]|. However, these approaches miss some of the important higher-loop effects
mentioned earlier [146, 148|.

Prior to the controlled treatment of the theory based on the € expansion, earlier works
concluded invariably that z > 1. The results from the controlled e expansion puts these
results into question. However, most of the works predict some common qualitative features.
Amongst them are the enhacement of d-wave superconducting order in the proximity of the
QCP, the local nesting of the F'S close to the hot spots and a vanishing quasiparticle weight
at the hot spots on the FS [131, 132, 134, 137, 142, 182-185]. In this thesis we study
the two-dimensional theory through a nonperturbative approach that provides a controlled
understanding of the AFM quantum critical metal and which opens the gate to the study of
its equilibrium and out-equilibrium properties.

1.5 OUTLINE OF THE THESIS

This thesis revolves around the nonperturbative approach to the n-FL metallic state realized
at the AFM QCP in two dimensions. Motivated by the controlled results from the € expansion
close to three spatial dimensions, we engineer the nonperturbative approach by building an
ansatz for the critical exponents of the transition. In Chapter 2 we introduce such a scaling
ansatz and the nonperturbative approach to show that it is self-consistent. We determine
the exact critical exponents characterizing the transition, the low-energy scaling form of
spectroscopic and thermodynamic observables, and compare our predictions with known
experimental data in the electron-doped cuprates.

In Chapter 3 we generalize the nonperturbative approach used in two dimensions to di-
mensions between two and three, building a bridge between the nonperturbative results in
two space dimensions and the controlled perturbative results close to three dimensions. We
extract the exact critical exponents and scaling form of physical observables that charac-
terize the AFM quantum critical metal that supports a one-dimensional F'S in this dimen-
sional range. We show that the critical exponents obtained from the controlled e expansion
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are smoothly connected to those in the two-dimensional theory, but also point out subtle
crossovers that obscure the extrapolation of the scaling form of physical observables. Being
an exactly solvable theory in a wide dimensional range we use the field theory for the AFM
quantum critical metal as a model theory to test, for the first time, to what extent the
RG schemes based on (co-) dimensional regularization are reliable in extracting low-energy
universal data of strongly-coupled field theories.

In Chapter 4 we generalize the theory that describes critical spin fluctuations and elec-
trons near the hot spots on the FS by including electrons far away from the hot spots. We
devise an analytically tractable field theoretical functional renormalization group scheme
that keeps track of the momentum-dependent universal low-energy properties of electrons
across the FS. In there we study, within a unified theory, the single-particle properties of
cold, lukewarm and hot electrons that coexist in the two-dimensional AFM quantum crit-
ical metal. We characterize the quasiparticle weight of the electronic excitations and the
global shape of the F'S, which are both testable through ARPES experiments. Finally, we
present a preliminary analysis on the superconducting instability of the state and determine
the temperature range in which our predictions are testable. We further provide an upper
bound for the superconducting transition temperature of the AFM quantum critical metal.
This chapter provides a general theoretical framework for metallic states with or without
quasiparticles which are characterized at low-energies by an infinite amount of low-energy
data.

We end this thesis with some concluding remarks and an outlook for future work.
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2 | ExAcT CRITICAL EXPONENTS FOR THE ANTIFERROMAG-
NETIC QUANTUM CRITICAL METAL IN TWO DIMENSIONS

2.1 INTRODUCTION

So far, the intense theoretical work dedicated to the study of the two-dimensional EFT for
the AFM QCP has yielded inconclusive results on the nature of the n-FL metallic state
realized at the QCP. Due to the failure of perturbative schemes, the strong coupling nature
of the theory in two spatial dimensions, and the lack of small parameters that can be used
in taming the rapid growth of the interaction at low energies, this EFT has been deemed
unsolvable for several years. However, the controlled perturbative approach close to three
spatial dimensions based on the € expansion devised recently [148] has provided a new hope
in addressing the two-dimensional theory.

The results of the controlled € expansion challenge those of previous works by predicting
a dynamical critical exponent z = 1 that is independent of the dimension. A key feature
of the theory close to the upper critical dimension is the emergence of a dynamical small
parameter that allows further control in the strength of higher-order quantum corrections.
This parameter is the ratio of the fermion velocity to that of the collective mode, which
becomes smaller as the long-wavelength limit is approached. Furthermore, this work predicts
that the scaling dimension of the fields receive only linear in € corrections for any 0 < € < 1,
provided that the ratio of the velocities becomes smaller in the low-energy limit for any given
€ [148]. Of course, this statement can only be checked perturbatively in e due to the nature
of the expansion and whether such a small parameter is present in two dimensions or not
is a legitimate concern. Nevertheless, due to the controlled nature of the expansion and
the knowledge of the nonperturbative effects that must be taken into account below three
dimensions, one can use these results as a guiding intuition in order to tackle the theory in
two dimensions.

In this chapter, we present a nonperturbative field theoretic study of the EFT describing
the AFM quantum critical metal in two dimensions. Although the theory in two dimensions
is strongly coupled at the lowest energies, we show that, similarly as in the controlled e
expansion of the theory close to the upper critical dimension [148], a small parameter that
differs from the conventional coupling emerges dynamically. This parameter allows for a
reliable extraction of the universal low-energy data of the theory. We show that our results
in two dimensions are consistent with the extrapolation of those results obtained from the
controlled € expansion. Our work is not only relevant from an experimental perspective, but
also from a theoretical one. On the one hand, our work gives a controlled understanding
of a specific n-FL metallic state which opens the door to the study of its equilbirum and
out-of-equilibrium properties. This has the potential of shedding light on general aspects
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of n-FL metallic phases and it is a first step in answering long standing questions such as
the origin of the superconducting transition temperature enhancement and the anomalous
transport properties of the strange metallic phase arising in layered materials. On the
other hand, examples of exactly solvable strongly-coupled field theories in more than one
spatial dimension that lack conformal symmetry or supersymmetry are scarce. Although the
nonperturabtive method designed in this chapter may seem to be tailor made for the EFT
under consideration, it provides insights on nonperturbative effects that may be general in a
wide class of strongly-coupled EFTs. This may be the first push in opening the door towards
the development of more systematic nonperturbative approaches for EFTs in condensed
matter physics.

This chapter is organized as follows. In Sec. 2.2 we introduce the scaling ansatz and the
nonperturbative approach used to analyze the low-energy properties of the EFT and show
in Sec. 2.3 that our approach is self-consistent. In Sec. 2.4 we show the scaling form of
spectral and thermodynamic observables that are accessible in experiments. We finish this
chapter by comparing our results to known experimental data in electron-doped cuprates
and comparing our results to the previous works on the matter that were mentioned in Sec.
1.4.

2.2 LoOw-ENERGY THEORY AND INTERACTION-DRIVEN SCALING
The low-energy properties of the AFM quantum critical metal in two dimensions are encoded

in the action given in Eq. (1.31):

4
S =3 % / Ak T (k) [i70k0 + e (Fv)] W (k)

n=1o=1]

+ i/dq [qg + C%|(T|2] Tr [@(q)P(—q)]

4
+ z'g Z Z /dk / dq Wﬁ7o’(k + Q)(I)Ua’(qyyllpn,a’(k)]

n=1o,0'=t}

(2.1)

3 [an [k, [aq Teia0n + ok - ) TRk @(-k).

In two dimensions, the conventional perturbative expansion becomes unreliable because
both the Yukawa and quartic couplings grow rapidly as the low-energy limit is approached.
Since the interaction plays a dominant role, we need to include the interaction up front
rather than treating it as a perturbation to the kinetic energy. Therefore, we start with
an interaction-driven scaling [177] in which the Yukawa coupling is deemed marginal, i.e.,
[g] = 0. Under such a scaling, one cannot keep all the kinetic terms as marginal operators.
Here we choose a scaling that keeps the fermion kinetic term marginal at the expense of
making the boson kinetic term irrelevant. This is a choice that will be justified through
explicit calculations. It reflects the fact that the dynamics of the boson is dominated by
particle-hole excitations near the FS in the low-energy limit, unless the number of bosons
per fermion is infinite [173]. Requiring the fermion kinetic term and the fermion-boson
interaction term to be simultaneously marginal uniquely fixes the dimensions of momentum
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and the fields under the interaction-driven tree-level scaling:
[ko] = [ka] = [ky] =1, and  [Uyq(k)] = [(g)] = —2. (2.2)

Under this scaling, the electron keeps the classical scaling dimension, while the boson has
an O(1) anomalous dimension compared to the Gaussian scaling (under which both the
couplings and the boson field have scaling dimensions: [g] = 1/2,[u] =1 and [®(q)] = —5/2,
respectively). At this point, Eq. (2.2) is merely an ansatz. In this chapter we show that
these exponents are indeed exact.

Under the interaction driven scaling in Eq. (2.2), the entire boson kinetic term and the
quartic coupling are irrelevant. The minimal action which includes only marginal terms is
written as

Sj—g = Z Z /dk: \I/ng Z’)’oko —I—wlan(k v)| Uy o (k)

n=1o=",]

\/HZ Z /dk/dq [P (k+ )00 (@)1 P00 (K)]

n=1o,0'=

(2.3)

An alternative way of arriving to Eq. (2.3) from Eq. (2.1) is through the field redefinition
®(q) = g®(¢). Under the Gaussian tree-level scaling, [g] = 1/2 and [®(q)] = —5/2 and
thus, under this same scaling, the redefined field has scaling dimension [®(q)] = —2, which
accounts for the O(1) difference between the Gaussian scaling dimension of the boson and
that obtained from the interaction-driven scaling. Under this field redefinition Eq. (2.1) can
be cast as

iz = Z 3 / A Ty o () [i90k0 + im12(F; v) | W (K)

n=1o=",]
o [ da [+ ] T [B0)8(—0)]

g (2.4)
I /dk/dq Tri o + 0) B0 (4)71 Vo ()]

44/dk1/dk2/qur (k1 + q)® (kz—q)}Tr[ (—k1)®(— /@)},

Since the Yukawa coupling is dimensionful and relevant under the Gaussian tree level scaling,
the kinetic term of the boson becomes irrelevant because, at low-energies, g> ~ A, with A
a large energy scale. Furthermore, the effective coupling in front of the quartic coupling is
now u = u/g* which has a Gaussian tree-level scaling dimension [u] = —1 and therefore is
also irrelevant. Thus, both the kinetic term of the boson and the quartic interaction become
unimportant in the low-energy limit and the low-energy theory for the AFM quantum critical
metal in two dimensions is dominated by the minimal local action in Eq. (2.3).

In Eq. (2.3), and under the interaction-driven scaling, the fermion-boson coupling is set
to be proportional to /v by rescaling the boson field. The Yukawa coupling is replaced
with /v because the interaction is screened such that g? becomes of O(v) in the low-energy
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Figure 2.1: The exact boson self-energy. The
double line is the fully dressed fermion prop-
agator. The triangle represents the fully
dressed interaction vertex.

limit [142]. Although ¢ and v can be independently tuned in the microscopic theory, they
rapidly flow to a universal line defined by g? ~ v at low energies [148]. Eq. (2.3) should be
understood as the minimal theory that captures the universal physics at low energies, where
the dynamics of the collective mode is dominated by particle-hole excitations rather than
the bare kinetic term, and v is the only dimensionless parameter of the theory. In the small
v limit, g also vanishes because the FS becomes nested, which provides a large phase space
for low-energy particle-hole excitations with momentum Q ArM that screen the interaction.
Even when g and v are small, this is a strongly interacting theory because ¢g?/v ~ 1 is the
expansion parameter in the conventional perturbative series. With g2/v ~ 1, the leading
boson kinetic term, which is generated from particle-hole excitations, is of O(1), as we show
in the following section.

2.3 SELF-CONSISTENT SOLUTION

The absence of a boson kinetic term in the action suggests that the theory is ill-defined.
However, particle-hole excitations generate a self-energy (shown in Fig. 2.1) which provides
nontrivial dynamics for the collective mode through the Schwinger-Dyson equation:

4
D(q)~" =mer. —mv Z/dk Tr [wGﬁ(k + ;)P (k, q)Gn(k;v)] : (2.5)
n=1

Here D(k), Gy (k;v) and I T(LZ’l) (k, q) represent the fully dressed propagators of the boson and
the fermion, and the interaction vertex function, respectively. mg . is a mass counterterm
that is added to tune the renormalized mass to zero. The trace in Eq. (2.5) is over the spinor
indices. Solving the full self-consistent Schwinger-Dyson equation is a hard task because
Gn(k;v) and F,(LQ’D(I{:, q) depend on the unknown D(g). One may use v as a small parameter
to solve the equation. A one-loop RG analysis of the theory shows that v flows to zero due
to the emergent nesting of the FS near the hot spots [131, 132, 137, 186]. This has been also
confirmed in the € expansion based on the co-dimensional regularization scheme [142, 148].
Of course, the perturbative result valid close to three dimensions does not necessarily extend
to two dimensions. Nonetheless, we show that this is indeed the case. Here we proceed with
the following steps: (i) we solve the Schwinger-Dyson equation for the boson propagator in
the small v limit and (i7) we show that v flows to zero at low energies by using the boson
propagator obtained under the assumption that v < 1.

We emphasize that the expansion in v is different from the conventional perturbative
expansion in the coupling. Rather, it involves a nonperturbative summation over an infinite
series of diagrams as will be shown below.
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Let us discuss step (7) first. In the small v limit, the solution to the Schwinger-Dyson
equation is given by

D(q)~" = g0l + c(v) [|ge| + |ayl] (2.6)

where the ‘velocity’ of the strongly damped collective mode is given by

c(v) = %, [vlog <i) (2.7)

Solving the Schwinger-Dyson equation consists of two parts. First, we assume Eq. (2.6)
with a hierarchy of the velocities v < ¢(v) < 1 as an ansatz to show that only the one-loop
vertex correction is important in Eq. (2.5). Then we show that Egs. (2.6) and (2.7) actually
satisfy Eq. (2.5) with the one-loop dressed interaction vertex.

To accomplish the aforementioned steps, we begin by estimating the magnitude of general
diagrams, assuming that the fully dressed boson propagator is given by Eq. (2.6) with Eq.
(2.7) in the small v limit. The first thing to notice is that the magnitude of a general
diagram is not only determined by the number of vertices, V', because both the bare fermion
propagator and fully dressed boson propagator depend on v and ¢(v), respectively. In general,
the integrations over loop momenta diverge in the small v limit as fermions and bosons lose
their dispersion in some directions. In each fermion loop, the component of the internal
momentum tangential to the 'S is unbounded in the small v limit due to the nesting of the
FS. For a small but nonzero v, the divergence is cut off at a scale proportional to 1/v, and
each fermion loop contributes a factor of 1/v. Each of the remaining loops necessarily has
at least one boson propagator. For those loops, the momentum along the FS is cut off by
the energy of the boson which provides a lower cutoff momentum proportional to 1/c(v) for
c(v) > v. Therefore, the magnitude of a general L-loop diagram with L; fermion loops and
FE external legs is at most

L, L E V/2-L (L—Ly) Lg-2) (Y S
~ —f —\EmLf) — 2\ -
G(L,Ly,E) ~v c(v) v2 (c(v)> , (2.8)

where we have used the fact that for the present theory V = 2L + E — 2. Higher-loop
diagrams are systematically suppressed with increasing (L — L) provided that v < ¢(v).
This is analogous to the situation where a ratio between velocities is used as a control
parameter in a Dirac semi-metal! [110]. If Eq. (2.7) holds, the upper bound becomes
G(L,Ly, E) ~ p2E-2HL=Ly) yp t0 a logarithmic correction in v. It is noted that Eq. (2.8)
is only an upper bound because some loop integrals which involve unnested fermions remain
finite even in the small v limit. Some diagrams can also be smaller than the upper bound
because their dependences on external momentum are suppressed in the small v and ¢(v)
limit. As we shall see below, this is the case for the one-loop fermion self-energy. A systematic
proof of the upper bound in Eq. (2.8) is available in Appendix A.

Provided that v < ¢(v), the Schwinger-Dyson equation in Eq. (2.5) takes the diagram-
matic form depicted in Fig. 2.2(a) to leading order in v: The leading order contribution

! There has been an attempt to use a different ratio of velocities as a control parameter in non-Fermi-liquid
metals with critical bosons centered at zero momentum [187].
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— OO
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Figure 2.2: (a) The Schwinger-Dyson equation to the leading order in the small v limit.
The ellipsis denote subleading contributions in v. Solid lines represent the bare fermion
propagators. The wiggly double line represents the boson propagator consistently dressed
with the self-energy in (b) and (¢). The dressed boson propagator includes an infinite series
of nested self-energies with a fractal structure.

to the boson self-energy (E = 2) is generated from Fig. 2.2(b), which is the only dia-
gram that satisfies L = Ly. All other diagrams are subleading in v. However, this is not
enough because the one-loop diagram gives D(q)~! = |qo|, which is independent of the spa-
tial momentum. One has to include the next order diagram [Fig. 2.2(c)| which generates a
dispersion. Therefore, Eq. (2.5) is reduced to

D()™" =mer. + ool = dp [ AKTr [5G0 (k + ps o) G (0 + g + ks v)

(2.9)
% GO (q+ k)7 GO (k; v)} D(p).

Here m’C.T. is a two-loop mass counterterm. We can use the free fermion propagator
Gy’ (k;v),

GO (kv) = -
2

(2.10)

oko + v1e(k; v)
k2 + en(k;v)?

because the fermion self-energy correction is subleading in v. An explicit calculation of Eq.
(2.9) confirms that the self-consistent boson propagator takes the form given in Eq. (2.6).
The boson velocity satisfies the self-consistent equation

c(v) = 801()6) log <c(;)) : (2.11)

which is solved by Eq. (2.7) in the small v limit. It is noted that ¢(v) is much larger than v
in the small v limit because of the enhancement factor 1/¢(v) in the two-loop diagram: the
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Figure 2.3: Leading order quantum corrections to the minimal local action. Two-loop fermion
self-energies. As explained in the text, the two-loop diagram in (c¢) is of the same order as the
one-loop diagram in (a). The diagram in (d) is subleading due to an additional suppression

by ¢(v).

collective mode speeds up itself through enhanced quantum fluctuations if it gets too slow.
We further note that the antiscreening nature of the vertex correction associated with the
non-Abelian SU(2) vertex,

3
ZTaTbTa =70, (2.12)
a=1

is crucial to generate the right sign for the boson kinetic term [146]. This does not hold for
Ising-like or XY-like spin fluctuations [188]. The details on the computation of Eq. (2.9) are
available in Appendix C. Notice that Eq. (2.9) constitutes a nonperturbative sum over an
infinite series of diagrams beyond the random phase approximation. The dynamics of the
boson generated from the fermionic sector dominates over the bare bosonic kinetic term at
low energies. Therefore, the choice to drop the bare kinetic term of the collective mode in
Eq. (2.3) is rather natural.

So far, we have assumed that v is small to obtain the self-consistent dynamics of the
AFM collective mode. Now we turn to step (i) and show that v indeed flows to zero in
the low-energy limit. According to Eq. (2.8), the leading quantum corrections to the local
action in Eq. (2.3) are the one-loop diagrams for the fermion self-energy and the interaction
vertex function depicted in Figs. 2.3(a) and 2.3(b).

However, the momentum-dependent one-loop fermion self-energy happens to be smaller
than what is expected from Eq. (2.8) by an additional power of ¢(v) ~ /v. This is because
the dependence on the external momentum is suppressed in the small ¢(v) limit for the one-
loop self-energy. Therefore, the one-loop correction can become of the same order as higher-
loop corrections. As a result, we must include the two-loop fermion self-energy corrections
depicted in Figs. 2.3(c) and 2.3(d) in order to capture all quantum corrections to the leading
order in v. All other higher-loop diagrams are negligible in the small v limit. Amongst the
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two corrections at the two-loop order, only the momentum-dependent part of the correction
depicted in Fig. 2.3(c) becomes of the same order as the momentum-dependent one-loop
fermion self-energy. The momentum-dependent part of the correction depicted in Fig. 2.3(d)
receives an additional suppression in ¢(v) by the same reason that the one-loop fermion self-
energy has an extra power of ¢(v) compared to the expectation set by Eq. (2.8).

The self-energy and vertex corrections are logarithmically divergent in the UV. Therefore,
the theory must be regularized and counterterms must be added to the minimal local action
in Eq. (2.3) such that the renormalized quantum effective action becomes independent
of the UV scales set by the microscopic details of the theory. Following the steps of the
regularization and RG scheme that is detailed in Appendix B, we find that, as a function of
the running energy scale i, the fermion velocity obeys the flow equation

dv 6 1
Hdi = p ’U2 log <c) . (213)

If the bare value of v is small, Eq. (2.13) is reliable. In fact it predicts that v becomes even
smaller and flows to zero as

72 1

vln) = glog (%) log [log (%)} 21

for p/A < 1, where A is the UV scale at which the bare theory is defined. Notice that
the way v flows to zero in the low-energy limit does not depend on the bare value of v
[vo = v(A)]. This completes the cycle of self-consistency. It follows from this that, Eq. (2.6),
which is obtained in the small v limit, becomes asymptotically exact in the low-energy limit
within a nonzero basin of attraction in the space of v whose fixed point is v = 0. As it is
shown in full detail in Appendix D, the dynamical critical exponent (z) and the anomalous
dimensions of the boson (7¢) and fermion (ny) fields are given by

1o
: 47 c(v)’
1w c(v)
ne = i o) log <v > : (2.15)
__3 v
e 87 c(v)’

to the leading order in v. Here z sets the dimension of frequency relative to momentum.
Moreover, e and ng are the corrections to the interaction-driven tree-level scaling dimen-
sions of the boson and fermion fields, respectively. It is clear that the critical exponents are
controlled by w(v) = v/e(v), which, according to Eqgs. (2.7) and (2.14), flow to zero as

() = 2 ! (2.16)

s (2 s ()]

for u/A < 1. This confirms that the scaling dimensions in Eq. (2.2) become asymptotically
exact in the low-energy limit. This is compatible with the fact that an inclusion of higher-
loop corrections in the € expansion reproduces z = 1, irrespective of €, provided that w(v)
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flows to zero for any 0 < e < 1 [148]. As we will show in Chapter 3 this is a feature
of the low-energy theory in dimensions 2 < d < 3, where the nonperturbative solution is
characterized by the interaction-driven scaling with a z = 1 exponent.

2.4 PHYSICAL OBSERVABLES

The critical exponents z — 1, g and ng vanish in the low-energy limit. However, the
sublogarithmic decay of w(v) with energy introduces corrections to the correlation functions
at intermediate energy scales, which are weaker than power-law but stronger than logarithmic
corrections [153]. The retarded Green’s function for electrons near the hot spot N = 1 takes
the form,

G?(w, E) =

(2.17)

e \/10g 4 ) log[log(4)] [3 tos(3 ) oglloa(3)] T

for w/A < 1, with w > 0 and with the ratio k/[wF,(w)] been fixed. Here w is the real
frequency and A is the UV scale at which the bare theory is defined. The scaling form of
the retarded electronic Green’s function at different hot spots can be obtained by applying
a sequence of 90° rotations and a space inversion to Eq. (2.17). Details on the derivation of
this expression are given in Appendix E. Fy(w) and F,(w) are functions which capture the
contributions from 7y and z at intermediate energy scales. For w < A, these are given by

Fat) = J1og ()] (2.13)

w

F\p(w) {wFZ(

oW

F.(w) =exp{ 2V/3 L (2.19)

Fy(w) and F,(w) only contribute as subleading corrections instead of modifying the expo-
nents. However, they still constitute part of the low-energy universal data that characterizes
the critical point [134]. The additional logarithmic suppression in the dependence of k, is
due to v which flows to zero in the low-energy limit. Close to the hot spot N = 1, the local
shape of the FS is deformed as

tog (1)) lo]:[log (1))

The spectral function at the hot spots, Ay (w) = 2Im [G]P\‘](w, (_)')}, exhibits a power-law

decay with a superlogarithmic correction as a function of frequency,
1
wF,(w)Fy(w) [log( )] 12 log [log( )]

We note that the spectral function displays no Dirac-delta peak characteristic of quasiparticle
excitations. Instead, the Dirac-delta peak is replaced by a weaker singularity at w = 0 which

ky ~ (2.20)

An(w) ~ (2.21)
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is a signature of incoherent electronic excitations [See Sec. 1.1-(b)|. This implies that the
quasiparticle weight for the electronic excitations |as defined in Landau’s FLT through Eq.
(1.24) or Eq. (1.27)] vanishes at the hot spots.

The retarded spin-spin correlation function is given by

1

Fy(w) <—Z’wFZ(w) + &W)

DR(w,q) = (2.22)

for w/A < 1, with fixed ¢/[w F;(w)]. Fo(w) is another universal function that describes the
superlogarithmic correction of g,

Fa(w) = exp {\2 [log (2)] é} (2.23)

in the w/A limit. The factor of [log (A /w)]fé in the momentum-dependent term is due to
the boson velocity which flows to zero in the low-energy limit. Details on the derivation of
Eq. (2.22) are given in Appendix E.

Due to the strong Landau damping generated by the decay of the collective mode’s
fluctuations into particle-hole pairs, the spin fluctuation is highly incoherent. It will be of
great interest to test precisely the scaling forms in Egs. (2.17) and (2.22) from ARPES and
neutron scattering experiments, respectively. In the next section we compare our theoretical
predictions to known experimental results on materials that are believed to harbor the AFM
QCP.

Now we turn our attention to the thermodynamic properties of the theory. The total
free energy density can be written as

f= % Tr [logD™' —M-D] — Tr [logG™' — X - G| + Py, (2.24)

where 1, ¥ are the self-energies of the boson and fermion respectively, and ®5 includes
the two-particle irreducible diagrams [63]. Here, the traces sum over the frequency, two-
dimensional momenta and flavors, and I, ¥, D and G are used to denote the self-energies
and propagators, respectively, as operators in the frequency, two-dimensional momenta and
flavor space. To the leading order in v, the dominant contributions are fpos. = % Tr[log D~ 1]
and frer. = Tr[log GO, with G(®) denoting the bare fermion propagator. The dominant
fermionic contribution comes from electrons away from the hot spots, frer. ~ krT?, where
kr is the magnitude of the Fermi momentum which parametrizes the size of the F'S. Naively,
the bosonic contribution is expected to obey hyperscaling, because low-energy excitations
are confined near the ordering vector. However, the free energy density of the mode with
momentum 7 is suppressed only algebraically as 72 /[c(v)(|ps| + |py|)] at large momenta, in
contrast to the exponential suppression exhibited by free bosons. The slow decay of the
free energy density per mode originates in the incoherent nature of the damped AFM spin
fluctuations, which have a significant spectral weight at low energies even at large momenta.
As a result,

dp T2
foo [ @m) <@)(pal + 7)) (2.25)
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is unbounded. In the presence of the irrelevant local kinetic term in the boson action,
(c%/A) |7|? with co ~ 1, the momentum integration is cut off at pymax ~ c(v)A, and fpes. is
proportional to A. From the scaling equation for fgos.,

g ~0 0 ~
zTa—T + Aa—K - ﬁc(v)m — (24 2)| fBos.[T,c(v),A] =0, (2.26)
where, S.(v) = de(v)/dlog i, we obtain
foos. ~ AT?F.(T) (2.27)

in the low temperature limit, where F,(7T) is defined in Eq. (2.19). Remarkably, the bosonic
contribution violates the hyperscaling, and it is larger than the fermionic contribution at
low temperatures. In this case, the power-law violation of the hyperscaling is a consequence
of the z = 1 scaling rather than the fact that v and c¢(v) flow to zero [143]. The free
energy density gives rise to the specific heat which exhibits the T-linear behavior with the
superlogarithmic correction:

ey ~ ATF,(T). (2.28)

It is noted the deviation from the T-linear behavior is stronger than a simple logarithmic
correction because F,(T") includes all powers of \/log(A/T"). Details on the derivation of the
free energy density are given in Appendix E.

If the system is tuned away from the critical point, the boson acquires a mass term

0S2E5% ~ (A =A%) /dq Tr [@(q)®(=q)], (2.29)

where A is a tuning parameter and \* its critical value. Due to the suppression of higher-
loop diagrams, the scaling dimension of ®(q)? is —4 in momentum space. This implies
a critical exponent ¥ = 1 in the low-energy limit, which is different from the mean-field
exponent (v = 1/2). The power-law scaling of the correlation length £ with A is modified by
a superlogarithmic correction,

E~v A= XN)TEE (N = X", (2.30)

where Fg(dA), with 6A = XA — A*, is a universal function which embodies both the anomalous
dimension of the boson and the vertex correction to the mass insertion. The former dominates
close to the critical point, and F¢(0\) = Fg(0A) to the leading order in small 6.

The scaling forms of the physical observables discussed above are valid in the low-energy
limit. At high energies, there will be crossovers to different behaviors. The first crossover is
set by the scale below which the dynamics of the collective mode is dominated by particle-hole
excitations, and therefore Eqs. (2.22) and (2.28) hold. It is determined by the competition
between Eq. (2.6) and the irrelevant local kinetic term for the collective mode in Eq. (2.1).
For w < (c(v)?/c2)A, the terms linear in frequency and momentum dominate, where A is
an energy scale associated with the irrelevant kinetic term. The details on the crossover are
described in Appendix C and summarized in Tables C.1(a) and C.1(b) therein. In the small
v limit with ¢y ~ 1, this crossover scale for the boson goes as

Ej. ~ c(vg)?A, (2.31)
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where vg < 1 is the bare value of the fermion velocity. The second crossover scale, denoted
as Ef,, , is the one below which the behavior of the fermions at the hot spots deviates from
the Fermi-liquid one. For a small but non-zero v, the leading order self-energy correction
to the fermion propagator is (3/4m)[v/c(v)]wlog(A/w), which becomes larger than the bare

term for w < Ef,. with
log (1
Efer. ~ Aexp —E\/L( [v0) (2.32)
’ 3 Vo

Since v flows to zero only logarithmically, the deviation of v away from it’s bare value can
be ignored for the estimation of both Ef,  and Ef . As is shown in Appendix D, the value
of v changes appreciably below the scale Ae™%, where £y ~ (1/vg) log(1/vp).

At sufficiently low temperatures, the system eventually becomes unstable against pair-
ing. An important question is how the crossover scales compare with the superconducting
transition temperature T,.. The spin fluctuations renormalize pairing interactions between
electrons near the hot spots, and enhance d-wave superconductivity [137, 182-185|. In the
small v limit, however, the renormalization of the pairing interaction by the AFM spin fluc-
tuations is suppressed by v/c(v) for the same reason that the vertex correction is suppressed.
Because the Yukawa coupling is marginal at the fixed point, it adds an additional logarith-
mic divergence to the usual logarithmic divergence caused by the BCS instability [189-191].
The pairing vertex is enhanced by afv/c(v)]log(A/w)log(Ef. /w) with a ~ 1 at frequency
w. The first logarithm is from the usual BCS mechanism. The second logarithm is from the
gapless spin fluctuations, where Ej given in Eq. (2.31) is the energy cutoff for the spin
fluctuations in the small ¢(v) limit as is shown in Appendix C. This gives rise to

TCNC('U())\/EGXP - CO(Z(;) . (2.33)

Although T, is enhanced by the critical spin fluctuations, it remains exponentially small in
1

Ve(vo)/vo ~ vy * in the small vg limit. There is a hierarchy among the energy scales, Ef, <
T. < Ef,, in the small vg limit. This suggests that the system undergoes a superconducting
transition before the fermions at the hot spots lose coherence. On the one hand, this is similar
to the nematic quantum critical point in two dimensions where the system is prone to develop
a superconducting instability before the coherence of quasiparticles breaks down [115, 192].
On the other hand, even without superconductivity, the fermions are only weakly perturbed
by the spin fluctuations in the present case. It is the collective mode that is heavily dressed
by quantum effects. For the collective mode, there is a large window between T, and Ef_
within which the universal scaling given by Eq. (2.6) is obeyed. The size of the energy
window for the critical scaling is non-universal due to the slow flow of v, and it depends on
vg, the bare value of v. Our prediction is that there is a better chance to observe the z =1
critical scaling above T,, and the enhancement of T, by AFM spin fluctuations is rather
minimal [193] in materials whose bare FS’s are closer to perfect nesting near the hot spots.
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2.5 SUMMARY AND DISCUSSION

In this chapter we have presented a controlled nonperturbative approach that allows the
extraction of the exact universal data characterizing the low-energy field theory describing
the AFM quantum critical metal in two spatial dimensions. We not only have determined
the exact critical exponents of the transition, but also the universal scaling form of physical
observables at low temperatures. To end our discussion we comment on how our work
compares to earlier theoretical approaches that where mentioned in Sec. 1.4 and provide a
comparison between our predictions and existing experiments on materials that are believed
to host the AFM QCP in question.

Putting our results into context with the discussion in Sec. 1.4 it is clear that there
are qualitative differences with previous theoretical works. Earlier theoretical works [131-
134, 186] have invariably predicted the dynamical critical exponent z to be larger than
one. In particular, if one uses the one-loop dressed propagators that respect the z = 2
scaling, individual higher-loop corrections are, at most, logarithmically divergent. However,
this does not imply that the higher-loop corrections are small. The logarithmic corrections
remain important in two dimensions due to the strong coupling nature of the theory, and
they can introduce O(1) anomalous dimensions to the fields. The one-loop analysis based
on the dimensional regularization scheme also predicts that the dynamical critical exponent
is z =14 O(e) in 3 — € space dimensions [142]. It turns out that it is not enough to include
only the one-loop corrections even to the leading order in € due to an infrared singularity
associated with the emergent quasi-locality of the metallic state [146]. Once all quantum
corrections are taken into account to the leading order in e conmsistently, the dynamical
critical exponent becomes z = 1 again [148| in agreement with the current result. The key
that makes the present theory solvable is the emergent hierarchy of the velocities v < ¢(v),
which becomes manifest only after quantum fluctuations are included consistently. The
results from the e expansion not only show that the hierarchy of velocities v < ¢(v) is
maintained perturbatively close to three dimensions, but that, if it is maintained for any
2 < d < 3, the critical exponents are given by the ones predicted from this controlled
perturbative treatment [148]. Even though the hierarchy of velocities is also maintained in
two dimensions and the extrapolation to € = 1 of the critical exponents obtained from the
€ expansion coincide with the ones found in this chapter, there is no guarantee that such a
hierarchy is maintained for any 2 < d < 3 or that the universal data of the theory close to
three dimensions smoothly interpolates with the results for the two-dimensional theory. We
address this missing link in Chapter 3 where we also expose the strengths and weaknesses
of the dimensional regularization scheme applied to strongly coupled field theories.

Now we make an attempt to compare our predictions with experiments. Electron doped
cuprates are probably the simplest examples of quasi-two-dimensional compounds that ex-
hibit AFM phase transitions in the presence of itinerant electrons, without having extra
degrees of freedom such as local moments or extra bands. In the normal state of the op-
timally doped Prg ggLaCeg 12CuO4_5 (PLCCO), inelastic neutron scattering shows an over-
damped AFM spin fluctuation peaked at (7, 7) whose width in momentum space exhibits
a weak growth with increasing energy [32]. The theoretical prediction from Eq. (2.22) is
that the width of the incoherent peak scales linearly with energy upto a superlogarithmic
correction in the low-energy limit. However, it is hard to make a quantitative comparison
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due to the limited momentum resolution in the experiment. In Nds_,Ce,CuO415 (NCCO),
inelastic neutron scattering suggests that the magnetic correlation length £ scales inversely
with temperature near the critical doping [33|. Furthermore, £ measured at the pseudogap
temperature diverges as (z — z.)~'. If interpreted in terms of the clean AFM quantum crit-
ical scenario, which may be questionable due to the presence of disorder, this is consistent
with a z = 1 and v = 1 scaling at the transition. ARPES experiments for NCCO show a
reduced quasiparticle weight at the hot spots [31, 34|. This is in qualitative agreement with
the prediction of Egs. (2.17) and (2.21), which imply that the quasiparticle weight vanishes
at the hot spots, as compared to the region away from the hot spots where quasiparticles are
well defined. Although the spectroscopic measurements are in qualitative agreement with
the theoretical predictions, we believe that more experiments are needed to make quantita-
tive comparisons. On the theoretical side, the instabilities of the model towards different
types of ordering and the transport properties of the theory need to be better understood,
for which electrons away from hot spots are expected to play an important role. This calls
for a theoretical study of the theory that includes electrons away from the hot spots and
determine how the AFM spin fluctuations affect their Fermi-liquid-like properties. In Chap-
ter 4 we focus on this, where we provide a full characterization of the non-Fermi liquid and
Fermi-liquid-like electronic excitations of the AFM quantum critical metal in two dimensions
in a controlled manner.
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3 | NONCOMMUTATIVITY BETWEEN THE LOW-ENERGY LIMIT AND
INTEGER DIMENSION LIMITS IN THE ¢ EXPANSION: A CASE
STUDY OF THE ANTIFERROMAGNETIC QUANTUM CRITICAL
METAL

3.1 INTRODUCTION

In the previous chapter we obtained the universal low-energy data for the commensurate
AFM quantum critical metal supporting a Cy-symmetric F'S in two dimensions. Remarkably,
the critical exponents governing the transition coincide with the extrapolation of the results
found through the controlled € expansion close to the upper critical dimension of the theory
[148]. However, this could be just a coincidence. Although the analysis provided by the €
expansion indicates the emergence of nonperturbative physics below three dimensions that
is correctly captured in the two-dimensional theory, the connection between the perturbative
results close to three dimensions and the nonperturbative results obtained in two dimensions
is still lacking. The availability of both the perturbative solution near the upper critical
dimension of the theory and the nonperturbative one in two dimensions provides a rare
opportunity to test the extent to which RG schemes based on dimensional regularization
and the e expansion are applicable to strongly coupled theories in which ¢ ~ 1.

In this chapter we test this methodology using the EFT for the commensurate AFM
quantum critical metal as a model theory. Generalizing the nonperturbative approach pre-
sented in Chapter 2 to higher dimensions, we obtain the low-energy universal data of the
theory in dimensions between two and three. In doing so, we provide an understanding on
how the perturbative results from the ¢ expansion near the upper critical dimension evolve
as nonperturbative effects become stronger with decreasing dimension. From this we expose
both strengths and weaknesses of RG schemes based on dimensional regularization. On the
one hand, the exact critical exponents are smooth functions of the space dimension, and the
€ expansion can provide an useful ansatz for the critical exponents in two dimensions. On
the other hand, it is difficult to capture the full scaling behaviors in two dimensions from
the low-energy solution above two dimensions because the low-energy limit and the d — 2%
limit do no commute.

The results of this chapter are of great theoretical importance and they constitute a word
of caution when addressing strongly-coupled field theories from a perturbative perspective.
The EFT for the commensurate AFM QCP provides the first example of a non-relativistic
field theory where the low-energy data is known exactly in a wide dimensional range. Our
work allows to address the subtleties of extrapolating results to lower integer dimensions
from those obtained close to the upper critical dimension of the theory. We note that the
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d=2 2<d<3 d=3
. (N2 + NeNj — 1)
Fi(p) exp (2 NZ - 110?(@) exp [(d — ). (d)(N2 — 1)%13%] ¢2(NZ + NeNj —3)
Fu () 03 Vi log(6)
% — 2 _ 1
Fa(p) exp < ;i = 1) exp < 3‘11)2([1) [((dN2 2)]17)0d_1d}2d> log(¢)
72NNy 7N:Ny(d — 2) TNNf(N2 — NeNg — 3)
v(k) 2(NZ — 1)¢log(¢) A(N2 — 1)C(d)(d — 1)t 4(NZ —1)(N2Z + NNy — 1) log(0)
() r 1 { ©Bi%B(d) ]é 1 7(N2 — NeNjp—3) 1
o 1/NZ -1V G-dd- DC@NZ-D]| ¢ INZ =14 NoN) Toa(®

Table 3.1: Scale-dependent universal crossover functions and renormalized velocities in the
low-energy limit for each fixed d. Here ¢ = log(A/u) is a logarithmic length scale associated
with a running energy scale u, and a UV cutoff A. B4, ((d),§.(d),Fa(d) and B(d) are smooth
and positive functions defined in Egs. (3.19), (3.31), (3.40), (3.42), and (G.21) respectively.
It is noted that B2 = 1/7/2,((2) = (27)71,F.(2) = vV2,T8(2) = 2/2 and B(2) = (472)~!
ind =2, and f3_. = Vire, ((3 —€) = /2, §.(3) = 3/(21h%)3, Fa(3) = 3/(2%h2)5 and
B(3) = 2h% with hf ~ 5.7 x 107% in d = 3 — € to leading order in € < 1.

€ expansion in relativistic field theories [25, 26| also display similar subtleties [169-171].
Therefore, our work constitutes a step forward in the understanding of such subtle issues
that cloud the connection between controlled perturbative and nonperturbative results in
strongly-coupled field theories.

This chapter is organized as follows. In Sec. 3.2 we review the field theory that describes
the AFM quantum critical metal in dimensions between two and three [142, 148]. In Sec. 3.3
we summarize the scaling forms of the low-energy Green’s functions. Table 3.1 encapsulates
the main result of this chapter: physical observables exhibit noncommutativities in the sense
that the low-energy limit and the limit in which the physical dimensions are approached do
not commute. After the summary, we provide details that lead to such scaling forms. We
first review the one-loop solution valid in d = 3 [142], and discuss how the solution fails
to capture the low-energy physics in d = 3 — € for any nonzero e. This is caused by a
noncommutativity between the low-energy limit and the d — 37 limit. We then move on
to the general solution valid in any 2 < d < 3, which shows how nonperturbative effects
become important as the space dimension is lowered. Finally, we compare this solution to
the nonperturbative solution presented in Chapter 2 for the two-dimensional theory. While
critical exponents vary smoothly in d, the full low-energy Green’s function in d = 2 cannot
be obtained from the d — 27 limit of the low-energy Green’s function obtained in d > 2 due
to a noncommutativity between the d — 21 limit and the low-energy limit. We finish this
chapter with some concluding remarks in Sec. 3.4.
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3.2 FIELD THEORY IN 2<d <3

We start by promoting the action in Eq. (1.32) to d-spatial dimensions by increasing the
co-dimension of the FS [176] while keeping its dimension fixed to one. In this choice of
dimensional regularization, not only locality is maintained [114, 142, 148, 177|, but the
spurious UV /IR mixing that arises through couplings between different patches of the FS
when its dimension is greater than one [174], is avoided. Following Refs. [142, 148], we write
the action for the theory in 2 < d < 3 as

4 N, Ny

=3 3% / dk Ty o (K) [ir K+ ivge(E; v)] U, 0i(k)

n=1o0c=1 j=1

+2 [ 107+ i) T(e-a)
4 N, Ny

g — ' (3.1)
+ mz Z Z/dk/dq [\Ijn,o,j(k+Q)Cbaa’(qy)'d—l\ljn,a/,j(k)}

n=1o0,0'=1j=1

+ lﬁf/dm /dQQ/dQB Tr[®(q1 + ¢3)P(q2 — ¢3)] Tr [®(—q1)P(—g2)] ,
+ f/dql /dqz/dqs Tr [D(q1 + ¢3)P(q2 — g3)P(—q1)P(—q2)] -

Here, k = (K,k) [¢ = (Q,q)] where K (Q) denotes the (d — 1)-dimensional vector
composed of fermionic (bosonic) Matsubara frequency and (d—2) co-dimensional momentum
components. k (§) still denotes the original fermionic (bosonic) two-dimensional spatial
momentum measured relative to the hot spots (commensurate wavevector @AFM). The
integration measure is now denoted by dk = d*'Kd2k/(2r)4*!. In 2 < d < 3 the spinors
are kept two-dimensional and (T',v4-1) = (70,71, -,7Vd—2,7d—1) denote 2 X 2 matrices
satisfying the Clifford algebra: {v,,v} = 20l2x2 with I>xo denoting the 2x2 identity
matrix. In what follows we choose 79 = o and v4—1 = 0, where o, and o, are the two first
Pauli matrices. Keeping the spinors two-dimensional is justified by the fact that, for each hot
spot, the fermionic kinetic term in Eq. (3.1) is identical to that of a [(d — 1) + 1]-dimensional
Dirac fermion where the location of the Dirac point is parametrized by the momentum along
the locally linear F'S [114].

The fermionic kinetic term in Eq. (3.1) describes a metal with a one-dimensional FS
embedded in d-dimensional momentum space and such that the FS is locally linear near
each of the hot spots. This is seen from the fact that the energy of a fermion close to hot
spot n is given by [142]:

En(klw"akd—Q?E) == k2+ [€N(k77})]2 (32)

—.

Therefore, at the Fermi level [E, (ki,. .., kq—2, k) = 0] the system supports line nodes defined
by kj =0 for j =1,...,d — 2 and e,(k;v) = 0. We further note that Eq. (3.2) implies
that the electrons disperse linearly in the (d — 1)-dimensional space perpendicular to the
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Figure 3.1: A one-dimensional
FS embedded in the three-
dimensional momentum space.
The (gray) planes correspond to
locally flat patches that include
line nodes (solid lines) where the
hot spots are located.

aforementioned line node. This is shown in Fig. 3.1 for d = 3. The action in Eq. (3.1)
is not just a mathematical construction and there is physical content behind it. In d = 3,
we can choose (y0,71,72) = (0y,02,0z) and k1 = k,. In this dimension, the action in Eq.
(3.1) describes the low-energy theory of the line-nodal AFM quantum critical metal in the
presence of p,-charge density wave (CDW) carrying momentum QEF and where the AFM
transition is driven by electrons near the hot spots on the line nodes [142]. This becomes
manifest when we use Eq. (1.30) to write the free fermion action in terms of the spinor
components as

Ne Ny

8
=33 Y / Ak {6k s ) [iko + en (o) g

N=1o=1j=1 (3.3)
HDN R s )Y 4105 (R) |

where [z]s denotes the reminder of z divided by 8. The first term in this action is the one
that gives rise to a locally flat two-dimensional F'S in three dimensions. The second term,
which represents the 2I;F—pZ—CDW, is responsible for gapping out the two-dimensional FS
except at k, = 0, where the line nodes are located.

Taking into account the above observations, it follows that the action in Eq. (3.1)
continuously interpolates the low-energy theory of the AFM quantum critical metals in d = 2
and d = 3. In the rest of this chapter we proceed on extracting the low-energy universal
data of the theory in 2 < d < 3.

3.3 NONCOMMUTATIVITY BETWEEN THE LOW-ENERGY LIMIT AND THE PHYSICAL DI-
MENSION LIMITS

In this section, we first summarize the main results of this chapter without derivation. The
scaling form of the electronic and bosonic Green’s functions of the theory in 2 < d < 3 is
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given by
1 1
G1lk:d) = TE UKD FOKNT - K + va 1 [o(K)ks + &) (34)
D(k:d) = — ! (3.5)

 Fo(IK]) (KK + (KN (k|7 + Ky 41)

for k/[|K|F.(|K|)] ~ 1. Gi(k;d) denotes the fermion Green’s function at hot spot n = 1
in d space dimensions. The Green’s functions at other hot spots are related to Gi(k;d)
through the Cy symmetry of the theory. D(k;d) denotes the Green’s function for the AFM
collective mode. Here, the condition k/[|K|F.(|K|)] ~ 1 is chosen so that the forms of the
Green’s functions are invariant (up to the weak scale dependence of the velocities) under
scale transformations in which momentum and frequency are simultaneously taken to zero. If
the dynamical critical exponent was fixed, the scale invariance of the Green’s function would
be manifest under the rescaling in which &/|K|/# is fixed, where z is the dynamical critical
exponent. In the present case, the dynamical critical exponent depends weakly on the scale,
and it flows to z = 1 in the low-energy limit, as will be shown in the following sections. At
finite energy scales, the Green’s functions are invariant under the scale transformation in
which k/[|K|F,(|K])] is fixed, where F,(|K|) is a function that encodes the scale dependence
of the dynamical critical exponent. The leading power-law dependences of the Green’s
functions in energy and momentum reflect the dynamical critical exponent (z = 1), and
the scaling dimensions of the fermion ([V, 4 ;(k)] = —(d + 2)/2) and the collective mode
([®(k)] = —d) fields at the fixed point. The full Green’s functions deviate from the perfect
power-law behaviors due to a scale dependence of marginally irrelevant operators.
In d < 3, the ratio between velocities,

(3.6)

controls quantum corrections, where v(u) and ¢(u) are the renormalized velocities that de-
pend on the energy scale u. As it will be shown later, a slow flow of w(u) generates super-
logarithmic corrections captured by F,(u), Fy(u) and Fp(u), that is, corrections that are
smaller than a power-law but larger than any fixed power of a logarithm in energy. Fy(u)
[F3(p)] represents the correction to the scaling dimension of the fermion (boson) field. In
d = 3, quantum corrections are controlled by g?/v, which yield logarithmic corrections to
the power-law scalings. The scale dependences of v(u), c(u), F» (1), Fo () and Fp(p) in each
dimension are summarized in Table 3.1.

Although the critical exponents that characterize the fixed point are smooth functions of
d, the functions v(u), c(p), F»(n), Fo(p) and Fg(p), evaluated in the low-energy limit (i.e.,
for p < A with A denoting the UV scale at which the bare theory is defined), are not,
as it is can be seen from Table 3.1. This leads to discontinuities of limy_o G1(k;d) and
limy_,o D(k;d) as functions of d. The discontinuities are caused by a lack of commutativity
between the low-energy limit and the limits in which d approaches the physical dimensions:

lim lim Gi(k;d) # lim  lim Gy(k;d),

k—0d—2+,3~ d—2*,3= k—0 (3 7)
lim lim D(k;d)# lim lim D(k;d). '
k—0d—2+ 3~ d—2+,3= k—0
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Since the Green’s functions diverge at k = 0, Eq. (3.7) makes sense only if the small k limit
is viewed as the asymptotic limit of the Green’s functions. In other words, for the electronic
Green’s function, limg_,o G1(k;d) should be understood as the k-dependent function that
G1(k;d) asymptotically approaches in the small &k limit at a fixed d, rather than G1(0;d).
With this, Eq. (3.7) implies that the low-energy asymptote of G1(k;d) at d = 2 (d = 3)
can not be reproduced by taking the d — 27 (d — 37) limit of the low-energy asymptote
of G1(k;d) obtained in 2 < d < 3. This same discussion applies for the bosonic Green’s
function.

The expressions in Table 3.1 are obtained by taking the low-energy limit at a fixed di-
mension. Because of the noncommutativity in Eq. (3.7), limg_,0 G1(k; d) is not a continuous
function of d at d = 2 and d = 3. The noncommutativity arises because of the existence of
crossover energy scales that vanish in the d — 27 and d — 3~ limits. In the plane of spa-
tial dimension and (relative) energy scale, there are three distinct regions divided by these
crossover energy scales as is shown in Fig. 3.2. The first crossover energy scale is given by

Eq(d) ~ Aexp (— (N2 _)12) G _ld)§> , (3.8)

which vanishes exponentially as d approaches three, where A is a UV energy scale. The
second scale,

N.Ns)? 2
Ey(d) ~ A _(d— 22NN a2, 3.9
2(d) ~ Aexp (- 27 (15 e (3.9
vanishes in a doubly exponential fashion as d approaches two. The three regions divided by
E1(d) and Fy(d) are governed by different physics as we discuss in the following sections.
In region I of Fig. 3.2, i.e., for > E1(d), the low-energy physics is described at the
one-loop order by a quasi-local marginal Fermi-liquid metal, where v and ¢ flow to zero as
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1/log[log(A/u)] with w ~ O(1) [142]. Because the velocities flow to zero, the magnitude of
higher-loop diagrams is not only determined by the number of vertices, but also by enhance-
ment factors of 1/v and 1/c¢ that originate from the fact that modes become dispersionless
at low energies. In particular, the one-loop fixed point is controlled only when g2 flows to
zero faster than v and ¢. In d = 3, the one-loop results become asymptotically exact at
low energies because A = g%/v flows to zero much faster than any power of the velocities.
While the quasi-local marginal Fermi-liquid behavior persists down to the zero energy limit
in d = 3, the low-energy physics becomes qualitatively different below three dimensions. In
d =3 — e with € > 0, X\ becomes order of ¢, while v and ¢ still flow to zero logarithmically at
the one-loop order. Due to the enhanced quantum fluctuations associated with the vanishing
velocities and non-vanishing A, higher-loop effects become qualitatively important at ener-
gies below the crossover energy scale F1(d) in Eq. (3.8) [142, 148]. For any 0 < € < 1, the
theory flows into a new region (region II) in which leading order quantum fluctuations are
no longer contained within the one-loop order. The noncommutativity between the d — 3~
and p — 0 limits arises because Ej(d) vanishes as d — 37.

It turns out that it is sufficient to include a two-loop quantum correction in addition to
the one-loop quantum corrections to the leading order in € < 1 because all other higher-loop
corrections are suppressed by e in the shaded area of region II shown in Fig. 3.2 [146, 148|.
The physics below Fj(d) is qualitatively different from that of region I. In particular, w flows
to zero in the low-energy limit in d = 3 — € due to the two-loop effect that modifies the flow
of the velocities. The fact that quantum corrections are not organized by the number of loops
even close to the upper critical dimension is a feature caused by the emergent quasi-locality
of the metallic state where velocities flow to zero in the low-energy limit.

As d decreases further away from three, an infinite set of diagrams, which are suppressed
by higher powers of € near three dimensions, becomes important. Although it is usually
hopeless to include all higher-order quantum corrections, in the present case one can use w
as a control parameter since w dynamically flows to zero in the low-energy limit. In the
small w limit, only the diagrams in Figs. 3.5(a), 3.5(b), 2.3(a) and 2.3(b) remain important
even when e ~ 1 [148]. In there, the double wiggly line represents the renormalized boson
propagator which is self-consistently dressed with the diagrams in Figs. 3.5(a) and 3.5(b).
The propagator of the collective mode becomes:

1
QI + ()T (Jgo T + [gyl4T)

D(q) (3.10)

where c(v) is the velocity of the incoherent collective mode given by ¢(v)? ~ v/(d — 2).

The behavior in region II does not extend smoothly to d = 2 because of the existence
of another crossover set by the energy scale Fs(d) in Eq. (3.9) and which vanishes in the
d — 27 limit. The existence of the crossover is expected from the fact that the relation,
c(v)? ~ v/(d—2), which is valid in region II, becomes ill-defined in d = 2. The divergence in
the d — 27 limit is caused by the incoherent nature of the AFM collective mode which has
significant low-energy spectral weight even at large momenta. At d = 2, the divergence gives
rise to a logarithmic enhancement of c(v) as ¢(v)? ~ vlog[l/w(v)]. As shown in Chapter 2,
the extra logarithmic correction causes the additional set of diagrams in Figs. 2.3(¢) and
2.3(d) to become important in region III. This gives rise to a lack of commutativity between
the d — 27 limit and the low-energy limit.
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In the remaining of this chapter, we elaborate on the points summarized in this section
starting from d = 3. Subsection 3.3-(a) is devoted to the discussion of region I and the
shaded part of region II in Fig. 3.2 and it constitutes mostly a self-contained summary
of Refs. 142, 148]. Subsection 3.3-(b) is devoted to region II, which is the main purpose
of this chapter. Finally, Subsection 3.3-(c¢) is concerned with region III and it presents a
straightforward generalization of the results presented in Chapter 2 to the case in which N,
and Ny take arbitrary values.

3.3-(a) REGIONI: FROM d=3TO d=3 —¢

In three dimensions, the Yukawa coupling is marginal under the Gaussian tree-level scaling.
The one-loop quantum corrections shown in Figs. 3.3(a) to 3.3(e) drive all parameters of the
theory (g,v,c,u1, and us) to flow to zero in such a way that the ratios defined by A = g2 /v,
w =v/c and K; = u;/c?, with i = 1,2, become [142]

* * * NCNf
A'=0, =0, w :Ng—l’

& k=0, i=1,2 (3.11)

in the low-energy limit. As it is shown in Table 3.1, the velocities flow to zero as v({) ~
1/log(¢) and ¢(¢) ~ 1/log(¥) in the logarithmic length scale £ = log(A /), while the rescaled
coupling flows to zero as A(¢) ~ 1/¢. Because A flows to zero faster than both v and ¢, the
ratios of the form ¢?"/c™ and ¢*"/v™, which control the perturbative expansion, flow to
zero for any n,m > 1. This implies that all higher-order corrections are suppressed at low
energies. The physical observables receive only logarithmic quantum corrections compared
to the Gaussian scaling. The fermionic and bosonic Green’s functions are given by Egs.
(3.4) and (3.5), respectively, where the crossover functions that capture the aforementioned
corrections are given by

(N2+NcNp—1)

A 2(NZ+NeN;—3)
P = fog (g )| (3.12)

Fu(K]) = \/1og [1og (HAQ)] (3.13)

Fa(IK]) = log {log <|Ijé|>} : (3.14)

in the small |K| limit with k/[|K|F,(JK|)] ~ 1 fixed. The details leading to these results are
throughly given in Appendix F.

For d < 3, A = g%/v no longer flows to zero, although v and c still do under the
one-loop RG flow. This puts the control of the one-loop analysis in peril even close to
three dimensions. Due to the enhanced infrared quantum fluctuations caused by the modes
that become increasingly dispersionless at low energies, some higher-loop diagrams, albeit
suppressed by powers of ¢, diverge at the one-loop fixed point. The divergence is cured only
after the two-loop correction in Fig. 3.3(f) is included. The energy scale below which the
two-loop effect becomes qualitatively important marks the crossover energy scale:

(NcNf)% 1
(NZ-1) 3 )

Eq(d) ~ Aexp (— (3.15)
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() (f)

Figure 3.3: Quantum corrections at the modified one-loop order.

At energies below Ej(d), the two-loop self-energy speeds up the collective mode such that v
and ¢ flow to zero with a hierarchy, ¢ > v, with ¢* ~ ev/(N.Ny) [148]. The low-energy fixed
point is characterized by

\* = drre, x*:%, w=0, & K'=0, i=1,2 (3.16)
where 2 = g%/c® and B(3) ~ 0.0012434 (See Appendix G for details). It can be shown that
all other higher-loop corrections remain finite and they are suppressed by € at the modified
one-loop (M1L) fixed point where the two-loop effect is taken into account in addition to
the one-loop corrections [148]. The shaded area of region II in Fig. 3.2 is where the M1L
description is valid at low energies.

Comparing these results with those obtained in three dimensions shows a qualitative
change in the low energy physics. Especially, the fixed point value of w is not a continuous
function of d. In region I, the one-loop effect causes w to flow to the O(1) value given in Eq.
(3.11). Below the crossover energy scale in Eq. (3.15), w flows to zero as [14§]

w(l) =

N.N 1
S = (3.17)
€

25 %B(3)5(N2 - 1)5

~
w\m‘ —

For small but nonzero €, the M1L description is controlled, and w flows to zero at sufficiently
low energies. Thus, the low-energy fixed point below three dimensions is qualitatively dif-
ferent from the fixed point that the theory flows into in three dimensions. This discrepancy
shows that the low-energy limit does not commute with the d — 37 limit. The change in
the flow of w is responsible for the disparity between the low-energy physical observables in
d =3 — ¢ in the € — 0T limit and those in d = 3.

There are two relatively well separated stages of the RG flow in the space of A, z,w, k1
and ko for € > 0 and p < Ej(d). In the first stage, the RG flow converges towards a one-
dimensional manifold, where deviations away from the manifold die out as a power-law in the
energy scale. The one-dimensional manifold can be parameterized by one of the parameters,
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Figure 3.4: The RG flow pro-
jected in the space of (\,7,w) J—
for No. = 2, Ny = 1 and € =
0.01 with x; = 0. The axes
are scaled as A = 10\ and T =
x/10. The dashed (red) line cor-
responds to the one-dimensional
manifold towards which the RG
flow is rapidly attracted before
a slow flow along the manifold
takes the couplings to the low-
energy fixed point located on the
w = 0 plane. The three trajecto-
ries that do not seem to converge
to the universal one-dimensional
manifold lie on the w = 0 plane.

say w, where A\, x,x1 and ko take w-dependent values. Once the RG flow converges to the
one-dimensional manifold, all couplings are controlled by a slow sub-logarithmic flow of w
[148]. This is shown in Fig. 3.4. At low energies, we can keep only one coupling, although
the microscopic theory has five independent parameters.

At the IR fixed point, the fermion keeps the Gaussian tree-level scaling dimension,
V), (k)] = —(d+2)/2 while the collective mode acquires an anomalous dimension yielding
[®(k)] = —d. Interestingly, the scaling dimensions of the fields are set such that the fermion
kinetic term and the Yukawa coupling are marginal while the boson kinetic term and the
quartic coupling are irrelevant. A similar protection of the scaling exponents arises in the
1/N expansion for the nematic QCP in d-wave superconductors [110]. Physically, the col-
lective mode is strongly dressed by particle-hole excitations, while its feedback to fermions
remains small. This provides a crucial hint in constructing a nonperturbative ansatz for
regions II and III.

3.3-(b) REGIONII: 2<d<3

As the spatial dimension approaches two, quantum fluctuations become progressively stronger,
and the perturbative expansion eventually breaks down. In this section we describe a non-

perturbative approach that captures the universal low-energy physics for any 0 < ¢ < 1.

We do this by following the same line of thought that was introduced in Chapter 2 for the

theory in two dimensions.

A.  Tree Level Scaling: Gaussian vs. Interaction-driven

The Gaussian tree-level scaling prioritizes the kinetic terms over the interaction terms in Eq.
(3.1). Under this scaling, [g] = €¢/2 and [u;] = [ug] = €. For € ~ 1, quantum corrections to
the Gaussian scaling are expected to be O(1) and the € expansion is no longer reliable. For
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QUANTITY GAUSSIAN INTERACTION-DRIVEN
d+2 d+2
L - (== - (=~
] - (457 (37
d+3
oo - (57 —d
3—d
—_— 0
9] 5
[ui] 3-d —(3—4d)

Table 3.2: Comparison between the scaling dimensions of fields and couplings deduced from
the Gaussian and interaction-driven scalings.

strongly coupled theories, it is better to start with the interaction-driven scaling in which the
interaction is treated ahead of some of the kinetic terms. As we did in Chapter 2, we use the
information obtained from the e expansion to construct a scaling ansatz for general e. We
generalize the interaction-driven scaling used in two dimensions to any dimension 2 < d < 3
by requiring that the fermion kinetic term and the fermion-boson interaction are marginal
operators in this dimensional range. This uniquely fixes the scaling dimensions of the fields
as in Table 3.2 and, as a direct consequence, the boson kinetic term and the bosonic quartic
interaction term are irrelevant.

We note that the former ansatz is consistent with the results from the € expansion which
suggests that the collective mode is likely to acquire an O(1) anomalous dimension near d = 2
[148]. Dropping from Eq. (3.1) those terms that are irrelevant under the interaction-driven
scaling, we write down the minimal action as

4 N. Ny
TES D / Ak, g;(k) [iI‘ K+ ia1en(k; u)} U, 0 (k)
n=1c0=1 j=1 N (318)
Zﬂdﬁi: i zf:/dk/d (Vnoi(k 4+ Q) Poor (q)Va—1¥ (k)]
+ q n,0,j + q)Pyo(q)Vd—1 n,o’,j )
\% Nf n=1o0,0'=1 j=1 ’ ’
where
| T@T (%) cos (7412) -
Ba = T (g) 93—d ( : )

is a positive constant in 2 < d < 3. The freedom in choosing the overall scale of the boson
field is used to fix the Yukawa coupling in terms of v such that g?/v ~ (3 — d). The choice
of B4 is such that the one-loop boson self-energy becomes of order of one. Similarly as it
was done in Chapter 2, the fermion-boson coupling is replaced by /v as the interaction
is screened in such a way that ¢? and v balance with each other in the low-energy limit
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(a) (b) (c)

Figure 3.5: Leading order corrections to the boson self-energy in the small v limit and for
d > 2. In d = 2 the contribution from (c) is identically zero. The solid line represents the
bare fermion propagator and the double wiggly line denotes the fully dressed self-consistent
propagator in Eq. (3.21).

[142, 148]. Since the € expansion is organized in powers of g?/v, the theory with g2/v ~ 1 is
a strongly coupled theory that cannot be accessed perturbatively in e.

The five parameters in the original theory (v, ¢, g,u; and uy) are now reduced to one
(v) in the minimal theory. The velocity v specifies the low-energy EFT within the one-
dimensional manifold shown in Fig. 3.4. The minimal theory is valid at energy scales low
enough that the five parameters of the theory have already flown to the one-dimensional
manifold, and all renormalized couplings are tied to one leading irrelevant parameter.

B.  Schwinger-Dyson Equation for the Boson Dynamics

Following the same logic introduced in Chapter 2, we note that the absence of a bare kinetic
term for the boson poses no obstacle since its dynamics is entirely generated through the
exact boson self-energy shown in Fig. 2.1 and which solves the Schwinger-Dyson equation
in2<d<3:

4
D(q)™t = mcr. — 26% Z/dk Tr {’yd,lGﬁ(k + q;0) DY (k)G (ks 0) | (3.20)
n=1

Here mg 1. is a counterterm that tunes the mass to zero in order to keep the theory at
criticality. I, 75,2’1)(14:, q) denotes the fully dressed vertex function. D(q) and G, (k;v) denote
the fully dressed boson and fermion propagators, respectively.

We proceed following the same two-step logic introduced in Sec. 2.3 of Chapter 2: (7)
we first solve Eq. (3.20) for the boson propagator in the small v limit and then (ii) proceed
to show that, with the obtained boson propagator, v indeed flows to zero. To accomplish
the first step of this program, we propose the following ansatz for the fully dressed boson

propagator in the small v limit:
D(g)~ = 1QI" " + e(0)™ (gl + gy ™), (3.21)

where ¢(v) is the (dimension-dependent) “velocity” of the damped AFM collective mode
that is to be determined as a function of v from Eq. (3.20). This ansatz is consistent
with the interaction-driven scaling and the symmetries of the theory. However, the ultimate
justification for the ansatz comes from the fact that Eq. (3.21) satisfies Eq. (3.20) as will be
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shown below. We further supplement this ansatz by assuming that the fermion and boson
velocities satisfy the hierarchy v < ¢(v) < 1. Under this assumption we shown in Appendix
A that a general L-loop diagram with Ly fermion loops and E external legs scales at most
as the upper bound given in Eq. (2.8):

Loy [ L—Ly
G(L,L¢, E) ~ v2 (c(v)) . (3.22)

Because for the theory in dimensions 2 < d < 3 we have set to one the velocities along
the extra co-dimensions, and the boson propagator in Eq. (3.21) depends on the spatial
momentum only through ¢(v)g, the magnitude of general diagrams is determined in the
same way as in the two-dimensional theory and thus the upper bound, as a function of v and
¢(v), is the same as the one introduced in Chapter 2. We note, however, that the information
regarding the space dimension is encoded in ¢(v) as we shall see below. It is clear from Eq.
(3.22) that, in the presence of the assumed hierarchy between velocities there is a systematic
suppression of diagrams with L > L.

According to the upper bound, the zeroth order contribution in v is given by the one-loop
diagram in Fig. 3.5(a). However, this graph is independent of the spatial momentum. To
determine such a dependence of the boson propagator, one has to go to the next order in v
shown in Figs. 3.5(b) and 3.5(c). Fig. 3.5(c) is again independent of the spatial momentum,
and in contrast with the two-dimensional theory, it is not identically zero. Thus, only Fig.
3.5(b) remains important to the next leading order in v. This is shown in Appendix G. To
the leading order in v, Eq. (3.20) is simplified to:

4350
D(g)" = mlyp + QI+ — ﬂd Z / dp / Ak Tt [ GOk 4 pr )10 .

x GOk +q+p; v)yd_lG(ﬁ)(k + ;071G (ki v) | D(p),

where the bare fermion propagator is given by

{ K?2 —|—z~:n(E; v)? .

and m{, p_is a two-loop mass counterterm. The term |Q|¢~! in Eq. (3.23) is the contribution
from the one-loop boson self-energy. Explicit computation of the two-loop boson self-energy
with Eq. (3.21) in the small v limit indeed yields the boson propagator of the form in Eq.
(3.21) with a self-consistent equation for ¢(v) (see Appendix G for details),

1 ABIB(d) v v
o0 = oty (4 B 529

where S[d — 2; w(v)] is defined in Eq. (G.13). It has the following limiting behaviors:

1
w(lll)])qi}OS[d 2;w(v)] = T (3.26)
1
dllgi S[d — 2;w(v)] = (w(v ) (3.27)
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The function B(d), defined in Eq. (G.21), is positive and finite in 2 < d < 3. Here we
consider the low-energy limit at a fixed d > 2. If w(v) < 1, an assumption that needs to be
checked later, we can use Eq.(3.26) to solve Eq. (3.25) and obtain

484 (d) z
elv) = <<3d><§2>NcNf> v

=

(3.28)

This general expression reduces to c(v)? /v = 647298 (3)e/N.N near three dimensions, which
matches the result from the € expansion [148]. Finally we note that in any 2 < d < 3,
v < ¢(v) < 1, and thus the assumed hierarchy of velocities is satisfied if v < 1. This gives
the first consistency check of the scaling ansatz.

C. Low-energy fized point

We now execute the second step in our program and show that v flows to zero in the low-
energy limit. The beta function for v is determined by the fermion self-energy, and the vertex
correction determines the Ow(v)] correction to the scaling dimension of the collective mode.
Because the Yukawa coupling remains marginal in any 2 < d < 3 according to the interaction-
driven scaling, the quantum corrections are logarithmically divergent in all 2 < d < 3. This
is in contrast to conventional perturbative approaches where logarithmic divergences arise
only at the critical dimensions. Therefore, the theory needs to be regularized to tame these
divergences and counterterms must be added to the minimal local action in Eq. (3.18) in
order to make physical observables independent of the UV regulators. In Appendix B we
describe thoroughly the regularization and RG scheme we use in the analysis of Eq. (3.18).

According to Eq. (3.22), the contribution that the diagram in Fig. 2.3(a) gives to the
beta function of v is at most O [w(v)]v. An explicit computation in Appendix G shows
that the contribution is actually suppressed further by c(v). As mentioned in Chapter 2,
the reason for the additional suppression by c(v) is that the external momentum can be
directed to flow only through the boson propagator and thus, the self-energy depends on the
external spatial momentum through c(v)E. According to Eq. (3.22), higher order diagrams
are suppressed by at least one more power of w(v). Because for d > 2

w(v) ~ v/ < e(v) ~ 0t/ (3.29)

higher order diagrams remain strictly smaller than Fig. 2.3(a) despite its additional sup-
pression by c¢(v). This is in contrast to the findings of Chapter 2 where it was shown that
in d = 2, the two-loop diagram in Fig. 2.3(c) becomes as important as the one-loop graph.
In the following section we discuss this difference in detail. In the small v limit, Fig. 2.3(a)
determines the beta function for v (See Appendix H for a derivation),

dv  A(NZ 1) (d—1)¢(d) ,

b = dlogp TN.Ny d—2 (3:30)

to the leading order in v in 2 < d < 3, where

eon ()L (45) T (a) 1 ()

d
923—d3/2] (g)

¢(d) =— (3.31)
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is positive in 2 < d < 3. The beta function indeed shows that if the bare value of v is small,
v flows to zero at low energies in any 2 < d < 3. This completes the proof that the theory
flows to the fixed point described by the ansatz introduced in the previous section.

At the low-energy fixed point with v = 0, the dynamical critical exponent (z) and the
corrections to the interaction-driven scaling dimensions of the fields (ny and ng) in Table
3.2 are given by:

z=1, ny =0, ne = 0. (3.32)

It is noted that ng = ne = 0 does not mean that the fixed point is the Gaussian fixed point
because both ny and ne denote the corrections to the interaction-driven scaling, which
already includes the O(1) anomalous dimension for the collective mode compared to the
noninteracting theory.

D. Green’s Functions

Having identified the low-energy fixed-point of the theory in 2 < d < 3 we proceed on
characterizing the deviations of the critical exponents from their exact value at intermediate
energy scales and the consequences these have on the physical observables of the theory.

Defining the logarithmic length scale £ = log(A/u), Eqgs. (3.28) and (3.30) imply that
w(v) flows to zero as

d—1 1
7@ NoNys(d —2) 3-d)]d 1
w(l) = / - [(4% d)} - (3.33)
4l(d - 1)¢(d)(N2 —1))7T LBB)] ¢5
for £ > {y with
721 N.N; =N 72 (d—2) NNy
= —— — 2;0, ¢ ~— .34
0 4UON3—1S(d Yo ) 4 v NZ-1 (3:34)

and vy < 1 denoting the bare value of v (See Appendix H for details). Here we have used
the limiting form of S [d —2; v[()d_l)/d] given in Eq. (3.26). Even though w(¢) = 0 is a stable
low-energy fixed point, w(¥) is nonzero at intermediate energy scales unless one starts with
a fine tuned theory with a perfectly nested F'S. This gives rise to corrections to the scaling
form of physical observables. While critical exponents are well defined only at fixed points, it
is useful to introduce “scale-dependent critical exponents” that determine the scaling forms
of physical observables in the presence of a slowly running irrelevant coupling. The scale-
dependent dynamical critical exponent and anomalous scaling dimension of the fields are
given, to the leading order in w({), by

(N —1)¢(d)

() = 1+ = o Do) (3.35)
2 _ _

m(t) = = ), (3.36)
_ 2 _ _

i) =~ (N LD, (337
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Their derivation can be found in Appendix I. Had w(¢) flown to a nonzero value at the fixed
point, the Ofw({)] corrections would have modified the critical exponents in Eq. (3.32).
Since w(¥¢) flows to zero, the exponents predicted by the interaction-driven scaling are exact,
and the corrections introduce only subleading scalings in the physical observables.

The scaling form of the fermion Green’s function is given by Eq. (3.4) with

FL(K]) = exp {(d 25002 - 1 og (15 )] ;} , (3.38)

Fy([K]) = 4 /log (%) (3.39)

where

3-(d) =

wd [(3 —d)(d - 1)C(d)] a (3.40)

4(d —1) 718 (d)

is a positive smooth function in 2 < d < 3. It is noted that F,(|K|) and Fy(|K]) introduce
corrections that are not strong enough to modify the exponents in the power-law behavior,
yet F,(|K]) is stronger than logarithmic corrections of marginal Fermi liquids [153, 154].
Similarly, the crossover function for the bosonic Green’s function in Eq. (3.5) is given by

Fa(lQ)) = exp{%(d) 4= (d = 2] s (75 )| } (3.41)

(N2 —1)°7 Ql
where
wa-sZ e o

is a smooth and positive function in 2 < d < 3. In Appendix I we provide the derivation
of these results. Compared to the bare (and irrelevant) boson propagator, the physical
propagator describing the low-energy dynamics of the AFM collective mode is highly damped
and incoherent. We note that the deviation of the fermion Green’s function from that of
Fermi liquids as well as the incoherent nature of the AFM collective mode become stronger
as the dimension approaches to d = 2. This is expected because the effect of interactions is
stronger in lower dimensions.

3.3-(¢) REGION III: FROM d > 2 TO d = 2

In this section, we discuss how the results obtained in 2 < d < 3 are connected to the solution
in d = 2 presented in Chapter 2. In here we also present a straightforward generalization of
the latter results to the case in which N, and Ny take arbitrary values. We emphasize that
the results presented in this section do not rely on any of these parameters being large.
The first thing to notice is that the expression in Eq. (3.28), which is divergent in d = 2,
is valid only for d > 2. This is because the d — 27 limit and the w(v) — 0 limit do not
commute in Eq. (3.25). In order to access the physics in d = 2, we have to take the d — 2+
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limit before the low-energy limit is taken. In d = 2, the 1/(d — 2) divergence in Eq. (3.28)
is replaced by log[1/w(v)], and the solution to Eq. (3.25) is given by

o(v) = \/ - Ni e <11)> (3.43)

to the leading order in v. Notice that the hierarchy v < ¢(v) < 1 still holds if v < 1, and
general diagrams still obey Eq. (3.22) up to emergent logarithmic corrections in v.

Another complication that arises in d = 2 is that the inequality in Eq. (3.29) no longer
holds. As pointed out in Chapter 2, this means that the two-loop fermion self-energies shown
in Figs. 2.3(c) and 2.3(d) can be as important as the one-loop graph in Fig. 2.3(a) due to
the suppression of the latter by a power of ¢(v). However, Fig. 2.3(d) is also additionally
suppressed by c(v) and therefore only the diagram in Fig. 2.3(c) is of the same order as
the one-loop fermion self-energy in d = 2. Taking into account the contributions from Fig.
2.3(a) and Fig. 2.3(c), we obtain the beta function for v in d = 2,

2 (N2-1) 4 1
= ————2v?log | — ) . 44
b= N, U loely (3:44)

It again predicts that v flows to zero in the low-energy limit if v is small to begin with.
We note that, compared to the beta function in d > 2 given in Eq. (3.30), the apparent
divergence in the d — 2% is replaced by log(1/v).

In d = 2, the scale-dependent critical exponents are given by

A0 =1+ mw(ﬁ), (3.45)
(®) =~ (3.46)
m(0) = g0 o (uj@) , (3.47)
where w(£) flows to zero as
w(ty = 22NNy 1 (3.48)

/N2 =1 /llog(0)

for £ > {y with

o= lim &~
0= o Lo N2 1

(3.49)

NS
2 1 NNy S d—2;v:Tl o 1 NNy ’
2 vglog(1/vg) N2 —1
and vy < 1 denoting the bare value of v (See Appendix H for details). Here we have used
the limiting form of S [d -2 v(()d_l)/d} given in Eq. (3.27).

Comparing Eq. (3.48) with the d — 27 limit of Eq. (3.33) shows that the flow of w(¥)
in d > 2 does not smoothly extend to d = 2. This is due to the existence of the crossover
energy scale Eo(d) given in Eq. (3.9) and which vanishes in the d — 27 limit. As the energy
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scale is lowered, the crossover from region III to region II in Fig. 3.2 occurs at a scale such
that

. 1 . 1
w(lggog[d —2;w(v)] = T3 dlg;{r S[d — 2;w(v)] = log (w(v)> . (3.50)

From Eq. (3.48), this crossover energy scale is given by Eq. (3.9):

Ea(d) ~ Aexp | —(d — 2)2Me<‘122>] . (3.51)

(&
The double exponential dependence originates from the fact that w(v) needs to be exponen-
tially small in —(d —2)~! for the crossover to happen, and, up to sublogarithmic corrections,
w(v)? itself flows to zero logarithmically in two dimensions. The sublogarithmic correction
to the flow of w(¥) is responsible for the extra factor of (d — 2)? in the exponential. For
p > Es(d) (region IIT of Fig. 3.2), w({) flows to zero according to Eq. (3.48), while for
p < Es(d) (region II of Fig. 3.2), the flow is dictated by Eq. (3.33). Thus, unless d = 2, the
theory will always flow into region II at sufficiently low energies.
Finally, the corrections to the exponents predicted by the interaction-driven scaling go
to zero in the long distance limit because w(¢) flows to zero. The Green’s functions at inter-
mediate energy scales receive superlogarithmic corrections given by the crossover functions,

Puli) = [ (Mﬁ, (3.5

F.(ko) = exp{ 24/N2 — 1log []Og ﬁ)] , (3.53)
Fg (ko) = exp {\/% [log <|]€0|>} 2} , (3.54)

which reduce to Egs. (2.18), (2.19) and (2.23), respectively for N. = 2, Ny = 1 and for
—iky — w + 10T with A > w > 0.

The crossover functions in d = 2 are different from the d — 27 limit of the crossover
functions obtained in d > 2 as seen from Table 3.1. This is due to the fact that the low-energy
limit and the d — 27 limit do not commute.

3.4 SUMMARY AND DISCUSSION

In this chapter we have extracted the low-energy universal data for for the commensurate
AFM quantum critical metal with a Cs-symmetric one-dimensional F'S embedded in space
dimensions between two and three. The exact critical exponents and the subleading cor-
rections generated from the leading irrelevant perturbation are obtained by extending the
nonperturbative approach based on an interaction-driven scaling introduced in Chapter 2
and motivated by the controlled € expansion close to three dimensions [148]. The solution in
2 < d < 3 provides an interpolation between the perturbative solution obtained through the
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€ expansion near the upper critical dimension of the theory and the nonperturbative solution
for the two-dimensional theory. Being an exactly solvable theory in dimensions between two
and three, the EFT for the AFM quantum critical metal exposes both merits and subtle
issues of RG schemes based on dimensional regularization. On the one hand, the critical
exponents that characterize the low-energy fixed point are smooth functions of the space
dimension. This allows one to make an educated guess on the critical exponents in two di-
mensions from the solution obtained in higher dimensions through a controlled € expansion.
On the other hand, the full scaling behaviors in two dimensions are not correctly captured
by the low-energy solutions obtained above two dimensions. A crossover scale that vanishes
in the d — 27 limit makes it difficult to access the full scaling forms of physical observables
in d = 2 from solutions obtained in the low-energy limit in d > 2. These crossovers give rise
to emergent noncommutativities, where the low-energy limit and the limits in which physical
dimensions are approached do not commute.
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4 | MOMENTUM-DEPENDENT SINGLE-ELECTRON PROPERTIES
IN THE ANTIFERROMAGNETIC QUANTUM CRITICAL METAL:
FROM HOT TO LUKEWARM TO COLD ELECTRONS

4.1 INTRODUCTION

In Chapters 2 and 3, we described the physics of spin fluctuations and electrons close to
the hot spots within the framework of the hot spot theory for the AFM quantum critical
metal. With four-fermion interactions ignored, the low-energy fixed point of the theory is
characterized by the dynamical critical exponent z = 1 and an emergent nesting of the FS
near the hot spots. Once short-ranged interactions amongst electrons are taken into account,
the fixed point may be unstable at low energies. In the presence of instabilities driven by
quartic fermion couplings, the RG flow will be cut off at a finite length scale before the
system flows all the way down to the low-energy fixed point characterized by the z = 1
dynamical critical exponent.

Therefore, it is crucial to include four-fermion interactions that can potentially drive
superconducting instabilities in order to understand the ultimate fate of the system. Since
superconductivity involves electrons across the FS, it is necessary to include low-energy
electronic excitations away from the hot spots, whose description goes beyond the hot spot
theory. Although electrons away from the hot spots are not strongly coupled with the spin
fluctuations at low energies, they may still play an important role in electronic instabilities.
In understanding the role of electrons away from the hot spots, it is important to keep track
of the momentum-dependent character of the electrons along the FS because only electrons
close to the hot spots remain strongly coupled with the spin fluctuations at low energies.

In this chapter we generalize the hot spot theory introduced in Chapter 2 to a unified
theory that incorporates all low-energy electronic degrees of freedom. We devise a functional
RG scheme that keeps track of momentum-dependent properties of electrons across the FS.
Although functional RG schemes for strongly correlated itinerant electrons [120, 138, 144,
194-211] are generally intractable due to the infinite amount of low-energy information that
needs to be kept [180, 181, 212, 213|, we identify a region in the space of coupling functions
in which the functional RG is analytically tractable. In this limit, we focus mainly on
the single-particle electronic properties of the AFM quantum critical metal and perform a
preliminary analysis of its superconducting instabilities.

This chapter is organized as follows. In Sec. 4.2 we present a generalization of the hot
spot theory that includes gapless electrons away from the hot spots whose properties are
encoded in momentum-dependent coupling functions. In Sec. 4.3 we lay out the theoretical
framework of our functional RG scheme. In Sec. 4.3-(a) we provide sufficient conditions
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(a) (0)

Figure 4.1: (a) A zero-energy electron (black) away from the hot spots gets scattered by a
zero-energy AFM spin fluctuation into a state with energy AFE (E) where % is the momentum
measured from the nearest hot spot. (b) Zero-energy electrons away from the hot spots are
coupled to each other only through high-energy spin fluctuations. Zero-energy spin fluctua-
tions scatter zero-energy electrons into higher-energy states. Inset: the energy dispersion of
the collective mode Fy(7) as a function of ¢ relative to Q ArM according to Eq. (2.6).

for the theory with momentum-dependent couplings to be renormalizable. In Sec. 4.4 we
identify the parameter region in which the RG analysis is under control. In Sec. 4.5 we
address the superconducting instability of the system and provide an upper bound for the
superconducting transition temperature. In Sec. 4.6, we show, within the energy window
where our RG analysis is under control, that the theory is renormalizable through an explicit
calculation. We extract the momentum dependent single-particle properties of the electrons
across the FS. We end with some concluding remarks in Sec. 4.7.

4.2 BEYOND THE THEORY OF HOT SPOT ELECTRONS

The action in Eq. (2.3) describes the low-energy properties of critical spin fluctuations that
interact strongly with electrons close to the hot spots on the FS. However, the electrons
on the hot spots constitute only a small fraction of the full gapless electrons across the FS.
At sufficiently low energies, electrons that lie away from the hot spots decouple from the
spin fluctuations, and their low-energy properties are expected to be described by Landau’s
Fermi-Liquid Theory. As the hot spots are approached along the FS, the quasiparticle
excitations gradually lose coherence as suggested by Eq. (2.21) which describes the spectral
properties of the electrons right at the hot spots. Therefore, both non-Fermi-liquid-like and
Fermi-liquid-like excitations coexist in the AFM quantum critical metal. The goal of this
chapter is to understand the momentum-dependent properties of such excitations across the
entire F'S.
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To achieve this goal, one has to understand how electrons are renormalized by the critical
spin fluctuations as a function of the momentum along the FS. As it is shown in Fig. 4.1,
an electron that resides far away from the hot spots on the FS decouples from the spin
fluctuations below an energy scale that depends on the distance away from the closest hot
spot. An electron that is closer to a hot spot remains coupled with the spin fluctuations up
to a lower scale than that of an electron residing far away from the hot spot. This gives
rise to a momentum-dependent lifetime for the electrons which gradually vanishes as the hot
spots are approached.

In order to take into account the fact that universal properties of electrons depend on
the momentum, we generalize the action in Eq. (2.3) by promoting the two components of
the Fermi velocity and the Yukawa coupling to functions that depend on the momentum
along the FS. The generalization of Eq. (2.3) reads:

Ne Ny

Sy = Z 3 Z/dk Ul i (R) {iko + VI (kn)en [k ’vN(kN)]} UN,05(K)

Nlal]l

jv >3y [k [ A g o)l ) B (O = Ry 0

f N=1oo'= lj 1 (41)

1 (’
Z Z Z Z [ /dk] )\%5%51]\?31\74 01020304(k15N1’k2§N2’k3?N3’k45N4)

{Ni=1}{os=1} {ji=1}
X¢N1,017j1(k1)¢N27027j2 (k2)wN3,03,j3 (k3)wN47047j4(k4)(27r)35(3)(k1 + ko — k3 — k4)} :

Here, kn represents the momentum component that locally parametrizes the FS near hot
spot V. These are chosen to be ky = k; for N = 1,4, ky = —k; for N = 5,8, ky = ky
for N = 3,6, and ky = —ky for N = 2,7. With this choice, ky = k5. Although ky
coincides with the momentum parallel to the FS only in the v — 0 limit, there is a one-to-
one correspondence between ky and a point on the FS for any v < co. The momentum-
dependent function vy (ky) captures how the orientation of the F'S changes as a function of
momentum. At hot spot N = 1, the Fermi velocity is written as VF(l)(k:x)[@—f- v1(kz)Z] in the
coordinate system set by the ordering wave vector Qapy [see Fig. 1.5(a)] and ey [k; v1 (k)] =

Vél)(kx)[vl(kx)kz + ky]. The magnitude of the Fermi velocity is given by

) = 1

1+ v (ko). (4.2)

The expressions for the Fermi velocity at other hot spots follow from the C4 symmetry of the
FS. The momentum-dependent Yukawa coupling is denoted as gn (ky, kn)- )\g\’[}} {1} ({kz N, })

= Ag\}fﬁ\g’fv‘; Naio10903 oy (K1:Ny 5 K2,Ny , B3N kayv,) denotes the short-ranged four-fermion inter-

actions between electrons across the FS. The coeflicient of the ikg term in the action is set
to one by absorbing all momentum dependences into the fermion fields. The Hermiticity of
the Hamiltonian and the Grasmann character of the fermionic fields enforces the following
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conditions on the coupling functions:

/ !/ o\ *
gN(kN’kN) = gN(kN’kN) )
J1j2J374 — \J4J3ja2j1 *
A]\71]\72]\73]\74;0'10'20'30'4 (kl;N17 k2§N27 k3§N37 k4;N4) - A]\74]\[3]\[2]\71;0'40'30'20'1 (k4;N47 k3§N3’ k2§N2’ kl;Nl)
— J2J1J3J4
_)\N2N1N3N4;0-20-10-30-4 (kQ;NQ ) kl;Nl ) k;3;N3 ’ k4;N4)

(4.3)

= _)\g\lff?\?;]]\?4]v3;0'10'20'403 (kl;N17 kQ;NQa k4;N47 k3;N3)-

As discussed in Sec. 1.1-(b), the momentum-dependent four-fermion coupling functions in
the forward scattering channel encode the Landau parameters as a function of the momentum
along the FS. These also include non-forward scatterings which can lead to instabilities
in the particle-hole and particle-particle channels. Henceforth, we will refer to {vy(kn),
gn (K, EN), VF(N)(kN), )‘g\l}}}.{g.}({ki;Ni})} as coupling functions collectively.

The coupling functions should transform covariantly under the action of the Cy group.
Let J{{JJ\Z}}? Uﬁj}({kl N, }) denote any of the coupling functions where i = 1,...n labels different

n

couplings. der Cy rotations and Cjy reflections, the coupling functions transform as
{di} : {di}
Tingon (ki) = D Ry v Ry, J{ﬁ;i;{ai}({ki;f\f;})’ (4.4)
{N;}=1

where R is the 8-dimensional representation of the Cy group defined in the space of hot spot
indices. For example, for the 7/2 rotation we have RTJ;,/]%, = On7 [N+2s Where 1 < [z]g < 8
gives the reminder on the division of z by 8. The action in Eq. (4.1) is also invariant under
the particle-hole transformation,

wN,O',j(k) — ucro’i/};r\fﬂlyj(_k),
Ol o (k) — oy (—8) U oro (4.5)
D(q) — —UD(9) U, U e SUV,),

provided that the coupling functions satisfy the conditions vy (—ky) = vy (kn), VF(N) (—kn) =

Vi k), gn (=K, —kn) = i (K, kv)! and

J1J2J3J4 _
)‘N1N2N3N4;01020304 (kl;N17 k2;N27 k3;N37 k4;N4) =

S t T Jjajsjzj1 (4.6)
{0_2:1} 1 2

In the presence of the exact particle-hole symmetry, the position of the hot spots on the
FS are protected from quantum corrections. For general momentum-dependent coupling
functions, the particle-hole symmetry is not an exact symmetry, and the location of the hot

! The theory with N. = 2 is a special case where we can choose U = ic? such that ®(q) is invariant
under the particle-hole transformation. This special property is rooted in the fact that the fundamental
and anti-fundamental representations of SU(2) are the same. Whether the field for the collective mode is
invariant or not under the particle-hole symmetry in Eq. (4.5) is not important for us.
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spots can be renormalized from the ones determined by the bare electronic dispersion. In
what follows we assume that the action in Eq. (4.1) has the exact particle-hole symmetry.
We further assume that the theory preserves the SU(N.)x SU(Ny) global symmetry by
requiring that the four-fermion couplings are covariant under these transformations:

J1j273ja _
N1NyN3Ny;o1020304 (kl;]\h? kQ;Nga k3;N37 k4;N4) =

ENC: 1 t J1j2j3j4 (4'7)
{o!=1} |:u :|0'10'i |:Z/{ i|0'20'é )\N1N2N3N4;U/10/20;/30'4/1(kl;Nl’ kQ;NQ’ k?’;NS’ k4;N4)uUéU3uazllU4’

O'i:].

J1j2J3J4 —

N1 N3 N3 Ny;o1000304 (kl;Nl ) k:2;N2’ k3;N3a k4;N4) -

c
L 4.8)
S vt 1] i v (4
[V g v joi, )\N1N2N3N4;01020304 <k19N1’ k2;N2’ kg?N3’ k4?N4)VJéJ3VJ<,1J4’
=1} ' ’

for U € SU(N,) and V € SU(Ny). The four-fermion coupling functions can be decomposed
into the spin symmetric and spin antisymmetric channels [56-58|:

ji 010 ji }3S 010 ji 1A
Aigvf};{gi}({ki;Ni}) = Aaéaikg\g} ({kLNz}) + Saéai)‘g\g} ({ki;Ni})7 (4-9)

where A and S are tensor encoding the spin channel symmetry and are defined as

Agégi = 5‘710'450'20'3 - 50’10350'2047 (410)
Sgégi = 50’10'460'20'3 + 50’10‘350‘20‘4- (411)
These tensors satisfy the symmetry properties AZl72 = —AZ201 = —AZL72 and S7192 =

Sg2g1 = S7172. From Eq (4.3), it follows that A%%Z}}A({k‘”vl}) [)\g\lg}s({k”vl})} is a fully anti-

symmetric (symmetric) function with respect to the simultaneous exchange of the first two or

last two hot spot, flavor and momentum indices. Therefore, )\g\’g}A({kl N, }) [)\g\’g}s({kl NZ})}

corresponds to the coupling function in the spin symmetric (antisymmetric) and orbital mo-
mentum antisymmetric (symmetric) channels. We emphasize that the products of the form

Ag;gz/\%}s({kz N, }) and Ag;gj)\g\l,l}}s({kz N, }) are effectively antisymmetric functions under
the exchange of the first two or last two set of indices as required by Eq. (4.3). For N, = 2,
the symmetric (antisymmetric) channel corresponds to the spin triplet (singlet) channel.
The choice of hot spots indices in the four-fermion couplings are restricted by the momen-
tum conservation because hot spots are located at different points in the momentum space.
)\gzl}&{%}
because the electron pair whose constituents reside on hot spots (1,5) carries the same total
momentum as the pair made up of electrons residing on hot spots (4,8). On the other hand,
/\312}5;{02‘}
electron pair whose constituents lie on hot spots (1, 1) is different from that of a pair made
up of electrons at hot spots (2,5). In Fig. 4.2 we show all possible choices of the hot spot
indices that are independent under the C4 symmetry of the theory.

Given that the action in Eq. (4.1) is local, all coupling functions can be expanded in the

For example, the coupling function ({ki;n, }) is allowed by momentum conservation

the coupling function ({ki;n, }) is not allowed because the total momentum of the
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Figure 4.2: The sixteen independent choices for the hot spot indices in the four-fermion
interaction that respect global momentum conservation. With the notation for the four-
fermion coupling A%;;VQ N Na: {oi}({ki; N, }) we adopt the convention where the (red) wiggly
solid line represents the incoming pair of electrons ¥y, o5 s (K3)¥Ny 04,5, (k1) and the (black)

coil-like line represents the outgoing pair of electrons zp]T\,l o141 (kl)w;rVQ . (k2). In each panel
we specify the choice of hot spot indices. All other allowed four-fermion interactions can be
obtained through the Cy symmetry of the theory (See Table Q.1 in Appendix Q).
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Taylor series of momentum along the FS as

e}

on(kn) = TTNkNu
n=0 :

N — Vi .

Vil (k) = 3 T RR,
n=0

gk hw) = Y0 S g,
m,n=0
oo \Wik{li}

{5i} {N Hiioi} l l
ANy ({hin}) = Z 11112113|l4| 11N1k2 N2k33N3k4 iNa

where the zeroth order terms in these expansions are written as

on(0) =v, V0)=1, gn(0,00=/5, AL =aUd

50 ANiifor) = ANiifeny (0:0:0,0). (4.13)

The Fermi velocity is set to unity at the hot spots by a choice of momentum scale. Similarly,
the the Yukawa coupling at ky» = kny = 0 is set to be related to the slope of the FS at the
hot spots by choosing the normalization of the boson field.

Under the interaction-driven scaling in which frequency and momentum are scaled by a
factor b > 1, the coupling functions transform as

vy (kn) = ( “ky),
Al 5
(k) = Vi¥ (b~ k),
gN(kN, kn) = gy (b~ Ky, b~ k), (4.14)
)\i%}{U ({kzN }) =b" IAE%} o} ({b 1kZN })

Although the momentum-dependent four-fermion coupling functions are irrelevant by power
counting, we still keep the four-fermion interactions. This is because the effective couplings
that control the perturbative expansion in the four-fermion couplings are given by a com-
bination of the couplings themselves and a momentum scale that measures the density of
states on the FS. In the case in which the four- fermlon couplings are momentum indepen-

dent, the effective couplings of the theory become /\} Ni}i{oi} ( {kin,}) ~ kp)\g\i,i}}; (01} ({kin 1),
where kp denotes the size of the FS [see Sec. 1.1-(b) |. This effectively increases the scaling
dimension of the couplings in channels that involve extended regions on the FS, such as
the pairing channels. In the case where the couplings acquire momentum dependence, the

effective couplings are given by an integration over the momentum along the F'S,

)‘g\z]}}(gy }(k3;N37 k4;N4) = /dq)‘g\zf}} {o; }( —q, k3;N37 k4;N4)? (415)
FS

AIED  (kovgskany) = [ dgAPid (g, k kan,) (4.16)

{N;}i{o;} \W2:N25 BNy ) = ANy {03\ Do F25N2 5 @5 R4Ng ) .
FS
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as it will be discussed later. Eq. (4.15) and (4.16) denote the effective couplings that control
loop corrections associated with nested fermions in the particle-particle and particle-hole
channels, respectively. It is understood that the the hot spot indices N; and Ny (N7 and
N3) in Eq. (4.15) |[Eq. (4.16)] are such that the FS’s are locally parametrized by the same
component of momentum. Physically, the integration in Eq. (4.15) [Eq. (4.16)] is done over
the relative momentum of the incoming particle-particle (particle-hole) pair. In the absence
of momentum dependence this is precisely the integration that yields the krp enhancement
in the pairing channels. The symmetry properties of the momentum-dependent couplings
allows us to obtain all other effective couplings of the theory. The interaction driven scaling

fixes the the scaling dimensions of the coefficients in Eq. (4.12) to [v}] = [V}] = —n,
[gn"] = —(m+n) and [)\g\lfl}}{gl}} = — (1411 +1la+13+14). Therefore, allowing the general

momentum dependence along the FS in the coupling functions amounts to introducing an
infinite set of coupling constants from the point of view of the hot spot theory. While those
higher order terms in the coupling functions are irrelevant to hot spot electrons, they are
still part of the universal low-energy data that characterize the behavior of gapless electrons
away from the hot spots. This rather unusual role of irrelevant couplings is due to the fact
that the momentum along the FS not only acts as a scale but also as a label for the gapless
electronic degrees of freedom.

4.2-(a) THE MICROSCOPIC THEORY: UV SCALE STRUCTURE

Before we delve into a systematic analysis of Eq. (4.1), we describe its range of validity in the
momentum space. For this we first identify the scales present in the theory. Besides the scales
associated to the momentum-dependent couplings, the theory has multiple momentum scales.
The first is the size of the F'S, kp. It determines the size of the patch in the momentum space
over which the FS can be regarded as a straight line. This is illustrated in Fig. 4.3(b). The
second momentum scale is Ag which sets the cutoff momentum in the direction perpendicular
to the F'S as shown in Fig. 4.3(a). Physically, this is the scale below which the energy of the
electrons disperse linearly in the momentum perpendicular to the FS. The third momentum
scale is Ay, below which the boson self-energy dominates over the bare kinetic term for the
spin fluctuations. To understand the physical origin of Ay, we recall that the full dynamics
of the collective mode is given by the propagator:

D(g)! = % (2 + <27[2] + 11(g). (4.17)

Here A is a scale associated with the bare kinetic term of the boson (see Sec. 2.2). II(q) is
the self-energy of the boson generated from particle-hole excitations. It behaves as II(q) =
lgo| + ¢(v)(|gz| + |gy|) provided that |¢z| < Ag and |g,| < Ag. For |gz| > Ag and |gy| > Ao,
one has to take into account the nonlinear terms in the electronic dispersion in solving the
Schwinger-Dyson equation in Eq. (2.5), and the self-energy that is linear in frequency and
momentum no longer holds. Furthermore, we note that D(q)™! = |qo| + ¢(v)(|gz| + |gy]) in
Eq. (4.17) provided that |g.| < (¢(v)/c2)A and |g,| < (c¢(v)/c2)A. Therefore, it follows
that the Schwinger-Dyson equation in Eq. (2.5) is solved by D(q)™! = |qo| + c(v)(|gz] + |gy|)

provided that, for i = z,y, |¢;| < min (c(v)/c%)]\,/\o}. With this at hand we identify the
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Figure 4.3: UV Cutoff structure for the theory in Eq. (4.1). (a) The standard field-theoretic
UV scale structure of an EFT with a 'S viewed from the corners of the Brillouin zone in
Fig. 1.5(a). (b) Energy UV cutoff structure for the low-energy EFT when zooming at hot
spot N =1 as described in the main text.

bosonic UV scale as

Ay = min {CE?K.AO} . (4.18)

While kp is the largest momentum scale in the theory, it is not a UV scale. Instead it is
part of the IR universal data because it encodes the number of gapless electronic modes.
As a result, some physical observables are expected to depend on kg in the low-energy limit
[174, 175]. In contrast, Ag is a genuine UV scale that cuts off the dispersion of high-energy
electrons. As a consequence, the universal low-energy physics should be independent of this
scale. With this observation, we define our EFT for electrons within an energy shell of width
Ay < Ag around the FS by integrating out electronic modes with energies Ay < E < Ay.
Finally, Ay is the UV momentum cutoff for the boson. In the sense that ¢(v)A;, determines
the energy cutoff for the collective mode, it is similar to Ag. However, we will see that the
low-energy physics is not completely decoupled from A, as it is the case for Ag and Ay.
The low-energy physics remains sensitive to A because it determines the phase space of
low-energy states near the FS that an electron near a hot spot can scatter to due to its
interaction with the spin fluctuations. In this regard, A; also plays a role similar to kp.

In summary, our low-energy EFT comes with three momentum scales kp, Ay and Ay.
While Ay is strictly a UV energy scale, kp and A are a part of the universal data that
characterize the low-energy physics. We consider a theory in which Ay < ¢(v)Ap < kr. We
depict these three scales close to the N =1 hot spot in Fig. 4.3(b).
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4.3 FIELD-THEORETIC FUNCTIONAL RENORMALIZATION GROUP

In this section we lay out the field theoretic functional RG scheme that is employed in
this chapter, and discuss the issue of renormalizability of the theory with the momentum-
dependent coupling functions. For other functional RG approaches to EFTs, see Refs. [120,
138, 144, 155, 180, 181, 194-213].

4.3-(a) RENORMALIZABILITY OF THE THEORY

The momentum-dependent coupling functions in Eq. (4.1) include infinitely many irrelevant
couplings by power counting. In relativistic quantum field theories, an inclusion of irrelevant
couplings generates a proliferation of power-law UV divergences. In order to fix physical
observables at a low-energy scale, one generally needs to tune infinitely many couplings in the
UV by including counterterms to all operators allowed by symmetry. This is a consequence of
including couplings that are irrelevant at low energies but become strong at high energies. In
this case, it is hard to extract universal relations between low-energy observables without a
full control over the strong coupling physics at high energies, and the theory has no predictive
power. One usually bypasses this problem by choosing a specific UV theory amongst the ones
that describe the same IR physics, i.e., a representative of the associated universality class.
Within each university class, the renormalizable field theory, which includes only marginal
and relevant couplings, is chosen. In renormalizable theories, one only fixes universal low-
energy data that are insensitive to the UV physics by tuning relevant and marginal couplings
that are already in the theory. All other low-energy observables are completely determined
by the universal low-energy data. This is the power of renormalizable field theories, which
can be tested against experiments at low energies. The renormalizability of the theory
guarantees that one can make physical observables independent of UV scales in the limit in
which these are large, by adding counterterms to the local operators that are already present
in the theory.

In theories with a F'S, the amount of universal low-energy data is infinite. This is because
the FS supports an infinite number of gapless modes, and the low-energy data is encoded in
the coupling functions that depend on the momentum along the FS. However, the goal of
low-energy EFTs in this situation is still the same: identifying the minimal set of low-energy
data (finite or infinite), in terms of which all low-energy observables can be determined.
Theories with an infinite amount of low-energy data can still have predictive power if one
can identify universal relations amongst a finite subset of low-energy observables that can
be experimentally tested.

In the present theory, there are three large momentum scales, kr, Ay and Ay, not just one.
In the limit in which these are large, quantum corrections can diverge in any of these scales.
In identifying different types of divergences in the large momentum scales, it is useful to
consider two types of quantum corrections separately. In the first type of diagrams, electrons
in the loops are not nested. In this case, both components of the internal momenta are cut
off by momentum scales that are proportional to Ay in the limit that kg > c(v)Ay > Ay for
a fixed v # 0. Figs. 4.4(a) and 4.4(b) illustrate the allowed range of momentum in a loop
that describes an electron at hot spot N scattered into hot spot N’ £ [N + 4]g. Since the
two patches of the F'S are not parallel to each other, both components of the loop momenta
should be bounded by the scale proportional to Ay in order for electrons to stay near the

71



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

Figure 4.4: The momentum space available for a low-energy spin fluctuation to scatter an
electron at hot spot N to hot spot (a) [N + 2]g whose FS is perpendicular to that of N, and
(b) [1 — Nl whose FS is becomes nested with that of N when v = 0. The overlap between
the effective momentum ranges set by the scales Ay and A, determines the effective range
of momenta for the collective mode (region bounded by dotted lines). In both cases the
dashed axes correspond to the directions perpendicular and along the FS at each hot spot.
In (a) the decomposition into momentum along (g)) and away (g1 ) from the F'S is done with
respect to the hot spot N. In (b) we show both directions locally at each of the hot spots.

FS. As a result, quantum corrections of the first type do not depend on either kg, nor Ay.
The second type of diagrams include electrons that are nested in the loops. For example,
these include particle-particle and particle-hole diagrams for electrons that are located at
antipodal points on the FS. In these nested diagrams, the components of the loop momenta
along the F'S are not cut off by Ay because electrons near nested parts of the F'S can exchange
a large momentum along the F'S while staying close to the FS. The momentum along the FS is
cutoff either by A or kg depending on whether the relevant scattering process is mediated by
the spin fluctuations or the short-ranged four-fermion interactions, respectively. The phase

space for nested electrons whose scattering is mediated by spin fluctuations, is depicted in
Fig. 4.5.

Naively one might require that divergences in all of those large momentum scales are re-
moved by adding local counterterms in renormalizable theories. However, this is impossible.
While dependences on Ay can be removed by adding local counterterms, one cannot make
all low-energy physical observables independent of Ay and kp. This peculiar property follows
from the fact that the momentum along the FS is a label for different gapless electronic
degrees of freedom. As such, a momentum along the FS can be regarded as a continuous
‘flavor’. In nested diagrams, for instance, kp or Ay set the range of flavor an electron can
have in virtual states. Therefore, these two scales must be a part of the universal low-energy
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Figure 4.5: The momentum
space available for a low-energy
spin fluctuation to scatter an

q)\: Jv electron at hot spot N to hot

A spot [N +4]g whose FS is always

o _‘\_ ) nested with that of N. The over-
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Ap = the FS at each hot spot. The
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sidering electrons belonging to
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data. Specifically, kr sets the total number of gapless electronic modes on the FS, and
Ay determines the phase space of gapless states an electron on the FS can scatter into by
emitting or absorbing a spin fluctuation. Since Ay is the only genuine high-energy scale, the
renormalizability of the theory boils down to the question of whether one can remove the
Ay dependence in physical observables by adding local counterterms to the action. Physical
observables can still depend on Ay and kp as these are part of the low-energy data of the
theory. We have already encountered an example of this in Sec. 2.4, where the specific heat
depends on these two scales.

The amount of data that can be specified on the FS, while being infinite, is still much
smaller than the full information a microscopic theory carries. This is because the low-
energy effective theory only keeps track of the information on gapless degrees of freedom
on the FS. If the theory is renormalizable, all low-energy observables can be expressed
in terms of data specified on the FS. At a first glance, the theory in Eq. (4.1) seems
unrenormalizable because it includes infinitely many irrelevant couplings by power counting.
If one computes quantum corrections as a power series in vy, Vy, gﬁ’n and )\gg}{?{;};} in
Eq. (4.12), one generally encounters increasingly stronger power-law UV divergences at
higher orders in the expansion. If one is forced to introduce coupling functions that depend
on momentum perpendicular to the F'S to remove divergences in Ay, one eventually needs
infinitely many counterterms beyond the coupling functions defined along the FS to cure
such divergences. A proliferation of counterterms with unbounded degrees of divergence in
Ay would spoil renormalizability. However, the presence of power-law UV divergences in the
Taylor expansion of the coupling functions does not necessarily mean that the theory is not
renormalizable. Instead, this can merely be a failure of the Taylor expansion of the coupling
functions in Eq. (4.12). If the full momentum dependences of the coupling functions are
included, it is possible that the UV divergences can be removed by local counterterms that are
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cos? k

already in Eq. (4.1). A simple example that illustrates this is the integral fOAf /t dk WS
where k represents momentum along the FS. If one computes this order by order using the
Taylor expansion cos’k =1 — k? + %4 — ..., one encounters increasingly stronger power-law
divergences in Ay/p > 1 at higher orders in the expansion. However, the full expression is
only logarithmically divergent in Ay/u. This example reveals that the degree of divergence
of a given quantum correction does not increase even if the couplings of the theory become
momentum dependent, provided these are integrable in an appropriate sense. A theory can
be renormalizable if full momentum dependences of the coupling functions are included.
Even tough it is not renormalizable order by order in the expansion in the momentum along
the FS.

Now we spell out the sufficient conditions for the theory defined by Eq. (4.1) to be
renormalizable perturbatively. The first set of conditions is that, for all momentum, hot
spot, spin and flavor indices,

gN(kN,kN) (4.19)
Mk )2 (4.20)
PYSv {m}({ kv D <1, n=12 (4.21)

Eq. (4.19) implies that the Yukawa coupling is bounded from above everywhere on the FS.
On the other hand, Eq. (4.20) implies that the Fermi velocity away from the hot spots
remains greater than the Fermi velocity at the hot spots, which is set to one. Finally,
the condition in Eq. (4.21) requires that the effective dimensionless four-fermion couplings
defined in Egs. (4.15) and (4.16) are bounded from above. In Appendix J, we show that Eqs.
(4.19) to (4.21) guarantee that the degree of divergence of general Feynman diagrams in Ay
does not increase compared to the same diagrams with momentum-independent coupling
functions. In particular, those quantum corrections that have negative degrees of divergence
remain UV finite in the limit that A, is large in the presence of momentum-dependent

coupling functions and to leading order in )‘E\Z/ Vo) ({kzZ N, }). Therefore, the unified theory
with momentum-dependent couplings for gapless excitations across the entire FS remains
renormalizable as far as the hot spot theory is renormalizable, provided Eqs. (4.19) to (4.21)
are satisfied. We have shown in Chapter 2 that the latter is the case at the two-loop order
by an explicit computation. As we shall see in the remaining of this chapter, this is also
the case for the theory that includes the momentum-dependent couplings. As we we will
show by explicit computation, the theory is renormalizable to leading order in both v and
/\g\lf Vi{oi} ({kz NG })

The above discussion suggests that divergences in the UV scale Ay can be removed from
the electronic two-point function, the cubic vertex function and the electronic four-point
vertex function by introducing local counterterms to the operators already present in Eq.

(4.1),
Ne Ji 1 3 A )(kzv)
S-S Yy / dk ¢} () {z‘koAWm + AR o)V (ki )en [k et Nwml}m,j(m
N=1lo=1 j=1 AN (kN)
8 c
o2 P3 / a’ / e AD (ko g (K B )0y o 3 (F)Bogr (B — Rt 5 (R)

oo’'=1 j=1
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e S s i

{N =1} {o;=1} {5i=1}
><¢N1,¢71,j1 (k1)¢N2,02,j2 (kz)sz,USJS(k3)¢N4,U4J4 (k4)(27‘-)35(3)(k1 + ko — k3 — k4)} ’

A{ﬁ o (LB DA (o (Rin )
{N:}:i{os} {N: }:{ (4'22)

Here, A(i)(kN) withi = 1,2, 3, Al )( v, kn) and Ag\lf}} {04} ({kl N, }) are momentum-dependent
dimensionless functions which are functlonals of the couphng functions of the theory. Since
the four-fermion coupling functions are irrelevant under the interaction-driven scaling, we
have introduced an inverse power of the running energy scale p in front of the four-fermion in-
teraction to make the coupling function dimensionless. Henceforth, we will use )\B\’, Vo) ({k‘z N, })
to denote the dimensionless four-fermion coupling functions.

With the counterterms added to the action, one also needs to consider loop corrections
generated by the momentum-dependent counterterms. In order for the theory to be renor-
malizable, those corrections should not have power-law divergences in Ay either. Therefore,
the second condition that the theory should satisfy for renormalizability is that the coun-
terterm functions do not grow faster than powers of a logarithm at large momentum. That
is, we require that the /th order counterterm functions satisfy the condition

\A“‘“”( )| £ Nlog(lknDI™, i=1,2,3,
AP (R, k)| S [Loglmanc((Riy |, [kar])]|* (4.23)
ABFO (ki D] 5 Noglmax({ki, })]|

in the large momentum limit for given «; > 0. By these conditions, we require that coun-
terterms do not introduce a positive degree of divergence in the quantum corrections. Eq.
(4.23) represents the condition that the quantum corrections themselves can not grow too
fast at large momentum along the F'S.

Later, we will show through an explicit computation that Eqgs. (4.19) to (4.21) and
Eq. (4.23) are satisfied in the present theory. Here, we give a physical argument why this
is the case. First, electrons that are far away from the hot spots decouple from the spin
fluctuations at sufficiently low energies, and therefore we expect the renormalized Yukawa
coupling to become smaller far away from the hot spots. Second, the momentum-dependent
Fermi velocity normalized with respect to the Fermi velocity at the hot spots is expected
to grow at large momentum because the spin fluctuations renormalize the Fermi velocity at
the hot spots to zero relative to the Fermi velocity far away from them. Third, four-fermion
couplings acquire momentum dependences along the FS as well. If one starts with a the-
ory in which the bare four-fermion couplings are tunned to zero at the scale Ay, the spin
fluctuations generate four-fermion couplings at lower energies near the hot spots. Because
the four-fermion couplings are nonzero only near the hot spots, there exists a window of
energy scales within which the effective couplings in Eqgs. (4.15) and (4.16) remain small. If
the system becomes unstable against pairing at low energies, Eq. (4.21) can be violated as
some four-fermion couplings become large at low energies. This signifies a breakdown of the
perturbative expansion in the coupling, but not necessarily a breakdown of the renormal-
izability of the theory. For this reason, Eqs. (4.19) to (4.21) and Eq. (4.23) are sufficient
conditions for the theory to be perturbatively renormalizable.
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With Egs. (4.19) to (4.21) and Eq. (4.23), the electronic two-point function, the three-
point function and the electronic four-point function can be made independent of the UV
cutoff Ay by including local counterterms with momentum-dependent coupling functions. We
consider a subtraction scheme in which the physical observables satisfy the RG conditions

a 2,0 . N ; ~ o~
akof( (k) T + Fi (ko [ow, gn, VY /\g\f}} (o)) s s 115 Ap), (4.24)
W) =ipt Falhas [on, gn, Vi A o )i o Ag), (4.25)
k=k*
6 2,0 1 s ~ o~
Ok F( ') k—k* - VF( (ke) + Fa(kas [UN,QN,V( ) )‘EV}} (o) FEs Aps s Ag),  (4.26)
@21) 1 9104z, p2) | (N) \{di} TR
Iy (K k) =+ F4(Qa Pas on, 9N, Ve LA oylikms Ay s Ag),  (4.27)
! k'=q,k=p* v Ny iktoi !
40 i _
{N }) gz}({k }) k= 1)\%3\?5?\?51\74701020304(kl?Nl’ k2?N27 k3?N3’ k4?N4)' (4'28)

Here, I' ](VQ ’0)(kt) denotes the two-point function of electrons near hot spot N and I ](VQ ’1)(/<:’ k)
denotes the cubic vertex function at hot spot N. Furthermore, k* = (u, ky, —v1(ky)k,) repre-
sents the frequency and momentum vector at which the renormalized two-point function for
electrons close to hot spot N =1 is defined through Eqgs. (4.24) to (4.26). The momentum
vector (kz, —v1(ky)ks) lies on the renormalized FS, with v (k) denoting the local orientation
of the latter and the function .#5 vanishes in the p — 0 limit. In defining the renormalized
cubic vertex function in Eq. (4.27), we use ¢ = (i, ¢z, —v1(qz)qz) and p* = (i, pz, va(pz)Dz)-
The latter represents the frequency and momentum vector on the renormalized FS for elec-
trons near the N = 4 hot spot. In Eq. (4.28), FE;?%Z%({M}) denotes the electronic
four-point function and kf = (3u/2,k{.n ). k3 = (—p/2,k5n,), k3 = (/2 k:3 ;) and
ky = (n/ 2,/%;; ~,) denote the four frequency and momentum vectors at which the renor-
mahzatlon condition is imposed for the four-fermion coupling functions. For example, for
N; =1, kN = (kz, —v1(ky)ks) and similarly for all other choices of hot spots. Finally,
k: = p~'kp and Ab = u~'Ay are the dimensionless IR scales of the theory. The two-point
function and the vertex functions at other hot spots are related to Fl( )(k:) and Fl( )(k:’ k)
through the Cy symmetry. The .%#;’s are functions that are finite in the Ay/p > 1 limit.

Furthermore these vanish in the gy (K}, ky) — 0 and )\E\Z]}} {04} ({kuNz}) — 0 limits. It is

noted that )\g\}}} o }({k‘i; N, }) is defined to be the four-point vertex function itself without any

finite part in Eq. (4.27). We choose this condition for convenience. Other renormalization
conditions could have been employed as well.

Adding Egs. (4.22) and (4.1) yields the renormalized action

N, Ny

Shen = Z ) / Ak Uk (k) (k6 + VER) (B8 ew R85 0f (k5] } oo o (ki)

N=1o=1 j=1
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where the subscript B stands for ‘bare’. Eq. (4.13) determines the relations between the
bare and renormalized quantities as

L AL
ko = Zrko, ks =k, vx(ky)= g)(NvN(/cm, By () = VZD400(q)
ZN (kn)
(N) Z3 (k) o) ()
VBF(kN) ZTWVF (kn), YBNo,j(kg) =\ Z5 (kN)UNo;(K),
N
4.30
B ) k;v’kN) / ( )
an ( N,kN Zg\/ (1) (1) )gN(kNakN)a
YA Z
4 -3

Zg\lr ¥ {UZ}({]% N }) )‘{gv}} {o;} ({klsz})

(T2 on

B i
Ao (B2 D) =

Here, Z(i)(k ) =1+ Ag\if)(k‘N) with i = 1,2,3, Z](\A,l)(kg\,,k:N) =1+ Agé)(k‘ﬁv,kw) and
Zg\} Vo) ({kZ N }) = 1—|—Ag\f}; {ai}({ki% N, }) are momentum-dependent scaling factors. More-
over, Z. = Z1/Zs is the momentum-independent scaling factor for the frequency with Z; =
Z](\Z,) (0). For the obvious reason, frequency is rescaled independently of the spatial momen-
tum to keep energy conservation manifest under scaling. Finally, Z](\}/J)(k:N) = ZJ(\})(]{?N) /72
and Z(®) = 7273/7} 7, are the field renormalizations, where Z; = Z](é)(0,0). The field
renormalization of the electron depends on momentum because gapless electronic modes are
labeled by the momentum along the FS, and quantum corrections depend on this momen-
tum. On the contrary, the bosonic field is rescaled in a momentum-independent way because
the only gapless point for the collective mode is ¢ = 0. It is noted that these expressions
reduce to those for the hot spot theory discussed in Chapters 2 and 3 in the absence of mo-
mentum dependence in the coupling functions (see Appendix B for comparison). The main
goal of this chapter is to determine the single-particle low-energy features of electrons as a
function of the momentum along the FS. Therefore, we focus on the RG equation govern-
ing the scaling properties of the electronic two-point vertex function. For completeness, we
provide details regarding the RG equation governing the scaling properties of general vertex
functions of the theory in Appendix K.

4.3-(b) THE FUNCTIONAL RENORMALIZATION GROUP EQUATION
Under the interaction-driven scaling, the electronic two-point vertex function has engineering

scaling dimension [F](\?’O) (k‘; [UM,gM,V( ) )\g\l/[}}{ }} EF;Kb;#)} = 1. According to Eq.
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(4.30), the bare vertex function is related to the renormalized one through the multiplicative
relation,

Z (k) o

(2 0) <kB;kF7Ab ,Af> 7

<k Tr: Ap: ) , (4.31)

where, for simplicity, we use the simplified notation for the renormalized two-point function

(2 0 (k kF,Ab u) (2 0 (k; [UM,gM, VF( ), )\E\Z/[}} {0 }] ;EF;IAXZ,;/L>, and similarly for the

bare one. Here, kF = ,uk:F and AE = /LKb. As shown in Appendix K, the electronic two-point
function satisfies the RG equation,

() 0 0 0 0
25 - A .
{( . (kn) Z)+Zk08k +k- o B, e ﬁA”aAb
(M)
oupr, (z1) :| 1) GVF ) 1)
- E dzx % 5 + |z + B, (x
]\41 1/ ! <|: ﬂ:’ ( ) 5'1)M1(1') ! 8:(:1 M1 ( 1) (S PEMI)(ZU)
o9, (1, 72) g, (11, 12) b
—_— 4.32
+/dx2 i{xl 5@’1 T Oxo ﬁMl(xl’xQ) dgnn, (w1, 22) (4.32)

Py oYY [ aas [ani {505t
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ool () 5

+ Z i ox;

{zi=1} 5)‘5\2[ b {gz}({fﬂz})

r? (h%;&;u) =0,

for any fixed p. Here, 0 /0A denotes a functional derivative with respect to A, with A denoting
the momentum-dependent coupling functions. The integrations over x; are done over the
momenta along the FS in the patch that includes hot spot M; with ¢ = 1,2, 3,4. Since the
bare theory is defined at the scale Ay, we set u = Ay in Eq. (4.32). The dynamical critical
exponent, the anomalous scaling dimension of the fermionic field, the beta functions of the
coupling functions, and the beta functions of kp and ZA\b are defined by

1dlog Zy (kn)

dlog Z,
=1+ C Y () = 27 dl ’
g1 |, S YT
() dvg (z) (Vi) dvi (@)
L ( ): ) /BL (:U) - )
dlog u p=A; dlog u p=A;
o RIS (4.33)
(9) dgr (21, T2 i) g AN igoy (i
L (.7}1,.1'2) dlogﬂ :Af7 5{L}{g1}({x7f}) dlogu M:Af’
 dkp - dA,
ke dlog p N:Af7 M dlog p N:Af7

respectively. The beta functions describe the flow of the momentum-dependent coupling
functions with increasing energy scale p at a fixed momentum. Here, it becomes manifest
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that the momentum along the FS plays a dual role [177]. On the one hand, it labels the
gapless modes on the F'S. The momentum-dependent coupling functions encode how quantum
corrections vary along the FS. On the other hand, this momentum acts as a scale. This is
manifest in the fact that the momentum along the FS should be rescaled in order to have
scale invariance in Eq. (4.32). Unlike Landau’s Fermi-liquid theory, the momentum along
the FS cannot be viewed purely as a dimensionless flavor [6, 54, 56-58, 214] because of
the non-forward scatterings mediated by the spin fluctuations. For this dual role of the
momentum along the FS, @F and /A\b are also treated as couplings that run under the RG
flow. Physically, this means that the momentum scales kr and A; grow relative to an energy
scale u which is taken to zero in the low-energy limits.
In Appendix L we show that the solutions to Eq. (4.32) satisfy the scaling equation

l
~(¥)
(2,0) (. (M) i} ORNONE 20y (kN (€);€) — 2(0)]
I'y (k, [VM,gMaV A{N}{az}} kg5 Ay )-eXp /(M (0 (434
J .

x 70 (kg(l)jlg(l); [UM(l)vQM(Z) v )(l)JEG}} {os }(Z)} ;EF(Z);KZ’(Z)) '

Here, [ is the logarithmic length scale. The scale-dependent coupling functions and energy
scales are determined by solving the set of functional differential equations:

Oumlka) 1 [pw) 9vn (kars 1)
ol - z(l) |:5M (k’M,l) + k‘M 0kM s (4'35)
a(l]\/[) — _ﬂ [lB(VF (,ICM, ) + k;Mak(]W‘M) , (4.36)
Agm (K, kars 1) 1 [ (9) , Ogn (K, kars 1) gt (K, kar; 1)
=T (kM7kM7l)+/€M + kg , (4.37)
al Z(l) ak/ 8kM
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ol - 2(1) ﬁ{N Vi{oi} ({kz iN; b+ jzl kj.n N; 8k];Nj , (4.38)
Okp(l) 1 1 ~
= 2Ty 4.39
o = ek = st (4.39)
8Kb(l) 1 1 ~
= = 4.40
ol Z(Z)BAb Z(Z)Ab(l)7 ( )

with the initial conditions, vys(kas; ) =var(kar), V(M)(kM, 0) = V(FM)(kM), gr (K, kar; 0) =
1 k2 ™ N 0 N

g (K o), AL ({hin ) = A (o (Rin 31 0), B = Ei(0) and A = A4(0). On

the right-hand side of Eq. (4.34), the scale-dependent frequency and momentum are given

by

. j‘ de
ko() = e'ko, &  K(l)=ed *

k. (4.41)
The effect of the momentum dilations in Eqs. (4.35) to (4.37) can be singled out by writing
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the coupling functions as

hnit ], (4.42)

1
[ oae
Vi (k1) = TV | e gz‘“/m;z : (4.43)
[ de [ ode
gn (K kD) =3 [e 0 Pk, e 0 P kyit |, (4.44)
{j Ui} - [
A{gg}{g ({kin, }31) = A{g;}{m} e 0 ki, 2l ], (4.45)
where Dy (ki 1), V™ (ki ), G (B, bvi 1) and A ({15 1) satisfy
0 . 1 ovn(kn;l)
Conlknil) = —— NN 4.4
al’UN( N>y ) Z(l) 8log,u ‘u:Af’ ( 6)
9 5 1) — — L i) (4.47)
gl E M z(l)  Ologu ,U/:Af’ '
0 . 1 8/g\N(kZ/ kN'l)
Zan(khy, ks l) = —— NN NG Y 4.4
8lgN( Nk l) z(1) dlog i #:Af’ (4.48)
NI oy (i, 15 1)
D3 oy Ui i) = — i o Ato L0 (149
o1 {Ni}i{oi} 2(1) Olog j=A,

Eqgs. (4.46) to (4.49) track the renormalization of the coupling functions with increasing
logarithmic length scale [ for a fixed physical momenta along the FS. In other words, these
only track the renormalization as the energy is scaled without scaling the momenta along
the FS.

4.4 'THE WEAK MOMENTUM DEPENDENCE LIMIT

Once the counterterm functions in Eq. (4.22) are determined according to the RG conditions
in Eqgs. (4.24) to (4.28), the scaling form of the momentum dependent electron two-point
function is determined from Eq. (4.32). However, it is difficult to compute the quantum
corrections in the presence of coupling functions with arbitrary momentum dependence. In
order to achieve the control in our calculation, we consider the limit in which

v, (4.50)

M (Whin )| < 1, o0
{gitin .

0log J{N}{g }({kZ§Ni}) (4.52)

810g kl;Nl
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where Ji{lj\;}}?a ({ki.n, }) with @ = 1...n, represents any of the coupling functions, {VF(N)(k:N)7

vn(kn), gn (K, EN), )‘B\ZI}} {01} ({kzNz})}, and we have used the notation defined in Eq. (4.13).
Eq. (4.50) is the limit in which the nonperturbative solution is under control for the hot
spot electrons and the critical spin fluctuations. Eq. (4.51) is the condition that the di-
mensionless four-fermion couplings are small. Eq. (4.52) is the condition that requires all
coupling functions vary slowly in momentum along the F'S. We refer to this limit as the weak
momentum dependence limit (WMDL). If the system is unstable against superconductivity,
Eq. (4.51) will be violated in the low-energy limit. Here we focus on an intermediate energy
scale window in which Eqgs. (4.50) to (4.52) are satisfied. We will show that (i) v flows
to zero, and (ii) only weak momentum-dependent quantum corrections are generated for
the coupling functions at low energies if one starts with a bare theory in which the coupling
functions satisfy Eqgs. (4.50) to (4.51). Physically, this is due to the fact that, in the WMDL,
the FS is close to nesting at the hot spots, and low-energy electrons are dressed in a way
that depends weakly on the momentum along the FS. Furthermore, we will show through
an explicit calculation that, in this limit, the theory is renormalizable to the leading order in

v and )\g\lf Mo} ({k:l N, }). The WMDL provides a window in which the leading momentum
dependence of the coupling functions can be understood in a controlled manner. The size
of this window is determined by the scale below which a superconducting instability kicks
in. Obviously, the superconducting transition temperature is not universal and it depends
on the bare value of the four-fermion couplings.

To understand how the superconducting temperature is affected by the universal long-
range four-fermion interaction mediated by the spin fluctuations, we consider a specific

microscopic theory whose coupling functions at the scale p = A are given by

vy (kn) = 1o < 1, (4.53)

VI (k) =1, (4.54)

gn (kv k) = 4/ 500, (4.55)

A oy (Rin ) =0, (4.56)

for all N, kn, kly, ji, Ni,0; and k;.n,. This corresponds to a UV theory in which the four-
fermion couplings are tuned to zero at the bare level. At low-energies, spin fluctuations
generate four-fermion interactions which eventually drive the system into a superconducting
state. This allows us to isolate the role of the spin fluctuations from the bare four fermion
couplings in driving the superconducting instability. In the small vg and )\B\ZI b} ({k:z N;})
limits, quantum corrections can be computed order by order in these parameters. In the
WMDL, the RG conditions given in Eqs. (4.24) to (4.28) boil down to

rEOm)| =it é (kv A e R Ag)
k=k
F1(2’0)(k) _=ip+ & (kx;v )\g\lf}}{ }7kF7Ab7M7Af>
k=k
9 (20 _ (i}
gr W) =146 (R 03 A g s B A ) (4.57)

81



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

_[mv (it
—\/?“‘gzl(k UA{N}{U}7kF7Ab7#7Af)

—1/\31J2J3J4
N1NaN3Ny;01020304°

N

h=Gk'=F

Tivgitoy (B

ki=k}

where k = (ty kg, —vky), ¢ = (1, qu, —vqy) and p = (i, Pz, vpz). The functions denoted by
&; are independent of Ay in the Ay/p > 1 limit. These functions vanish in the small v and
AB\Z/}} {os} limits. These are obtained from the vy < 1 limit of the functions .%; appearing
in Egs. (4.24) to (4.28). To the leading order in vy < 1, the spatial components of the
momenta £} can be set to be on the F'S with a momentum-independent slope.

In the WMDL, the electronic two-point function in Eq. (4.34) takes the form
IO (k) = iko FXY) (ks ko) + Fyp (s ko)en[k: O (ks £)], (4.58)
where

I (20 e (030)' =2 (kn (0);0) ]

On (ks L) =voed , (4.59)
Ly,

P ki) =exp | [ 51280 n030)] ) (4.60)
0
Ly,

FY (i) =exp | [ %[Zﬁ)(kzv(f);@’] ’ (4.61)
0

with £, = log(Ag/ko) with ko > 0, ZY (kw (0);0) = 512 28 (kv (0):0)] s, and z(£) is the

scale-dependent dynamical critical exponent given in Eq. (3.45). The functions F’ M) (kn; ko)
and F‘(/Iiv)(kN; ko) describe the momentum-dependent field renormalization and Fermi veloc-
ity, respectively. Similarly, v (kn;¥,,) describes the flow of the momentum-dependent shape
of the FS with decreasing energy. These expressions fully determine the single-particle
properties of low-energy electrons at arbitrary momentum along the FS. We note that all
2(€), on(kn; w), FZ(N)(kN; ko) and F‘(/JFV)(kN; ko) are, in general, functions of the four-fermion
couplings. In the following, we will consider the case in which the four-fermion couplings are
small so that their contribution to the electron two-point function can be ignored.

4.4-(a) RANGE OF VALIDITY: HOW FAR ALONG THE FS?

Here we discuss the range of momentum in which the description based on the WMDL is
valid. The full propagator that includes the bare kinetic term of the spin fluctuations is
given by Eq. (4.17). The singular part of the propagator that is dominant at low energies is
generated by electrons near the hot spots. One can ignore the irrelevant quadratic kinetic
term provided that |g;| < Ay for j = x,y. This translates to an energy scale p ~ ¢(v)(|gz| +
lgyl) ~ c(v)Ap. Below this frequency, one can also ignore g5 in the full propagator for
c¢(v) < 1. In order for an electron on the FS at a distance ky away from hot spot N to
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Figure 4.6: A closer look to Fig.
4.3(b) near hot spot N = 1. The
region of the F'S where electrons are
described by the action in Eq. (4.1)
corresponds |k;| < kp < kg, where
krp is the momentum scale above
which the curvature of the FS be-
comes important.

scatter to a point on the FS near hot spot N, the electron should emit or absorb a boson
with momentum |qy| ~ vky. Those scattering processes are governed by the universal
boson dynamics in Eq. (2.6) as far as v|ky| < Ay, with Ay given in Eq. (4.18). Similarly,
scatterings of electrons with energy smaller than p ~ c(v)Ay are described by Eq. (2.6).
Therefore, scatterings of electrons within the range of momentum |ky| < kp with

kp ~ iAb (4.62)
(20

in the direction parallel to the FS around each hot spot and with energy less than
p ~ c(vo) Ay, (4.63)

are described by the universal low-energy theory. Here Ay in Eq. (4.18) is evaluated at
v = vg. In the estimation of kr and p we have ignored the flow of v because, as we will
show, the renormalized F'S deviates only slightly from the bare one away from the hot spots
and it becomes nested only at the hot spots. We note that kg < kp, where kp is the size of
the patch of the F'S where it can be regarded as a straight line. In the small vy limit that we
consider here, kr > c(vg)Ay, and a region of the FS larger than the effective energy cutoff
for the boson dynamics is described by the universal low-energy physics governed by Eq.
(2.6). This is depicted in Fig. 4.6.

4.5 SUPERCONDUCTING INSTABILITY

Now, we discuss the RG flow of the four-fermion couplings in the limit that the latter are
weak. In this section we specialize in the physical case with N. = 2 and Ny = 1, where
we suppress the flavor index and adopt the notation A}‘]’\}i}}({ki; N 1) = AN Manan, ({Rin: )
for the dimensionless four-fermion coupling functions. The main purpose of this section
is to provide a conservative estimate of the size of the energy window within which our
calculation that ignores the four-fermion couplings remains under control prior to the onset
of superconducting order. To perform the estimation, we first focus on the four-fermion
couplings at the hot spots. As it will become evident in the remaining of this chapter,
the momentum acquired by the coupling functions is directly tied to the flow of the zero
momentum couplings in the WMDL.

83



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

Groupr 1 | Groupr 2 | GrRoUP 3 | GROUP 4
AT MBS | TR | AT
N7 | RS | AT | AT
ATaga % | Asgz 27 | ATard > | Algre >
A5 N

Mg

A3

{oi}

Table 4.1: Closed sets of four-fermion couplings under the RG to linear order in A (N}

4.5-(a) LEADING ORDER BETA FUNCTIONS

We start by considering the beta function for the four-fermion couplings at the hot spots
to linear order in )\{7\;} . The sixteen couplings in Fig. 4.2 can be divided into four groups
as shown in Table 4.1. To linear order in the four-fermion couplings, the couplings in each
group are closed under the RG flow. Amongst these groups, only the couplings in the first
group are sourced by the spin fluctuations. Therefore, we focus on this group to the leading
order in )\i%i}}. The diagrams in Fig. 4.7 contribute to the beta functions of the couplings

in the first group. In the A{%_}} < 1, w(v) < 1 and ¢ > 1 limits, with ¢ denoting the
logarithmic length scale, the beta functions for the four-fermion couplings at the hot spots
are given by:

dA3 3w(v)l w(v)l v?

(11215 = —A3515 — —8r M5 — ST)‘§548 - fl@v (4.64)
d w(v)l w(v)l w(v) 1 v?
7&215 = —A515 — v Asas — ?A?&m t 3 1548 — {c(v)’ (4.65)
dxs w(v)l
T N O L (460
d\4 w(v)l
75248 = —Msas + . M1, (4.67)
dr3 3w(v)

52&45 = Ay — = Mss (4.68)
AN w(v) w(v)

5245 —Msas oy A5 — ?)\?mw (4.69)
dA3g1 S 3w(w)l A v?
27818 — T — — 4.

a0 1818 167 1515 2 c(v)’ (4.70)
d\3 w(v)l w(v)l 5 v?
T = M g M — e M — g o (4.71)
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Ni,01 N2,02 N1,01 Naz,02
N2,02  Ni,01
N2,02
Ny,o4
N3,03 Ny,04 N3,03 Ny,04 N4,04 Nsz,o3
(a) (0) (c) (d)
Ni,01 Na,02 Ni,01 Na,02 Ni,01 Na,02 Ni,01 Na,02
Nsos Naoa Ns.o5 Na.oa N3,03 Ny,04 N3,03 Ny,04
(e) (f) (9) (h)

Figure 4.7: Contributions to the beta function of the four-fermion couplings to linear order
in )\g\}'_}}. The black dot denotes the four-fermion interaction vertex.

where,

S = é [H +log(2)? + 2Lis <—;)] : (4.72)

Jy = % [FQ + log (247” , (4.73)

with Lig(z) denoting the dilogarithm function. Here, we have decomposed the couplings into
the singlet (S) and triplet (A) spin channels as in Eq. (4.9). We recall that )\?Ni} (A?Ni}) is a
symmetric (antisymmetric) function in the exchange of the first or last two hot spot indices.
The derivations of these expressions are given in Appendices P and Q. In these expressions,
we have kept only terms to leading order in ¢ > 1. In Eqs. (4.64) to (4.71), the singlet
and triplet spin channels are mixed because spin fluctuations scatter individual electrons,
rather than pairs and different spin channels are mixed. For example, consider a quantum
correction to the four-fermion interaction in the singlet channel. In the intermediate state,
one of the two electrons of the pair with total momentum S = 0, can emit a spin fluctuation,
which changes the total spin of the pair to S = 1. This generates the mixing between the
singlet and triplet channels.

Let us consider the physical origin of each term in the beta functions. We focus on Eq.
(4.64), which determines the flow of A7i727*?* in the singlet channel. Other channels can
be understood in a similar manner. The first term on the right-hand side of Eq. (4.64)
reflects the fact that the four-fermion coupling has scaling dimension [A{}727%7*] = —1 under
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the interaction driven scaling. The last term arises from the diagrams in Figs. 4.7(g) and
4.7(h). It represents the process where four-fermion interactions are generated by the high-
energy spin fluctuations. This source term is present in channels that involve electrons
near hot spots connected by the commensurate wave vector QAFM- The remaining terms
correspond to the vertex corrections: the second term is from the particle-hole diagrams in
Figs. 4.7(e) and 4.7(f), and the third term is from the particle-particle diagrams in Figs.
4.7(a) and 4.7(b). It is remarkable that the vertex corrections explicitly depend on the
logarithmic length scale ¢. This implies that the quartic vertex functions at an energy scale
A fe_(”dg) cannot be entirely expressed in terms of the vertex functions at the scale A fe_f
and the beta functions explicitly depend on the scale itself. This is due to the fact that
the vertex functions depend on the scale, not only through the scale-dependent couplings,
but also explicitly. In the vertex corrections that involve a pair of fermions in antipodal
patches of the FS, the component of the loop momentum along the FS is cut off by a scale
proportional to Ay, where Ay is the momentum cutoff for the spin fluctuations given in Eq.
(4.18) [See discussion in Sec. 4.2-(a)]. While Ay is a UV cutoff for the collective mode, it
sets the size of the phase space that can be reached by gapless electronic modes through the
absorption or emission of spin fluctuations. As a result, the vertex corrections associated
with antipodal patches diverge, not only in the energy cutoff of the electrons, but also in
Ap. This can be understood as a ‘UV/IR’ mixing, where the IR physics remains sensitive to
large momentum scales. As shown in Appendix Q, the UV/IR mixing gives rise to double
logarithmic divergences in the four-point vertex functions evaluated at the hot spots:

ST 0 ~ (o) o (“0%) - o (S0 o (), )

in the Ay/p > 1 and c(v)Ap/p > 1 limits, with Ay < c¢(v)Ap, where p is an external
frequency of the quartic vertex. Usually, double logarithmic divergences ruin the renormal-
izability of the EFT as UV divergences cannot be removed by local counterterms. However,
the present theory remains renormalizable. This is due to the fact that we only need to
remove divergences in Ay, but not in Ay. Only Ay is a genuine UV scale associated with
high-energy electronic modes. While Ay is a UV scale for the collective mode, it is an IR
scale for eletronic degrees of freedom because it characterizes the volume of the phase space
for gapless electrons that contribute to the vertex corrections. Therefore, Ay is part of the IR
data which low-energy physical observables and beta functions depend on. The divergences
in Ay can be removed by local counterterms that depend on log(c(v)Ay/p) and the beta
function is proportional to w(v)log(c(v)Ay/p) ~ w(v)log(c(v)Ay(€)) ~ w(v)f. This can be
viewed as a scale-dependent anomalous dimension. Interestingly, both the particle-particle
diagrams in Figs. 4.7(a) and 4.7(b), and the particle-hole diagrams in Figs. 4.7(e) and
4.7(f) yield the logarithmic UV/IR mixing in the kp > c¢(v)Ap limit. This is due to the
fact that segments of the F'S near the antipodal points on the FS can be regarded as being
nested within a scale of order A in the kp > ¢(v)Ap limit. This is in contrast to Landau’s
Fermi-liquid theory where the particle-hole channel yields a finite contribution due to the
curvature of the FS (See Appendix Q). The unusual enhancement arising in the particle-
hole channel also has significant effects on the forward-scattering channels. The study of
this effect, however, lies beyond the scope of this thesis and it is left as the subject of future
research. We note that the UV /IR mixing does not arise in quantum corrections that involve
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[N+4]s
M’ [N+4]s M’ [N+4]s
+ +-+ +
M N M 7 N

N

Figure 4.8: Infinite set of particle-particle ladder diagrams to linear order in the four-fermion
coupling (solid dot) that involve the collective mode.

fermions that are not nested. Quantum corrections for the latter case are not enhanced by
log(c(v)Ap) and are negligible compared to contributions from the nested channels.

In higher-loop diagrams that contribute to the anomalous dimension of the four-fermion
coupling, the largest contributions to the four-fermion couplings are generated from a series
of particle-particle and particle-hole ladder diagrams that involve nested electrons. Fig. 4.8
shows an example of a particle-particle ladder series. As shown in Appendix J, a L-loop
nested ladder diagram scales, at most, as w(v)Zlog(c(v)Ap)Llog(As)Y in the w(v) < 1,
c(v)Ap > Ay > p limits. Here, log(c(v)Ay) measures the phase space of gapless electrons
in each of the L internal loops. The factor log(Af)~ corresponds to the usual higher-loop
UV divergences. Locality of the field theory guarantees that the divergences in log(A )"
with n > 1 are canceled by diagrams that involve counterterms added at lower orders in
the number of loops, and the remaining divergence in Ay can be removed by adding a local
counterterm. The L-loop counterterms are therefore of order w(v)Xlog(c(v)Ap)Elog(Ay).
This discussion implies that w(v)¢ controls the perturbative series of the beta functions in
Egs. (4.64) to (4.71) to the linear order in the four-fermion couplings. Therefore, the leading
order beta functions are under control provided that

1
U< loon. = 4.75
(e )
We recall that w(¢) = w[v(¢)] depends in the scale as
4 1
i (4.76)

w(f) = NeVES log(¢ + ¢g)’

where £ is the length scale below which the flow of w(v) becomes important [See Eq. (3.49)].
In terms of the bare value of v, ¢y is is given by

2 1

[ —
7 3 wylog(1/vo)

(4.77)
In the small vg limit, £y > w(vp)~! and therefore, the flow of w(v) can be ignored within
the energy scale in which the perturbative series for the beta functions of the four-fermion
couplings is under control.

Now, we examine the RG flow of the four-fermion couplings. The precise nature of
the RG flow depends on the microscopic details which are encoded in their initial condi-
tions. If a large attractive four-fermion interaction is turned on, the system will develop a
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2co fermion coupling )\§515(€).
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superconducting instability at relatively high energies before the theory flows into the uni-
versal scaling regime. On the other hand, one can tune the four-fermion couplings to reduce
the superconducting transition temperature. However, one cannot ignore the four-fermion
couplings even if one chooses a microscopic Hamiltonian with vanishing bare four-fermion
couplings. This is because the gapless spin fluctuations generate four-fermion interactions
at low energies. Here, our goal is to understand the role of the spin fluctuations in the flow
of the four-fermion couplings. We therefore make our discussion concrete by considering the
natural UV theory in which the bare four-fermion interactions are set to zero at the scale
Ag.

We first note that only the first six beta functions are coupled to each other and receive
no feedback from the couplings )‘%818 and My;g- This allows us to focus on Egs. (4.64) to
(4.69). In Appendix P we solve the system of equations and show that )\§515 is the fastest
growing coupling. In what follows we focus on this coupling only. The scale-dependence of
this coupling reads

1
5 etvoe 1-2
As15(£) = SV v e exp (—{ + awol?) [Erf ( awot

4 g Jawy W)—Erf<2\/270)], (4.78)

where a = v/14/16m < 1. Here Erf(z) denotes the error function and in arriving to this
expression we have neglected the flow of w(v) (see Appendix P for details). A plot of the
coupling is shown in Fig. 4.9. At the length scale ¢ ~ 1/wy it becomes

v2 _(d-a) 3
)‘§515(£con.) = 2(1/;%2(1)63 [1 — (1 —=2a)e ™o ] ~ O(vy) (4.79)

to leading order in vy < 1. Since a < 1, the exponential factor is negligible and the coupling
3

remains small and of order v¢ in the vy < 1 limit. For £>> 1/wg, Eq. (4.78) suggests that

the coupling grows rapidly as )\§51 5(0) ~ @0 due to the scale dependence of the anomalous

scaling dimension of the four-fermion coupling which makes it relevant at low energies. We

note that, at a parametrically larger scale ¢/ ~ 1/(awy), the coupling becomes large and
5 1

of order )\§515(€’ ) ~ vde™o, signaling that the perturbative expansion in the four-fermion

88



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

Ni,01 Na,02
Ni,01 Na,02
My ,p1
My,p1 Ma,p2
M2,p2
N3,o03 Ny,04 Ns,o3 Ny,04
(a) (0)

Figure 4.10: Quadratic order corrections to the four-fermion interaction.

couplings breaks down at energy scales below

(1) s
pse ~ Ape o (4.80)
So far we have analyzed the effect of the spin fluctuations on the anomalous scaling
dimension of the four-fermion couplings. As we showed, the four-fermion couplings that pair
electrons at antipodal hot spots on the FS grow rapidly and, in principle, we have to include
higher order terms in the beta functions within the window of control set by Eq. (4.80). This
could, in principle, reduce the window of energy scales in which we can trust our results. We
now address this issue by estimating the quadratic order contribution to the beta functions
arising from the fastest growing coupling.

4.5-(b) BETA FUNCTIONS AT QUADRATIC ORDER

At quadratic order in the four-fermion couplings, the contributions to the beta function come
from the particle-particle and particle-hole diagrams shown in Figs. 4.10(a) and 4.10(b).
When including the full momentum dependence of the coupling functions, the contributions
from these diagrams to the four-point vertex function have the form

Ne 8
o ;P.P 1 010
Sy (ki) = 5z 2 D /dq)‘]\/l11\2/§]1\//1)12M2(k1§N1’ ko;Ngs [k + dla s k2 — alar)
a p1,p2=",{ M1,M2=1

x Ny A nen, (k1 =+ dlan s k2 — alan kaings kany ) Gan (g + k1) G, (k2 — q), (4.81)

N. 8
o ;;P.H 1 o o
5F{{Nj ({ki}) =—5 5 >y /qu]\fllpj\}f}\/;;MQ(kl;Np [q — F1lar, B3Ny, [ — K3]an)
H p1,p2="T,\ M1, Ma=1

X Nogo vt v ([ = kslanys ko,n, [a — kil kang ) Gan (g — k1) Gar (g — ks3). (4.82)

Let us analyze the contribution of each of these expressions to the beta function of the
four-fermion couplings. In a first approximation, one can invoke the WMDL and ignore the
momentum dependence in the coupling functions. This amounts to assume that the four-
fermion couplings are nonzero and uniform along the F'S. In this case, and as we show in full
detail in Appendix Q, the largest contribution to the beta function comes from those quantum
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corrections in the pairing channel in which the internal electrons belong to antipodal patches
on the FS. This is because in these channels, the electron pair carries zero momentum and
both electrons are free to move around the FS without any energy cost. Therefore, these
contributions scale with the size of the F'S as a consequence of a nonzero density of states at
the Fermi level. For electrons that belong to patches that are not antipodal, this is no longer
the case as it is energetically unfavorable for them to move along extended regions of the
FS. This originates in the fact that the electron pair carries nonzero momentum. In these
cases, the diagrams give contributions to the beta functions that are negligible compared to
the zero momentum pairing channels that are enhanced by kp.

In the absence of curvature of the FS, the particle-particle and particle-hole contributions
are identical due to the particle-hole symmetry of the theory. Therefore, the particle-hole
contribution that involves electrons on antipodal points on the FS also scales with the size
of the FS. However, if we include a small, but nonzero curvature, this degeneracy is lifted
and the contributions from the particle-hole channel to the beta functions are absent (See
Appendix Q). Therefore, the largest contribution arising at quadratic order comes from the
zero momentum particle-particle channel. This contribution to the beta function of the four-
fermion coupling functions at the hot spots is given by (See Appendices P and Q for further
details):

| k °
525&3};{@} ~ _ﬁ Yo D AR V4] MM (M) Ny N (4.83)
p1,p2="T, M1=1

where kp is the dimensionful Fermi momentum, 525{{7\,’;}}; {05} denotes the contribution to the
beta functions at second order in the four-fermion couplings and [z]g denotes the remainder
of the division of x by 8. Notice that the enhancement by kr is analogous to the situation
arising in the analysis of the BCS instability in Fermi-liquids [See Sec. 1.1-(b)|. Therefore,
in a first approximation, and following the same logic as Fermi-Liquid theory, we define the
control parameters of the perturbative expansion in the four-fermion couplings as

B\ _ kr 7.0 1

)\(]7\715\272,011\;)32]\74 (l) = EA%1%§;€2N4 (l) = kF € )‘(17\/11(5\272,011\7/)32N4 (l)’ (4'84)
where 75}(?0) is the bare value of the (dimensionless) Fermi momentum and we have used the
fact that, at the scale 4 = Ay, kp = Aykp, with the dimensionless scale-dependent Fermi

momentum 7<:\F = E}(?O)el. We can now use this definition in order to determine the length
scales below which the solution obtained from the leading order beta function is reliable in
the case that we tune all the four-fermion couplings to zero at the bare level. For this we
focus only on the control parameter associated to the fastest growing coupling. Following the
discussion from the previous section, this one is given by combining Eq. (4.84) and (4.78):

~ 7{:\(0) V2 eﬁ 1 — 2awp? 1
xS ez/“ﬁFi @) |Erf [ — 20 _mef (—— )|, (4
1515(0) 1 coaw ¥ (awol”) | Ex 2./atw, "\ 2y/aw, (4.85)

The perturbative expansion in the effective couplings )\7\}1‘?\275 11\;)32N4 breaks down whenever

X§515(€) becomes of order one. In this case, the quadratic (and higher order) terms become
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important in determining the flow of the couplings at the hot spots. The condition X§515(€) ~
1 yields the length scale

1 (&) 1
lhon ~ 1| —1 — = |- 4.86
con. wo 0g (U% ”];I(?O) ) ( )

This scale is parametrically larger than 1/,/wg due to the large value of the (dimensionless)
bare Fermi momentum and the fact that vy < 1. Furthermore, we note that ., < Leon,
in Eq. (4.75). This suggests that the perturbative expansion in the four-fermion coupling
breaks down before we lose control over the leading order contributions to the beta functions.
In particular the expression in Eq. (4.85) is controlled and remains small at energies above

_ 1 27.(0)
,U/é?()j ~ Af€ 0 IOg(CO/vokF )

(4.87)
Below this scale, the perturbative expansion in the effective four-fermion couplings breaks
down.

The estimation of the control scale obtained from Eq. (4.86) is very conservative as we
now explain. The reason for this is that we have implicitly assumed, by using the WMDL,
that the four-fermion couplings are nonzero everywhere on the FS. However, for a theory
where the couplings are tuned to zero at the UV scale Ay, the four-fermion couplings are
sourced by the spin fluctuations. Since electrons far away from the hot spots effectively
decouple from the collective mode, the four-fermion interactions generated by the spin fluc-
tuations are nonzero only in a region of the F'S close to the hot spots that is small compared
to kr. To be more accurate in the determination of the control scale, and therefore, the
superconducting transition temperature T,, one needs to consider the inherent momentum
dependence of the four-fermion couplings.

In Egs. (4.81) and (4.82), the largest contribution arises when electrons in the loop are
on antipodal points on the FS, that is, My = [M; + 4]g. In this case, the loop momentum
along the FS runs over the entire region of the FS in which the four-fermion coupling func-
tions are nonzero. This is because a particle-particle pair with zero total momentum can
stay close to the FS while having a large momentum exchange. Similarly, a particle-hole
pair with momentum QEF can have a large momentum exchange while staying close to the
FS. Therefore, the dimensionless parameters that control the magnitude of the quantum
corrections are given by

kp
Yok 1 o
)‘}NL}}(U (k3;N37 k4;N4) = ; / dq)\}]vl}} (qv —q, k3;N33 k4;N4)7 (488)
—kp
kg
N10i}s 1 o
MG (aiy hav,) = M / dgMT ) (@ ko 0: ka ), (4.89)
—kp

where it is understood that No = [N + 4]s in Eq. (4.88) and N3 = [N; +4]s in Eq. (4.89).
Here, the integration is done over the relative momentum of the electron-electron (electron-
hole) pair. The perturbative expansion in the four-fermion couplings is under control as
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far the coupling functions in Eqgs. (4.88) and (4.89) remain small. The energy scale below
which the perturbative expansion breaks down can be identified as the upper bound for
the superconducting transition temperature T, ~ Afe*esc. The precise determination of
the control parameter of the four-fermion coupling expansion requires the solution to the
full momentum-dependent beta function for the four-fermion couplings. This is beyond the
scope of this thesis and therefore we content ourselves with the fact that the length scale
at which the perturbative control in the four-fermion couplings is lost, denoted by fgc, is
bounded from above and below by Egs. (4.75) and (4.86), respectively:

I (CgA}OJ <lso < - (4.90)
wo UO kF wo

According to Eqgs. (4.80) and (4.87), this predicts that the superconducting transition tem-
perature is still exponentially small in the vy < 1 limit and therefore, at sufficiently low
energies, the theory still enters into the universal scaling regime that is governed by a dy-
namical critical exponent z =~ 1. We note that, up to logarithmic accuracy, the lower bound
in Eq. (4.90) is consistent with the analysis done in Chapter 2 and the estimation of the
superconducting transition temperature given in Eq. (2.33). With this at hand, we proceed
on determining the single-particle properties of the AFM quantum critical metal within the
window of control implied by Eq. (4.90).

4.6 SINGLE-PARTICLE PROPERTIES OF THE ANTIFERROMAGNETIC QUANTUM CRITICAL
METAL

In the rest of this chapter, we focus on the single-particle properties of the electronic excita-
tions of the AFM quantum critical metal. We ignore the effects of the four-fermion interac-
tions while keeping in mind that our results are valid at energy scales above T, ~ A fe_ESC.
We divide this section into two parts. In the first part we consider the electronic single-
particle properties in the ideal case where there is no superconducting instabilities. In the
second part we show how these results are modified once we incorporate the fact that super-
conductivity enters at some finite length scale fgc satisfying Eq. (4.90).

4.6-(a) ELECTRONIC SPECTRAL FUNCTION IN THE ABSENCE OF SUPERCONDUCTING
INSTABILITIES

In this section we focus on the single-particle spectral function of the electrons in the WMDL
and in the ideal case where it has no superconducting instabilities.

In the WMDL we consider a microscopic theory in which the coupling functions are
momentum-independent at the scale = Ay. At lower energies, the coupling functions
acquire momentum dependences through the fermion self-energy and vertex corrections.
This is because the IR cutoff scales of quantum corrections depend on the momentum of
the external electrons. For example, an electron on the FS at momentum ky away from
hot spot N should excite a virtual bosonic excitation with a minimum energy of c(v)vky
in order to scatter to a point on the FS near hot spot N. At energies less than c(v)vky,
those processes are suppressed, and electrons with momentum ky effectively decouple from
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critical spin fluctuations. Since electrons at different locations on the FS decouple from
spin fluctuations at different energy scales, they acquire a self-energy that depends on the
momentum along the FS. In particular, the lifetime of quasiparticles gradually goes to zero
as one approaches the hot spots because electrons closer to the hot spots remain coupled
with the spin fluctuations to lower energy scales than those electrons away from the hot
spots.

For vy < 1, quantum corrections in Egs. (4.59), (4.60) and (4.61) are dominated by the
one-loop and two-loop self-energy diagrams depicted in Figs. 2.3(a) and 2.3(c), respectively.
An explicit computation of these diagrams, combined with the renormalization conditions
in Eq. (4.57), gives rise to the following momentum-dependent counterterm functions in the
WMDL (see Appendix M for details):

(1) (N2 —1) v Af
A = 1 4.91
NN =1 NN, \ Toa(1/0) B \ @ 2oe v)]kN]) ! (4.91)

%“"g (0) e (g + 3¢ (@pmamn )| 42

2y (k) =1 - %v_z@“"g <1> [k’g <%(u, 2vAcJEv>rkNr>> g los (M)] - (4.89)

Here, ¥;(x,y) with j = 1,2,3 are crossover functions which approach ¥;(x,y) ~ max(z,y)
for x > y or y > x. Since it is difficult to determine the precise functional form of these
functions, we will approximate the crossover functions as ¥;(x,y) = max(z,y) for j = 1,2, 3.
In this approximation, the quantum corrections sharply turn on and off as the energy (u)
crosses the momentum-dependent crossover scales. Mathematically, this is attributed to

i%(x,y) ~Ox—y), j=12,3, (4.94)

where O(z) is the Heaviside function. It is noted that the counterterm functions Ag\if) (kn)
satisfy the condition in Eq. (4.23) to leading order in vy < 1. In Appendix M we show

explicitly that this is also the case for Agé)(kﬁv, kn). Therefore, the theory is renormalizable.
From Egs. (4.59), (4.60) and (4.61), we obtain (see Appendix L for details)

I’
O (ks L) = v exp { — 7T2 i le) O/ dév(e 1°g< 1e)> [0 (A7 = 20(0)c(6) ) (4.95)

10 (Afe*f — 2(0) ]kNN } :

2 _
FMN) (ks ko) = exp \/JZQT;V/ U Tog( 1/1) Afe —2v(0)c(l) \kN\) ,  (4.96)

(N)(k:N,/fo) — exp M/dﬁv(f) log <U<1€)> [@ (Afe = 20(6)c() ’kN‘) (1.97)
J :

+%@ (Afe‘g — 2v(0) \kN\)} } :



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

where ¢(f) = c(v(f)). These expressions show that the momentum-dependent slope and
universal functions are tied to v(¢) which determines the flow of the slope of the FS at the
hot spots. The scale-dependent slope v(¢) is given by

2NNy 1
v(f) = 2(N2 — 1) (€ + o) log(¢ + £o)’ (4.98)

where ¢y given in Eq. (3.49) marks the scale below which the slope at the hot spots on the
FS flows to zero in a way that is independent of its bare value. In Appendix L. we show that
this expression is self-consistently reproduced from Eq. (4.95).

The theta functions in Eqgs. (4.95) to (4.97) encode the fact that quantum corrections are
suppressed below specific momentum-dependent energy scales. The threshold energy scales
for the one-loop and two-loop quantum corrections are determined by the transcendental
equations

Mg = 20()e(e) k], (4.99)
A —Zg\?) -9 5(2)
re v(CN") kN |, (4.100)

respectively. Because Afe_fg\}) < Afe_gg\?) in the small v limit, the one-loop correction
survives up to a lower energy scale than the two-loop quantum correction. This is due to
the fact that the minimum energy of the virtual excitations that need to be excited in the
one-loop process is smaller than that in the two-loop process. For an external electron on the
FS with momentum kpy away from a hot spot, one can always find a loop momentum in the
diagram in Fig. 2.3(a) such that the electron in the intermediate state stays on the FS at the
expense of the boson carrying a non-zero momentum vky and therefore carrying minimum
energy ve(v)|ky|. Because v < ¢(v), this configuration that puts the virtual electron on the
FS is energetically favorable compared to the one in which the boson carries zero momentum
at the expense of creating a virtual electron away from the FS that carries minimum energy
vky. This is the origin of © (Ape™* — 20(£)c(£) [kn|) in Eq. (4.95). As a result, the one-loop
quantum correction for an electron with momentum kpy turns off at an energy scale below
o~ Afe_éﬁ) defined through Eq. (4.99). In contrast, one cannot find loop momenta at
which all internal fermions stay on the FS in the two-loop process shown in Fig. 2.3(c). As
a result, one necessarily has to go through intermediate states in which a virtual electron
is created away from the FS with minimum energy vkpy. This gives rise to the threshold
behavior given by © (Ase™" — 2v(¢) |ky|) for the two-loop contribution.

A.  Electronic Single-Particle Spectral Function

In this section, we compute the spectral function of electrons near the renormalized FS as a
function of momentum along it. For this, we consider the £, > 1 limit with a fixed ky # 0
in Eq. (4.58). This is the limit that is complimentary to the dynamical range covered by
the hot spot theory presented in Chapter 2. In the hot spot theory, the form of the spectral
function is obtained by taking the ¢, — oo and ky — 0 limits simultaneously. For nonzero
frequency, /4, < oo, the momentum-dependent slope and universal functions in Eqs. (4.95)
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to (4.97) are piecewise continuous functions as a consequence of the integration identity:

Lo IIN Loy
/dﬁf(f)@[/\feg —A)] =0(l, —lA)O(LA) /dff(f) +0O(la — gw)/dﬁf(f), (4.101)
0 0 0

where f(¢) is a function of the scale and £a solves the transcendental equation A fe_(ZA =
A({). For a given real frequency w > 0, the spectral function is sharply peaked at the renor-
malized electronic energy w(E) The shape of the constant energy contour in the momentum
space is renormalized with respect to the bare one as a consequence of the interaction of the
electrons with the collective mode. For w ~ w(E), the spectral function is well approximated
by

-

_ ZN[]{?N;W(]{?)} 1
kN w(k)] [w—w(k)]? + 7N kN, w(k)] 2
In Appendix L we justify this in full detail through an explicit computation. This spectral

function is characteristic of particle-like excitations. Here, Zy[kn;w(k)] (rnlkn;w(k)]) de-
notes the quasiparticle weight (lifetime). In principle, the quasiparticle weight and lifetime
depend on the momentum along the FS and the renormalized energies independently. Here

-,

we examine how the spectral function evolves as a function of ky in the limit that w — w(k)
for a fixed w(k).
In order to quantify the degree of incoherence of the single-particle electronic excitations,
we consider the dimensionless parameter
- 1
Wn(kn; k) = —, 4.103
e e ) 0
which measures the ratio of the scattering rate to the energy of a single-particle excitation.
If |#n(kn; E)| < 1, the scattering rate is much smaller than the energy, and the quasi-
particle is coherent. In the standard Fermi-liquid metal, the quasiparticle lifetime scales as
mn[kn;w(k)] ~ Ep/w(k)?, where Ef is the Fermi energy and w(k) is measured with respect
to the Fermi level. Therefore, |# (ky; k)| ~ |w(k)|/Er < 1, which becomes smaller as the
electronic energy approaches the Fermi level. In the following discussion we will use this
parameter to characterize the nature of the particle-like excitations in the AFM quantum
critical metal and show that the latter deviate strongly from those in Fermi-liquid metals.
As a consequence of Eq. (4.101), the spectral function in Eq. (4.102) displays several
crossovers as a function of the frequency and the momentum along the F'S. In the remaining
of this section we focus on the zero frequency limit of Eq. (4.102). This corresponds to the
ideal case in which the system has no superconducting instabilities down to zero temperature.
While this is unphysical, it serves as a useful starting point in understanding physical cases
with nonzero superconducting transition temperatures. In Sec. 4.6-(b) we analyze the
spectral function at nonzero frequencies w Z T, with T, denoting the superconducting
transition temperature.
For w = 0 and ky # 0, 7x[ky,w(k)] = oo in Eq. (4.102). In this limit, the spectral
function is given by

An(k,w) (4.102)

An(k,w) = Zn(kn)d (w — 0 WMenk; aN(k:N)]) : (4.104)
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where, Uy (kn) = Un(kn;00). Here, the momentum-dependent quasiparticle weight and
renormalized Fermi velocity are given by

Zn(kn) = e (4.105)
(N) .
Vp(ky) = ngv)ikzi (4.106)

with FZ(N)(k:N) = FZ(N)(kN; 0) and F‘(/]FV)(kN) = F‘(/]FV)(kN; 0). This spectral function is char-

acteristic of coherent quasiparticle excitations with infinite lifetime. At zero frequency, the
spectral function diverges at the renormalized FS defined by

enlk, o (kn)] = 0. (4.107)

In the zero frequency limit the quasiparticle weight depends only on the momentum along
the renormalized F'S. Therefore, it acquires a momentum profile that depends on the location
of the quasiparticle on the renormalized FS. Similarly, Eq. (4.106) represents the magnitude
of the Fermi velocity at each point on the renormalized F'S. The infinite quasiparticle lifetime
is due to the fact that spin fluctuations decouple from electrons away from the hot spots at
sufficiently low energies.

The momentum-dependent profile of the slope and universal functions that fully deter-
mine the quasiparticle weight, renormalized Fermi velocity and renormalized FS are given
by

2 (4) (4)
5 1 () (Lo + £§ ) log (L + £o)
kn) = =) e 4.1
Un(kn) = voexp 2j:19( ~ ) log (o Tog((o) ; (4.108)
log(#V + ¢
FI™ (ky) = exp {\/NE —10(4y) [Ei (Og( v i °)> ~ Ei <10g§£°)>] } . (4.109)
2 (4) (4) (4)
1 G009y [t + 09 1og(t?) + o)
W) _ L N N N 411
v (kn) = exp 32y og 1o To(to) , (4.110)

where ¢ is given in Eq. (3.49). The details leading to these results are given in Appendix
L. The appearance of the Heaviside functions in these expressions give rise to momentum-
dependent crossovers. Before we discuss the shape of the renormalized FS, momentum-
dependent Fermi velocity and the momentum-dependent quasiparticle weight in detail, we
first provide an intuitive explanation for these momentum crossovers.

B.  Momentum-dependent crossovers

The momentum dependence of low-energy electronic properties is determined by the inter-
play between multiple energy scales that we now address. The first energy scale is the UV
scale Ay at which the bare coupling functions are momentum independent. At energies be-
low Ay, spin fluctuations are governed by the propagator given in Eq. (2.6) to the leading
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Figure 4.11: Crossover energy scales in the case in which fgc = co. The shaded regions are
where the quantum corrections have nonzero support as a function of energy and momentum.

order in v. In particular, the F'S defined at this energy scale is straight with a constant
slope vg < 1 away from the perfect nesting. The velocity of the spin fluctuations is given
by co = c(vp) at this scale. The second energy scale is that below which the flow of v, the
slope of the F'S at the hot spots, kicks in. In the small vy limit, this energy scale is A fe*eo,
with ¢y given in Eq. (3.49). At energy scales above Afe_go, the flow of v can be ignored. At
lower energies, v flows to zero logarithmically. This energy scale is exponentially smaller in
1/vo compared to Ay because of the logarithmic flow of v. The third energy scale is given by

Ey(kn) ~ Afe_gg) in Eq. (4.99). It is the minimum energy of the virtual state in the one-
loop self-energy of the electron on the F'S at momentum ky away from hot spot N. The last
energy scale is given by Fy(ky) ~ Afe_eg\? in Eq. (4.100). It corresponds to the minimum
energy of the virtual state in the two-loop self-energy of an electron with momentum ky on
the FS near hot spot N. Ej(ky) and Ea(kn) represent the IR cutoff scales for the one and
two-loop quantum corrections for the zero energy electron with momentum kjp, respectively.

Now we describe the crossovers that arise as a function of ky in terms of these four
energy scales. We focus, without loss of generality, in the kx > 0 case. The crossovers occur
at momenta at which Ey(ky) or Eo(ky) coincide either with Ay or A fe*ZO. We denote those
four momenta as k7, k3, k3 and kj. These are given by

A

E(K) =A;, = kTNFgo’ (4.111)
A

Ey(k3) = Ap, = kENUTJ:, (4.112)
Afe—&

Ei(k}) =Aje™™, = k% ~ (4.113)
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By(kj) =Ape ™, = ki~ /U\ge%. (4.114)

In the small vg limit, the four crossover momenta are well separated: k7 > k5 > k3 > kj.

The crossover scales are illustrated in Fig. 4.11. First we note that k} < kp with kp defined

in Eq. (4.62). The renormalization of the electrons in this range of momentum is governed

by the universal low-energy spin fluctuations whose dynamics is governed by the propagator
in Eq. (2.6). Let us illustrate the physics behind the different momentum crossovers.

Region 1: kf < kn < k-

Electrons in this range of momentum are completely decoupled from the spin fluctu-
ations. This is because quantum corrections in this region exist only at energy scales
E > Ay. Therefore, quantum corrections are negligible.

Region 2: k3 < by < KT :

Electrons in this range of momentum are renormalized only by the one-loop quantum
correction to the leading order in vg. The flow of v can be ignored in this region because
quantum corrections exist only at energy scales £ > A fefeo. Because the flow of v can
be ignored, the quantum correction gives rise to power-law momentum-dependences to
physical observables, where the power is controlled by vy < 1.

Region 3: k3 < ky < k3 :

As kn becomes smaller than &3, there exists an energy window in which the two-loop
quantum correction turns on. The flow of v is still negligible within this range, and
both the one-loop and two-loop quantum corrections give rise to power-law momentum-
dependences in the physical observable with exponents that differ from those in Region
2.

Region 4: kj < ky < k3 :

For kny < k3, electrons are close enough to the hot spots so that quantum corrections
persist down to energy scales in which the flow of v can not be ignored. In this
region on the FS, there exists an energy window below Afe*EO in which only the
one-loop correction survives, but not the two-loop correction. In this window, the one-
loop correction gives rise to a logarithmic or superlogarithmic momentum dependences
because of the flow of v while the two-loop correction gives rise only to power-law
momentum dependences.

Region 5: ky < kj :

If the electron is close enough to the hot spots, there exists an energy window in which
the flow of v becomes important for both the one and two-loop quantum corrections.
In this regime, all power-law momentum dependences in the physical observables are
replaced by either logarithmic or superlogarithmic momentum dependences.

In the following, we show the explicit momentum dependences of the renormalized Fermi
velocity and the quasiparticle weight along the renormalized F'S.
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Figure 4.12: Momentum profile of the slope along the renormalized FS. The plot in the right
panel is in logarithmic scale.

C. The renormalized F'S and quasiparticle weight

Without loss of generality we consider the hot spot with N = 1. All other hot spots follow
the same logic due to the Cy symmetry of the theory. From Eq. (4.107), the renormalized
FS is given by

( 1 Af k E
v K Ky K KF,
vocok (évlgfil\lf) vo log(1/vo) Ag Ay
0CORz | ™" NciVf —
( Ay w < ke < covo’
2(N2-1)
c log(1/vo)
Uoﬁkz 7T2NcNf vo Af —eO ﬂ
ky ~ —voky (7Af ) wn€ | Khke <30 (4.115)
- (12\’1%*1\12 v log(1/vo) 7o 1og(fo) Ay g Ay _p
VoFg | ™ NelNf LeT%0 —*0
( A ) Ag At W < ke < wee €
log(a) loglog<ﬁ)
7r2NCNf 1 Ay _y
k, < =Le~fo,
5 T
2up(N2—-1) log(—;:) log lOg(Tf> Vo

where ¢y = c(vg) with ¢(v) given by Eq. (3.43) and ¢y defined in Eq. (3.49). In Appendix
L we show the derivation of Eq. (4.115) from Eq. (4.108). It is noted that the shape of the
renormalized FS depends weakly on k, in the small vy limit.

The shape of the renormalized F'S is determined from the local slope of the renormalized
FS which is plotted in Fig. 4.12. As one approaches the hot spots, the FS becomes more
nested because spin fluctuations remain coupled to electrons down to lower energy scales.
Far away from the hot spots, the FS gets deformed in a power-law fashion which crosses over
to a logarithmic deformation close to the hot spots.

Now we proceed to describe the profile of the quasiparticle weight and renormalized
Fermi velocity along the FS. For the hot spot N =1, Egs. (4.105) and (4.106) are given by
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Figure 4.13: Momentum profile of the quasiparticle weight and renormalized Fermi velocity.
The plot in the right panel is in logarithmic scale.

(see Appendix L for details)

A
1 tois L kg <k,
VZ(N2-1)
(UOCOkz> my/NelNg V 1og(l/vo) Age* << ky <
21 (k) = D (k) = v0co e (4.116)
A
2¢/N2-1 rf Ase—to
ex < ky < =5 —.
P log log ( ,Tf ) ! voco

The quasiparticle weight and the renormalized Fermi velocity have the same momentum
profile to the leading order in vy because both F,Z(N)(kN) and F‘(/JFV)(kN) are dominated

by the counterterm function Z](\})(kN) in Eq. (4.91). Since these are determined only by
the one-loop self-energy correction at low energies, there are only two crossover momenta
ki ~ Ag/(voco) and k5 ~ Afefgo/(fuoco). For k} < ky < kp, the quasiparticle weight is
equal to one because in this momentum regime the electrons are completely decoupled from
the spin fluctuations. We refer to this range of momentum as the cold region. For ky > k3,
the flow of v can be ignored over the window of energy scales in which the one-loop quantum
correction is present. In this region, the quasiparticle weight decays algebraically from unity
until it reaches an exponentially small value at ky ~ k3. This owes to the fact that the
electrons remain coupled with the critical spin fluctuations down to lower energy scales at
momenta closer to the hot spots®. However, the interaction effect is cut off before the flow
of v becomes important. We call this range of momentum on the FS the lukewarm region.
For kn < k3, the flow of v becomes important. Since v itself flows to zero logarithmically
at low energies, the power-law momentum dependence crosses over into a superlogarithmic
momentum dependence in this region. In this region, the quasiparticle weight is exponentially
small in 1/vg. We call this range of momentum on the FS the hot region. The momentum-
dependent quasiparticle weight and renormalized Fermi velocity are plotted in Fig. 4.13.

2In Appendix N we provide a quantitative analysis of the momentum dependence of the interaction vertex
function that evidences this feature.
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Eq. (4.116) characterizes the way that the electrons along the FS lose their coherence
due to the strong interaction with the collective mode as the hot spots are approached.
The hot, lukewarm and cold regions can be probed by ARPES experiments. Here, the
UA(fO < ky < kp and have unit quasiparticle weights
since these decouple completely from the spin fluctuations at energies below A¢. The luke-
warm region: Age%/(vocg) < ky < Ajf/(voco) is characterized by a universal power-
law momentum-dependent quasiparticle weight. Finally, the hot electrons with momentum
En < A fe_go /(voco) are characterized by a superlogarithmic decay in momentum of the
quasiparticle weight close to the hot spots.

We now proceed on showing how the results presented in this section change in the
realistic case where the superconducting instability of the system develops at nonzero energy
scales.

cold electrons reside at momentum

4.6-(b) ELECTRONIC SPECTRAL FUNCTION IN THE PRESENCE OF SUPERCONDUCTING
INSTABILITIES

In the presence of superconducting instabilities the single-particle spectral function in Eq.
(4.102) can be trusted only up to energy scales p ~ Afe_gsc, where ¢sc denotes the length
scale above which superconductivity develops. In superconducting states, the single-particle
excitations are gapped out. However, the effects of the critical spin fluctuations are still
present in the spectral function of the electrons whose energies are larger than the supercon-
ducting gap. In what follows we consider the theory in which all four-fermion couplings are
set to zero in the UV. In this case, we have shown that the scale at which superconductivity
develops is such that sc < ¢y and is bounded as in Eq. (4.90). Although the precise form
the scale is unknown, the only relevant information we need is the fact that fsc is much
smaller than the length scale at which the flow of v becomes appreciable. In what follows we
analyze the spectral function in Eq. (4.102) as a function of momentum at a fixed frequency
w g wsc, with wge =T, ~ Afefesc.

At a fixed nonzero frequency, the spectral function displays further crossovers apart from
those that arise at the momentum scales in Eqs. (4.111) to (4.114). These crossovers arise
at a frequency that coincides with the momentum-dependent IR scales of the one-loop and
two-loop fermion self-energies. The momentum scales for the new crossovers are given by

Are—tsc

Ei(k) = Ajefsc, = k;NJ:]T, (4.117)
A se—tsc

By(k) = Ajefsc, = k;g;NfCT. (4.118)

The interplay of these two momentum scales and those in Eq. (4.114) to (4.111) gives rise
to different frequency and momentum dependences that we now discuss in detail. For the
theory under consideration, the momentum scales in Eqs. (4.111) to (4.114), (4.117) and
(4.118) are organized as kf > k3 > kf > k§ > ki > kj. This is a consequence of the fact
that fgc < £p. These are depicted in Fig. 4.14. In this case, Region 4 and Region 5 illustrated
in the ideal case are absent. In Region 1, Region 2 and Region 3 physical observables acquire
power-law momentum dependences because the logarithmic flow of v can be ignored.

Let us analyze the crossovers displayed by Eq. (4.102) as a function of the momentum
along the F'S for the N =1 with k, > 0.
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Figure 4.14: Crossover energy scales in the case in which the onset of superconductivity
occurs at pugc ~ Afe—fsc with fgc bounded as in Eq. (4.90). The hatched region is where
we loose control in our computation. The dotted region is where we cannot resolve the
momentum-dependent properties of the electronic excitations.

(1) For momentum k, > vé\Toe_éSCv the quasiparticle lifetime in Eq. (4.102) becomes
infinite and the the spectral function takes the form:

Ai(k,w) = 21 (ky)d (w — W (ky)es [E; ﬁl(kx)D : (4.119)

where the quasiparticle weight is given by

Ay T
1 oty < ke < K,

Zi(ky) = VANZ-Y) g 4.12
1( m) <’UOCOk'z> ﬂ\/NCNf 1og(10/vo) Ap Ay ( 0)
T Ay voco

—/
voco € <Lk K voco

The spectral function has a well-defined quasiparticle peak at energy,
w(k) = B (k) [1 (ko i + iy (4.121)

This provides the information regarding how the electronic energy levels get renor-
malized by the interaction of the electrons with the critical spin fluctuations for
ky > U/;—goe*ESC. With w £ wsc, the superconducting gap is ignored in Eq. (4.121)
because the spectral function is well approximated by the one in the normal state
at intermediate energy scales. We note that the equal energy contours approach the

renormalized F'S in the zero energy limit. These contours are determined by the Fermi
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velocity given by Eq. (4.120) and the renormalized momentum dependent slope:

Ag _
! N2 v0Co < kx < kFa
S vocoke 7521%:1\1;; vo log(1/vo) A, A
v1(ke) = vo (Tf o K ke < oss) (4.122)

2(N2-1)
v0+/Coka WQJ\?CNf vo log(1/0) Ay
Ay V0C0

el < ky < 5L

For k; > %efzsc, the shape of the momentum-dependent slope coincides with that
of the renormalized FS found in the ideal case without a superconducting instability.
This is because in this region of the momentum space, the interaction between the
electrons and the spin fluctuations is either weak or absent. Therefore resolving the
momentum-dependent profile of the spectral weight and lifetime of the quasiparticles
can be achieved at intermediate frequencies. Furthermore, the infinite quasiparticle
lifetime for electrons is a consequence of the decoupling of the electrons from the spin
fluctuations in this region.

(77) If the momentum of the electron lies within the window %e_fsc L ky K vﬁ—goe_gsc, the
single-particle excitations acquire a finite quasiparticle lifetime. This is a consequence
of the frequency dependent self-energy. The frequency dependence arises because spin
fluctuations remain strongly coupled with electrons down to the frequency scale at
which the electrons are probed. The spectral function in Eq. (4.102) is characterized
by the quasiparticle lifetime and spectral weight in the w(E)/Af < 1 and £y > 1 limits:

- T /NZ-1 o
0= 3 VG togte ™ )
VZ(N2-1) 0
o _ () R
k) = | 3 : (4.124)
f
respectively. The renormalized electronic dispersion is given by
w(k) ~ VW (k) [01 (ko + Ky (4.125)
with the renormalized Fermi velocity and slope,
) vo log(1/vo)
(1) gy = ((Coka ')~ FmNeny R 4.12
ol ) = () , (1.120)
(NZ-1)
R k:p -y .volog(l/vo)
v1(kz) = vo <UX > et (4.127)
f

The scattering rate 1/7’1(E) in Eq. (4.123) is proportional to the renormalized energy

w(k). This non-Fermi liquid behavior is in stark contrast with the one expected from
Fermi-liquid theory, in which the scattering rate decreases much faster than the energy
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in the low-energy limit. As a result, the incoherence parameter introduced in Eq.
(4.103) saturates to a nonzero value,

- r /N2 —
W (kz,w(k)) ~ 2\%]\&;@, (4.128)

—.

in the w(k) — 0 limit. The incoherence parameter decreases with increasing ¢p. The

influence of the spin fluctuations on the electrons becomes weaker for systems with

smaller vy ~ 1/4y because the Landau damping is stronger in systems with FS’s closer

to the perfect nesting. The fact that Eq. (4.128) is independent of the energy implies a

qualitative deviation from Fermi-liquids despite the fact that in the vy < 1, the quasi-

particle excitations with momentum ﬁ—gefesc <Lk, € vﬁ—goe*[SC have parametrically
large lifetimes. This deviation from Fermi-liquid theory is attributed to the strong
interaction between the electrons in this region of the momentum space and the spin
fluctuations. The linear scaling of the scattering rate with the energy is analogous to

that of marginal Fermi liquids [152-154].

(771) For momentum k, < %e,gsc, the situation is similar to the previous case. The
scattering rate and the spectral weight are still given by Eqs. (4.123) and (4.124),
respectively. The only difference is the renormalized energy dispersion: w(lg) is deter-
mined by the self-consistent equation

st B\ H\ %
w(F) (:Eg,)) T :(“X?) v (“’X;)) ko +ky b (4.129)

The dispersion is modified because in this momentum region, w g wsc is sufficiently
large compared to the momentum-dependent IR cutoffs of the one-loop and two-loop
fermion self-energy corrections and these depend only on frequency.

The discussions in (i), (7i) and (i77) summarize how the electronic spectral function
evolves as one approaches the hot spots parallel to the FS at a nonzero energy above the
superconducting gap. Probing electrons above the superconducting transition temperature
allows one to find signatures of a non-Fermi liquid normal state even though the ground state
is a superconducting state. Far away from the hot spots in the momentum space region
described in (i), the spin fluctuations decouple from the electrons at energies larger than
the probing energy w g wsc, and the spectral function exhibits a well-defined quasiparticle
peak. The energy scale at which the spin fluctuations decouple from the electrons depends
on the momentum of the electron. This gives rise to a momentum-dependent spectral weight,
which decays algebraically as the hot spots are approached. In the intermediate region of
momentum discussed in (i7), the spin fluctuations remain coupled to the electrons down to
the probing energy w 2 wsc through the one-loop process. This gives rise to a frequency-
dependent self-energy with a scattering rate that is linearly proportional to the energy.
The two-loop process is suppressed at energy scales higher than the probing energy. In
the region of momentum closest to the hot spots that is analyzed in (iii) , all quantum
corrections survive down to the probing energy, and the self-energy acquires non-trivial
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Figure 4.15: Momentum profile of the quasiparticle weight. The plot in the right panel
is in logarithmic scale. The dotted regions is where we lose resolution on the momentum
dependence of the quasiparticle weight.

frequency dependences from both one-loop and two-loop corrections. The non-Fermi liquid
nature of the normal state manifests itself as the linear scattering rate of ‘high-energy’
electrons in regions (i7) and (7).

4.7 SUMMARY

In this chapter we have considered the low-energy theory of the AFM quantum critical metal
that incorporates all gapless electronic modes. We devised a functional RG scheme that al-
lows us to keep track of the momentum-dependent universal low-energy data of the electrons
across the FS. We have shown that the functional RG scheme is analytically tractable if the
bare coupling functions defined in the UV depend on momentum weakly.

We determined the shape of the renormalized F'S, Fermi velocity and quasiparticle weight
as a function of the momentum along the renormalized F'S. Our results shed light on how
the electrons on the FS lose their coherence as the interaction between the collective mode
and the electrons becomes stronger as the hot spots are approached. Our results reveal
qualitatively different behaviors exhibited by the electrons that depend on their momentum
along the FS. Electrons far away from the hot spots (cold electrons) are not significantly
renormalized by spin fluctuations. Electrons in an intermediate region (lukewarm electrons)
are renormalized by spin fluctuations up to energy scales that depend on the momenta of
the electrons. This gives rise to the quasiparticle weight that decays in a power-law fashion
as the hot spots are approached along the FS. Electrons in the region closest to the hot spot
(hot electrons) remain coupled with spin fluctuations down to the low energy scale at which
the dynamical nesting of the FS at the hot spots becomes significant. This gives rise to a
superlogarithmic decay in the quasiparticle weight.

The energy window in which these features are testable through ARPES experiments
depends on the superconducting transition temperature. Even if the ground state is a super-
conducting state, the non-Fermi liquid nature of the normal state can be extracted from the
electronic spectral function at energy scales larger than the superconducting gap. At nonzero
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energy, the electrons near the hot spots acquire a finite lifetime that scales inversely with
energy. This is a stark deviation from conventional Fermi-liquids, where the quasiparticle
lifetime is inversely proportional to the square of the quasiparticle energy measured from
the Fermi level. Therefore, there are no well-defined quasiparticles near the hot spots. Our
predictions can be tested in ARPES experiments on materials whose F'S are close to nesting.
In particular, our results are in qualitative agreement with ARPES experiments done in the
electron-doped cuprate superconductor Nds_,Ce, CuO444, which show a reduced quasipar-
ticle weight close to the hot spots and a scattering rate that scales almost linearly in energy
[31, 34].
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5 | CONCLUSION AND OUTLOOK

In this thesis we have considered the effective field theory describing the universal low-
energy physics of the commensurate antiferromagnetic quantum critical metal that is relevant
to layered materials such as electron-doped cuprates, heavy-fermion compounds and iron
pnictides.

The nonperturbative approach devised in this thesis consists of a scaling ansatz motivated
from the controlled perturbative analysis of the theory close to its upper critical dimension
[148] and a resummation of an infinite number of quantum corrections which cannot be
captured by perturbative approaches. The nonperturbative solution is asymptotically exact
in two dimensions due to a dynamically generated small parameter associated with the
quasi-local nature of the non-Fermi-liquid metallic state realized at the transition [142, 148].
In two dimensions, our results deviate from those obtained by previous theoretical works
[131-134, 186, 215]. In particular we predict the dynamical critical exponent z = 1 at
the low-energy fixed point, which differs from previous approaches that invariably predicted
z # 1. Some qualitative features, however, are shared with those approaches. Amongst these
are the prediction of an emergent nesting of the Fermi surface at the hot spots on the Fermi
surface and a vanishing quasiparticle weight at these points. Comparing our predictions
with known experiments on electron-doped cuprates [31-34|, we find qualitative agreement,
although experiments with higher precision are required for a more quantitative comparison.

The nonperturbative approach used in two dimensions has been extended to dimensions
between two and three. We have explicitly shown that critical exponents vary smoothly
with dimension. However, the perturbative analysis valid near the upper critical dimension
fails to capture the full scaling form of the physical observables. This is attributed to
an emergent noncommutativity between the low energy limit and the limit in which the
physical dimensions are approached. Using the effective field theory for the antiferromagnetic
quantum critical metal as a model theory, we have exposed the merits and subtleties of
renormalization group schemes based on dimensional regularization. It reveals the subtleties
that arise in extrapolating results obtained from e expansions to physical dimensions.

The nonperturbative approach we constructed in this thesis is applicable to the antiferro-
magnetic quantum critical metal. However, it is plausible that there is a class of effective field
theories relevant to condensed matter systems that can be addressed with a similar nonper-
turbative approach. The results of this thesis adds to the small number of well-understood
non-Fermi liquid metallic states and opens the door to the study of their equilibrium and
out-of-equilibrium properties. Our work also provides a platform to study instabilities of the
non-Fermi liquid metal towards a superconducting state.

Understanding the interplay between superconductivity the critical spin fluctuations calls
for a low-energy theory that incorporates electrons that reside away from the hot spots on
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the Fermi surface. In this thesis we have constructed a functional renormalization group
scheme that incorporates the intrinsic momentum dependence of the interaction between the
collective mode and the electrons. This scheme provides a theoretical framework for metallic
states with or without quasiparticles that are characterized by an infinite amount of data in
the low-energy limit. In this approach it is found that the antiferromagnetic quantum critical
metal in two dimensions host both non-Fermi-liquid-like and Fermi-liquid-like excitations
along the Fermi surface. The quasiparticle excitations of the metal are characterized by a
quasiparticle weight that decays as the hot spots are approached along the Fermi surface. The
momentum-dependence of the quasiparticle weight allows for a sharp distinction between the
different physics displayed by low-energy electrons. In particular, a momentum independent
quasiparticle weight close to unity distinguishes cold electrons from lukewarm ones, whose
quasiparticle weight decays as a power-law in momentum. As the electrons go closer to the
hot spots, the power-law decay in momentum of the quasiparticle weight crosses over to
a superlogarithmic decay. We find qualitative agreement with measurements in electron-
doped cuprates which show a decaying quasiparticle weight close to the hot spots on the
Fermi surface [31, 34].

The formalism developed in this thesis opens the gate for a more quantitative study of
the superconducting instability in the antiferromagnetic quantum critical. It also opens the
gate for the future understanding of transport properties of the metal and its interaction
with magnetic and non-magnetic impurities where all electrons on the Fermi surface become
active in the long wavelength limit.
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APPENDIX A | PROOF OF THE UPPER BOUND FOR GENERAL
DIAGRAMS

In this appendix, we prove the upper bound in Eq. (2.8) for general diagrams arising as
quantum corrections to the action in Eq. (3.18) in 2 < d < 3. We do so by assuming that
the fully dressed boson propagator is given by Eq. (3.21) with the collective mode’s velocity
given by Eq. (3.28) and that the latter satisfies the hierarchy of velocities v <« ¢(v) < 1 in
the small v limit.

Since the boson propagator is already fully dressed, we do not need to consider boson self-
energy corrections within diagrams. The magnitude of a diagram is not simply determined by
the number of vertices because in the small v limit patches of the F'S become locally nested,
and the collective mode loses its dispersion. When a loop is formed out of dispersionless
bosons and nested fermions, the loop momentum along the FS becomes unbounded. For
small but nonzero v and ¢(v), the divergent integral is cut off by a scale which is proportional
to 1/v or 1/c(v). This gives rise to enhancement factors of 1/v or 1/¢(v). Since the velocity
along the co-dimensional directions of the FS are set to one, these enhancements come
only from integrations over the two-dimensional spatial momentum, and therefore these are
independent of the space dimensionality. Our goal is to compute the upper bound of the
enhancement factors for general diagrams in dimensions 2 < d < 3. A diagram is maximally
enhanced when all the patches of the FS involved in the diagram are nested. Since the
patches are nested pairwise (1 and 3, and 2 and 4) in the small v limit, it is enough to
consider diagrams that are made of patches 1 and 3 to compute the upper bound without
loss of generality. Diagrams which involve all four patches are generally smaller in magnitude
than those that involve only 1 and 3 or 2 and 4 for fixed L, Ly, E/, where L is the total
number of loops, Ly is the number of fermion loops and E is the number of external legs.
We first show that Eq. (2.8) holds for an example. Then we provide a general proof in the
following section. In what follows we use the fact that, for the theory under consideration,
V =2L + E — 2, where V is the number of vertices in the diagram. We further denote by
G(L, Ly, E) a diagram with L loops, Ly fermion loops and E external lines.

A.1 AN EXAMPLE

The diagram in A.1(a) is a fermion self-energy with one fermion loop and three other loops,
which we call “mixed loops”. For simplicity, we set the external momentum to zero. This
does not affect the enhancement factors of 1/¢(v) and 1/v which originate from large internal
momenta. We label the loop momenta as shown in A.1(b). With this choice, each mixed
loop momentum p; with ¢ = 1,2,3 has a boson line that carries only p;, and the fermion
loop momentum p4 has a fermion line that carries only p4. These four propagators, denoted
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E, E; E,
(c)

Figure A.1: (a) A four-loop diagram with one fermion loop. The numbers next to the fermion
lines represent the patch indices. (b) The four exclusive propagators are denoted as dashed
lines. The remaining propagators represent the connected tree diagram. Loops (closed solid
lines) are chosen such that each loop momentum goes through only one of the exclusive
propagators. (c¢) The seven internal fermion propagators whose energies are denoted as Ej
with 1 <1 < 7. Fq, Fs, .., F5 are used as new integration variables along with p; = c(v)pix
with ¢ = 1, 2,3, as discussed in the text.

in A.1(b) by dashed lines, are called “exclusive propagators”. In the next section, we show
that it is always possible to find such exclusive propagators for every loop momentum in a
general diagram. The diagram in A.1(a) is written as

1
) L-‘ Py + 'Yd1E1:|

1
94, 1,2) ~ v /Hd” H\P T (o)1 (pya

1 1 1
| I Il | o
' Pi+vi1E2] |[T-(P1+P2)+74-1E3| [T (P1+Pa+P3)+74-1E4
1 1

< I
T. (P4—P1) —{—’}/d_lEg, F'(P4—P1 —
1

X
P14+ Py + P3|97t + c(v)4Y(|p1e + p2o + P37 + [p1y + Doy + 03y

1
P3) + ’Yd—lEJ {I‘ - (Ps—P1 —Py—P3) + 7d—1E7]

dfl)’

where we have used the notation 1/A = A~! to denote the inverse of the matrix A, p, =
(P, p,) is the set of internal frequency and momenta, and E; represents the energy of the
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fermion in the ith fermion propagator as denoted in A.1(c),

Ey = vpsg + pay,
Ey = vp1z — p1y,
B3 =v(p1a + p2e) + (Pry + p2y),
Ey =v(p1ax +p2az +P3z) — (P1y + P2y +P3y), (A.2)
Es = v(pag — p1a) + (Pry — Pay),
Eg = v(pap — p1o — P2.e) — (Pry + P2y — Pay),
E7 =v(paz — p1a — P2w — P3a) + (P1y + P2y + D3y — Pay)-
Since frequency and co-dimensional momenta integrations are not affected by v and ¢(v),
we focus on the two-dimensional spatial components of momenta from now on. Our aim is

to change the variables for the internal momenta so that the enhancement factors of 1/v
and 1/c(v) become manifest. As our first three new variables we choose p;- = ¢(v)pj,» With

1 < j < 3. The last five variables are chosen to be p2+3 = E; with 1 <[ < 5. We write the
transformation between the new variables and the old ones as

UP1,x
VP2,
Y41 Up3.x
p: W, o 0
.2 _[ols O U4z ’ (A.3)
X A \Y% pl,y
plg P2y
P3y
Pay
where the matrices A and V are written as
0O 0 0 1 0 0 0 1
B 1 00 B 0 -1 0 0 0
A=]1 1 0], V=|0 1 1 0 0|, (A.4)
1 1 1 0O -1 -1 -1 O
-1 0 0 1 1 0 0o -1

and 3.3 is the 3 x 3 identity matrix. For non-zero v and c¢(v), the change of variables
is nondegenerate, and the Jacobian of the transformation is [2¢(v)3v]~!. We show in the
following section that such a nondegenerate choice is always possible for general diagrams. A
simple mnemonic is that each fermion loop contributes a factor of 1/v because of the nesting
of the FS at the hot spots in the small v limit, while each mixed loop contributes a factor
of 1/¢(v) because of the vanishing boson velocity.

In the new coordinates, the momentum integration in Eq. (A.1) becomes

1 8
o~ i 110 [ o) [

7j=1

Rlp], (A.5)

“ Tt Yd— 1p1
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where ﬁ[p/] includes the propagators that are not explicitly shown and the ellipsis denote the
frequency terms that are unimportant in the determination of the diagram’s upper bound.
Now, we can safely take the small ¢(v) limit inside the integrand, because every momentum
component has at least one propagator which guarantees that the integrand decays at least
as 1/ p;. in the large momentum limit. Therefore, the integrations are UV convergent up to
potential logarithmic divergences. To leading order in small v, the diagram scales, at most,
as

G(4,1,2) ~ <C(“U)>3 (A.6)

up to potential logarithmic corrections in v. It is noted that the upper bound as a function

of v and ¢(v) is independent of the space dimension.

A.2 GENERAL UPPER BOUND

Here we provide a general proof for the upper bound, by generalizing the example discussed
in the previous section. We consider a general L-loop diagram that includes only fermions
from patches 1 and 3:

L Iy
2L+ E—2 1
G(L, ;. E) ~ 0™ / T (]
r=1 =1 T K+ 741 vk e + (—1)"2 kl,y}

(A7)

Iy
1
X .
LI:II [QulT T (o) (g1 + |qm,y|d1>]

Here, Iy (Ip) is the numbers of internal fermion (boson) propagators. p, = (P,,p,) is the
set of internal momenta. k; = (K, k) [gm = (Qum,@n)| represents the momentum that
flows through the Ith fermion (mth boson) propagator. These are linear combinations of the
internal momenta and external momenta. The way k; and ¢,, depend on p, is determined
by how we choose internal loops within a diagram. n; = 1,3 is the patch index for the /th
fermion propagator. Since the frequency and co-dimensional momentum integrations are not
affected by v and c(v), we focus on the spatial components of momenta from now on.

It is convenient to choose loops in such a way that there exists a propagator exclusively
assigned to each internal momentum. For this, we follow the procedure given in Sec. VI of
Ref. [177]. For a given diagram, we cut internal propagators one by one. We continue cutting
until all loops disappear while the diagram remains connected. First, we cut one fermion
propagator in every fermion loop, which requires cutting Ly fermion lines. The remaining
L., = L— Ly loops, which we call mixed loops, can be removed by cutting boson propagators.
After cutting L lines in total, we are left with a connected tree diagram. Now we glue the
propagators back one by one to restore the original L-loop diagram. Every time we glue
one propagator, we assign one internal momentum such that it goes through the propagator
that is just glued back and the connected tree diagram only. This guarantees that the
propagator depends only on the internal momentum which is associated with the loop that
is just formed by gluing. In gluing L fermion propagators, the associated internal momenta
go through the fermion loops. The L,, mixed loops necessarily include both fermion and
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boson propagators. After all propagators are glued back, L internal momenta are assigned
in such a way that for every loop momentum there is one exclusive propagator.
With this choice of loops, Eq. (A.7) is written as

L Lm
OL+E—2 1
G(L,Lf,E)~v 2 / dp, »dpr, ||
f r|:|1 rxAPr,y R + ()41 p; L |1 4 c(v)d1[p; |41

) (A.8)

1
* 111 4 vi-1E(p) Ripl

Here, the ellipsis denote the frequency and co-dimensional momentum parts of the prop-
agators that play the role of cutting any IR divergence in the integrations over the spatial
momenta. Our focus is on the UV divergence that arises in the spatial momentum inte-
grations in the limit of small v and ¢(v). The first group in the integrand represents the
exclusive boson propagators assigned to the L,, mixed loops. Each of the L,, boson prop-
agators depends on only one internal momentum due to the exclusive nature of our choice
of loops. The second group represents all fermion propagators. Ej(p) is the energy of the
fermion in the /th fermion propagator which is given by a linear superposition of p,, and
Dry. R[p] represents the rest of the boson propagators that are not assigned as exclusive
propagators.

Our strategy is to find a new basis for the loop momenta such that the divergences in
the small v and ¢(v) limit become manifest. The first L,, variables are chosen to be ¢(v)p; 4
with j = 1,2, .., Ly, while the remaining 2L — L,,, variables are chosen among the Ej(p). This
is possible because Iy > (2L — L;,) for diagrams with £ > 0. We express p;- = ¢(v)pj,» and
E;(p) in terms of vp, , and p,, as

UP1,x
, VP2,
Py
Py
. Uanua:
. UPL+1,x
/ MH O m 5
PLop | — [ 7o HomxLm : ) (A.9)
Eq A \Y%
E2 UPL,x
Py
D2y
Er, .
PLy

Here 1z, x1,, is the Ly, x Ly, identity matrix. A;; = (1/v)(0E;/0pj.) with 1 <1 < I
and 1 < j < L,,. Visan Iy x (2L — Ly,) matrix whose first L — L,, columns are given by
Vii-rn,, = (1/v)(0E;/0pi ) with Ly, +1 <4 < L and the remaining L columns are given
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k k—+q
(a) (b)

Figure A.2: (a) The vertex that describes the process where a boson is absorbed by a fermion.
(b) For a boson momentum ¢, there exists a unique k such that 1(k;v) = e3(k + ¢;v) =0
for v # 0. The solid lines depict the local F'S at hot spots n =1 and n = 3.

by Viit(L—1m) = (0E/Opiy) with 1 <i < L. Now we focus on the lower right-hand corner
of the transformation matrix which governs the relation between ET = (Ev, Ea, .., Er,) and

ﬁT = (vme+1,x7 -y UPL,z, Ply, -pr,y) when Pjax = 0 for 1 < j < Lm7
E=VP. (A.10)

The matrix V can be viewed as a collection of 2L — L,,, column vectors, each of which have
Iy components. We first show that the 2L — L,;, column vectors are linearly independent.

If the column vectors were not linearly independent, there would exist a nonzero P such
that VP = 0. This implies that there exists at least a one-parameter family of z and y
momenta in the Ly fermion loops and y momenta in the L,, mixed loops such that all
internal fermions lie on the FS (i.e., E = 6) However, this is impossible for the following
reason. For v # 0, a momentum on an external boson leg uniquely fixes the internal momenta
on the two fermion lines attached to the boson line if both fermions are required to have zero
energy. This is illustrated in Fig. A.2. Similarly, a momentum on an external fermion leg
fixes the momenta on the adjacent internal fermion and boson lines if the internal fermion
is required to have zero energy and only the y component of momentum is allowed to vary
in the mixed loops. Once the momenta on the internal lines attached to the external lines
are fixed, those internal lines in turn fix the momenta of other adjoining internal lines. As
a result, all internal momenta are successively fixed by external momenta if we require that
E; = 0 for all [. Therefore, there cannot be a nontrivial P that satisfies VP = 0. This
implies that the column vectors in V must be linearly independent.

Since V is made of (2L — L,,) independent column vectors, it necessarily includes (2L —
L,,) independent row vectors. Let the l;th rows with k = 1,2,.., (2L — L,,) be the set of
rows that are linearly independent, and V be a (2L — Ly,) x (2L — Ly,) invertible matrix
made of these rows. We choose pleJrk = F, with k =1,2,..,(2L — L,,) as the remaining
(2L — L,,) integration variables. The transformation between the original 2L momentum
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variables and the new variables is given by

UP1,x
VP2, x
Py
Pl <) 0 v
S e B el (A.11)
. A 4 D1y
Por, P2y
DLy

where A is a (2L — Ly,) X Ly, matrix made of the collection of the lith rows of A with
k=1,2,.,(2L — Ly). The Jacobian of the transformation is given by Y_lc(v)_Lmv:Lf.
Here, Y = |det V] is a constant independent of v and ¢(v), which is nonzero because V is
invertible.

In the new variables, Eq. (A.8) becomes

2L L,
E-2 / ].
G(L,L, E ~v2+LLfchm/ dp; ;
bt ) ot J e o
(A.12)
2L 1 _
x — | Rp].
Zg—f—l © T Yd-1p

Every component of the loop momenta has at least one propagator which guarantees that
the integrand decays at least as 1/ p} in the large momentum limit. R[p] is the product of
all remaining propagators. Therefore, the integrations over the new variables are convergent
up to potentially logarithmic divergences. As a consequence, a general diagram is bounded
from above by

[~ <C(“U)> oY : (A.13)

up to logarithmic corrections in v. Diagrams with large (L — Ly) are systematically sup-
pressed for v < ¢(v). This bound can be checked explicitly for individual diagrams. We
end by stressing the fact that Eq. (A.13) is independent of the space dimension because the
boson propagator in Eq. (3.21) depends on ¢, and g, only through c(v)q and the velocities
along the extra co-dimensions are fixed to one.
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APPENDIX B | REGULARIZATION AND RG SCHEME

In this appendix we introduce the RG scheme used to analyze the low-energy universal
features stemming from the minimal local action in Eq. (3.18) in dimensions 2 < d < 3. In
particular, the results presented in Chapter 2 follow from the d = 2, N, = 2 and Ny = 1
case of the scheme we introduce in this appendix. Quantum corrections are computed with
the self-consistent boson propagator in Eq. (3.21). Under the interaction-driven scaling, the
Yukawa vertex is marginal in any dimension between two and three. As a result, we expect
logarithmic divergences in this dimensional range. We regularize the theory by introducing
two UV cutoffs: A in the frequency and co-dimensional momentum space that is SO(d — 1)
symmetric, and A in the original two-dimensional momentum subspace. We assume that
these are comparable in magnitude. Notice that for d = 2, A acts as a cutoff on the
frequency domain only. We add the following local counterterm to the action in Eq. (3.18)
to make low-energy physical observables independent of the UV cutoff scales:

4 N. Ny

§GT = Z Z Z/dk; U, (k) [z’AlI‘ K+ ivd—ﬁn(E; v)} VoK)
n=1o0=1 j=1 (B 1)
Ne Ny |

. 4
184/ B
A jﬁff )OI DI B KLY EVR ARURRIE e S o)
n=1 0',0":]_ j:1

Here, gl(E; v) = Agvk, + Asky, 52(];:; v) = —Azk, + Asvky, 53(12; v) = Asvk, — Ask, , and
54(12:; v) = Aszky + Asvky. The Als are momentum-independent counterterm coefficients.
Adding this counterterm action to Eq. (3.18) yields the renormalized action,

4 N, Ny
Sgen = Z Z Z/dkB \Iln,a,j;B(kB) |:i]:‘ . KB -+ ’i’}/d_1€n(l€3; UB) \11n707j73(k3) (BQ)
n=1o0=1j=1
Ne Ny

. 4

184+/V _

\d/N—B E E E /dkB/dQB V5 0.5:B(kB + 4B)®B.0o’ (4B)Yi-1¥Yn,0' j:B(kB)-
o n=lo0/=1j=1

The renormalized frequency, momenta, fields and velocity are related to the bare ones via
the multiplicative relations:

Z
Kp=24

+

ZQ 1 1

K, kp=Fk wp=>"2v, Uplkp)=Z22V(k), & ®p(kp)=Z2®(k), (B.3)

Z3 Zs

where Z; = 1+ A;, Zy = Z3(Z3/21)%Y, Zo = (Z3/Z1)X4~Y) [Z2/(Z325)], and the field
indices have been suppressed. The renormalized action gives rise to the quantum effective

116



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

action that can be expanded as

LT, 0,0}, v = 3 S TC™[(T, 0,8}, v 4, (B.4)
m=0n=0
where
2m+n m 2m+n
T (T, v = | [ [ak| o s (k- Y K (B.5)
j=1 j=1 j=1+m

X F(Zm,n) (k‘l, e ak2m+n—17 V; ,u) @(kl) . @(km)qj(kl—i—m) e \I/(kgm)q)(k1+2m) tee q)<kn+2m)-

Here, I'®™™) (k1. ... kymin_1,v; 1) denote the one-particle irreducible (1PI) vertex func-
tions that implicitly depend on all discrete indices. The summation over these indices has
been left implicit. The counterterm coefficients in Eq. (B.1) are fixed by the renormalization
conditions imposed over the vertex functions:

1 0 ~
———_Tr |(K-T)I*9(k) ‘ =1+ F(v; A ), n=1,2,3,4, (B.6)
2i 0K? { } K| =0
1 0 (2,0) ~
o I |va-1 1,2y (k) =v |1+ B(v; A A )| (B.7)
2i Ok, { ! } K| =0,k =11,y =0 [
L9 g 9 =14 F3(v; A A; B
% k. [%171 et ( )} =1+ F3(v; As A ), (B.8)
L ORy |K|=0,kz=0,ky=p

=1+ F(viAAp),  n=1,234, (B9

1
ST [ DD (k,q)| )
q=0,|K|=p,k=0

which follow from a minimal subtraction scheme. Here, we have left implicit the dependence
of the vertex function on v. u is an energy scale at which the physical observables are
measured and the Fi(v;]\;A; p) are functions that vanish in the small v limit and are, in
principle, dimension-dependent. These functions become independent of the UV scales A
and A in the A/p > 1 and A/p > 1 limits. The conditions in Eqs. (B.6) to (B.8) fix the
fermion two-point function at the n = 1 hot spot. These also fix the two-point function of
fermions at the other three hot spots by the Cy symmetry of the theory. Finally, Eq. (B.9)
fixes the interaction vertex at each hot spot.

Since the bare quantities are independent of the running energy scale p, the 1PI vertex
functions obey the RG equation for any fixed pu:

2m+n—1
- 0
[ Z (ZKi'vKi +7€¢'V,;i) —5v8*+m(277\1f —(d+2)) +n(ne —d)
i=1 v (B.10)

+@2m+n—1)2+ 2(d—1)| T ({k;},v; ) = 0,

which is obtained by combining the fact that, under the interaction-driven scaling, the vertex
functions have engineering scaling dimension

[ (k) v p)] = —md —n +d+1 (B.11)
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and that the bare vertex functions are related to the renormalized ones via

Z7m 75 P (k) o). (B2)

- " 7 (d—1)(2m+n—1)
P2 (e 5, v A, Y] = (3>

A

The dynamical critical exponent, the beta function for v, and the anomalous scaling dimen-
sions of the fields appearing in Eq. (B.10) are given by

d Z3

=1—-——I — B.13

: dlog Og<21>7 (B.13)

dv
U: ) B].4
B dlog (B.14)
1d10gZ\If(‘I>)
= —— B.15
Ny (@) 2 dlog i ( )

respectively. Here ng and ng denote the deviations of the scaling dimensions of the fields
from the ones predicted by the interaction-driven scaling (not the Gaussian scaling).
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APPENDIX C | DERIVATION OF THE SELF-CONSISTENT BOSON
SELF-ENERGY IN d = 2

In this appendix, we present the derivation of the self-consistent boson self-energy for the
theory in two dimensions with N, = 2 and Ny = 1. In particular we derive Eqgs. (2.6) and
(2.7) from Eq. (2.9).

The one-loop quantum effective action of the boson generated from Fig. 2.2(b) is written
as

ST = 4 [ da o) T2 a), (1)

where the one-loop boson self-energy is defined as
4
a0, ) = —m0 Y [k Tr [ G0k 0)nG (k + giv)] (C:2)
n=1

with the bare fermion propagator oSy (k;v) given by Eq. (2.10). The integration of the
spatial momentum gives

dko (ko + go)ko
" (qo, q) = —7T/ 0 . C.3
0D =7 | o) Tho + ol )

The kg integration generates a linearly divergent mass renormalization which is removed by
a counterterm, and a finite self-energy:

11" (g0, §) = |qol- (C.4)

Since the one-loop self-energy depends only on frequency, we have to include higher-loop
diagrams to generate a momentum-dependent quantum effective action, even though they are
suppressed by powers of v compared to the one-loop self-energy. According to Eq. (2.8), the
next leading diagrams are the ones with L —L; = 1. Amongst the diagrams with L —L; = 1,
the only one that contributes to the momentum-dependent boson self-energy is shown in Fig.
2.2(c¢). In particular, the two-loop diagram that includes a fermion self-energy insertion does
not contribute (See Appendix G for a proof). Since the two-loop diagram itself depends
on the unknown dressed boson propagator, we need to solve the self-consistent equation for
D(q) in Eq. (2.9). Here, we first assume that the solution takes the form of Eq. (2.6) with
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v < c¢(v) < 1 to compute the two-loop contribution, and show that the resulting boson
propagator agrees with the assumed one. The two-loop self-energy reads

2L, 7'('2'(]2 4 1
n=1

ko + po — ien(E + 7 v)} [ko —ien(F; )

(C.5)

1
X D(p) + c.c..

(ko +do0 — ien(F + @ 0)| [ko + o+ a0 — iz(E + 57+ G v)]

Here, “c.c.” denotes the complex conjugate. Straightforward integrations over k and ko give

I°" (g0, q) = _%v f:/dp
=t (C.6)

90| — |pol
" { [(Po + q0) — ien(P'+ ¢;v)][(q0 — po) — ien(q — Piv)] } D(p) +c.c..

Since the frequency-dependent self-energy is already generated from the lower order one-loop
graph in Fig. 2.2(c), we focus on the momentum-dependent part. This allows us to set the
external frequency to zero to rewrite Eq. (C.6) as

.= "3 [a] ol bow.  (©n
4~ [ipo + en(P'+ G v)][ipo + en(F — G )]

After subtracting the linearly divergent mass renormalization, AII?"(¢) = 112(0, ¢)—11?"(0, 0)
is UV finite, and given by

4
v
A ="y [ ap
n=1

(C.8)
y \pol}"lL(") (po, P, ¢;v) D(p)
o8+ e+ @ 003 + a6 = @ 010 + a0 + en(h0)?] [0
where
FHO o, 7. 50) = [ + 2n(Pi )l + ea(pio)ipo — e+ Eollipo — @ = G0N (o

— [P} + enl(D + @ v)?1[P§ + n (5 — G 0)?)[ipo — (i v)][ipo — £n (5 v)].
Now we consider the contribution of each hot spot separately. For n = 1, the dependence
on g, is suppressed by v compared to the g, -dependent self-energy. Therefore, we set g, = 0
for small v. Furthermore, the p, dependence in D(p) can be safely dropped in the small
c(v) limit because e1(p;v) and e3(p;v) suppress the contributions from large p,. Rescaling
the momentum as (po, Pz, Py) — |qy|(Po, Pz/c(v), py) followed by the integration over p,, we
obtain the contribution from the hot spot n =1,

AH2L(1)(q‘) = 8:(7;)|Qy|/((;1;(-))/ ((;1::)
R R

y { [1 + pd — 3p2w(v)?]p3 1 }
(5 + w(v)?p2][pg + [w(v)pe — 112{p§ + [w(v)pe + 1]2} |pol + |p| J

(C.10)
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ENERGY SCALING DyNAMICAL CRITICAL EXPONENT
0] > A 90| ~ <ol z=1
A < o] < A ol ~ <31 12/A 2=2
a0l < “4°A g0l ~ e(v)(laz | + la, ) =1
(a)
ENERGY SCALING DYNAMICAL CRITICAL EXPONENT
g0l > <A g0 ~ colq’ e=1
R <ol < <28 Jgol ~ y/e(w)A(lgo| + lay) o=l
lqo] < A 90| ~ c(v)(|gz| + lgy!) z=1

(b)
Table C.1: (a) The energy-dependent dynamical critical exponent for ¢y > c(v). (b) The

energy-dependent dynamical critical exponent for ¢y < ¢(v).

where w(v) = v/c(v). In the integrand, we can not set w(v) = 0 because the integration
over p, is logarithmically divergent in the small w(v) limit:

dp(] 1
AITZLD (7)) = v /
(@ 16¢(v) 2] (2m) 1+ pd
R (C.11)
X |2log L) 2po cot " (po) + pg log i + Olw(v)]| -
w(v) 1+ pj
Finally, the integration over py gives
1
AT (g) = Bl [0 (1) . 12
(@)= 2 Jiog = ) = 1+ Olu(o) (©12)

In the small w(v) limit, the first term dominates. Hot spot 3 generates the same term, and
the contribution from hot spots 2 and 4 is obtained by replacing ¢, with ¢,. Summing over
contributions from all the hot spots, we obtain

aret() = g stog (20 a4l + 0 (15 (C.13)

The two-loop diagram indeed reproduces the assumed form of the self-energy, which is
proportional to |g;|+ |gy| to the leading order in v. The full Schwinger-Dyson equation now
boils down to a self-consistent equation for the boson velocity,

c(v) = — log<c(”)). (C.14)
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From here ¢(v) is solved in terms of v as

o1 1 oo (1 [+ (st e

This is consistent with the assumption that v < ¢(v) < 1 in the small v limit.
The full propagator of the boson which includes the bare kinetic term in Eq. (2.1) is
given by

_ 1 .
D(q)™" = lqo] + c(v)(|ga] + lgy|) + = (45 + <51q17] (C.16)

where A is a UV scale associated with the coupling (See discussion in Sec. 2.2). Depending
on the ratio between c(v) and cp, which is determined by the microscopic details of the
theory, one can have different sets of crossovers.

For ¢y > ¢(v), one has a series of crossovers from the Gaussian scaling with z = 1 at
high energies, to the scaling with z = 2 at intermediate energies and to the non-Fermi liquid
scaling with z = 1 at low energies. In the low-energy limit, the system eventually becomes
superconducting. For ¢y < ¢(v), on the other hand, the z = 2 scaling is replaced with a
scaling with z = 1/2 at intermediate energies. These crossovers are summarized in Tables

C.1(a) and C.1(b).
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APPENDIX D | DERIVATION OF THE BETA FUNCTION FOR v IN
d=2

In this appendix we derive the beta function of v given in Eq. (2.13) for the two-dimensional
theory with N. =2 and Ny = 1. We first compute the counterterms that need to be added
to the minimal local action such that the quantum effective action is independent of the UV
cutoff scales to the lowest order in v. We proceed by making use of the d = 2 case of the RG
scheme introduced in Appendix B and by setting N. = 2 and Ny = 1. We further derive
the beta function of v and its solution, which confirms that v flows to zero in the low-energy
limit.

D.1 FREQUENCY-DEPENDENT FERMION SELF-ENERGY

According to Eq. (2.8), the leading order fermion self-energy is generated from Fig. 2.3(a)
in the small v limit. The one-loop fermion self-energy for the electrons on patch n is given
by

- 3mv
ZlL(”)(ko,k:) =5 dp 71Gg))(p+ k;v)y1D(p), (D.1)

where the dressed boson propagator D(q) is given in Eq. (2.6) and the bare fermion propa-
gator G,(lo)(k; v) is given in Eq. (2.10). We first compute Eq. (D.1) for n = 1. The quantum
correction is logarithmically divergent, and a UV cutoff Ais imposed on p,, which is the
momentum perpendicular to the FS for n = 1 in the small v limit. However, the logarith-
mically divergent term is independent of how the UV cutoff is implemented. To extract the
frequency-dependent self-energy, we set k = 0 and rescale (Po, Pz, Py) = kol (o, P2/ c(v), Py)
to rewrite

Brv po+1
2¢(v) /dp { {(o + 1)% + [w(w)ps — pyl?} [[Pol + [p| + c(v)|pyl]

where w(v) = v/c(v). Under this rescaling, the UV cutoff for p, is also rescaled to Ag =

S kg, 0) = iyoko

}, (D.2)

A/|ko|. The po integration gives

Ao

R ) 3v dp dp,
ElL(l)(ko,O):wok%c(v) / (273)]1{/(27) (D.3)

—Ao
{” [ Py — w(v)p.| B lpy — w(v)pa|
2 |lpy —w(@)pae]* + [1 = [pa] — c(v)lpyl]*  [py — w()pa]® + [1 + [pe| + c(v)lpyl]?
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B [ [py — w(v)ps]arccotpy — w(v)ps] N [py — w(v)ps]arccotpy — w(v)ps] ]
[py — w(W)ps]? + [1 = |pa| — c(v)|py|]* [Py — w(v)p2]? + [1 + [pa] + c(v)[pyl]?
1 (11 Py = w()p:]? 1+ |pa| + c(v)|py|
Tl < [|pz| + c(v)|py|]? > [[Py —w(V)pg]? + [1 + |pz| + c(v)|pyl]?

_ [Pz + c(v)py| = 1 ]}
[Py — w()pa]® + [1 = |p2| = c(v)lpy[1* ]

The logarithmically divergent contribution is obtained to be

S 3 v K

in the small v limit. The self-energy for other patches is obtained from a series of 90°
rotations, and the frequency-dependent part is identical for all patches. In order to remove
the cutoff dependence in the quantum effective action, we add the counterterm,

Z 2. /dk Uy, o (k) (Z1i70k0) Uno (k) (D.5)

n=1o="1,1

Zy = _éf;rc(vv) log (2) , (D.6)

where p is the scale at which the quantum effective action is defined in terms of the renor-
malized velocity v (i.e., the scale at which the renormalization condition given in Eq. (B.6)
is imposed in d = 2). The counterterm guarantees that the renormalized propagator at the
scale p is expressed solely in terms of v in the A/u — oo limit.

with

D.2 MOMENTUM-DEPENDENT FERMION SELF-ENERGY

To compute the momentum-dependent fermion self-energy, we start with Eq. (D.1) forn =1
and set kg = 0. Rescaling p, — py/c(v) gives

% x E;
SI0(0,F) =~ g7 [ dp w(w)pe — By + 5(k0) (D7)
e(v) {8+ [w@)ps = py + (ks )2 1m0l + 22| + €(0)1py |
The integration over py results in two terms
S (0, F) = SO ) + 2O (), (D.8)
where
1L(1)(E) / dpy / dp, sgn[w(v)p, — Dy + 53(E? V)][|pz| + C(U)‘py” (D.9)
(2m) J (2m) [p, — e3(k;v) — w(v)pa]? + [Ipa] + c(v)|py[]?
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—

. [[pa+c(v) py 1
" / dpy / dpq [py_gg(k’”)_w(”)px]log([py—is(ém—i?v)pz]?)
Y1 —
1) | @m) ) @m) [, — eo(Fiv) — w()pel? + [lpel + )y 2

2, V() = -

. (D.10)

We first compute the remaining integrations in Eq. (D.9). After performing the p, integra-
tion, we rescale p, — |e3(k;v)|py to obtain

A
1L(1) 7 v . - 3 dp
X ( )(k‘) = 86(1))1%63(1{:;7})/ Y

_As (27)
X [m {sen [py — 14 c(v)w(v)|pyl] +sgn [py — 1 — c(v)w(v)|py|]} (D.11)

U [ ) w(v) (py = 1) + <)l
L+ w(v)? py — 1+ c(v)w(v)|py| 1 = py + c(v)w(v)|py|
) L c(v)?w(v)?p2 + (py — 1)* + 2c(v)w(v) Ipy — 1| |py|
_ og
w(v) w(v)? [c(v)2p§ + (py — 1)2}

] + arctan [

1
— 2arctan <
w(v)

where Az = A/|es(k;v)| is the ratio that cuts off the divergence of the integral in the large
py regime. The remaining p, integration gives

EHWQ_&@www@m%<@(

47

?w =

)|> 17153(12:’; v), (D.12)

to the leading order in v up to terms that are finite in the A > |e5(k; v)| limit.
The integrations in Eq. (D.10) can be computed in a similar way and, in the small v
limit, we obtain

. 3 1 A o
E%L(l) (kj) = _ﬁ ’UlOg <C('[))> log <|€3(EU)’> Z’Y]_Eg(k; ’U), (D13)

up to UV-finite terms. It is noted that Eq. (D.13) is dominant with respect to Eq. (D.12)
in the small v limit.

According to Eq. (2.8), the upper bound for the one-loop fermion self-energy is v/c(v).
However, Eq. (D.13) is strictly smaller than the upper bound. The extra suppression by
c(v) arises due to the fact that the external momentum in Fig. 2.3(a) can be directed
to flow only through the boson propagator, and the diagram becomes independent of the
external momentum in the small ¢(v) limit. Since this suppression does not happen for
higher-loop diagrams in general, the one-loop diagram becomes comparable to some two-
loop diagrams with L — Ly = 2. Therefore, we have to include the two-loop diagrams for
the self-energy in order to capture all leading order corrections. The rainbow diagram in
Fig. 2.3(d) is smaller for the same reason as the one-loop diagram. Three and higher-loop
diagrams remain negligible, and only the diagram in Fig. 2.3(c) contributes to the leading
order. The two-loop self—energy for electrons in patch n is given by

EQL(n)(k

dp [ dq

(D.14)
[fylG k4 ¢ )7 Gn(k + q 4 p; v) 11 Gr(k + p;v) 1] D(q)D(p).

125



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

It is noted that %22 (ko, 0) is strictly smaller than () (kq, 0), and only $24") (0, k) is of
the same order as X" (0, k). Therefore, we only compute 224" (0, k). After performing
the integrations over p, and gy, the self-energy for patch n =1 becomes

- 3m20? dp dg dp, A4
22L<1>(0,k):—mm / (27T0) / (27?)/ (27r)/ (QW){

R R R R
x [sgn(po) + sgn(po + qo)][sgn(qo) + sgn(2po + qo)] (D.15)
y 2 (0) (P + 42) + 6(k; v) 1 1
4(po + q0)2 + [2w(v)(pz + qz) + 6(k; v)]? [Pol + [Pz o] + |ga] |

Where 5(12; v) = (3vky — ky). We single this factor out by rescaling (po, pz,qo,¢z) —
lé(E;v)\(po,px,qo,qx). To perform the p, and ¢, integrals, we introduce variables a =
%(px + q;) and b = %(pw — qg). After the straightforward integration over b, we rescale
a — a/w(v) to obtain

- 302 - d d da + 1

2L(1) _ , . Do q0 /

RENOR) = — g zinolkiv) / (2r) / (2n) da { A(po + q0)2 + (4a +1)2
R R R

[2Jal--w(w)[po] 2lal-Hw(v) o]
log [ w(0) pol[o] }

2lal +w(v)(|pol + [gol)

x [sgn(po) + sgn(po + qo)][sgn(qo) + sgn(2po + qo)] (D.16)

w(v)lgol w(v)|pol
log {2\al+w\3oo\} log {2\a|+w\30|}

~ 2fal + w(v)(pol = laol)  2lal = w(v)(Ipol — lao])

The frequency integrations are divergent in the UV and therefore we introduce a UV cut-
off, Ay = A/|6(K;v)| in the rescaled variables. In the small w(v) limit, the a integration
diverges as log[w(v)]%. The subleading terms are suppressed compared to the one-loop dia-
gram, and we drop them in the small w(v) limit. The remaining frequency integrations are
logarithmically divergent in the UV cutoff,

2L (0. B) — —i 3 v o c 2 o A .
by (0, k) 713271_2 [c(v)l g (v(v))] log <|5(l¥,v)]> o(k;v). (D.17)

This is of the same order as Eq. (D.13) because of {[v/c(v)]log[v/c(v)]}? = 8vlog[1/c(v)] to
the leading order in v.

The vertex correction in Fig. 2.3(c) strengthens the bare vertex, and the two-loop self-
energy has the same sign as the one-loop self-energy. In particular, both the one-loop and
two-loop quantum corrections enhance the nesting of the F'S at the hot spots, and drive v to
a smaller value at low energies. To remove the cutoff dependences of the electronic two-point
vertex function in the quantum effective action, we add, according to the renormalization
conditions in Egs. (B.7) and (B.8), the counterterm

> / dk Uy , (k) [i71(Zovky + Z3ky)] U1 o (K), (D.18)
o="1,l
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with

Zy = 41—:21; log <C(1U)> log <2> , (D.19)
Zy = —%v log (C(lv)> log (2) . (D.20)

In arriving to these equations, we have chosen A ~ A since the two UV cutoffs used to
regularize the theory are comparable in magnitude and the universal features stemming from
these counterterm coefficients are insensitive to the way the UV cutoffs are implemented. The
counterterms for n = 2, 3,4 are determined from these by the fourfold rotational symmetry
of the theory.

D.3 VERTEX CORRECTION

The one-loop vertex correction in Fig. 2.3(b) is given by

v
L (k) = 5 /dp 1G04+ b+ g0 GO (p + ks v)m| D). (D.21)

Following the RG condition for the vertex function in Eq. (B.9), we set all external momenta
to zero and keep kg = p, which plays the role of an IR regulator. For n = 1, it is convenient
to rescale (po, P, Py) — 1(Po, Pz/c(v), py). The py integration gives

Ao
PO () = 401(11})% / g% / g:?) (D.22)
—Ao R
[(( — WPy (py + me) + (=1 4+ (|pz| + C’py’)Q)Q) (1 + (py - sz)2 + (|pz| + C|py‘)2) +
(py — wpz) (py + wpz) (L + 6(|pe| + clpyl)® + (Ipz| + clpy)* + (py — wpe)*(1 + (Ipz| + clpy))?))
+(py + wpa)? (=1 + (Ipa] + clpy)®)* + (py — wps)*(1 + (|pa| + clpy))?)) ] log(|pa| + clpy])

1 { ((py - me)Q + (=1 + [pz| + C‘py‘) ) ((py + wpz) + (=14 |pe| + C’pyDQ)}
2 x ((py - U)px) + (14 [pe| + C|py ) ( Py + wa + (14 [pe| + C|py|)2)
2arccot(py + wpz) (1 + (py + wpa)? — (Ipe] + ¢lpy|)?)
+(py + wps) log(1 + (py + wp2)®) (1 + (py + wpa)® + (Ipa] + clpy)?)
+ 7 sgn(py + wpa) (|pe| + clpy|) (=1 + (py + wpz)® + (Ip2| + clpy|)?)
2py ((py + wpz)? + (=1 + |pz| + clpy))?) ((Py + wpz)? + (1 + [pz| + clpyl)?)
2arccot(py — prw)(1+ (py — wpe)® — (Ipe] + clpy))?)
+(py — wps)log(1 + (py — wpx)Q)(l + (py — wa)Z + (Ip=| + C‘py’)Q)
+ m sgn(py — wpx)(|pa] + clpy ) (=1 + (py — wp2)® + (Ipa] + ¢lpy))?)
2py ((py — wpz)? + (=1 + |pz| + clpy)?) (Py — wpz)? + (1 + [pa] + clpy))?)’

where the rescaled cutoff for p, is Ag = A /p and in the integrand we have used the lighter
notation w = w(v) and ¢ = ¢(v). After the integration over p, the logarithmically divergent
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contribution is obtained to be

M () = 417”:(1;) log <C(vv)> log (2) Y14 (D.23)

in the small v limit. The vertex corrections for different n = 2, 3,4 are the same by virtue
of the Cy symmetry of the theory. The counterterm for the vertex becomes

4

. ™V —

ZZG\/;Z 2. / dk / dg Uno(k +q) P00 (@)1 Wi 00 (), (D.24)
n=1o,0'=1,]

with

Zg = _417rc(vv) log <C(UU)> log (ﬁ) . (D.25)

D.4 THE BETA FUNCTION FOR v

In this section we use the above results to derive the beta function for v. This one is obtained
by requiring that the bare slope vp does not depend on the running energy scale u, where
the former is related to the renormalized one, v, through the multiplicative relation given in
Eq. (B.3):

v = —-U. (D.26)

Using the latter information it follows that

8Z2 623 6Z2 823
Zy 7 2275 — Zo= ) | B Zs— Z =0, D.2
[ ’ 3+U<6v T o >]ﬁ +U[8logu ’ 2810gu} ! (D-27)

with Z3 and Z3 given in Egs. (D.19) and (D.20), respectively. This gives the beta function
which describes the flow of v under the change of the scale p,

dv 6 1 2
= vl 4| —— D.28
dlogpu w2 Vo8 [ <vlog1/v> ] ’ ( )

to the leading order in v. We introduce the logarithmic scale £ = —log(uo/p), where g is a
reference scale at which the RG flow is triggered. In what follows we take pg = A, where A
is a UV scale at which the bare theory is defined and which is determined by the microscopic
details of the theory. In terms of this logarithmic length scale, the beta function can be
rewritten as

d 3
U 22 logv + O(log[log(v)]). (D.29)
VA 2
The solution is given by
Eiflog 1/v(¢)] = Ei[log 1/vg] + %E, (D.30)
T
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where vop = v(0) and Ei(z) is the exponential integral function, which goes as Ei(z) =
e” [L + O(1/2?)] in the large = limit. Therefore, v flows to zero as

2 1

s
=5 Tioge

D.31

for £ > 1/[vglog(1/vp)]. For sufficiently large ¢, v(¢) decays to zero in a manner which is
independent of its bare value. The velocity of the collective mode flows to zero at a slower

rate,
T 1
e(t)= 1~ D.32
0= D.32)
and the ratio w(v) = v/c(v) flows to zero as
wiey =21 (D.33)

_ﬁﬂlog[

Similarly, the multiplicative renormalization for the frequency and fields in Eq. (B.3)
generates the deviation of the dynamical critical exponent from one and the anomalous
dimensions for the fields. In terms of the counterterm coefficients in Egs. (D.6),(D.19),(D.20)
and (D.25), these are given, according to Egs. (B.13) and (B.15), by

1
d 727
e = log | 221, (D.34)
dlog 7,72
L 2
d Z
Ny = log —?1’ , (D.35)
dlog 73
L1
d Z
=1 log | 22 D.36
*T T dlog Og[ZJ’ (D.36)

which reduce to the expressions in Eqgs. (2.15) to the leading order in v.
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APPENDIX E | SCALING FORMS FOR PHYSICAL OBSERVABLES IN
d=2

In this section, we derive the expressions for the Green’s functions and the specific heat in
Egs. (2.17), (2.22) and (2.28), respectively, and which characterize the low-energy theory
for the AFM quantum critical metal in d = 2 with V. = 2 and Ny = 1.

E.1 GREEN’S FUNCTIONS

We start by deriving the form of the electronic Green’s function near hot spot N =
The Green’s function for all other hot spots are determined from that of N = 1 by the Cy
symmetry of the theory. From Eq. (B.10) and the fact that the electronic Green’s function
is the inverse of the two-point electronic vertex function, it follows that the former satisfies
the renormalization group equation,

1-2ny —(2—1) 0 1—» 0 By O

S M  kyv) = 0. E.1
> +k‘ 8k0 k PY: > Ov Gl(k‘o k 1}) 0 ( )

The solution to this equation is given by

l l
- [ 3 {1-2nw (0)—[2(0)—1]} [ 55 -
G (ko, k3 vg) = 0 * " Gy | ko e "k 0(l) |, (E.2)

where v(l) satisfies the equation

dol) _ B

a ()

(E.3)

with the initial condition v(0) = vg, and z(l) and ng () depend on I only through v(l). We
write [1 — 20y — (2 — 1)]/2 = 1/2 — 27y, where fjy = 5(8log Z3/9log p1) to the leading order
in v. Although 7y is subleading compared to 1/z, we keep it because only 7y contributes
to the net anomalous dimension of the fermion propagator. From Egs. (D.31)-(D.33), one
obtains the solution to the scaling equation,

Vi 3 VI -n2 1
Gy (ko, k5 vo) = [—2 7—71 l Ik -2 k, — E4
(ko, k;v0) = exp [ 2v/3 og(l) 8 08 € %o, exp \[ og(l) 3 llog(l) (E4)
in the large [ limit. We choose | = log(uo/|ko|), with po = A, and take the |ko|/A < 1 limit
with exp (l - Qﬁ[ﬂ/log(l)]) k ~ A fixed. By using the fact that the Green’s function is

Gy

130



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

given by G1(ko, k;v) = (iko 4 vke + k)" in the small v limit, we readily obtain

- 1
G1(ko, k) = (E.5)
Fy(ko) |iko F.(k e b +k
o |t 00+ (4 ey )
in the low-energy limit with fixed k/[koF.(ko)], where

ANE

Fatin) = log (01| (E.6)
[Fol

os (1))
_ ol
F.(ky) = exp{ 2V3+—la b (E.7)

log [log (ﬁ)}

The analytic continuation of Eq. (E.5) to the real and positive frequency gives rise to Eq.
(2.17).

Similarly, Eq. (B.10) also implies that the Green’s function of the boson satisfies the
scaling equation

[1—2%—(2—1) o 1, 0 Pe(v) 0

t g G 5

o 0 =z 07 2z 80(1})] Dlqo, ¢ c(v)] =0, (E.8)

where f.(v) = de(v)/dlog u. We view the boson propagator as a function of ¢(v) instead of
v because it depends on v only through ¢(v) in the low-energy limit. However, this does not
affect any physical observable since in the end there is only one independent parameter in
the theory. The solution to the scaling equation takes the form,

R 2Vl Vi Vi T 1
D(qo,q,co) = exp [l — % — 2\/§logl] [e qo, €xXp ( — 2\[ ogll )> 4{ \[] (E.9)

with ¢op = ¢(0). By choosing | = log(uo/|qo|), with up = A, and using the fact that the boson
propagator is given by Eq. (2.6) in the limit of small v and ¢(v), we obtain

1

IQO‘FZ(QO) + 4L |qx|+|le/2]

* (x|

in the low-energy limit with fixed ¢/[qoF>(qo)] ~ 1. Here,

Fa(q0) =e><p{jg [log <|2)’>]1/2} (E.11)

is a universal function which describes the contribution from the boson anomalous dimension.
The analytic continuation of Eq. (E.10) to real and positive frequency gives the retarded
correlation function in Eq. (2.22).

D(qo,q) =

(E.10)
Fo(qo)
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E.2 FREE ENERGY DENSITY

We turn our attention to the computation of the leading contribution to the free energy
density which is generated from the quadratic action of the dressed boson,

froe (D) = | (j’“)?fgos (i.7), (£.12)

RQ

where fBOS,(E, T') is the contribution from the mode with momentum ]_5,

frw (1) =5 [T 3 / | g el + 2(B)). (£.13)

wm € 27T7

with B(k) = c(v)(|ka| + |ky|) and wy, = 20T'm with m € Z. In this expression, the thermal
mass is ignored because it is higher order in v, and the temperature-independent ground
state energy has been subtracted.

Using the identity

e

e ™ —e ), acRT, (E.14)
X

loga =
0

we write the free energy density per mode as

T Z /dwm] / [ —allom|+B(F)] _ —x| (E.15)

wm € 27T7Z

3

fBos.(E7 T) = _5

The summation over the Matsubara frequency results in

fBos.(k,T) = —% df [coth(wa) - ] o2 AE), (E.16)
0

For # (E) > T, the free energy density is suppressed only algebraically,

T
()] -

This is in contrast to the noninteracting boson, whose contribution is exponentially sup-
pressed at large momenta. Because of the relatively large contribution from high momentum
modes, the bosonic free energy density becomes unbounded without a UV cutoff. This leads
to a violation of hyperscaling:

. T2
fBos.(k7T) = _7;—:@(]2)

FBos.(T) ~ —T?A, (E.18)

where A is a UV cutoff associated with irrelevant terms as is discussed in the Appendix C.
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Eq. (E.18) is obtained without including the renormalization of the velocity and anoma-
lous dimensions in Eq. (2.15), which alter the scaling of the free energy density at interme-
diate energy scales. In order to take those into account, we consider the scaling equation for

fBos.:

2 o  Belv) @ KD T
<1+z>—TaT+ s~ 2 ax | e, R =0 (E.19)

This arises from the fact that the free energy density has engineering scaling dimension
of 3 and that the renormalized free energy density is related to the bare one through the
multiplicative relation:

Fios [T (), A 1] = gjféis, (T3, c(v5), ), (.20)

with Ap = A, Tg = (Z1/Z3)T, and the renormalized fermion velocity is related to the bare
one through Eq. (D.26).
The solution to Eq. (E.19) takes the form,

l

fBOS. (T7 Co, K) =€exp | — / d/l |:1 + ,2’(2£):| fB elTa C(l)7 €

NE (E.21)

where ¢({) satisfies the equation

de(l) _ fe(v)
dl 2(0)

(E.22)

with the initial condition ¢(0) = ¢g. In the large [ limit, z(I) ~ 1 and ¢(l) is given by Eq.
(D.32). By choosing | = log(uo/T) with pg = A, and using the fact that fpes. is linearly
proportional to A, we obtain

fBos. ~ AT F(T). (E.23)

This is the dominant term at low temperatures because the contribution of free electrons
away from the hot spots only goes as T2. The contributions from vertex corrections are
subleading in v. Therefore, the specific heat in the low temperature limit is given by Eq.
(2.28).
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APPENDIX F | PHYSICAL OBSERVABLES IN d = 3

In this appendix we derive the scaling form of the Green’s functions in d = 3. We first
summarize the regularization and RG prescription [142] used in this dimension, highlight
the main differences with the RG prescription introduced in Appendix B, and then proceed
to compute the scaling form of the low-energy Green’s functions.

F.1 REGULARIZATION AND RG SCHEME IN d = 3

Since d = 3 is the upper critical dimension of the theory, every term in Eq. (3.1) is marginal
under the Gaussian scaling, and quantum corrections are expected to be logarithmically
divergent. We implement the same regularization introduced in Appendix B to tame these
divergences. To make sure that physical observables are independent of the UV energy
scales, we add the following counterterms to the action

4 N, Ny

SGT — Z Z Z / dk W, 5 (k) [z’AlI‘ K+ iy98, (K 0) | Uy 04 (K)

n=1o0=1 j=1

+ i / dg [Ad QP + Ase?|q1?] Tr [®(—q)®(q)]

4 N, Ny

igAs — F.1
U 3 2 [k [0Vt 0 a4 Y
n=1o,0'=1j=1

1
4

3
H/in] {A7un Tr [@(q1 + g3) (g2 — ¢3)] Tr [2(—q1) @(—g2)]
=1
+Asu2Tr [@(q1 + ¢3) (g2 — 93)P(—q1) P(—q2)]} -

Here, vo = o0, is the first Pauli matrix, 51(/;:; v) = Agvky + Azky, ?2(15; v) = —Aszky + Asvky,
53(1_5; v) = Agvk, —Ask,, and 54(12; v) = Agky+Asvk,. The A;’s are momentum-independent
counterterm coefficients. Adding this counterterm action to Eq. (3.1) in d = 3 yields the
renormalized action,

4 N, Ny

Speh = Z Z Z/dkB U, .5:8(ks) [ZT K + iy9en(kp; UB)] VU, 0.5:B(kB).

n=1o=1 j=1

+ % /qu [1QsP + ¢1as]?] Tt [@5(—q5) D5 (qn)]
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N. Ny

: 4
9B T
+ mz > Z/dkB/dQB‘I’n,a,j;B(kB+QB)‘I’B;W/(QB)’YQ‘I’n,a',j;B(kB) (F.2)

n=1o0,0'=1 j=1

1
4

3
11 / qu‘;B] {ur,BTr [®p(q1;8 + 43;8)PB(g2;8 — 43;8)] Tt [P5(—q1,8)PB(—42;B)]
-1

+ug,Tr [®(q1;8 + ¢3,8)®B(92;B — ¢3,8)PB(—q1,8)®B(—q2.:B)]} -

The renormalized frequency, momenta, fields, velocities and couplings are related to the bare
ones through

Kp= ZK, kg =k, vp = Zv, cp = \/gi (2) ¢, (F.3)

Z6 2 (21\° Zs (21"
9B = 23\/2—497 U1;B = 371% <Zg) Ui, uU2;B = ng (23> U9, (F4)
Up(ks) = Z20(k), and  Bp(kp) = Z20(k), (F.5)

where Z; = 1+ A;, Zy = Z3(23/21)? , Zo = 24(23/21)%, and the field indices have been
suppressed. It is noted that the expression for Zg¢ is different from the one obtained in
2 < d < 3 (See Appendix B) because here we are using the Gaussian scaling rather than the
interaction-driven scaling. The renormalized action gives rise to the quantum effective action
in Eq. (B.5). In contrast to the theory in 2 < d < 3, the quantum effective action and 1PI
vertex functions for the three-dimensional theory depend on v, ¢, g, u1 and uo rather than a
single parameter (v). The counterterm coefficients in Eq. (F.1) are determined according
to a minimal subtraction scheme which imposes the following renormalization conditions on
the vertex functions:

1 0 ~

———_Tr |(K-T) 20 (k) ’ =1+ FEi(v,c,g,ui; AsAsp),  n=1,2,3,4, (F.6)

2i 0K? { } K= =0

—.iT [ Fﬁ-’?)(k)} ‘ = v |1+ Es(v, ¢, g, uis A; A; u)] ; (F.7)

2i Ok, |K|=0,kz=p,k, =0

1 9 (2,0) N

?871} {72Fn:1 (k)] =14 E3(v, ¢, g,uis As A ), (F.8)
L ORy |K|=0,kz=0,ky=p
o _

702 [F(O’Q)(q)] ‘ =1+ Es(v,c,g,ui; Ay Ay ), (F.9)
9 10,2 2 % .

W |:F ’ (Q):| =cC |:1+E5(U7cvgaui;A;A;,u) ; J=Y, (FlO)
qj |QI=0,G=(p.1)

1

= 1—|—E6(’U,c,g,ui;K;A;u), n=1,2,34, (F.11)

ST [0 (k)|
2 4=0,|K|=p,k=0

1
= Z(ur Tr[r%7°) Te[r°7%) + ug Tr[rorb7¢r9])
|Kil=p,ki=0 (F.12)

+ E?(/Uv C, g, Us; Ka A7 M)

Fégél) (kl, k‘g, kg)
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Here, p is an_energy scale at which the physical observables are measured. The functions
E;(v,c, g, u;; A A; p) are finite functions of the renormalized couplings that become indepen-
dent of the UV scales A and A in the A > wand A > p limits. They vanish in the u; — 0
and g — 0 limits. 7% denotes the generators of SU(N,.) with @ = 1,2,..., N2 — 1. The
conditions in Egs. (F.6) to (F.8) fix the fermion two-point function at the n = 1 hot spot
and, by virtue of the C4 symmetry of the theory, they also fix the two-point function at
the other three hot spots. The renormalization conditions in Egs. (F.9) and (F.10) fix the
bosonic two-point function. Eqgs. (F.11) and (F.12) fix the Yukawa vertex and the bosonic
four-point function, respectively.
Under the tree-level Gaussian scaling, the 1PI vertex functions have scaling dimension

[ (ks 0, ¢, g, us p)] = 4 — n — 3m, (F.13)

and the renormalized vertex functions are related to the bare ones via,

Z3>2(2m+n—1) remm) (kv e g, ug p)

Fé2m7n)({ki;B};UB7CB?QB’UZ.;B;A, K) = <Z
) Zmz2
v~

. (F.14)

Since the bare vertex functions are independent of the running energy scale y, the renormal-
ized vertex functions satisfy the RG equation for a fixed u:

2m+n—1
- 0 0 0 0 0
Z (sz VK, +k; - Vl%) —Bva = Ber= =By —Bun— — Buam—
— ov Jc g ouy Oug (F.15)
5
+2m (w - 2) +n(ne —3) +22m+n—1)(z + 1)] remm (kv e g, us 1) =0,

where the critical exponents and beta functions of the velocities and couplings are given by

d Z3
=1- 1 — F.16
: dlogu ® (Zl>’ (F-16)
1 d
Ny(@) = idlogu log Z\I’(@)a (F.17)
dA
5A leg/,L’ v, ¢, g, U1, U2 ( 8)

Here, z denotes the dynamical critical exponent and 7y (ng) denotes the anomalous scaling
dimension of the fermion (boson) field with respect to the Gaussian tree-level scaling.
The one-loop counterterm coefficients in d = 3 are given by [142]

B (N2 -1) g° A

Z=1- = e “—h1(v,c)log . (F.19)
B (N2 — 1) g* A

Zy=1+ 12NN, ¢ - ha (v, c) log . (F.20)
. (N2 1) g2 A

Z3=1-— e I “ha(v,c)log . (F.21)
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Zy=1- 4177!5 log (2) , (F.22)
Z5 =0, (F.23)
Z—1- mgjhg(u,@ log (2) , (F.24)
Z;=1+ TlQCQ [(Nf + Tug + 2 (2]\%2\7C_3> uz + 3 <ch\%— 3) Zﬂ log <2> ,  (F.25)
Zg=1+ Tl%z [12u1 +2 <N%V_ 9) uz] log (2) : (F.26)

Here, the h;(v, ¢) are finite functions of v and ¢ defined in Ref. [142]. They have the following
limiting behaviors:

: T , 272
igr[l) hi(we, c) = 5 glﬁI\I(l] ho(we,¢) = 2¢, and lg% hs(we, c) = o’

(F.27)

with w = v/c fixed. In the low-energy limit, all g, v, ¢, u; and uy flow to zero such that A =
g* /v ~1/l, ki = u;/c® ~ 1)1, for i = 1,2, and v ~ ¢ ~ 1/log(l), where [ is the logarithmic
length scale [142]. The quasi-local marginal Fermi-liquid fixed point is stable. While the
leading scaling behaviors are characterized by the Gaussian critical exponents, there exist
logarithmic corrections generated from the marginally irrelevant couplings. Below, we discuss
those corrections in the two-point functions. For simplicity, we set u; = ug = 0, and focus
on the corrections from the Yukawa coupling.

F.2 FERMIONIC AND BOSONIC GREEN’S FUNCTIONS

According to Eq. (F.15), the scaling form of the two-point functions is governed by
- 0 0 0 ~ (2)
K Vi +F Vi — fue — By — foe + Do | I (B \w, ) = 0. (F2
z K+k Vg ﬁaw ﬁ)\a)\ ﬁac—i- 2 (kA w,cu) =0 (F.28)

Here, a = b, f labels the bosonic and fermionic two-point functions, respectively. We write
the RG equation in terms of ¢, A = ¢?/v and w = v/c. In particular, A controls the
perturbative expansion in three dimensions [142]. 53 denotes the total scaling dimension of
the two-point vertex functions,

Ds =2(ng +2) — 3, (F.29)
ﬁb = 2(7].:1) + 2z — 2), (F30)

where the dynamical critical exponent and the anomalous dimensions of the fields are defined
in Eq. (F.16) and (F.17), respectively. Eq. (F.28) can be rewritten as

— ~

i d D)
K. N oov. &
VR oo Vit a2

TPk, M1), w(l), ()] =0, (F.31)
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where the scale-dependent couplings obey

dw(l)  fu dAXD) B () Be

Al 2 A =) i~ z()

(F.32)

with [w(0), A\(0), c(0)] = (wo, Ao, o) and [ is the logarithmic length scale. The solution to
Eq. (F.31) is given by
l l

I (K, k, Ao, wo, co) = exp /dﬁ%&g) 2 |e'K, exp /;ﬁ) B D), w(l), c(l)| . (F.33)

The boundary problems in Eq. (F.32) are solved by following the results of Ref. [142],

4m(N2 — 1+ NNy) 1
A1) = e - F.34
© N2+ N.Ny—3 I’ (F-34)
NNy 1
— F.
w) = 5 +0 (1o ) (F.35)
~ w(N2+ N.Ny—3) 1 (F.36)

) =
() 4(N2 =14 N.Ny) logl’

in the large [ limit.

The integrations over the length scale in Eq. (F.33) are straightforward to perform in
both the bosonic and fermionic cases after separating the contributions from the dynamical
critical exponent and the net anomalous dimension of the fields. Choosing | = log(uo/|K]|)
with g9 = A being the UV scale at which the bare theory is defined, Eq. (F.33) takes the
scaling form:

LYK, B) = TP (K, F) = Fy(K]) [iF.(K)T K + i, (F; o) (F.37)
where
B (N2 + N.N;—1) A
F.(|K]|) = exp { 2(NZ+ NN, —3) log |log K| , (F.38)

Fy(|K|) = \/log [log <|Ijé|>] (F.39)

Moreover, vjk| = v [log(A/|K])] with

TNNf(N2+ N.Np—3) 1
(N2 = 1)(N2 + N.N; — 1) logl’

v(l) =w(l)c(l) =~ 1 (F.40)

in the low-energy limit and Eq. (F.37) is obtained by keeping k/[|K|F.(|K|)] ~ 1 fixed.

Similarly, the boson two-point function takes the form,
r2(Q,q) = 1;”(Q.0) = Fo(|Q)) |F-(1QIIQ + iy la?] . (F.41)
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where

Fo(|Q[) = log [log (yégy)] , (F.42)

and cq| = c[log(A/|Q])]. Eq. (F.41) is obtained by setting I = log(A/|Q]) while keeping
7/[|Q|F:(|Q|)] ~ 1 fixed and ¢(!) is given by Eq. (F.36).
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APPENDIX G | QUANTUM CORRECTIONS IN 2 < d < 3

In this appendix we provide details on the computations of the quantum corrections to the
minimal local action depicted in Figs. 2.2(b), 2.2(c), 3.5(c), 2.3(a), 2.3(b) and 2.3(c) for the
theory in dimensions 2 < d < 3.

G.1 ONE-LOOP BOSON SELF-ENERGCY

The one-loop correction that generates dynamics of the boson is shown in Fig. 2.2(b). Its
contribution to the quantum effective action reads

s = 4 [ dan' @) T [e(—q)2(a)] (G.1)

where the one-loop boson self-energy is given by
4
1) = 2063 Y [ Ak 101G+ gopanGO)] . (@)
n=1

Here G,(lo)(k; v) is the bare fermion propagator given in Eq. (3.24) and Sy is defined in Eq.
(3.19). Taking the trace over the spinor indices and integrating over the spatial momenta k,
yields

o [ SEES o

Rd—-1

Subtracting the mass renormalization, we focus on the momentum dependent self-energy:
ATT'E(q) = Tt () — T1*E(0). Integration over K is done after imposing a cutoff A in the

UV. In the A/|Q]| > 1 limit this becomes
A\ 43
(m') > (@)

2 5—d d wd

AHlL(q) _ BdF (Td)r 5) ’Q‘dfl 1 _ 1 2cos (7)
92d—5 5T (%) 3—d 3—d| m(d-3)

While the expression is logarithmically divergent in d = 3, it is UV finite for d < 3. In d < 3,

the one-loop boson self-energy is given by

AT (g) = Q| (G.5)

Notice that this reduces to Eq. (C.4) when d = 2.
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G.2 TWwO-LOOP BOSON SELF-ENERGY

We first compute the two-loop boson self-energy shown in Fig. 2.2(¢), and then comment on
the contribution arising from Fig. 3.5(c). The contribution of Fig. 2.2(c) to the quantum
effective action is given by

T = 1 [ @) T (@2 (—a) (C.6)
with
H2L 31}2 i/dk/der [’yd,ng))(k—i—p;v)
(G.7)

X Ya_1GO(k + q + p;v)1a_1G (k + ¢ 0) 741 GO (k; v)} D(p).

Here (3, is defined in Eq. (3.19), D(p) is given by the self-consistent propagator in Eq. (3.21)

and G%O)(k; v) is the bare fermion propagator given in Eq. (3.24). The frequency-dependent
part of the two-loop self-energy is subleading with respect to the one-loop boson self-energy
by a factor of w(v) = v/c(v). Therefore, we focus on the momentum-dependent part by
setting Q = 0. Taking the trace over the spinor indices, changing variables to k; = en(E; v)
and k_ = ex(k+ ¢ v), and noting that the latter has a Jacobian of 1/(2v), allows the spatial
part of the two-loop boson self-energy to be written as

4
[12:(0, ) — — 00 Z/dk/dp :
’ NeNy (K2 + k2)(K? + k%)

KPR A b+ en(d— TOPHE + P2+ [hy + i+ 7.0)%) (G:8)
x ([ — kyko) {(K + PY — [ky + £n(5+ ¢ 0)] [+ enlff— @)}

—K- (K+P)lky + k- +en(p+ G 0) +en(p — ¢ v)l(ky + 5-)]} >D(p)-

This expression can be written as a sum of the contributions from the four hot spots,

4
(0, ) = > T2(g). (G9)
n=1

Let us first consider the contribution from the n = 1 hot spot. Since the self-energy depends
on the external momentum component ¢, only through vg,, the first hot spot gives rise to the
self-energy that depends on gy to the leading order in the small v limit. After setting ¢, = 0,
we perform a change of variables p, — p, /v to write the the two-loop boson self-energy as

d 1/8 1
mh(q) = ———~—4 /dk/d
(@) NNf P w(v)d 1‘P|d Tt ol + vd—L[p, [41

R PR O s PP v T

(G.10)
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1

) [(K? = kiko) [(K+P)? = (kp +po +py + ay) (k- + pe — py + qy)]

—K - (K+P)(ky +k_ +2ps +2q,) (ks + k)] }

We can neglect ]fupy\d*1 in the boson propagator in the small v limit. The integration
over py is divided into two regimes: p, € (—A,A) and p, € R\ (—=A\,A) where \ ~
min(ky,k_,P,K, p,) is a momentum scale below which the p, dependence in the fermion
propagators can be ignored. The exact form of A is unimportant in the small w(v) limit.
The integration over the first regime is divergent in the small w(v) limit due to the infrared
singularity that is cut off by w(v)|P|. On the other hand, the contribution from the second
regime is regular. To the leading order in w(v) < 1, we can keep only the first contribution
to write the p, integration as

A
—_ -1 d—2 - w(v)d—2
S (- 2000 57) = <ZH2))F|(PL) /A o e | (G

d—1 d—1
In the w(v) — 0 and in the d — 27 limits, S[d — 2;w(v); A\/|P]|] becomes independent of
A/|P| because it has the following limiting behaviors:

lim 8<d 2 w(v): ,1A3|> — _loglw(w)], lim 8<d 2 w(w): @)‘) ﬁ. (G.12)

d—2+ w(v)—0

Since we are mainly interested in these limits, we can replace S[d — 2;w(v); A/|P|] with

Sld - 2;w)] =S[d — 2;w(v); 1] = T3 ! 5 {1 —w(v )diZ} , (G.13)

where the last equality comes from explicitly computing Eq. (G.11) at A/|P| = 1 in the
small w(v) limit. The p,, p, and k4 integrations in Eq. (G.10) result in

4(d — 2)B4w(v d—2 d dK dk_
(g = - ﬂszvdf ( )F<d—1>r(d_1>8[d_2;w(”” / @m)aT ) (2n)
d—1 R

(G.14)

dP P24 [4K%*(K +P)? - 2¢,k K- (K+P) - K- (K+P)k?
% / (2m)d-1 |[K||K + P| [ (4K2 + k2)[4(K + P)2 + (k— + 2q,)?] ] ’

to leading order in v < 1. Subtracting the mass renormalization, the momentum dependent
self-energy [defined as A% (q) = I13%(q) — I12%(0)] is obtained to be

4(d — 2)B3w(v d—2 d dK dk_
ATIFH () = - ( WNi]B\?f o (d - 1>F (d - 1> Sld = Zu(v)] / (2m)d=t ) (2n)
d—1 R

(G.15)

dP P2 F(P, K, k-, qy)
% / 2m)® 1 K|K + P| [(4K2+k3)[4(K+P)2+(k:_+2qy)2][4(K+P)2+k:3]]’
Rd-1
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0.028} HH
0.028 029l HH“H
ol | o
ﬁ 0.016
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h :
B(d) b,
0012t i, 0.00165 | <
0.006 - B(d) 0.00145 oot
0.l ' . . ) } 0.00125
2 22 24 26 28 3 20 202 204 296 298 3
d d
(b) B(d) near d = 2 (top panel) and d = 3
(a) B(d) for 2<d<3. (bottom panel).

Figure G.1: (a) The function B(d). The (black) dots correspond to the value of the numerical
integration and the (red) error bars represent the numerical error in the computation. (b)
Numerical evaluation near d = 2 (top) and d = 3 (bottom).

where

FP.K.k_,qy) = [AK* (K +P)? - 2¢,k_ K- (K+P) - K- (K +P)k?] (4K +P)? + k?)
~ [4K*(K + P)* — K - (K + P)k2] [4(K + P)? + (k_ + 2¢,)?]. (G.16)
We proceed by scaling out g, from the above integral and introduce a two-variable Feynman

parametrization that allows the explicit computation of the k_ integration. Performing this
integration yields

4 d—1
oL Bald—=2)|gy|" T w(v) | (d—2 d Y
Al = 6arN.N,  \d—1)t \a=1 Sld =2 w()]
1 —x1
dK dP \P|2 d
1
| aer | g o / I RIK P (G17)
Rd—1 Rd-1 0
y 3A+4B[K - (K +P) (3z1 + 325 — 2)]
[K2—2K~P((E1—1)—P2($1—1)—(x1+132)2+$1+x2]g 7
where
A=-16{K? 2z + 222 — 1) (K + P)?

+(z1+2 - 1)K (K+P) [(K+P)* — (21 + 22— 1) (z1 + 22)] },
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B=4[K*-2K P (21— 1) —P?*(z1 — 1) — (z1 + 22) > + 21 + 22| . (G.19)

Integrations over the remaining frequency and co-dimensional momentum components are
done by introducing another two-variable Feynman parametrization. This yields the contri-
bution from the n = 1 hot spot to the two-loop boson self energy

25§|Qy’d71
N.N;

where B(d) is a smooth function of d (see Fig. G.1) defined by

AIY(q) = w(v)B(d)S[d — 2; w(v)]S <3 —d; ‘qu') , (G.20)

d d—2 1—xz;

@—2r3—acos BT (E2)T (24) T (59 | i
B(d) = dz dzy [ d
0/ 1 0/ 20/ Y1 (

3 x 9d+a 25 r (S_d)
- ) G.21)
2

y / dy2 (1 -y — y2) (d — 5)(d — 3)03D% + Do ((3 — d)CQDl + 3ClD2)

with

Di=—(@(pn+y2—1)—y) @y +y2—1) —y1+1), (G.22)
Dy = (z1 + 22— 1) (21 +x2) (y1 +y2 — 1), (G.23)
Ci=[-2i(i+y2—1) +21 2y — 1) (w1 +y2— 1) — (v — w] {(d° — 1) (~6z1 — 622 +4)

x (i n+y—-D 421 @un—D@+y2—1)— (@1 — D) +(@—d)[(d—1) (=623 (y1 +y2 — 1)
X (2y1 +2y2 — 3) + 27 (2(4 (y1 +y2) (4y1 + y2) — 3z2 (Y1 +y2 — 1) (2y1 + 2y2 — 3)) — 62y1 — 322

+ 27) 4 1 (3z2 (2y1 — 1) (4y1 + 4y2 — 5) + y1 (—28y1 — 16y2 + 39) + Ty2 — 15) — 622 (2 (y1 — 1) y1 + 1)
+ y1 (Byr —7) +3) — 2(62F (y1 +y2 — 1) (2y1 + 2y2 — 3) + 27 (2 (32 (y1 +y2 — 1) (251 + 2y2 — 3) (G.24)
— 4(y1 +y2) (dy1 + y2)) + 62y1 + 32y2 — 27) + x1 (—3z2 (2y1 — 1) (4y1 + 4y2 — 5) — Ty2

+ y1(28y1 + 16y2 —39) +9) + 31 (1222 (y1 — 1) = 8y1 + 7))} — (d = 6)(d — 4) (z1 (y1 +y2 — 1) — v1)
X (@ (yi+ya—1)—y+1) {623 (1 +y2—2) (W1 +y2—1) +27 (2Bz2 (y1 +y2—2) (y1 +y2 — 1)
— 2(y1 +vy2) (4y1 +y2)) + 36y1 + 18y2 — 17) + &1 (—3z2 (2y1 — 1) (2y1 + 2y2 — 3) — 3y2

+ y1 (14y1 +8y2 — 21) +5) + 62 (y1 — Dyr + (3 —4dy1) ya },

Co= (-2 (m+y—D>+21 Q-1 @ +y2—1) — (@1 — D) [(d° — 1) (—6z1 — 622 +4)

x (#f + (2we — D1+ (w2 — D w2) (1 +y2 — 1) + (4 —d)(d — 1) (— (21 + x2) ? + 21 + 22) ]

+ (a7 + (222 — 1) @1 + (w2 — ) @2) (31 +y2 — 1) {(d® — 1) (—6w1 — 632 +4) (—F (y1 +y2 — 1) 2

+ 21— ty2—1)— @ —Dy)+ (@4 —d) [(d—1) (—62F (y1 +y2 — 1) (2y1 + 2y2 — 3)

+ 27 (2(4(y1 + y2) (dy1 +y2) — 322 (y1 +y2 — 1) (2y1 + 2y2 — 3)) — 62y1 — 32y2 + 27) (G.25)
+ x1 (Bz2 (2y1 — 1) (dy1 + 4y2 — 5) + y1 (—28y1 — 16y2 + 39) + Ty2 — 15) — 622 (2(y1 — 1) y1 + 1)

+ y1 (Byr —7) +3) — 2{62F (y1 +y2 — 1) (2y1 + 2y2 — 3) + 27 (2 (B2 (y1 + y2 — 1) (2y1 + 2y2 — 3)

— 4(y1 +y2) (dy1 + y2)) + 62y1 + 32y2 — 27) + x1 (—3z2 (2y1 — 1) (dy1 + 4y2 — 5) — Ty2

+ y1(28y1 +16y2 —39) +9) +y1 (1222 (y1 — 1) —8y1 + )} — (d — 6)(d — 4) (x% + (222 — 1) 21

+(@—Dz) (@ (y1+y2—1)—y1) (@1 (y1+y2—-1) —y1 +1),
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Cs = (x% + (2z2 — 1) @1 + (w2 — 1) x2) (y1 +y2 — 1) {(d2 —1) (—6z1 — 632 + 4) (m% + (2z2 — 1)1

(G.26)
+ (@—Dz)(r+y2— D+ @ —d)(d—1) (— (w1 +22)% +a1 +22)},
and
3 3_d;@ _ _(d—2)F(3—d)sin(7rd)csc(%)r d—2\.(_d
A 6(27)d+29B(d) d—1 d—1
1—a T , Tl (G.27)
(1-—y1 —y2)? C1P* + CoP? + C3
dxq dzo dya d 8 d
) ) Vg (D1P2+Dy) 2

The function S (3 — d; ‘q—/i") singles out the contribution that is divergent in the d — 3~
limit. In the large A/|gy| limit, it satisfies the limits

- |gy| |gy| . = |ay| 1
lim S —d; == ) =-1 — 1 S —d; == )| = ——. G.28
ucs <3 A NN wlh, =y )T s—g (OB

The contribution from the remaining hot spots are obtained by performing a Cy transfor-
mation on the n = 1 hot spot contribution. Taking the contributions from all hot spots into
account, Eq. (G.9) leads to

4
ALP(0,9) = 3 -E-w(®)B(d)S[d - 2w ()
Y Iy 02l (G.29)
x [Wd_lé (3 d: qu)H 0:|"1S <3 d; Cff)]
According to Eq. (G.28), the UV cutoff drops out in d < 3 and we have
AT __ 46 _ 9. d-1 4 1, 1d-1] .
0.9 = G N, C O BASId = Zw) [|Qy! + || } (G.30)

We note that Eq. (G.21) in combination with Eq. (G.20) reproduce the result obtained in
Appendix C in the d — 27 limit and it is consistent with the findings of Ref. [148] close to
three dimensions.

Now we show that Fig. 3.5(c) does not contribute to the momentum dependent self-
energy. Fig. 3.5(0) is proportional to

T2 (q) = ANE — )pg* i/dk/dp Tr G,E? (k + ¢;v)74-1GO (k; v)
N, Ny (G.31)

X a1 G + 5 0) a1 G (ks 0)va1 | D).

Taking the trace over the spinor indices, making the change of variables k4 = en(E; v), and

k.= sﬁ(l; + piv) and integrating over k4 results in
2(N2 —1)B%v dk_
v = S o [ o [
(G.32)
(K P)K Q) - KX(P- Q))D() |
KP[(K+P)2+ k2 {(K+ Q)2+ [k- — en(p — ¢ v)]?}
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This expression vanishes when Q = 0 for any v, and there is no spatial momentum dependent
contribution in d > 2. We note that this diagram is exactly zero in d = 2 [131, 133, 134] as
pointed out in Sec. 2.3.

G.3 ONE-LOOP FERMION SELF-ENERGY

The quantum correction in Fig. 2.3(a) reads

4 N. Ny
) =333 [T @S @ (a), (G.33)
n=1o0=1 j=1

where the one-loop fermion self-energy is given by

_ 2B3(NZ —1v

S (q) N,
C

[k [101G b + gsvaa| D) (G34)
Here G%O)(k;v), Bq and D(k) are defined in Eqgs. (3.24), (3.19) and (3.21), respectively. We
will consider the part of the self-energy that depends on the spatial momentum and the one
that depends on the frequency and co-dimensional momentum, separately. For this purpose
we write

£1(Qu7) = (T~ Q)T (@) + 741 T (@), (G:39)
with
0@ =3 [Te@0]. @ - jrhes0a. G

G.3-(a) %,:(Q)

We focus on the frequency and co-dimensional momentum component first,

i}g}(Q) _ 2iB3(NG —1)v 1 /dk (( Q (K+Q) ) D(k). (G.37)

NeNy Q7 K + Q)2 + en(k:v)?

For concreteness we consider the n = 1 hot spot in the small v limit. Performing the scaling
ky — kyz/c(v) yields

sig - BN e L f(@ia) )

NNy Q? K+Q)?+ [wl(v)kx — ky)? (G.38)
TR+ he [T+ c(0) [k [ } 7
where w(v) = v/c(v). The integration over k gives
sik o) = BilNe —Dw(v) [ d K (Q-(K+Q)
=@ = (151) [ e ((a)
(G.39)

e (42) - e AP(d - 1)

d=1)  (d—2rT <ﬁ)
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in the small ¢(v) limit.

In d > 2, the second term in the square brackets of Eq. (G.39) can be dropped, and
the first term gives rise to a logarithmically divergent contribution. In d = 2, the two terms
in the square brackets combine to become a logarithm, and the integration over K is finite.
The latter can be seen explicitly in the computation of the one-loop fermion self-energy that
is presented in Appendix D.

In all cases, the logarithmically divergent contribution can be written as

ilL(Q) B _(NCQ—l)cos(%l)F(?%f)p(ﬁ)F(%)
1,f - 23_chNf7T3/2F (g)

iw(v) log <|g|> . (G.40)

Here we have used the fact that A ~ A and the definition of 84 in Eq. (3.19). Combining
this result with the renormalization condition in Eq. (B.6) and the fact that the other three
hot spots give the same contribution, fixes Z; to

2 _
Zy=1- WU/(’U) log (ﬁ) , (G.41)

with ((d) defined in Eq. (3.31).

G.3-(b)  Xns(q)

Now we turn our attention to the spatial part of the self-energy defined in Eq. (G.36):

2(N2? —1)ip3 +(k+ ¢
s () = _2(Ne — 1)iBGv /dk fn(kj ;v) D(k). (G42)
NeNy en(k + ¢v)? + K2

Without loss of generality we consider the contribution from the n = 1 hot spot,

1L 2H(NE — 1) {( [vks — ky + 3(g5v)] )
i) = N.N; /dk [vky — ky +e3(qv)]2 + K2

. (G.43)
X .
K91+ c(0) T (ke 71 + [ky| ) }
When v and ¢(v) are small, the integration over k, yields
2i(N2? —1)32 dK dk [e3(qiv) — Ky
YL () — _ c d / y ; y
D= =GN, YY) ) et | e |\ @) R+ R
1 R
(G.44)

d—2 1 1 c(w)* A - 1)
% [F (d — 1) r <d — 1) (K[ + C(U)d_1|/€y|d_1]% (d—2)

We drop the second term in the square brackets because the integrand is odd in [e3(q; v) —ky].
Focusing only on the first term, the remaining integrations are done by writing the expression
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as an antiderivative with respect to c¢(v):

s - M (42 (1 s |

o f [( CLOEIE ! ].

J 2m) | \[es(q;v) — ky)? + K2 (IK|?1 + Cd—1|ky|d—1)2ff13

The lower limit of the integration over c is determined from the fact that the integration over
k, in Eq. (G.44) vanishes in the small ¢(v) limit. The radial integration for K is divided into
two regions: K = |K| € (0, |e3(q;v) — ky|) and K € (Jes(q;v) — Ky, 00). In the first region,
the fermionic contribution to the integrand varies slowly in K and can be Taylor expanded
around the origin. Only the zeroth order term in the expansion becomes IR, divergent when
¢ = 0, and thus, provides the leading order contribution to the integration in the small
¢(v) limit. The contribution from the second region is regular at ¢ = 0 and therefore it is
subleading in the small ¢(v) limit. Keeping only the leading contribution in the small ¢(v)
limit, we obtain

(d— 2i(Ng - e T ()T ()

Si(@ =
’ 24255 NN r (%)
. (G.46)
i B =)k
X/kl/ (2) LMM§<d—Zakﬂ%MM>,
, e3(q;v) — ky] |y
where
lea(giv)—Fky|
d—2 d—1 r-d—2
=4 (d 2¢; M) - L a— STmITET Gy
|y |yl / (K1 4 cd-1|, |d-1) %=

While S'(d — 2;¢; |e3(F:v) — ky|/|ky|) depends on k, and e3(q;v), these dependences are
suppressed in the d — 27 or ¢ — 0 limits. In either of these limits, §/(d — 2;¢;les(qhv) —
ky|/|ky|) reduces to S(d — 2;c) defined in Eq. (G.13). From now on, we replace @l(d -
2;¢; les(qiv) — kyl/|ky|) with S(d — 2;c) in Eq. (G.46). Integration over c can be done by
using the following limits:

ghIélJr daS(&;a) = a — alog(a) agl lim+ aS(&;a), (G.48)
lim / daS(¢; ba) = E = a lim S(&a). (G.49)

This allows us to write Eq. (G.46) as

=2z =T (E) M () o

Z (‘) 2d 27Td+1NNf F(dT)

[d = 2;¢(v)] e3(q; v)

L) (G.50)
X!f%vhl—%ﬂh%“
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Here, we have scaled out the external momentum through the change of variables k£, —
les(q; v)|ky. The integration over k, is UV divergent and we cut it off by A/|e3(q;v)|. In the
large A/|es3(q;v)| limit,

(o aky T 1k e el i -
Y ky| = lim / —Y 4 / Y [ Y ] |k, |
27 [ —k } | 50 27 27 1—ky)2| "
e laRp et e Lok s
fes(@l Tes(@l

— llog (’53(2; U)|> _
™ A

Hence, the divergent contribution to the spatial part of the one-loop fermion self-energy for
the fermions at the n = 1 hot spot is given by

1

T (-~ -
2%®=“i”g?ﬂy(dﬂ<*Jﬁwwﬂw@@m%<f*),@m

24-21“5" NN I (42) le3(q;v)]
in the small v and large A/|e3(q v)| limits. Introducing the value of 34 defined in Eq. (3.19)
and combining this expression with the renormalization conditions in Egs. (B.7) and (B.8)
fixes the counterterm coefficients A, and As to the one-loop order,

J— 2 _— A
ALl — 2(d lzr(]ir\icNf 1)¢(d) vS[d — 2; ¢(v)] log (2) ’ (G.53)
J— 2 _— A
AL~ 2(d 17)r(]<r\(erf D) s [d — 2 e(v)] log <2> : (G.54)

with {(d) defined in Eq. (3.31). These expressions reduce to the ones found in Appendix D
in the d — 27 limit.

G.4 TWwWO-LOOP FERMION SELF-ENERGY

We consider the two-loop fermion self-energy depicted in Fig. 2.3(c),

4 N, Ny

T30 = ZZZ/dq\Ian ()52 () ¥y 0(q), (G.55)

n=1o0c=1 j=1

where the two-loop fermion self-energy is given by

4(N? -1
s28 (k) = )0 /dq/dp Y41GO (k + ¢ v)

T AT2A2
NZNj (G.56)

x74-1G O (k + ¢ + p; v)74-1GY (k + p; v)v4-1| D(p) D(q).

Without loss of generality, we consider the n = 1 hot spot contribution to the spatial
piece of this quantum correction since its frequency part is strictly subleading with respect
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to the one-loop correction due to an additional factor of w(v) = v/c(v). The self-energy at
K = 0 becomes

2 _
s(k) = il NNQJ\; /dq/dp
D(p)D(q)

- { P2 4 e3(k + p:0)2][Q% + e3(k 4 ¢ v)2][(P + Q)2 + e1(k + T+ p: v)?] (G.57)
< [P Qer(F+5+3v) + Q- (P + Qe(k +7:v)

v [P PrQ ek t7+ qo)eslh+ *;v)} es(k + *;v)} }

We proceed by performing the scaling p, — p,/v and ¢, — ¢,/v and dropping the
dependences on p, and g, inside the boson propagators in the small v limit. In the small
¢(v) limit, the integrations over p, and ¢, give

. 4(d — 2)%(N2 — 1) Biw(v)? . (d—2\? d \? d
Sgk) =~ ( )7:2N3N})Bd 2 P<d—1> F<d—1) S[d- 2w / (27;5—1

dP dg, [ dp, P> |Q* ¢
g /1 (2m)a1 R/ (27) R/ (27) { [Q2 + (e3(k3v) — qy)2{(P + Q)2 + [e1(k; v) + py + qy]2}
x !
(P2 + (es(F;v) — py)?)
HP - (P+Q) = [e1(F;v) + py + a)les (s 0) = pylHes (R 0) = a]] }

(- Qe1(Fiv) +py + 0, + Q- (P + Qlea(Biv) =p,]  (G.59)

where S[d — 2; w(v)] is defined in Eq. (G.13). Here we ignore terms that are subleading in
c(v). We continue by making the change of variables p, — py—}—sg(E; v) and g, — qy+63(E; v)
which makes the two-loop fermion self-energy depend on the external spatial momentum only
through &(k;v) = e1(k; v) + 2e3(k; v) = vk, — ky. After an introduction of a single-variable
Feynman parametrization, the integration over p, yields

Lo i(d— 22N - D)Btw(w)? | (d—2)" d \? ‘
STs(k) = - NI 4 F(d_1> F<d_1> S[d — 2; w(v)]?

1
dQ dP Agy o diia
< [ G | e | gt o (@:59)
Rd—1 Rd—1 R 0
A= q{P? +2(1 — )P - Q + (1 —2)(Q* + zlgy + 5(F:v)])}
{P2 4201 —2)P - Q+ (1~ 2)(Q? + algy + 3(R:0)]?)}2 (3 + Q)

with

A= —q,[P-(P+ Q)] +z(P-Q)lg, + 6(k;v)]

. . (G.60)
+ (1 —2)[gy +3(k;v){Q - (Q + P) + zqy[gy + 5(k; v)]}-
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By introducing a second single-variable Feynman parametrization, the integration over g,
yields

iy — = 22(NZ = 1)o(k; ) Bw(v)? (d — 2>2 r <dd>2s[d — 2 w(w)]?

T3NZN? d—1 -1
aQ PPYQP (¢ o
1
XRd/_l (2m)d—1 27rd l/dx \/y-i—x(l—x)(l—y) <D%>’
where
= i P Q)+ (1) (- P (P Q) o

yQ- (P Q)+ 2(1—y) [P2+20—2)(P-Q) + (1 2Q}].
Dy = (1- )P 421~ 2)(1 - y)(P- Q) + [1 - 2(1 — )] Q?
(L-a)1 =)oy -, (G63)
PENGES T LG

Integration over P is done by introducing a third single-variable Feynman parametrization.
This process yields a Q-dependent integrand that can be cast in the rotationally invariant
way,

2 2

= 222 — 1)5(R ) B T (E2) T (%) i

M = ey TRy e [
\ (G.64)
1 1 16 (Fk;v)|

(l—z)z 3 \/1—y (£1Q% + &) ]
d dZ d+1 d DN )

XO/ y/ ly+a(l—2)1—y)2[l -yl —2)]F O/ ¢ [(H1Q2+H2)2

where the integration over the angular components has been done, and the integration over
@ = |Q| has been cut off in the UV since it is logarithmically divergent. The coefficients &;
and H; are defined as follows:

£ = 1;12){@1)[ Py = 1Dz = )(dly = 1)z~ 1) gz +y+25— 1)
2(y —1) (—2d(y —D(y(z = 1) =22 +1) + 24%(z - 1)? (G.65)
o1 ( —9)+2) +aly — 1) (2(d — Dz — 17
—y(z—1)(2d(z —1) =32+ 2) + 2(2d(z — 1) — 42+ 3)) + yz(y(z — 1) + 1)},
_2d— 1) — 1Py — 1%~ 1)

S e 7R  EETR (00
——& 2y —13%(z—-1) —a(y — z—1)—2z

M= - DR - ) - ey - Dz - 1) - 24 ) o

+yly - -1)+2,
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(I —z)z(l —y)y(l - 2)
((z=Dz(y—1)+y)
For A/|6(k;v)| > 1, the divergent contribution to the two-loop fermion self-energy is given

by

Hy = —

(G.68)

2iB(NZ — 1)

PR =~ = g S(w0*Sld = Zw()Po(E:v) og (

A
. , G.69
|5(k';v)|> (609

where the positive function 8’( ) is defined as

T

§(d) = (d72)2r<%>2r /d

1 1 —4
1—x 1—=z2 2\/1— zz
= 2mae T(d—2) /dy/d —u ) Y
0 0

T 1—x> (1-ylivi—z

{ (20%(y = 12z = D(dly =Dz = 1) =y +y + 22— D+
(1 —y) A +y(—142) —22) +22(-1+y)?(—1+2) + (-1 + y)y(—1 + 2) + 2))
2 (y—1)[-2d(y—1)(z = 1)(y(z — 1) =22+ 1) + 2y*(z — 1)* —y(92 — 4)(z — 1)
(@1 =) A +y(~1+2) = 22) + 22(~1 + 9)2(=1 + 2) + (=1 + y)y(~1 + 2) + 2))
2(82—9)+ 2|+ a(y— 1) (2(d — 1)y*(z — 1)? —y(z — 1)(2d(z — 1) — 32 + 2)+
(1 —y)Q+y(—142) —22) +22(-1+y)?(—1+2) + (-1 + y)y(—1+ 2) + 2))
N 2(2d(z —1) — 42+ 3)) +yz(y(z — 1) + 1)) 3 }
(21 —y) A +y(—142) —22)+22(-1+y)?(—1+2)+ (-1 +y)y(—-1+2) + 2))2
Despite the multiplicative factor that vanishes in d = 2, Eq. (G.70) does not vanish

because the integration over z is divergent in d = 2. In this dimension, an explicit integration
over the Feynman parameters gives rise to

1 1
1 (1—2x)x 1
52)= 1z | d”“’o/ YT a-pi -2~ I (@71)

0

3
2

(G.70)

3
2

This agrees with the result obtained form the computation shown in Appendix D. For d > 2,
the expression is computed numerically as shown in Fig. G.2. From Eq. (G.69) and the
renormalization conditions in Egs. (B.7) and (B.8), the two-loop counterterm coefficients
are determined to be

= A e -2 w10 () (@72)
__2(NZ - 1)By . A
A= —Wg(d)w(vfs [d — 2;w(v))* log <M) : (G.73)

Combining this result with Eqgs. (G.53) and (G.54), and by assuming that A ~ A, it follows
that the counterterm coefficients Z5 and Z3 are given, to the leading order in v, by
(N2 1)

22:1+
2(5%1\16)[ 633 A (G.74)
X c@usta - 2] + S DuPS - 2w og ()
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0.00265 0.002572} )
(G-
0.0025 | e, 0.002568 + ""
* 0.0025641 . “*teeesseses®™ . .
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0.0023 - .
§(d) . d
. 0.0021 [**e,
0.0021 | .
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s
. 0.002 }
0.0019 L . . . . . '.,..
2 22 24 26 28 3 0.00195 |, | | | e,
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d

(0)

tom).

F(d) near d = 2 (top) and d = 3 (bot-

(a) §(d)for2<d<3.

Figure G.2: (a) The function §(d). Each point is computed numerically except for the one
in d = 2 where it can be determined analytically. The (black) dots correspond the value
of the numerical integration and the (red) error bars represent the numerical error in the

computation. (b) Numerical evaluation near d = 2 (top) and d = 3 (bottom).

z=1- G
_ 4
« {2(d7r1)§(d)v8[d 9 e(0)] + ]\iﬁﬁ]fg(d)w(v)ZS -2 w(v)P} log (2) .

(G.75)

We finally note that these two expressions reduce to Egs. (D.19) and (D.20) for N, = 2,

Ny =1 and in the d — 271 limit.

G.5 ONE-LOOP VERTEX CORRECTION

We consider the one-loop vertex correction in Fig. 2.3(b),
Ne

iBav/V o
WSS

n=10,0'=1 j=1

2,1
oT —

where the one-loop vertex function is given by

232
r@OAL L oy = 2Pd
n ( 7q) NcNf

153

Ny
S / dk / g g (k + Q) B ()LD (k, ), oK), (GLT6)

dp [%HG%)) (p+k+ ¢ 1GO(p + ks v)y4-1| D(p). (G.77)
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In view of the renormalization condition in Eq. (B.9), we consider the vertex function at
k=0and §=0,

T,.1(Q) = %Tr [wflféz’”’“(k,q)} (G.78)
k=0,5=0
For n =1, Eq. (G.78) becomes
2B3v P-(P+Q) - (v’p} —p})
TMQ) = 4= [ d y .
A / ([Iﬂ T et AP+ Q2+ (ope —pp7] ) P (GTY)

Following the same steps used in Secs. G.2 and G.4 of this appendix, we obtain

9\ 32w(w _
riQ) = MR (923 ) 1 (5 ) st - 2w

dP APy 19 P-(P+Q)+p;
“/ <2w>d—1R/ e ((P2+p§)[(P+Q)2+p§]>

Rd-1

(G.80)

to leading order in the small v limit. Here S[d — 2;w(v)] is defined in Eq. (G.13). We
introduce a two-variable Feynman parametrization that allows a straightforward integration
over py,

o g2uw(e) D (E2) T (54 T (42)r (42 P
TIH(Q) = (dd 3153]\7( )T () F<(dd)1% )5 )S[d—Q;w(v)]/dx1 / das

TNV s 2 0 0
></ dP (1 -z —a3) 2 [P®—(d—1)(z1 +22)P- (P + Q) +22Q- (Q+2P)]
(2m)d-1 (x1 + xz)% (P2 +22oP - Q + :L'2Q2)%

(G.81)

Rd-1

The integration over P is logarithmically divergent, and in the large A/|Q| limit one obtains

d=2 _d_
rivQ) - zi)]ﬁwﬁw;(&gd1)8[d—2;w<v>uog () @
™ 2 2

From Eq. (3.19) and the renormalization condition in Eq. (B.9), we obtain a counterterm
for the vertex with

Zg=1— Ww(v)g [d — 2;w(v)]log (2) , (G.83)

with {(d) defined in Eq. (3.31). This expression reduces to that in Eq. (D.25) in the d = 2
limit for N. = 2 and Ny = 1.
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APPENDIX H | DERIVATION OF THE LOW-ENERGY FIXED POINT
IN2<d<3

In this appendix we show the explicit derivation of the low-energy fixed point for the theory in
dimensions 2 < d < 3. In doing so we follow a similar logic as the one presented in Appendix
D. The self-consistent equation for the dynamically generated boson velocity reads

_ 43498 (d) v v
c(v)d 1 — € —il)NcNf C(U)8<d2, C(U)) , (H.1)

where S[d — 2;v/c(v)] its given in Eq. (G.13). It is easy to see that

c(v) = <(34ﬁéz%> ! viS (d -2 v(tl))}i (H.2)

solves Eq. (H.1) to the leading order in v/c(v) both in the v/c(v) — 0 limit with d > 2 and
in the d — 27 limit. This follows from the two limiting forms of Eq. (G.13) given in Egs.
(3.26) and (3.27).

Now we compute the beta function for v in 2 < d < 3. Egs. (B.3) and (B.14), and
the fact that the bare velocity is independent of the running energy scale p, yield the beta
function for v as a solution to the equation

1 0Z3 1 0% 102y 1 0%,
by =0 | — - — | =———=——]. H.
o= <Z3 Ologu  Zs 8log,u> +ob (Zg ov  Zy Ov ) (H.3)

From the counterterm coefficients Z, and Z3 given in Eqgs. (G.74) and (G.75), the beta
function (8, = 0v/01n ) becomes

2 _
. 4(1]&%1)1, { (d : Y (sl — 2:e(w)] +

23
N.N;

F(d)w(v)’S[d - 2; w(v)]Q} . (H.4)

Inany 2 < d < 3, 8, > 0 for v < 1. This implies that v decreases as energy is lowered
once the bare value of v is small. Since our calculation is controlled in the small v limit, we
conclude that v — 0 limit is a stable fixed point with a finite basin of attraction.

Factoring out the first term in the curly brackets of Eq. (H.4) we can use the identity

(d—2)

21BiF(d)  w):S[d—2;w)]? UG- A1
NcNf(dd— 0 v Sd-zcw] ~U TS (d — % ) (H:3)

close to d = 2, to rewrite the beta function as

(d—2)

A(d— HNZ 1) s (4 20) ] (11.6)

TN Ny

6v =

C(d)v?S (d s v‘%l)
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The property in Eq. (H.5) follows from Eq. (H.1) and the fact that S[d — 2;¢(v)] =~
Sld - 2;w)] ~ S (d— 2;1)%) close to d = 2. In Eq. (H.5), we use the numerical
coefficient evaluated at d = 2 because the second term in the square brackets of Eq. (H.4)
is only important in the low-energy limit in d = 2.

We define the logarithmic length scale | = log(A/u), where A is a UV energy scale
at which the bare theory is defined. The beta function that describes the flow of v with
increasing length scale can be rewritten as

do(l) 4(d —1)(N? - 1)

TR v Cdw)*s (d-200)T)

X

- en (H.7)
o) TS (d-200) T ) ]

with a boundary condition v(0) = vg. We note that the term in square brackets is merely
a constant in the small v limit in d > 2. On the other hand, S (d -2 v(l)d%il) provides,

at most, a logarithmic correction in d = 2. With the I-dependence of v(l) ignored inside
logarithms, the solution to Eq. (H.7) can be cast in the following implicit form:

1
vlh) = T RO

— 2 _ d—1
Fo(1)] = 4@ 17)T(]<7\10Nf ¢ o (d-200)") (i18)

d—

) (@-2)
1+v(l)(dd2)8<d—2;v(l)71) : ]

X

This equation for v(l) can be solved iteratively in the low-energy limit. The initial condition

d—1
naturally provides the logarithmic length scale [; e volF(vg) ~ %2 UXE&;)UOS <d — 20, ¢

below which the solution in Eq. (O.8) becomes independent of vy and reduces to the universal
form:

(1.9)

mN.Ny 11 1 1
l) = - :
o0 = | Lo

(d_l)(NCQ_l) C(d) 8(61—2'[_@) —@
Eq. (H.9) continuously interpolates the form of v(l) found in two and close to three di-
mensions [148] and the two-dimensional form given in Eq. (D.31) for N, = 2 and Ny = 1.

In obtaining Eq. (H.9) we used the limiting forms of Eq. (G.13) repeatedly to discard
subleading terms in the { > [y limit.
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APPENDIX I | CRITICAL EXPONENTS AND PHYSICAL OBSERV-
ABLES IN 2 < d < 3

In this appendix we provide details in the derivation of the critical exponents and scaling
form of the physical observables for the theory in 2 < d < 3. From Egs. (B.13) and (B.15),
the dynamical critical exponent and the anomalous dimensions of the fields, defined as the
deviations from the interaction-driven scaling, are given by

-1 log Zs — log Z 1.1

z dlogu(Og 3 —logZy), (I.1)

L g2 — (d— 1)10g 21) (1.2)

Tl‘l’i2d10g,u g 43 g41), .
1 d

_ - 2log Zs — 2(d — 1) log Z; — log Zs + (2d — 3) log Z I

ne 2dlogM( og Zs — 2(d — 1) log Z1 — log Zo + (2d — 3) log Z3) (1.3)

where the counterterm coefficients Z1, Zs, Z3 and Zg are given in Egs. (G.41), (G.74), (G.75)
and (G.83), respectively. At low energies, v flows to zero faster than the ratio w(v) = v/c(v).
The dominant contributions to z and 7y come from Z; in the small v limit, while ng is
dominated by Zg and Z;. To the leading order in v, the dynamical critical exponent and
the anomalous scaling dimensions are given by

PR
z=1+ TN}(CM)“’(”)? (I.4)
2 _ _
o = _(%CN,}) (d ;)C ) o), (1.5)
ne = W {8 [d—2;w(v)] — (N2 — 1)} w(v). (1.6)

The scaling forms of the two-point functions are dictated by the RG equation,
v 9 (2)
(+K - Vi + £ Vg) — Buss+ D | I (kv 1) = 0. (L.7)

Here a = b,f labels the bosonic and fermionic cases, respectively. D, denotes the total
scaling dimension of the operator given by

Df =2y + 2(d— 1) — d, (I.
Dy = 2¢ + 2(d — 1) — 2(d — 1). (I

— —
© 0o
S—
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Eq. (I.7) can be written as

k d D, (1) (2)
K-V .V — = 1.1
where v(l) is the solution of
du(l) By
T —Z(Z), v(0) = vy, (I.11)

and [ is the logarithmic length scale. The solution to Eq. (I.10) can be written as

l l

(2) - D, (5) (2) ! / d/ N

I, (K = —— | I K — . 1.12

a ( 7k7U0) €xXp /df Z(g) a € , €XP Z(ﬁ) k‘,’l}(l) ( )
0 0

Here z(¢) and D,(¢) should be viewed as functions of the logarithmic length scale, where
w(v) in Egs. (I1.4), (I.5) and (I1.6) are replaced by

wo(l) = 7N Ny [(S—d)(d—l)}d
4(d - 1) [c(@) (N2 — 1)) L B(d)

d—1 (1.13)
§ 1
1+

o 1
TS (d _2 l—‘%l)

in the large [ limit. Here, S(§;a) is defined in Eq. (G.13). Similarly, the scale-dependent

velocity of the collective mode is given by

)

=

_ 3B (d) Y
0= (G=aasmr=ica) 1+l‘%2>] n (1
In order to compute Eq. (1.12) for the fermionic two-point function, we consider
De(l) _ 2ne(D) +2()(d—1) —d 1 2ne() +(d—1)[z(0) — 1]
_ _ 115
) ) 't 0 B

where the contribution from the dynamical critical exponent and that from the net anomalous
scaling dimension of the fermion field are separated. The crossover function in Eq. (I1.12) is
determined by the scale-dependent functions:

l l
Iz(z)zo/;(lﬁ), and I\p(l)zo/dﬁ <2W(£)+(dz(_ﬁ)1)[z(@_”). (1.16)

Since the critical exponents are controlled by w(v) = v/c(v) > v it follows that, to the
leading order in v, the contribution from the dynamical critical exponent is dominated by
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the counter term coefficient Z; and, consequently,

() = / at [1—%]@”«@@0(@}
0

. (1.17)
1 ] a l
1419 s(d 2.1~ ”)
where §.(d) is defined in Eq. (3.40) and the last equality follows from taking the large [

limit. Similarly, the contribution from the net anomalous scaling dimension is dominated by
Zs at low energies,

ulm

== F(d)(NZ = 1)

l

(N2 —-1)
Iy(l) = d/ (d)v(f)B[d — 2;¢(0)]
NNy 0/ { (1.18)
4
+ ;ﬁ@fg(d)w(zﬁs [d— 2;w(€)]2} .

From Eq. (H.9) we use

Loany  aNNp 1 1|1
(0 (d = 200) T ) ~ DT |1 “d”] : (L19)
to write
Iq,(l):% Ll(d_z)] logl +S (d—2171)]. (1.20)

in the large [ limit. In obtaining Eq. (I.20) from Eq. (I.18) one has to use the expression
for v(l) without dropping the term depending on vy prior to the integration. Only after the
integration is done, the terms depending on vy can be thrown away safely. Since the fermion
two-point function reduces to the bare one in the small v limit, the two-point function for
nonzero v is given by

LK, F) = I (K, F) = Fo(K]) [i (KT - K + 9120 )| (L.21)

for el=008(A/IKDIE fixed. Here, vk| = v [log(A/|K])]. The universal functions,

F KD — oo i 7 oz - D ogay/t |
1+ log(A/KD T ] S (d— 25 log(A/[K])) )
F\p(\K!)=exp{; ! = 2)] [log [log(A/[K]|)]
1+ [log(A/[K])] (1.23)

+S (d — % [log(A/|K|)]_é>} } ’
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capture the deviations of the dynamical critical exponent and the anomalous scaling dimen-
sion of the fermion field from their values at the low-energy fixed point, respectively.

For the bosonic two-point function in Eq. (1.12), we consider

Dy(l)  2me(l) +2(I)(d—1) —2(d—1)  (d—1) n 2ne (1) + [2(1) — 1](d — 1)
l l

b
2

(1.24)

) z(1) =) z(1) ’
where we have separated the contribution from the dynamical critical exponent and the net
anomalous dimension of the bosonic field. The latter contribution to the two-point function
is captured by

l

0

Ig(l) is dominated by the counter terms Zg and Z; in the small v limit, and we can write
d-1
d

1
l

(d=2)

1+

(NZ-1)
25 (d —2 z-”l”> ’

Sao(d)
(N2 —1)"T

=

1—

Io(l) = (1.26)

where §o(d) is defined in Eq. (3.42). Using Eqgs. (I.12) and (I.17) and taking into account
the fact that inverse of the bosonic two-point vertex function reduces to Eq. (3.21) for v <« 1,
we obtain

red(Q,q) = 1?(Q,¢) = Fa(IQ) [E-(QN" QI + il (1g. + 1, 1], (127)

for el=10g(A/I1QD1 7 fixed. Here,

-

Sa(d) log(A/|Q])]

S e

1 =
1+wmwmwﬂ4

(1.28)
(V2 - 1)

25 (d - 2 [log(A/1QN] T ) | |

X |[1—

and ¢/q| = c[log(A/|Q])], capture the scale-dependent anomalous dimension and the velocity
of the collective mode, respectively.
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APPENDIX J | RENORMALIZABILITY OF THE ANTIFERROMAG-
NETIC QUANTUM CRITICAL METAL

Here we address the renormalizability of the EFT defined by the action in Eq. (4.1). We
show that, if Egs. (4.19) to (4.21) and (4.23) hold, the superficial degree divergence of a
given quantum corrections is, at most, that of the quantum correction computed in the
absence of momentum dependence in the coupling functions. Using this we show that, to
zeroth order in the four-fermion couplings, the physical observables of the theory can me
made independent of the UV scale Ay by adding local counterterms that depend only on
the momentum along the FS. In other words, if such local counterterm functions exist, then
the physical observables of the theory can me made independent of the UV scale Ay. In
Appendices M and QQ we show by an explicit computation that such local counterterms exist
to leading order in v and the four-fermion couplings.

J.1 SUPERFICIAL DEGREE OF DIVERGENCE OF QUANTUM CORRECTIONS

Let us consider a quantum correction within renormalized perturbation theory that contains

L loops, L fermion loops, Ef (Ejp) external fermionic (bosonic) legs, V; Yukawa vertices,
V) four-fermion vertices, N; insertions of the counterterm functions with Ag\i,)(kN) for i =
1,2,3, Ny insertions of the counterterm function with A%)(kﬁv,kjv) and N, insertions of
the counterterm function AEV}} (o} ({ki;n,}). Moreover, let Iy (1) denote the number of

internal fermion (boson) propagators. Let us denote such a quantum correction by D({l;}),
where the [; with j = 1,..., L denote the external momenta. The formal expression for this
quantum correction can be written as

L (L) ~ [H/dpz

{J
HgM vaxM [H {;()}{ ()} ;S}(Ci)})]

_If M
< [TV @) | [T]45) o, m] HA v@)(sQ»in(mi)mi]
_i:l =1 (Jl)
M I N3 5
X HD(k‘z)] HAgvi)(tPi)V( Vtp,)ip, HAgl YR YR:)IR: (YR, > UR; )]
=1 =1 =1

T 00 A
" =1 {U,i”};{p,ﬁ’”}({“i;lfé“}) U0 oy (R0 1) |-
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Here, p; denotes the L frequency and momentum vectors that run through the L loops of the
diagram. The frequency and momenta denoted by ¢;, ki, xi, z}, 74, Si, ti, i, y,, zi and u; are
linear combinations of both internal and external frequencies and momenta. The notation
tp, is used to denote the component of the momentum stemming form hot spot P; along the
direction of Cj AFM. Summation over the hot spot indices is implied and the structure factor
that depends on the hot spot, spin and flavor indices has been omitted since it will not play
an important role. The bare fermion propagator for electrons close to hot spot N is given
by

1
aW(g) =

, 3.2
iqo + Vi™ (an)en(d: vn (gn)] o)

and the bosonic propagator, D(q), solves the Schwinger-Dyson equation in the presence of
the momentum-dependent coupling functions:

8
D) =mor+2Y / d g (kb +an, bn)Gy(TED (k, )Gy (k+q),  (.3)
N=1

where mc T is a counterterm that tunes the mass of the collective mode to zero in order to
keep the theory at criticality. In here Gy (k) denotes the fully dressed fermion propagator
whose dependence on the momentum-dependent couplings has been left implicit. Finally,
r ](\,2 ’1)(k, q) denotes the fully dressed vertex function of the theory which is also a functional
of coupling functions. We note that this one involves, in principle, quantum corrections
sourced by the four-fermion couplings.

Determining the boson propagator requires solving Eq. (2.5). For a generic momentum
dependence in the coupling functions, this is an impossible task. However, there are two key
properties that can be determined without solving the Schwinger-Dyson equation explicitly.
First, the propagator for the collective mode has scaling dimension [D(q)] = —1 under the
interaction driven scaling. Second, since ®(q) = Zi\zl—l T (q), with ¢*(q) = ¢*(—q)*, the
boson propagator must be a real and even function of ¢q. Finally, the low-energy dynamics of
the boson is subject to frequency and momenta such that |¢| < Ay and || < Ay, from which
Ag is the only genuine UV scale. This, with the two aforementioned properties, implies that
all analytic contributions to the boson propagator are irrelevant. This is because, besides the
mass term that is tunned to zero, a Taylor expansion around ¢ = 0 must start at quadratic
order in frequency and momentum and therefore must be weighted by an inverse power of
Ag or Ay. Consequently, the only frequency and momentum dependence that the boson
propagator can acquire in the low-energy limit must be non-analytic and linear in frequency
and momentum.

In what follows we will use the fact that the bosonic propagator depends linearly on
the frequency and momentum without specifying the solution to Eq. (2.5) provided that
lg] < Ap < Ag. In the remaining of this appendix we focus on the effective low-energy theory
defined in an energy shell of width Ay < Ag around the FS. We now proceed on showing
that, provided that Eqgs. (4.19) to (4.21) and (4.23) hold, the superficial degree of divergence
of higher-loop corrections to Eq. (4.1) is, at most, the superficial degree of divergence of the
correction computed by ignoring the momentum dependence of the coupling functions.
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In the absence of momentum dependence in the couplings and counterterm functions, the
superficial degree of Eq. (J.1) is given by %y = 3L — Iy — I, + Z?:l N;. Let us now consider
the diagram with the momentum-dependent couplings and denote by Z its superficial degree
of divergence. Using Egs. (4.19) to (4.21) and Eq. (4.23), we can bound Eq. (J.1) from
above by

Iy Iy
[Dr, ({1} s[f[ [an| [T |6¥@ [H\mw]
1 |i=1 i=1

N1 1 N2 @)
x |1 log (fro.1)* [0l [H!log(lé‘@i!)l‘” 29 (s0,) ISQZ-!]

Li=1 i=1

N3 Ny
< | T 1o (It Dl [V (t5) rtm] [H |log(max(|y,|. ryRim!“l]

Li=1 i=1

- §
x| T rogtmax({]u, 1) ]

Li=1

for a given ay > 0. To determine the superficial degree of divergence of this integral, we
consider a coordinate transformation from the 3L frequency and momentum components
to a set of generalized spherical coordinates. In doing so, any divergence coming from the
large momenta regimes will arise from the integration over the radial coordinate r. In these
coordinates, Eq. (J.4) can be written as

o0 Iy Iy
Do hl s [ 0 [ar et | TR0 o) [Hrmr,{ejm]
§3L—1 0 =1 i=1

. [ﬁ’k’g r|f1(i)({9j})])’mr]fo ({6:}) ] [H‘log( e ]

[ log (r1A” ({6 1) |

x [H [tog (rIA ({6 D)1) |
=1

/N

(J.5)

D {o,h)| 15 (16, }>r]

Ny
P; i i @
Vi {%})\ﬂf&({@})] [H{log (A7 (6:3)1) ]
i=1
Here d€237,—1 denotes the volume element of a unit radius sphere in 3L-dimensions and {6;}

denotes the set of generalized angular coordinates. The functions fk(f)({Oj}) are functions
that only depend on the angular variables. In what follows we ignore the angular dependence
Within the integrand and consider its large r limit. For large r, D(r,{0;}) ~ r~! and

( {0;}) ~ 7“_1V ( {9 )71 as a consequence of Egs. (4.19) to (4.21) which imply

that un(r,{0;}) £ 1 and VF( (r,{6;}) £ 1. Let us denote with Z the integrand in Eq. (J.5).
Then, in the large 7 limit, and by ignoring the angular and hot spot dependence in the Fermi
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velocity,

T ~ 7QSLflflffIbJrEf:lJ\fi Iog(r) [NA-I—Z?:l Ni]al ‘VF (7’) ’N2+N371f
— %01 log(r) [Ma+3i Ni]ey Ve (T)‘N2+N3_If. (7.6)

Since Iy > No + N3 + 1, and [Vp(r)| £ 1 by assumption, it follows that the integrand
decays faster than the same integration in the absence of momentum-dependent couplings.
Moreover, the appearance of the logarithms modify the superficial degree of divergence only
marginally. In other words, the superficial degree of divergence of the right-hand side of
Eq. (J.5) satisfies Z < %. Hence, the superficial degree of divergence of a general quantum
correction is bounded from above by the superficial degree of divergence of the same quantum
correction computed in the absence of momentum dependence in the coupling functions.

This conclusion has several important consequences that we now discuss. The first thing
to note is that those quantum corrections to the action in Eq. (4.1) that are irrelevant in the
absence of momentum-dependent couplings, remain irrelevant and independent of the UV
scale of the theory. This shows that, from a nonperturbative perspective, the proliferation of
UV power-law divergences discussed in Sec. 4.3-(a) is absent for the theory under consider-
ation, provided that Egs. (4.19) to (4.21) and (4.23) are satisfied. In what follows we focus
only on quantum corrections whose superficial degree of divergence is 2y = 0 and %y = 1.
To zeroth order in the four-fermion couplings, the corrections with %y = 0 correspond to
the Yukawa vertex correction and those diagrams that contribute to the anomalous scaling
dimension of the four-fermion couplings. To the same order in the four-fermion couplings,
those corrections with %y = 1 correspond to the boson and fermion-self energy corrections.

We note that, in the presence of four-fermion couplings, the degree of divergence of quan-
tum corrections increases with the number of four-fermion vertices. This is a consequence of
the irrelevancy of the couplings under the interaction driven scaling. This, in principle, can
lead to a proliferation of power-law UV divergences that will destroy the renormalizability of
the theory. However, since the coupling-functions depend only on the momentum along the
FS, such divergences are expected to be cutoff by, either the size of the FS, kg, or Ay, which
measures the phases space of nested electrons that can be scattered by the spin fluctuations.
This suggests that even in this case, the dependence of the physical observables on the gen-
uine UV cutoff Ay can be removed by adding local counterterms that depend only on the
momentum along the FS. A rigorous analysis of the renormalizability of the theory beyond
zeroth order in the four-fermion couplings goes beyond the scope of this thesis. Therefore,
in the remaining of this appendix we ignore the feedback of the four-fermion couplings and
focus only on showing that the theory is renormalizable to zeroth order in the four-fermion
couplings.

In the following section we show that the renormalized physical observables are indepen-
dent of the UV scales by showing that, to zeroth order in the four-fermion coupling, the
renormalized electronic two-point function, the renormalized interaction vertex function and
the four-point vertex function are independent of the UV scale A; after adding the coun-
terterm action in Eq. (4.22) to Eq. (4.1). Before we delve into this, we note that, to leading
order in the four-fermion couplings, the introduction of the momentum-dependent countert-
erms does not increase the degree of divergence of the quantum corrections. Therefore, all
contributions to the Schwinger-Dyson equation remain finite. This implies that the physical
bosonic two-point function is independent of A;.

164



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

J.2  YUKAWA INTERACTION VERTEX FUNCTION

The renormalized interaction vertex function that stems from the action in Eq. (4.29) can
be written as

VN
(271)

where 61y (K', k) encodes the quantum corrections to the vertex function. According to Eq.

rEVH k) = [+ AQ (b, k)| + 0Ty (K B), (1.7)

(4.27), the counterterm function A%) (K, kn) is fixed, in terms of the quantum corrections,
by

AD (ki Kiy) = —div [6FJ(V2’1)(I¢*,E')] : (1.8)

with &* and & being the frequency and momentum vectors evaluated at the RG conditions.
For example, for N = 1, k* = (1, ky, —v1 (kg )kz) and & = (, k., v4(k,)KL). div]---] denotes
the divergent part of the expression in the Ay > p, where p is the energy scale at which the
RG conditions are imposed. We note that, to zeroth order in the four-fermion couplings, the
corrections to the Yukawa interaction vertex function only involve virtual processes where
fermions are not nested and therefore, only Ay is the relevant momentum scale that will
cutoff the possible UV divergences in the quantum corrections.

Without loss of generality, let us consider the N = 1 hot spot. Around the frequencies
and momenta at which the RG condition for the vertex function is imposed [see Eq. (4.27)],
we can write the renormalized vertex function as follows

[e.9]

IV kY = 3" (ko) (1 — k)™ (ky + v1(ka ko) (Kl — va (kL) kL) ™) (KL ks ), (1.9)

n,m,r,s=0

where we have defined
1 8n+m+r+s

Y. k) : (J.10)

(m,n,r,s) k/ k... —
v (R ko 1) = i Ok 0k kO kh b/=F

Under the interaction driven scaling, the functions ¢("m7) (K, kz; ) have scaling dimension
[mmm) (k! kysp)] = —m —n —r —s. Now, forn =m =17 =5=0, Eq. (J.8) immediately
guarantees that

K, k)
0.0.0.0) g/ L+ 1y) = 91(kz, ko)
@ (Ko Koy 1) N

and therefore it is finite. Now, for n +m +r 4+ s > 1, the scaling dimension of the functions
go(m’””"’s)(k"x, ky; p) is negative. Ignoring the momentum dependence of the couplings of the
theory, the superficial degree of divergence of the quantum corrections to these functions
is 9p = —m —n —r —s < 0 and therefore, these are independent of the UV scale for
n+m-+r+s > 1. In the presence of the momentum-dependent coupling functions it
follows from the results presented in the previous section that the degree of divergence of
such corrections is 2 < %y < 0 and therefore all (™™™ (k! k,: ) are independent of the
UV scale for m +n 4+ r + s > 0. Hence, the renormalized interaction vertex can be made
independent of the UV scale of the theory by adding the counterterm action in Eq. (4.22)
to zeroth order in the four-fermion couplings.

(J.11)
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J.3  ELECTRONIC TWO-POINT FUNCTION

We consider now the renormalized two-point function that stems from the action in Eq.
(4.29) and which can be formally written as

I3 ) =i |1+ AR (k)| ko

[+ AR (k) (3.12)

(3) (N) k:
n [1 —|—A]\?; (kN)] VFN (kn)en (k, 1 +A§3)(7€N)]

UN(kN)> +3n(k),

where Xy (k) denotes the fermion self-energy that captures all quantum corrections to the
fermion dynamics and which are computed within renormalized perturbation theory. Ac-
cording to the minimal subtraction scheme enforced by the RG conditions in Egs. (4.24) to
(4.26), the counterterm functions A%)(k:N) for i = 1,2,3 and N = 1 are determined from
the fermion self-energy through the expressions

AW (k) = idiv [6‘2021(/@) } , (J.13)
o B . k=k*
A v e, 110
x div {Maiozl(k) T ul(kx)kxazzl(k) T El(k*):| ;
AP (k) = _VF(l)l(kgc)div [%21(@ k:k*] , (7.15)

where div[---]| denotes the divergent piece of the expression in the Ay > p limit. Here
k* = (u, ks, —v1(ks)kz). The counterterm functions at all other hot spots can be obtained
from these expressions through a Cy transformation. Let us now show that the counterterms
AS\Z[) (kn) fori = 1,2, 3 are real for the theory under consideration. In the presence of particle-
hole symmetry and time-reversal symmetry, the fermion self-energy has the properties

- -, - -

Yn(ko, k) = Xn(—ko, k), & Xn(ko,k)=—-Xn(—ko,—k), (J.16)
which allows the fermion self-energy to be written in the general form

L - - - fivy (ko F)

S (ko, B) = iko ™ (ko, B) + ity (ko D)V (kn)en | s Z5——vn(kn) |, (J.17)

f R,2 (ko, k)

where the fI(N), f}(ﬁ) and fé]g) are real functions that are independently even in frequency

and momentum. Combining Eq. (J.17) with Eqgs. (J.13) to (J.15) it follows that the
counterterm functions are real and given by

AV (k) = —div [ i E*)} , (J.18)
AP () = —div |0} (0 F)] | (J.19)
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AD (k) = —div [ fim E*)] . (J.20)

i

and similarly for all other hot spots.

With the counterterm functions being determined in terms of the fermion self-energy,
let us show that the renormalized two-point function is independent of the UV scales of the
theory. We focus on the NV = 1 hot spot without loss of generality. For this purpose we note
that the two-point function can be written as the following Taylor expansion around the
frequency and momentum point at which the RG conditions are specified [see Eqs. (4.24)
to (4.26)]:

T () =373 (ko — i)™ (y + v1 (ki a)" 0 (ks 1), (J.21)

n=0m=0
where

1 am—i—n F(270)(k)

(m,n) k... e
0" ki ) = ok ok !

(J.22)

k=k*

Under the interaction driven scaling, the functions Q(m’”)(km;u) have scaling dimension
[0™™) (ky; )] = 1 —n — m. Let us show that each of these functions is independent of
the UV scales of the theory. For m =0 and n =0,

o0 (s ) = i1 + AP (k)i + Vi G on (koo [ AP (k) = AP ()| + 20 6%) = s, (3.28)

where the last equality follows from Eqs. (J.13) to (J.15). Similarly, using the same expres-
sions it follows that for m = 1,n =0 and m = 0,n = 1 we have,

0
0O (g ) =i [1+ AP (k)| + (k)| =1, (7.24)
5/{70 k=k*
0
0O (kg 1) = [1+ AP (k) Vi (k) o >1(k) = Vi (ka), (J.25)
Yy k=k*

respectively. Thus the first three terms in Eq. (J.21) are all finite. Now, we focus on Eq.
(J.22) for m 4+ n > 2 which are given by

L0 o

(mn) (k. )) =
O ks i) = ol Sk

: (J.26)
k=k*

and therefore these depend only on the quantum corrections to the fermion dynamics. Under
the interaction driven scaling, the scaling dimension of o("™™) (kz; ) is negative for m+n > 2.
In the absence of momentum dependence in the coupling functions and to zeroth order
in the four-fermion coupling functions, the diagrammatic corrections to o™ (k,; ) have
superficial degree of divergence %9 = 1 — m —n < 0 and therefore are independent of
the UV scale of the theory. As shown in the previous section, the introduction of the
momentum dependence in the coupling functions does not increase the degree of divergence
of the quantum corrections provided that Egs. (4.19), (4.20) and Eq. (4.23) hold. Therefore,
all of the functions in Eq. (J.22) have a degree of divergence 2 < %y < 0 for m+n > 2 and
thus these are independent of the UV scale of the theory. As a consequence, the renormalized
electronic two-point function is independent of the UV scale once the counterterm action in
Eq. (4.22) is added to Eq. (4.1) to the leading order in four-fermion couplings.
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J.4 FOUR-POINT VERTEX FUNCTION

We now focus on the four-point vertex function to zeroth order in the four-fermion couplings.
That is, we consider those quantum corrections that contribute to the anomalous scaling
dimension of the four-fermion coupling. These correspond to quantum corrections linear in
the four-fermion couplings and arbitrary orders in the Yukawa vertex which have a superficial
degree of divergence %y = 0. The renormalized four-point vertex function is given by

PO (k) = [0 AG o Wi D] M o (i) + ST (i), (27)

where 5F{(?VO£ i{{]l}({k }) encodes the quantum corrections to the four-point vertex function

that are linear in the four-fermion couplings. According to the RG condition in Eq. (4.28),
the counterterm function is fixed to be

{.71
ANion

({kin, }) = —div a0 (k7 })] + finite terms, (J.28)
where k} correspond to the frequency and momenta at which the RG conditions are imposed
and div[- - - | denotes the divergent part of the expression in the Ay > p limit, where p is the
energy scale at which the RG conditions are imposed. At this stage one can use the same
argument that was used in showing that the Yukawa vertex corrections becomes independent
of Ay once the momentum-dependent counterterm functions are added to the bare action.

This guarantees that, if Ag\’,}} (0 }({k,-; N, }) exists and it is local, the four-point vertex function
becomes independent of Ay. As shown in Appendix QQ by an explicit computation, such
counterterms exist to the leading order in v < 1.

J.5 SCALING OF LADDER DIAGRAMS IN THE PARTICLE-PARTICLE CHANNEL

In this section we focus on the particle-particle ladder diagrams shown in Fig. 4.8 that
involve nested fermions within each loop. These diagrams are the ones that dominate the
contributions to the anomalous scaling dimension of the four-fermion couplings. We estimate
their magnitude in the c¢(v)Ap > Ay limit and show that, a diagram in the ladder series with
L loops scales, at most, as

L(L) ~ NG w(©)Flog(c(v)Ay) F log(Af)F, (7.29)
in the w(v) < 1, ¢(v)Ay > Ay > A limits, where A denotes the IR scale of the diagram,
which depends on the external frequencies and momenta.

Let us consider a L-loop diagram within the ladder series in Fig. 4.8 that involves only
internal fermions at hot spots N = 1 and N = 5. For simplicity, we set the external frequen-
cies and momenta to zero since these only play the role of IR cutoffs for the integration. To
be concrete, we consider the quantum correction to the coupling )‘%1}5 {05} depicted in Fig.
J.1. All other cases that involve nested fermions in each loop follows the same logic. The
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Figure J.1: L-loop contribution to Al to linear order in AU
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expression for such a quantum correction reads, in the WMDL,

L L
L(L) = ULM[?;%;{W} H/dej 11 2| Galar;v)Gi(ar + g2 v) x -
j=1 j=1 (1.30)
X Galqr+ -+ qr-1;0)Gi(q1 + -+ qr; v)Gs(—q1;v) G5 (—q1 — qa;v) X -+
X Gs(—q1 — - —qr—1;v)Gs(—q1 — -+ — qr; V).

Here, g; denotes the momentum flowing through the collective mode’s propagator in every
rung of the ladder diagram. According to the discussion in Sec. 4.2-(a) , the integration over
the momenta must be done over the region:

|gj;z] < As, @iy < Ab,  Jea(@isv)| < Ay, ler(qisv) + er(ga;v)] < Ay, (J.31)
L

lea(@isv) + ea(@ov) +eal@iv)l < Ap, oo & D ea(@iv)| <Ap (J.32)
=1

To make the UV cutoff structure explicit in Eq. (J.30), it is convenient to change variables
that make the integration over the energy of the internal electrons explicit. We consider
then the nondegenerate change of variables:

Y1 = es(qh;v), X1=q1z, (J.33)
Yo = e1(q1;v) + e1(ga; v), Xo = @24, (J.34)
Y3 = eq(q1;v) + ea(qa;v) + ea(q3:v), X3 = G341, (J.35)
(J.36)
L
YL => ea(dHiv), Xi=dra (J.37)
=1

Under this change of variables, the integration over Y; are effectively performed on the regime
|Yi] < Af. The integration over the X;, on the other hand is done over |X;| < Ay in the
c(v)Ap > Ay limit. Using the fact that es(q;v) = es(—¢;v) and e1(g;v) = es(—q;v), Eq.
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(J.30) takes the following form

L(L) = L)\Jlitj')115{al} H/ o / 11 / g?) ﬁ 1.

2
- - 2 J
_Ab J= —Ay Jj=1 Y; + [ k=1 Qk;(]}

L 1

g H g0l + c(0)[X;] + 199 ({e(v) X5, e(v) Vi)

Here c(v)qj.,, = g ({c(v)X;, c(v)Y;}) are functions that depend both on Y; and X; at most
linearly in each of the integration variables. Moreover, these depend on X; only through
vX;. For example, for j = 1,2, 3, these are given by

9V ({e(v) Xi, c(v)Y}) = c(v) V1 —vX3], (J.39)
D({c(v) Xy, c(0)Yi}) = c(v)[v(2X] + X2) — V1 — Y3, (J.40)
D({e(v) X4, c(v)Yi}) = e(v) [Ya + Y3 — v(2X1 + X3 + 2X5)], (J.41)

and similarly for all 4 < j < L. An important feature of these functions is that, for a fixed
J, these depend only on X; with ¢ < j. We proceed by noting that, in the large Ay limit,
the Y; integrations are all convergent because the integrand decays faster than Y[Q in every
direction. In particular, if one ignores the terms of order ¢(v)Y; inside the boson propagator,
the integrand decays as Y; in every direction. Therefore, one can perform the integration
over the Y; in the v < 1 limit to obtain

A
L L arctan | ——L—
L {z dqo <Zi—1Qk;0>
£~ 2y |11 / - H / | —

k=1 9k;0

(J.42)

L
1
g H g0l + c()1X5] + 199 ({e(v) X5, 0})]

To integrate over X; we use the fact that for a fixed j, the functions ¢¢) depend only on X;
with 4 < j. In the small v limit, the terms of order ve(v)X; can be ignored with respect to
the terms of order ¢(v)|X;|, within the same bosonic propagator. In this limit, the integration
over X, can be done straightforwardly to yield

c v A Af
dgo | |55 L arctan (zq >
L {7i} —1 9k;
L(I) ~ w) AR H / il | w3 —=
=LA, j=1 D=1 Q0 (7.43)

L-1

1 o c(v)Ab
1;[ g0l + 1X;] + [§9 ({ X3, 0})] o [1+ (X170)|:|

where g9 (X;,0) = g9 (X5, 0)|vx;=0- Since this function depends on X1 through vX 1,
setting v = 0 makes the integration over Xy logarithmically divergent in the large c(v)Ay
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limit. Therefore, one is tempted to say that the UV divergence is cut off by a momentum
scale proportional to 1/v. Indeed, this is the case and this scale depends on the internal
frequency and momentum. This doesn’t rule out the possibility of a divergence stronger
than a single logarithm in the UV scale A;. This is due to the logarithmic dependence on
the momentum scale that cuts off the aforementioned divergence once the integration over
the X;’s is performed. We can, however, bound this integral from above by

—1 @ arctan <Af)
L(L) S w(v)PAl) H qu H ax; | | STy ae
~ 1515;{0;} e (2m) L Z{c—l Tt
S . B (J.44)

1T 1 o -+ 28
i1 a0l + 1G]+ [99 (X5, 03)] |9z

This allows for an integration over X _1 that follows the same logic as the one used in the
integration over X;. Thus, by the same token, we have that

o c(v)Ay 1 Ag )
L—-2 L |arctan
L {7, q dX < J —1 9k;0
L(L) é w(v) )‘1é15 i{oi} l l ” 3 Zj
j=1% =1 (o)A, j=1 k=1 9k;0 (7.45)

L-2

H 17( 5 log [1 + C(U)Ab} log {1 + C(U)Ab} .
i1 lgi0l + 1G] + 1Y ({ X3, 03)] |40l —1;

Iterating the same bound until all of the X; integrations are done, we can bound the inte-
gration from above by

L arctan (Af>
\ 2kt %0 Hl [ Ab] . (J.46)

.ljgzl qk:0 |QJ 0|

; dg
L(L) 5 w(v) L>‘Hs15{m} H/ .

We now address the remaining integrations in the Ay < ¢(v)Ay limit. In here, the arctangent
functions play an important role. If the frequencies are large compared to Ay, the integration
vanishes very rapidly in the large frequency limits, offering only contributions that vanish in
the Ay — oo limit. Therefore, the leading order dependence in Ay comes from frequencies
that are, at most, of order Ay. This implies that the arctangent functions effectively cutoff
the large frequency integrations at a scale Ay. In this case, ¢(v)Ap/|go| > 1 and in this limit
we have

(3.47)

Ui @ L |arctan (ZJAfQ>
ﬁ(L) é ( )L)\lézw o; log(c(v)Ab)L H/ \ k=1 k;0
oo J=1p 2w j=1 Zizl%;o
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This integration can be bounded even further by

Ag

< (o DL} Ll [ || arcm(mm)

L(L) 5 w(v) A log(c(v) Ay) 11 / @ 11 — | (J.48)
j=1g j=1 5

Individual integration over the frequencies yield, in the large Ay limit, a logarithmic diver-
gence in Ay. Therefore we have that

L(L) S w(v) AL log(e(v)Ap) " log(Af)™. (3.49)
The same argument applies for any choice of external hot spot indices. Therefore, a diagram
with L loops in the ladder series shown in Fig. 4.8 scales with w(v), Ay and Ay, at most, as

show in Eq. (J.29) in the w(v) < 1 and c(v)Ap > Ay > A limits, where A represents the
IR scale of the diagram and which depends on the external frequencies and momenta.
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APPENDIX K | FUNCTIONAL RG SCHEME AND THE FUNCTIONAL
RG EQUATION

In this appendix we elaborate further on the functional RG scheme introduced in Sec. 4.3
and derive the RG equation governing the scaling form of arbitrary vertex functions. This
appendix constitutes a generalization of the scheme presented in Appendix B for the case in
which we include the momentum dependence in the couplings of the theory.

The renormalized quantum effective action arising from the action in Eq. (4.1) can be
written formally as

F([{¢T,¢,¢},UN,9N,VF€ ))‘g\lf}}{ }} kF,Abv )

~ . (K.1)
7 Tt g, @), o, g i AR i e R ),

n,m=0

where )\g\} Vo }({kl N}, kr and A, are the dimensionless four-fermion coupling functions
and the dimensionless IR scales of the theory, respectively. Here, the vertex functionals are
expanded as

2m+n

I‘(gm’n)([{wTawv(I)}avagNaV( Ag\lf}}{g }]7/]%F7Kb7 27T H /dk
m 2m-+n
K.2
Sk S kg | o) () ) (1:2)
7=1 j=m+1
O (krsom) - P(Fnrom) D™ (Kt . koo 1; [ow, gns Vi )\g(;}} (0 }]?EF;KM,U«)}'
Here '™ ({k;}) = TP (k... komin 1,[1)N,gN,V M) /\g\}}}{ }] Ky Ap; p0) denotes

the one-particle irreducible (1PI) vertex functionals of the theory, where the square brackets
are used to indicate their functional dependence on the coupling functions. In what follows
we keep implicit the dependence on the coupling functions and dimensionless scales of the
vertex functions. The vertex functions depend explicitly on the hot spot, spin and flavor
indices and, in Eq. (K.2), the summation over these indices, as well as the dependence of
the fields and vertex functions on them, have been left implicit for clarity.

Under the interaction-driven scaling, the 1PI vertex functions have engineering scaling
dimension [I"?™") ({k;})] = 3 — 2m — n. Therefore, under a scaling transformation

D@mn) ({§}) = pB=2m—n pEmn) (1) (K.3)
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where TG ({k;}y = D) ({bky}s [y, ghe, Vi A 5 e Ay byr) for b € R, and

the primes are use to denote a scaling transformation on the coupling functions:

U?v(kN) = oy (b k), (K
Vi) = VY (b k), (K
gv(an.kn) = gy (b~ an, b~ kn), (K.
/\E\Z/}{g ({kisn }) = )\g\}}{g ({b™ 1k71N 1) (K

It is noted that, under the simultaneous scaling of time and space, the frequency and mo-
mentum in the coupling functions must transform with the inverse scaling transformation to
preserve the domain and range of these functions.

On the support of the momentum conserving Dirac distribution in Eq. (K.2), the bare
vertex functions are related to the renormalized one through the multiplicative relation

NG

I
& (kB = [ZQTW . Hz’” remm({k;}), (K.8)
M m,n m,n N (3
with PEmD (KB} = D) (kB[] 0], VER BAL (0, WE: AR5 A ) where =

pkp and KB = phy. Here 2 = 2373/23 25, Z; = Z1/Z5 and Z) (kn,) = 23 (kn)/ 22,
and the renormalized coupling functions are related to the bare ones according to Eq. (4.30).
The prime in the product symbol in Eq. (K.8) is used to denote the fact that the momenta
appearing in the fermion field renormalization factors must comply to the momentum con-
servation implied by the Dirac distribution in Egs. (K.2). Combining Eqgs. (K.3), (K.8) and
(4.30), and using the fact that the bare quantities are independent of the floating energy
scale u, it follows that the scaling form of the vertex functions is governed by the functional
RG equation

%w 2m+n—1 9 P
zin—=1)+2(m—1)+n ! 2k + kj - —
(n=1)+2(m " Z ; [ P okjo akj]
Ovas (ml) (v) ] 6 8VF(M1) (Vi) )

— dz — 1+ By (T + |z + By (x

]\;l/ ' ([ (1) dvar, () Yo m (1) ) F(Ml)(x)

391\41(961,1‘2) Agm, (1, 2) 0

+/d$2 |:{$1 8$1 + Z2 ax2 ,BMl(xl,Ig) 769]\/[1 (561,1‘2) (KQ)
COS S [ fan {00

Mz, M3,Ms=1{0o;=1} {j;=1}

oo o) 5 ? >

DI o - Bru g ~ B, o TR (k) =

{1} : OANystoy {id) ’

for any fized energy scale p. Here x; with ¢ = 1,2, 3,4, denote one-dimensional momentum
and 0/JA denotes a functional derivative with respect to A = vps(x), VF(M) (), gm(x1, 22)
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and )\{]Z ({z;}). The dynamical critical exponent, effective anomalous dimensions of
the ﬁeids an(f beta function of the dimensionless IR scales are defined by

coq 402z g Tdlog Zy (k) (4 _ 1dlogZ(®
dlogp ' N 2 dlogp 2 dlogu ’ (K.10)
 dk _dA,
5EF_dlogu’ & 7 dlogp’

respectively, with Z, = Z1/Zs, Z\(ky) = Z\(kn)/2% and Z(®) = Z275/(Z22,). The
last two terms in Eq. (K.9) encode the scahng properties of the coupling functions under
simultaneous scaling of the running energy scale and momentum. There, the beta functions

(M)
(v) dop(z) (v dVe () L) dgnr (1, z2)
i dkg}}{ }
]z 351014

track the flow of the couplings with increasing energy scale p and for a fixed momentum.
Analogously, the momentum dilation operators of the form z;-> 8 in Eq. (B.10) track the
effect of scaling the momentum at a fixed energy scale p. Choosmg m =1, n =0 in Eq.
(K.9) we obtain Eq. (4.32). Finally, since Eq. (K.9) is valid for any fixed pu, we choose
p = Ay, from where Eq. (4.33) follows.
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APPENDIX L | SINGLE-PARTICLE ELECTRONIC SPECTRAL FUNC-
TION

In this appendix we solve the RG equation for the electronic two-point function in full
generality and then simplify the discussion within the context of the WMDL. For simplicity in
the discussion we ignore the presence of the four-fermion couplings, meaning we will analyze
the electronic two-point function at energy scales above the scale at which superconducting
order develops. We later compute the single-particle spectral function. Choosing m = 1 and
n =0 in Eq. (K.9), the RG equation for the electronic two-point function reads

0 1- 0 1 0 1 0
gy + 37 57~ PRy ~ 2P, ~ I~ G0l .
~(¥) '
kn) — -
+[(ZN)Z]} F](\?)(]fSkFSAbSN) =0,

where F](\?)(k;zp;/ib;p) = F](VQ)(k:O, k; [var, 9ur,s VéM)];EF;Kb;M) and we have defined the fol-
lowing functional operators

1 8AM (A) 1) B

1 8gM (z,y) Ogm(z,y) (9) 0
. z/dx/dy[ e A P

Since Eq. (L.1) is valid for any u we set ;1 = Ay because we are interested in the scaling
properties of the two-point function as we go to energy scales lower than Ay. Eq. (L.1) is
solved by a family of functions parametrized by a real parameter I. This becomes manifest

—_

(\1

once we write it as,

~(¥)
0 1 -~ 0 0 2 kn;l) — z(1 ~ ~
{ko I 71{: 7;: = 4 20y (kn; 1) — 2( )]} F](\,Z)(k:;kp(l); Ap(1); Af) =0, (L.2)

Oko — 2(1) z(1)
provided that the following equations are satisfied
8’0]\/[(]6]\/[;[) 1 (3UM(]€M;Z) (v)
- ZMARM Y : L.
u 0 [P P i) (L.3)
VM (kg 1) 1 VM) (ki1 O (v
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dgu Ky k) 1 [, dgu(hkan) . dgu(Kkar) o)
ol 10 g ok, kv Ok v (o ka1, (L5)
Okp(l) 1
ohp(D) _ 1
o~ e mol: (L.7)

Here the dynamical critical exponent [z(l)|, anomalous scaling dimension of the fermion
field [?7{]\7,# )(k ~:1)], beta functions for the scales kg and Ay, and the beta functions that track
the behavior of the momentum-dependent couplings as a function of the scale [ for a fixed
momenta are defined in Eq. (4.33). These equations follow directly from the definitions in
Eq. (L.2). We note that the dynamical critical exponent and the effective anomalous scaling
dimension of the fermion field acquire a scale dependence through the zero momentum
coupling functions that solve Egs. (L.3) to (L.6).

For the initial conditions vx (kn;0) = vy (kn), VF(N)(k:N; 0) = VI(TN)(/{:N), gn (K, kn; 0) =
gn (K, kn), kr(0) = kl(;o), and Kl()o) = Kb(O), where vN,V%N) and gy are known functions of
momentum, the solution to Eq. (L.1) can be written as

! () :
IV (ki k5 AY) = exp /df{QnN [kNifzé] — T k() ke (D), Kp(D)],  (L.8)

0

where k(1) = [ko(1), k(1)], with the scale dependent frequency and momentum are given by
l l

de de

Eq. (4.41), Ep(l) = E;O)eof “9 and Ap(l) = IA\I()O)eof *“ By acting on this expression with
the operator d/dl, it is straightforward to check that Eq. (L.8) solves Eq. (L.1). To fully
determine the electronic two-point function, Eqgs. (L.3) to (L.6) need to be solved. This
is accomplished by first singling out the effect of the momentum dilation operator on the
coupling functions. This is done by defining the rescaled coupling functions in Eqs. (4.42)
to (4.44) which satisfy the Eqs. (4.46) to (4.48), respectively. The latter can be solved
once the momentum-dependent counterterms of the theory are known and the fact that
the bare quantities are independent of the energy scale p. In what follows we determine
the form of the electronic two-point function in the WMDL by using the results for the
momentum-dependent counterterms obtained in Appendix M.

L.1 ELECTRONIC TWO-POINT FUNCTION IN THE WMDL

In the WMDL and to leading order in vg < 1, the counterterm functions relating the
renormalized and bare quantities in Eq. (4.30) are given, to leading order in w(v) < 1, by

(1) . (N2 =Dw(v) Ay
23 (k) =1 = =5 1°g<%<u,2vc<v>|m|>)’ (L9)

Z3(ky) =1+ m {“log <C(1v)) o <%<\ko\,2Avi<v>|kNl>)

3loglw(v)]*w(v)? N
+ 8N.N; log <%(7€0,2U\kN|)ﬂ 7

(L.10)
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log[w (v)]*w(v)? Ay
+ SN N log <<‘43(7<30,2ka\)>] ’

()k k 1_# 1 L 1 As L.12
(R ) = 27TNcwa(v) ©8 w(v) °8 HA (, 2 |kn |, vlky +En|) ) (L-12)

These expressions follow from Egs. (M.17), (M.49), (M.50), (M.71), (M.87), (M.88) and
(M.109). Here, ¥;(x,y) ~ max(x,y) for i = 1,2,3 and J4 (x,y,u) ~ max(z,y,u). By using
Eq. (3.43) the counterterm functions reduce to Egs. (D.6) to (D.20) to leading order in
v < 1. In Appendix M we provide a full fledged computation of these expressions. Since
the counterterm functions only depend on the zero momentum slope and are controlled by
it, Egs. (4.46) to (4.48) can be written, to leading order in v(l) < 1, as

(L.11)

%aN(kN; ) = W {20 w0 = 20 len ):0) } (L.13)

gzv( (1) = W{zﬁ[m@;zy 2P (): 1 +2(0) 1}, (1.14)

0tk = D (2 L0y = iy = 20 s st~ 29 w017} .
+ 20 (). kn (03 1) = Za()' + 210 )

= 51223 (kn (1); )]y, and

where, Z;(l) = Z0(0;1), Z4(1) = 2(0,0;1), 2V (kn(1):1) =
Z](\‘[L)(kzgv(l),k]v(l);l)’ = 8l<?guZ](\;l)(k§V(l)’kN(l);mp:Af' For the initial conditions in Egs.

(4.53) to (4.55), these expressions are solved by direct exponentiation:

l
O (ks 1) = o exp / j(lﬁ){Zﬁ)[k]vw);a’—Zﬁ)[kmo;ﬁ]’} 7 (L.16)
0

VN (ks 1) = Oy (0); E]'—Z](Vl)[kN(@;e]’H(e)—1} . (L)

l
1 ds

Wby i) = [ exp | / — Z5(0) = 20 i (0 )

9 z(¢ (L.18)

71) (4) . ’ ’
2l (0); 8 + 223 (b (0), b (00 = 2Za(0) +221(0)'} )

With a formal solution for the rescaled coupling functions, the electronic two-point function
in Eq. (L.8) is determined by noting that, at the length scale £, = log(A¢/kgy) with kg > 0,

the RG conditions in Egs. (4.24) to (4.26), combined with the suppression of higher-loop
quantum corrections beyond tree level, imply that the electronic two-point function is given
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(L.19)

where we have used the definitions in Eq. (4.41) and Eqs. (4.42) and (4.43) for the scale-
dependent momentum and the rescaled coupling functions. Upon simplification of this ex-
pression, the two-point electronic function takes the form given in Eq. (4.58). In what
follows we focus on the momentum-dependent rescaled slope and the universal functions
FZ(N)(E; ko) and F‘(,;V)(E, ko) defined in Eqgs. (2.19) and (4.61), respectively. We defer the
discussion regarding the momentum profile of the rescaled Yukawa coupling to Appendix O
and its effect on the interaction vertex function to Appendix N.

Introducing the expressions for the counterterm functions in Egs. (D.6) to (D.20), using
the properties in Eq. (4.94) and the expression for the dynamical critical exponent in Eq.
(3.45), the slope and universal functions take the form displayed in Eqgs (4.95), (4.96) and
(4.97), respectively. The latter can be integrated by first using the fact that, in the £ > 1
and £ > 1 limits,

1 _ WZNcNf 1 1
v(f)log <U(z)) T (NZ—1) (€ + o) [1 " log(€+fo)} ’

0) T 1
c = R
4/N2 =1Vl + 1o

(L.20)

where the last expression is obtained by making use of Eq. (3.43) and ¢ is given in Eq. (3.49).
At this stage we note that, by setting ky = 0 in Eq. (4.95) followed by a straightforward
integration reproduces the result found in Chapters 2 and 3 for £ = £, > 1. Similarly, the
zero momentum limits for of Eqs. (4.96) and (4.97) reduce to the analogous expressions
found in Chapter 2.

As explained in Sec. 4.5, our results are controlled only in a window of length scales
{ < lsc, where £gc is the length scale above which the AFM quantum critical metal becomes
unstable towards the development of superconducting order. In what follows we consider
the two point function at scales ¢, < fsc, with fgc satisfying Eq. (4.90). With this at hand
we note that, for nonzero momentum, Eqgs. (4.95) to (4.97) can be tackled by making use of
Eq. (4.101) and the integration identities

/ %" [1 + logl(x)] —log [zlog(z)], & / \/51(?5(90) —Ei [log;””)] . (L21)

In doing so, we note that Egs. (4.95) to (4.97) acquire the following form at length scales
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L, < lsc
2 (4) (4)
1 ON] (£0+£ ) log (4o + £37)
knily) = - O I N N
( N5 0 2 J:Zl ( ) EO log(&))
. (L.22)
1 ) (6o + £.,) log(fo + ew)}
LS~ o) — [ ,
T2 ; log to log((o)

FM (ks ko) _exp{W@ —they) |Ei (W) —Ei(logéfo)>]
(L.23)
VTETO0) 1 [ (P8 £ ) (o)) )

2 2

Ot~ (5)0UR) |
27

(fo + %) log (¢ + o)
£ log(4o)

(L.24)

2 ()
LG 0(6) —0) (b + o) log(lu + o)
— E . I
3 J o8 [ o log(£o) ’

where the scales ES\P and 65\2,) satisfy Eqgs. (4.99) and (4.100), respectively. These are given
given by

® Ay Ay

=1 L.2
A0) =1tog () il < L (1.25)
2 A A
%MMﬁ%@%O,wm<J. (L.26)

These expressions follow from analyzing Eqs. (4.99) and (4.100) in the £y > 1 limit and in the
limits in which, for ¢ = 1,2, Eg\l])(kN) > {y and 65@(1{:]\7) < L. These are the limits in which
Egs. (4.99) and (4.100) admit an analytic solution and therefore we can only analytically
capture the asymptotic crossover behaviors of the momentum-dependent functions in Egs.
(L.23) to (L.26). Despite this, these limits provide extended regions in the momentum space
that we now proceed on considering.

L.2 RETARDED ELECTRONIC GREEN’S FUNCTION AND SINGLE-PARTICLE SPECTRAL
FuncTIiON

We now compute explicitly Egs. (L.22) to (L.24) in order to determine the retarded electronic
Green’s function and the single-particle spectral function. For this purpose we note that
the two-point electronic function in Eq. (4.58) can be written as the piecewise continuous
function

I (E; ko) = O(Ly — 6 Tt (B, ko) + © (L — £2)Y0 (0 — £,) o, ko)

o) N (L.27)
+OUN — lu)I'n(k, ko),
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where we have used the fact that 553) < 4\1{) . Here,
Tin (R ko) = ko fN (kv o) + FEN 7 (kv ko)en [E; ul? (ky, ko)} . i=1,2,3, (L.28)
where the functions fZ(N);i(kN, ko) are given by
FN oy ko) = exp {\/@@(4@) Fi (W) i (logy()))] } (L.29)
PV (I, ko) = exp {m [Ei (1og(£w2+ m) _Ei (1og§£0)>} } , (L.30)

where j = 2,3. Similarly, the functions f‘(/]FV);i(kN, ko) are given by

2 () () ()
(N);1 _ 1 O(ly) (bo + £3) log(£3 + Lo)
fv " (kn, ko) = exp { 5 jz; 5 log 1o Tog(fo) , (L.31)
. 1 lo + 65 log (62 + ¢
N2k ko) = exp { 20(62) log (4o + £3') log(€x” + bo)
8 £olog(fo) (1.32)
1 (Eo + éw) log(ﬁw + 60)
-1
Tq e [ £y log(£o) ’
(N);3 _ 1 i (60 + gw) log(ﬁw + EO)
Sy (kN ko) = exp { 5 ;1 57 108 [ 7o Tog(f0) : (L.33)
Finally, the slope of the FS is encoded in the functions:
2 (4) ()
(1) _ 1 () (bo + £5) log(¢x” + fo)
uy’ (kn, ko) = vo exp { 9 ; O(lx')log 0o Tog(fo) ) (L.34)
1 lo + 6 log(£2 + ¢
u@ (ko) = vy exp | — (1) log | Lot v ) 108y 4 fo)
2 fo 10g(£0) (L 35)
1 log (Lo + £y,) log (L, + Lo) ’
2 Eo IOg(EO)
®) (oo k) — e | ot L) log(ly, +Lo) |1 wololog(lo) L
uy’ (kn, ko) = vo exp{ og [ Toloz(lo) (0ot fo)logll, 7 10)" (L.36)

The two-point function in Eq. (L.28) displays different crossovers as a function of Matsubara
frequency that will carry on into the retarded Green’s function and therefore into the single-
particle spectral function. To analytically continue Eq. (L.28) to the real frequency domain
we first note that we can write the Heaviside distributions displaying the crossovers as a
function of Matsubara frequency in the following form:

ot, — ) =0 (Afe—f%) ko) (L.37)
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oY) —t.) =6 (k- Afe—ﬁﬁ)) . (L.38)

Eq. (L.28) is a piecewise continuous function of frequency. Therefore, under analytic con-
tinuation to real frequency —ikg — w+40" the Heaviside functions, which simply determine
the domain in which each I, N(E, ko) in Eq. (L.27) give a contribution, can be analytically
continued as

o ( Ajett) _ ko) ko0 g (A et w) (L.39)
G\ —i ; j
O (ko — Age V) T2 @ (- Ape V). (L.40)
Therefore, defining the retarded two-point crossover functions as I” }37 ](E w) =1, N’](_)
07) and their corresponding crossover retarded Green’s functions G% (E w)=T (E )
we can write the retarded Green’s function for the electrons as
R (7 o) R (7 2\ R (T
GR(k,w) =0 (Afe N —w) GRy (K, w) + © (w — Ajein ) By (Fyw)
(L.41)

+0 (Afe_gg\?) - w) ) (w - Afe_gg\p) G%N(E,w).

Taking the imaginary part of the retarded Green’s function we obtain the spectral function:

An(k,w) =0 (Afe v w) Av.y(k,w) +© (w — Afe_ﬁg)> Az (F, w) (L.42)
+@<Afe*25\27)—w>®(w—Af€ N)-AQN( w), |
where
(N);1
AI;N(E,W) = Mé (w — W@V[E; u%)(k‘N,O)O ’ (L.43)
A () = — ilm [?{N(k’”)} ., i=23 (L.44)
Re [FEN(k’W)} +Im [FENU‘;"”)}
with
Re [ L w)} — _WRe |:fz(;]¥{);i(kN’w):| + Re [f( ¥ (ko w } Re (6]\[ r(kN, )]) (L.45)
+Im {fv % (b, )} en(k; gV (kN’ )]) ’ |
m [DRN(E’W)} — —olm [f( )it Nk, w )] + Re [fv 7 (kn,w } <€N [k; uNR (kn, )])
(L.46)
+ T [ 1N (e, )] Re (extFs u (b, )

Here we have used the definitions for the retarded functions f(N ;i(kN, w) = fz(N);i(kN, tw —
0%), fin ki kv, w) = fim ¥ (kyyiw — 0F) and wlfp (kv w) = oD (s icw — 0F). Tn deriving

N)L (g N);1 N);1
the spectral functions we used the fact that fz(;R) (ky,w) = f( ) (kn,0), f( ) (ky,w) =

fVF (k:N, 0) and US?R(k:N,w) = u%,)R(k:N, 0) are purely real. We proceed on analyzmg the
electronic spectral function in the ideal scenario where there is no superconducting instability.
After this we consider the effects of the imminent superconducting instability of the state.
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L.3 ELECTRONIC SPECTRAL FUNCTION IN THE ABSENCE OF SUPERCONDUCTING IN-
STABILITIES

Here we fill the details that lead to the shape of the renormalized FS displayed in Eq.
(4.115) and the momentum dependence of the quasiparticle weight and the renormalized
Fermi velocity along this one-dimensional zero-energy manifold in the ideal scenario where
the system doesn’t undergo a superconducting transition. In this case we take a look at
the spectral function in Eq. (L.42) in the zero frequency limit. In this limit, the spectral
function takes the form

1 w fX(/i‘V;)P;{l(kN7O)
£ e, 0) £ (e, 0)

z

Ay (k,w) = enlk; ulyy (kv 0)] | (L.47)

where the quasiparticle weight and renormalized Fermi velocity are given by

1
PR (e, 0)
(N)§1 k 0
B (k) = fVF;R( v 1 : (L.49)
(N);1 (N);1
fz;R (k’N,O) fz;R (kN7O)

respectively. The last expression follows from the fact that, in the small vy limit, the con-
tribution from Eq. (L.29) dominates over that in Eq. (L.31) as it can be seen from the fact

that, in the small v limit, the contribution from the counterterm function Z](\})(k‘N) in Eq.

(4.60) dominates over the contribution from Z](\?)(kN) in Eq. (4.61). In the zero frequency
limit, Eq. (L.47) has a singularity at the renormalized FS:

e[k, ulp (kx,0)] = 0, (L.50)

with ug\lf)(k:N) given in Eq. (L.34). We proceed by analyzing the momentum profile of the

renormalized F'S and then we consider the profile for the quasiparticle weight and renormal-
ized Fermi velocity in Eqs. (L.48) and (L.49), respectively.

L.3-(a)  RENORMALIZED F'S

For simplicity we restrict the discussion to the N = 1 hot spot, for which the renormalized
FS in Eq. (L.50) is given by:

by = —ul (k)b (L.51)
where ugl)(k‘x) is given by Eq. (L.34):

(o + £ 1og (9 + 45)
4o log(4o)

(L.52)
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Here, the length scales 651) = Egl)(k:x) and 652) = Egl)(kx) are given by Eqs. (L.25) and (L.26)
for N =1, and /y is defined in Eq. (4.77).

We analyze Eq (L 51) the the momentum regimes: (i) - (i1) - ﬂ <
|l<:|<<“,(717:71) e < |ko| < 5L, (iv) SLe” fO,and(w)|k:|<<
Af e~ We note that he momentum range |k;| > kg, with k:F glve in Eq. (4.62), is out of

vo
the scope of our computation as explained in Sec. 4.4-(a) .

voc

(i) For - ok < k| < kp, the electrons are completely decoupled from the spin fluctuations
as evidenced by the fact that both scales in Eq. (L.25) and (L.26) become negative.
Therefore, in this regime th e renormalized FS is the same as the bare one:

k‘y = _U()k:]c- (L.53)

(i) For - << ke | < L only the length scale in Eq. (L.26) is negative. As a consequence,
only the term dependlng on the length scale in Eg )(k:w) is responsible for introducing
a momentum dependence in the rescaled slope. Eq. (L.52) therefore takes the form
[0 + 447 (ko) tog [ (k) + £o)
fo log(ﬁo)

1
ky = —vp exp (—2 log

) k. (L.54)

In this momentum regime, Egl)(k ) < o, and to leading order in E ( 2) /0o < 1, the
renormalized F'S reads

(N2-1)
voco ke | i o7y V0 108 (1/v0)
ky = —1

: L.
A, ka (L.55)

(171) For voco 0 < |ky| < 2 both length scales in Eqgs. (L.25) and (L.26) are positive.
This, in combination Wlth Eq. (L.51), yields in this regime

ky = —vpexp (—Zl

In this regime the he length scales satisfy 6(1)(16 ) < £y and 652)(169;) < fy. Hence, to

leading order in E ( 2)/lo < 1 and é ( 2)/lo < 1, Eq. (L.56) takes the following
form

6o + 01 ()] 1og £ () + €0]
o log(4o)

) k. (L.56)

k 2 'UOIOg(l/'UO)
k, = —vo (Uo\/:’ ’) N k. (L.57)

(iv) For Af e < |k, | < Af e‘eO, the length scales satisfy 6(1)(/9 ) > Lo While 6(2)(k ) <

Y. Hence, expanding Eq. (L.56) to leading order in EE )( kz)/lo > 1 and E ( 2)/lo <
1 yields

(N2-1)
—7e—, volog(1/vo)
; (Uo\kx!> NeNy o log(£o) (L.58)

(D 1og(e))
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where ) = log(A ¢ /voco|kz|). We note that in this momentum region, we can further
approximate log(A¢/covo|kz|) =~ log(At/|kz|) to leading order in the momentum.

(v) For |k < Af e~% both length scales satisfy E(l)(k ) > (o and K(Q)Uc ) >> lp. Conse-
quently, Eq. (L 56) is given, to leading order in E ( z)/lo > 1 and E ( 2)/lo > 1,

by
o log(£o) o log(£o)
ky = —voy [ ay— A @@ e (L.59)
Uy IOg(EI ) 0y IOg(ex )

where ({2 = log(A¢/volkz|). In this momentum region we can further approximate
the logarithms as log(Ay/covolks|) ~ log(p/|kz|) and log(Af/vo|kz|) ~ log(p/|kz|).

Collecting these results we obtain the expression displayed in Eq. (4.115).

L.3-(b) QUASIPARTICLE WEIGHT AND RENORMALIZED FERMI VELOCITY

We turn our attention to the computation of the momentum profile acquired by the quasi-
particle weight and renormalized Fermi velocity given in Eqgs. (L.48) and (1..49), respectively,
for N = 1. These two quantities are given, according to Eq. (L.29), by

1)
Z1(ky) = ‘1]%1)(/{: = exp{ VN2 —-10(¢ [ (W) —Fi <10g¥0)>] } . (L.60)

Here, Zgl) = Egl)(k:x) is given in Eq. (L.25) and depending on its magnitude with respect to
Lo, the quasiparticle weight and Fermi velocity display different momentum profiles. In the
Zgl) (kz) < 0 and therefore the exponent in Eq. (L.60)
vanishes yielding a unit quasiparticle weight and Fermi velocity. For momenta such that
el < |k, < Ay Egl)(k:x) < {p and using the expansion for the exponential integral

voc ?

region in whic

vo CO

function, Ei(z) = e [ + O (52)] for z > 1, we write Eq. (L.60) as
f(NQ—l Eh)
voCo ke - log(1/vq)
21(k) = 0 (k) = (Mgl ) VR (L61)

in the small vg limit. Finally, in the regime in which |k, < ;e e~ E( )(kr) > lp and an

expansion of Eq. (L.60) yields the superlogarithmic contribution

N2 —14/log (%)
Ay
2)

Collecting these results we obtain the expression displayed in Eq. (4.116).

(L.62)

log log (
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L.4 ELECTRONIC SPECTRAL FUNCTION IN THE PRESENCE OF SUPERCONDUCTING IN-
STABILITIES

We now consider how the results in the previous section get modified once we consider the
imminent superconducting instability of the metallic state. As described in Sec. 4.5, the
superconducting instability develops at length scales above fgc, where the latter satisfies
Eq. (4.90). In particular, we note that sc < ¢y and the flow of v can be ignored in the
discussion that follows. We consider the spectral function given in Eq. (L.42) at low nonzero
frequencies w g wsc ~ Afe_esc:

AN(E,w) =0 (Z\fe_ég\p - w) Al;N(E,w) +06 (w — Afe_éﬁ)) A3;N(/z,w)

) (L.63)
+6 (Afefeg\?) - w) © (w — Afe%g\})> Aa. v (k,w),
where Ai;N(E,w) with ¢ = 2,3 are given in Eq. (L..44) and for i = 1, we have
(N);1
- 1 v ;R (kn,0) Z (1
Ain(k,w) = (N);lié w— (Fm;lieN[k;ugv;)R(kN,O)] ) (L.64)
fz;R (kN7 0) fz;R (kN7 0)

Let us focus on each term separately for NV = 1. The spectral function at all other hot spots
can be recovered from this one through a C} transformation.

(1) Al;l(lg,w) For momenta |k;| > eiZSC = 3¢ the spectral function in Eq. (L.64)
takes the form

Avn(Fsw) = 21 (ky)8 (w — W (k) [uf)(kx)kx n kyD . (L.65)

This spectral function shows a response of quasiparticles that are on the constant
energy manifold defined by w = ‘B(Fl)(km) [ugl)(km)kz + ky] In this region of the mo-
mentum space, the quasiparticle weight and Fermi velocity are effectively given by
Eq. (L.61). Following the same steps outlined in Sec. L.3-(a) it follows that, in this
momentum regime, the momentum-dependent slope takes the form

1 <<|/-c\<<kp,

voCo

(NZ-1)
vocolka| | wZNony V0 o8(1/v0)

A
u(kz) = vo <T) o < ko | < oL (L.66)

L’U log(1/vo)
<’l]0\/7‘kz|) 2NN 0108 0
Ag

e3¢ & kg <<

'UO CO

(i) Ag.1(k,w): For momenta %{e—fsc < |kz| < %e—fsc the spectral function takes the
form

2Im { (K,

)} (L.67)

= w
Asalie) = Re [FQRIIW] +Im[ 21/“0}
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where the real and imaginary parts of the retarded two-point function in this momen-
tum regime are given in Eqs. (1..45) and (L.46), respectively. These are characterized
by the functions in Egs. (L.30), (L.32), and (L.35). Since £, < lsc < £, to leading
order in £, /¢y < 1, we have

. /N2 -1
2 (ky ko) = exp (cew> , (L.68)

Vo log(4y)
PP (o, ko) = hu(ks) ™ exp <f£ > (L.69)
0
u® (k. ko) = voha (kz)* exp (—;&) : (L.70)

where

(o + £12) 1og (112 + £)
Lo log(4o)

1
hi(ky) = exp (-8@(553)) log

K(Q)(km)
): Xp (— 1850 ), (L.71)

where the last follows from the leading order expansion in E ( 2)/lo < 1. We fur-

ther note that in the regime of momentum we are considering, 652)(1%) < {, and as
a consequence, the momentum dependence is subleading and Egs. (L.69) and (L.70)
essentially become momentum independent. However, we keep the leading order con-
tribution in momentum for completeness.

After analytic continuation to real frequency, the real and imaginary parts of these
expressions at frequencies w g wgc take the form

\/N2-1
A o
[f(l) 2( - )] — (u;f) \/%l 2(Lg) ’ (L72)
. N2-1
T2 (ky, w)] = — X Ve — 1 (Af> Viglost) (L.73)
2 2 Vo loa(lo) \ w
1 1
volkz|\ %0 [ w '\ %o
Relf{Ptkw] = () () (L.74)
Ay Ay
1 1
(1);2 T volkz|\ % w T L
1 1
(2) _ o (olka| \ o [ w )2 L.76
Re [ul;R(km,w)} =1 < A A ; ( )
1 1
2) _ o (volka[ o S w L.77
Im [ul;R(kx,w)] = 4601)0 < A A . ( )

With this at hand, the real and imaginary parts of the retarded two-point electronic
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function defined in Eqgs. (L.45) and (L.46) take the form

\/N2-1
Af) V€0 log(£g)

1 1 1
7}0|]€$| " 8L i Tty ’Uolkx| 26 i 20 (L78)
+( Ag > (Af) {%( Ag Ag ot
1

A/ NZ2-1
R /7 T \/Ng—l Af V%o log(£g)
Im [Fz;l(k,w)} = - Ve - (2L
2 Vlylog(lo)  \ w
3 1
o (volka| \ S0 [ w ) T (L.79)
+Uokx4€o< Ay ) <Af>

1 1 1 1
T U0|kx| -8 W o UO‘kx| 2o W 2o
8€o< Ay ) <Af> {UO( Ay a;) fethey

For ¢y > 1, we can further approximate the real part of the retarded two-point function
to leading order by:

\/NZ2-1
- A o
Re [lg}l(k,w)} N —w (wf> Viotexto

(L.80)

1 1 1 1
volka|\ S0 [ w \ volka|\ 0 [(w )%
+< Ay > (Af> {v()( Ay Ap) ety

Compared to the real part, the imaginary part is suppressed algebraically in {5 > 1.
Therefore, in the w < Ay and ¢p > 1 limit, we see from Eq. (L.67) that the spectral

-,

function is peaked at frequencies w ~ w(k) that satisfy

. V€0 log(£p)
w(k) A]: 0 0 _
w(k)

(L.81)

_ 1 =\ g 1 =\ 37g
(Uo\kx]> sto [w(k) v <v0]kz\> 2% [ w(k) P
Ag Ay Ag Ag Y

Since fgc <K £y, this expression is solved, in this limit, by

1 1
. kol 50 k| \ 20
RN C R T 1.52)
f f
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which is nothing else than the expression for the renormalized energy levels of the
electrons. At these frequencies, the imaginary part of the retarded two-point function
in Eq. (L.79) is given, to leading order in ¢y > 1, by

VNZ-1

- o NZ -1 Ay Vo lo(to)
I |15} (F,w)| ~ ol w(k) (LU(E)> : (L.83)

Close to the frequency w(E), the real part of the retarded two-point function can be
written, for £ > 1, as

V/NZ-1

-~ - Vg Tog(t)
Re [F;}l(k},w)} ~ —[w — w(k)] (ﬁg)) : (L.84)

to leading order in [w —w(k)]/w < 1. Close to this frequency we can write the spectral
function in Eq. (L.67) as

Z1[ky; w(k)] 1
Tilks w(K)] [w — w(k)]2 + 7 2 [kg; w(k)]

where the spectral weight and lifetime of the particle-like excitations are given by

Al;Q(E) ~ (L.85)

VNZ2-1

a®=<ﬁ?y%wwa (L.56)

o n JNET
0= 5 Uogtan "

respectively. We note that at frequencies w(%) ~ w the quasiparticle lifetime is large
because w/v/ly < e_ZSCAf/\/To < 1 with 1 <« fg¢ < £y. Similarly, we note that the
quasiparticle weight is suppressed compared to unity. Finally, it is noted that, in these
same limits, the quasiparticle weight is small compared to unity.

(L.87)

(iii) Az (k,w): For momenta |k,| < %e‘ésc, the spectral function takes the form

A (o) = 9Tm [F3 (K, )]

“ (L.88)
Re{ngRl kw} —i—Im[ 31kw}

where the real and imaginary parts of the retarded two-point function in this momen-
tum regime are given in Eqgs. (L.45) and (L.46), respectively. These are characterized
by the functions in Egs. (L.30), (L.33), and (L.36). Since ¢, < lsc < ¢y we have, to
leading order in 4, /¢y < 1,

(1);3 _ V N02 —1
fz (kﬂca kO) = €Xp (%10g(£0)€w> ) (L.89)
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(1);3 . 3l
fy " (kzy ko) = exp <8€0> , (L.90)
u(13)(kx, ko) = voexp (—%) : (L.91)
0

All these functions are momentum independent and the computation of the spectral
function follows the same steps we presented for A, (k,w). To leading order in £y > 1,
the real and imaginary parts of the retarded two-point function now take the form

VNZ-1 3 1
- A\ Viotos(tn) w \ 8 w \ %
R _ B Violesto w w (L.92)
Re [r&l(k,w)} w(w> +(Af> {vo<Af> k;,;—l—ky},
V/NZ-1
T /NZ -1 w<Af> Vg log(¢g)
2 Vlylog(lo)  \ w

5 3 1

T w \ 8 3T w \ 8 w \ %
ke— | — - — — ke +kyp.
T <Af> 16 (Af> {UO <Af> i y}

The real part of the retarded two-point function vanishes at frequencies w(I;) satisfying
the equation

S -\ T o\

This equation has a nontrivial solution for nonzero momentum. The solution gives rise
to the renormalized energy levels of the electronic excitations in the momentum range
under consideration. At this frequency, the imaginary part is well approximate, in the
£o > 1 limit, by

m T8 (k,w)| =
b 1R (L.93)

. 2 _ . A V€0 log(£g)
i [ (F, )| _mVNEZ L gy (A ) (L.95)
’ 2 /lylog(to) w(k)

In the ¢y < 1 limit this is a small quantity because w(k)/A f < 1 and therefore the

power-law contribution is at most order one. This implies that at frequencies w ~ w(k)
the spectral function is sharply peaked. Around the peak, the real part takes the form

\/NZ2-1

. . A V2o log(€y)
Re [rgﬁl(k,w)} ~w—w®)] [ =L : (L.96)
’ w(k)
to leading order in [w — w(k)]/w < 1. Therefore, Eq. (L.88) takes the form
kysw k 1
g (ky) ~ 2Rz (B)] (L.97)

71 [kas w(k)] [w = w(EB)]2 + 7 2 [kas w(k)]
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where the quasiparticle weight and lifetime of the quasiparticle are given by Egs.

(L.86) and (L.87), respectively, but with the renormalized dispersion w(k) that solves
Eq. (L.94).
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APPENDIX M | MOMENTUM-DEPENDENT QUANTUM CORREC-
TIONS

Here we provide details on the computation and the asymptotic approximation of the IR
momentum structure of the leading order quantum corrections shown in Figs. 2.3(a) to
2.3(c). In what follows, we operate under the WMDL, where quantum corrections are
computed with the zero momentum coupling functions and the physical observables are
fixed by the RG conditions in Eq. (4.57). The quantum corrections to the fermion self-
energy involve the scattering of fermions between patches of the FS that become nested in
the small v limit. Therefore, following the discussion on Sec. 4.2-(a), the only scale that
cuts off the potential divergences in these corrections is As [see Fig. 4.3(b)|. Since we are
interested in the logarithmic divergences in this UV cutoff, which are independent of the way
that the cutoff is imposed, we will only cutoff the last momentum or frequency integration
with this UV scale.

M.1 ONE-LOOP FERMION SELF-ENERGY

The quantum correction depicted in Fig. 2.3(a) yields the contribution to the quantum
effective action

N, Ny

T30 = ZZZ/dk YN o (K) SR (k) 05 (K), (M.1)

N=1lo=1 j=1

where the one-loop fermion self-energy is given, in the WMDL and to leading order in vy,
by

2 1w
S = SR [0 6P+ 0Dl (M2

where D(q) is given in Eq. (2.6) and the bare fermionic Green’s function for hot spot N is
given by
1
G(O)(k‘ V)= —— (M.3)
iko + e N(k U)

In the presence of nonzero external momentum and frequency, it is convenient to divide
the discussion into the computation of the imaginary and real parts of Eq. (M.2). Upon
introducing the expression for the propagators, these are given by

™ 2_ v

=

(ko + o) + exr(k + @ 0)2 90| + c(v)(|gz| + lay])

(M.4)
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T 2 _ (%
Re [Sy (k)] = —W/dq

respectively.

ex(k + G v)
(ko + q0)2 + ex(k + @ v)2 90| + c(v)(|gz| + lay]) | 7

(M.5)

M.1-(a)  Im [Si(k)]

Without loss of generality we consider Eq. (M.4) for the N =1 hot spot. At a first glance,
the energy scale associated to the external momentum is given by A(l;; v) = 64(IZ; v) since
the diagram depends on the external momentum only through the dispersion relation of the
electrons close to the N = 4 hot spot:

T 2 _ v
Im [S1E (k)] = W/dq

(ko + qo) 1
(ko + ¢0)2 + (vge — gy + A(k;0))2 90| + c(v)(lgz| + lay])

(M.6)

Following the logic in Sec. 4.4 we analyze this diagram in the limits in which the external
frequency ko is either much larger or much smaller than the diagram’s intrinsic energy scales
associated to the external momentum. In here we have identified A(IZ; v) as one of the
momentum scales associated to the diagram. However, a shift in the ¢, momentum brings
the external momentum into the boson propagator and thus A(k; v) = ¢(v)A(k; v) is another
intrinsic energy scale associated to the external momentum. Clearly, Z(E; v) K A(E; v), and,
in order to appropriately determine the asymptotic IR structure of the diagram we consider
the following asymptotic limits: (i) |ko| > \A(k;0)|, (id) |A(k;0)| > |ko| > |A(K; v)|, and
(117) |A(k;v)| > |kol.

(i) For |ko| > |A(K;v)| we define the small parameter a(k; v) = |A(k;v)|/|ko| and assume,
without loss of generality, that ky > 0 and A(k;v) > 0 in the rest of the computation.
Under the scaling ¢ — kogq, Eq. (M.6) manifestly depends on this parameter as

(N2 = Dw(v)k (1+ )
Im [S3(0)] = == / e { {u T 0 — 0 TG v>12]

(M.7)

) [|QO| T |qx|1+ c<v>|qy|} }

Here we also performed the scaling ¢, — ¢,/c(v) and used the definition w(v) = v/c(v).
In the small ¢(v) limit, the integration over g, is convergent even if the term c¢(v)|qy| is
dropped from the boson propagator. Dropping this term assumes that c(v)a(k;v) < 1
which is the case because in the regime of interest Z(E;v) < kog. Doing so, the
integration over g, yields an expression that is independent of a(k;v):

(N2 — Dw(v)k d dgs sgn(l —
im ) = ST [ [ | ] o

R+ R+

The integration over qq is finite while the ¢, integration is cutoff in the UV with the
ratio Ay/ko > 1. In the Ay/ky > 1 and ko > A(k;v) limits, the logarithmically

193



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

divergent contribution to the imaginary part of the one-loop fermion self-energy is

given by

2_ w(v
Im [214(k)] = Wko log (Af> .

In here, the absolute value in the frequency comes from the fact that an identical result

is obtained for the kg < 0 case.

(ii) For |A(k;v)| > |ko| > |A(K; v)| we define the small parameter b(k; v) = kol /| A(K; )|
and, without loss of generality, we assume ky > 0 and A(k;v) > 0 in what follows.
Under the scaling ¢ — A(k;v)q, Eq. (M.6) manifestly depends on the small parameter

as

_ (N2 = Dw(v)Ak; v) (b(k;v) + qo)
tm [E%L(k;)] B NcNf /dq { |:(b(k7 U) + CIO)2 + [’LU(U)(]x —qy + 1]2

] (M.10)

X{mwwmidmmdk

where the scaling ¢, — ¢, /c(v) was performed. If b(k;v) is set to zero, this expression
vanishes. However we note that the the g, integration can be performed in the small
c(v) limit by dropping the term of order c¢(v)|g,| inside the boson propagator. Doing

so we obtain

Im [£1H(k)] = m(NZ = Dw(v)Ak;v) / dgo / dga {1 + sgn(b(k; v) — @)

N fen ) el w+re
R R

} . (M.11)

The integration over qq is finite and a straightforward integration over ¢, with a UV
cutoff Ay/A(k;v) > 1 yields the same logarithmically divergent contribution as in Eq.

(M.9):

Im [21E(k)] = Wko log (Af) : (M.12)

Although A(E; v) is the largest scale in this regime, it does not play the role of an
IR cutoff. As we are about to show, this is because the momentum can be shifted
completely into the boson propagator and Z(E; v) is the only momentum scale that
acts as the IR regulator in the kg — 0 limit. This can be understood from the fact
that, in this limit, the largest IR contribution to the quantum correction comes from
the momentum space region where both the electrons and the collective mode have
the lowest energy [see the discussion in Sec. 4.6-(a)]. Since [A(k;v)| < |A(K;v)|, it is
natural that Z(E; v) cuts off the IR behavior of the integral in the kg — 0 limit. We

now show this is the case by explicit computation.

(iii) For [A(k;v)| > |ko| we start by performing the shift qQy — Qy + A(k;v) in Eq. (M.6)
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which makes the dependence on A(k; v) manifest:

r(NZ - D) (ko + go)
Im [Z1H(k)] = TONN, /dq { {(ko +q0)% + (vgs — Qy))z]

. (M.13)
lq0| + [qz| + [c(v)qy "’Z(E? U)|] } '

In this expression we performed the scaling ¢, — ¢ /e(v).  We define b(k v) =
kol /|A(K; v)| < 1 and assume, without loss of generality, that kg > 0 and A(k;v) > 0.
We proceed by scaling out A(k, v) from the integrand via ¢ — A(kz, v)q. In the small
c(v) limit, the integration over g, is convergent and it is done by dropping the term of
order ¢(v)g, inside the boson propagator. Such an integration results in

_ w(N2 — Dw(v)A(k dge [1+sgn(d(k;v) — qo)]
Im [ (k)] = ~ Nf / / P O (M.14)

where the integrand has been symmetrized in qg. The integration over qq is finite,
and cutting off the large ¢, integration with the ratio Af/A(k;v) > 1 yields the
logarithmically divergent contribution in the Ay/A(k;v) > 1 limit:

2 - Dw(v
Im [Z%L(k‘)] - Wko log <|A(j><:jv)|) . (M.15)

Here we gave used the fact that the same result is obtained for Z(E; v) < 0. As we
mentioned earlier, the energy scale associated to the external momentum that acts
as an IR regulator in the absence of an external frequency is |A(k;v)| rather than

A(R; v)].

Collecting the results in Eq. (M.9), (M.12) and (M.15), and noting that the analogous
expressions for all other hot spots can be obtained through a Cj transformation, we write
the general result for the imaginary part of the one-loop fermion self-energy as

(2= 1u) Ar
m (S = e, oles (%de,c(vnemé; vm) B

where the function % (x,y) is such that % (z,y) ~ max(x,y) whenever x > y or y > =x.
Using this result in combination with Eq. (J.18) fixes the counterterm function to the
one-loop order

(1);1L _ (N2 — 1w(v) Af
A0 = =S5t 08 (et ) (M.17)

M.1-(b)  Re[Si(R)]

We proceed by analyzing Eq. (M.5) for the N = 1 hot spot. In the previous section we
showed that the naive energy scale A(k;v) = es4(k;v) plays no role in the IR structure of the
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quantum correction, while Z(E; v) = c(v)A(E;v) emerged as the IR cutoff of the quantum
correction in the kg — 0 limit. This is also the case for the real part of the one-loop fermion
self-energy and thus we focus only on the two asymptotic limits: (i) |ko| > |A(k;v)| and
(ii) |ko| < [A(k;v)|. We start by writing Eq. (M.5) as

 w(NE-1)w (vqx — qy)
fe [E%L(k‘)] o NeNy /dq { [(kO + QO)2 + (vqz — Qy)Q}

1 (M.18)
|0l + ¢(v)|ga| + |e(v)ay + A(F; U)’] } 7

and note that the g, integration is logarithmically divergent for any v if the ¢, integration
is done first. Along this path, such a divergence can be seen explicitly through the shift
¢y — Qy + vgy. This makes the integrand decay as 1/|g;| in the large ¢, limit for any v.
Therefore, in the small v limit

s 2_ v
Re [ (k)] = (]]VVNfl) / dq

b ! . (M.19)
(ko +a0)* + 4y |qo| + e(v)lgal + le(v)ay + Ak; v)]

We now proceed on analyzing the two relevant asymptotic limits of this.

(i) For |ko| > |A(K;v)| we define the small parameter b(k;v) = [A(k;v)|/|ko| and assume
that ko > 0 and A(k;v) > 0, without loss of generality. After performing the scaling
q. (M.1

q — koq/c(v), E 9) can be written as
N2 — Dw(v)ko q 1
Re [s1E(k)] = TV /dq y . (M.20
PRI =T, )T+ a0+ @ ol + 1l + 1y 5 0y] | M)

where w(v) = v/c(v). In the small ¢(v) and b(k;v) limits this expression displays two
interesting simultaneous behaviors. On the one hand, setting h(k;v) = 0 annihilates
the contribution upon integrating over ¢,. On the other hand, setting c¢(v) = 0 inside
the integrand makes the integration along the g, direction logarithmically divergent in
the IR. These are symptoms of the fact that this quantum correction is proportional
to b(k;v) and that it diverges logarithmically in ¢(v) < 1. After the integration over
qy is done for general ¢(v) and b(k;v), the leading order contribution in b(k;v) < 1 is

given by
(N2 = Dw(v)A(k; )
Re [S15 (k)] = NN, TOe(v)] + T® [c(v)]} 7 (M.21)
where
Wie(yy — [ 490 [ A [c(v)?(1 + 90)* + (l90] + |gz[)?] — me(v)|go + 1[(lgz| +[g0])
T R/ @) R/ er) (1 + a0 + (ol + 7P - (M2

ey L [ o [ a0 00~ (ool +laal?) | ( (ool +laa)?
! “”2! <27r>ﬂ! PRl e s Ear i C e I

We consider each of these terms separately.
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Term TW[¢(v)] : Eq. (M.22) admits an analytic integration over gy which yields

Do) = 1 dge [2(1+¢2)[1 + c(v)?] {arctan(g,) — gzc(v) arctan[1/c(v)]}
T [ ( )] 271-[1 + C(U)Q]R[ (271') [ (1 + q%)[l 4 C(v)qx][c(v)% — 1]

(M.24)
mqa{c(v) (g2 +1) — [1 + c(v)?)gu}
1+ a1+ c(v)az]le(v)az — 1] |’
where the scaling g, — ¢(v)g, has been performed. The ¢, integration is UV

divergent and it is cutoff by Ay/ky. For Ay/kg > 1, the logarithmically divergent
contribution from Eq. (M.24), to the leading order in ¢(v) < 1, is given by

_l’_

TW[e(v)] = % log (2;) . (M.25)

Term T®[c(v)] : We separate Eq. (M.23) into two contributions:

e =1 (557) [ o5 | oy P s s e e (429

() /) ) (2m) ) 27) [e(v)*(1+ q0)* + (0] + g=1)*]*
R R

@y = L [ 0 [ A [P+ a0 = (ol + laaD?) | (ool + laa)?
E “”‘2{! <27r>R/ oyt G () 0420

such that T®[¢(v)] = Tg2) [c(v)]—}—TgQ) [c¢(v)]. The integration over go in Eq. (M.26)
yields, after performing the scaling ¢, — gzc(v),

(2) 1 1 dgz g
T = — 1 = ) M.2
1 27(1 + c(v)?) 08 <c(v)> T g2+1 (M.28)
+

The integration along ¢, diverges in the UV and it is cut off by As/kg. In the
Af/ko > 1 limit, the logarithmically divergent contribution from Eq. (M.26)

results in
1 1 A
T = ——log [ — | log [ =L M.2
1 — log (C(v)> og (k:o , (M.29)
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which clearly dominates over the result in Eq. (M.25) in the ¢(v) < 1 limit. Eq.
(M.27) is finite by power-counting but it diverges logarithmically with ¢(v) in the
c(v) < 1 limit. This is confirmed numerically as shown in Fig. M.1.

Collecting the above results, and using the fact that the same result is obtained for
ko < 0, it follows that, in the |ko| > |A(k;v)| and ¢(v) < 1 limits, the logarithmically
divergent contribution arising from the real part of the one-loop fermion self-energy is

given by
N2 — 1w(v) 1\ —,- A

Re [£!4(k)] = - e 1 A(k;v)log | =L ). M.30
e[ 1 ( )] 7T2N8Nf og <C(’U)> ( 7U) Og<|/€0| ( )
(ii) For [A(k;v)| > |ko| we use again the small parameter 8(k;v) = |k0|/|§(l§, v)| and,
without loss of generality we consider the case in which kg > 0 and A(k;v) > 0. In

terms of this parameter Eq. (M.19) reads

s ch — Dw(v)A E; v q
Re [n{t(k)] = T~ Dut)A ) /dq{[c(v)Q(b(k'v)y—i— e +q2]

et ’ y (M.31)

1
< I}
90| + |qz| + [gy + 1]

which is obtained after the rescaling (qo, ) — (qoA(k;v), J{A(K;v)/c(v)]). Setting
8(k;v) = 0 inside the integrand is harmless and the integration along gg yields

™ 2 _ 'LU”Ui_"'U
Re [5ft()] = e JHOSED) [QU) + @Pw]] . ()
where
W) [ das [ dgy san(a,)(las] +]1+ g4
Q)] =5 R/ (2%/ @m) & + c(w)2(la] T lgy + 12 (M.33)

oy — L [ 44 [ dg g . a
Vel =5, R/ <2”>R/ (2m) & + e acl +Jay + 17 g<c<v>2<qm\fqy+1\>2>' )

We consider each of these two terms separately.

Term QM [c(v)] : We symmetrize the integrand in Eq. (M.33) in ¢, and g, and write it as

QWle(v)] = le)[c(v)] + le)[c(v)], (M.35)
where
Wre(o)] = e(v dga oodqz; G +qy+1 3 Gotaqgy—1
Qe =< )R[ (27) 1/ (2m) [C(U)Q(Qx tay+1)2+a ()@ t+a—1)?+qi]’ (M.36)
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1

dg, dg qr +qy +1 Gy — Gz — 1
QW1e(v / / y [ y + Y . M.37
2 )] = Plaetay T12 T 2 T c0lay —qe 121 ] O

0

Integration over ¢, yields

Dre(w)] = L dg, c(v)lo €(v)*q T sgn(l —
Q" [e(v)] 4W[1+C(U)Q]RZ e {ctwptos [ ALl st - 0]

; , (M.38)
Coapetan [ S @Y (1)
2aret (c(v)(l—qw) Bt (e(v)(lmf”)}’
Qe = st [ 1o {0 o (0?2 + Ulel0)(as +2)° + 1) ~ darctan(e(v)]
4c[1 +c(v)?] | (2m) v *
R+ (M.39)

—2arctan M arcco c(v)(ga +1) — 4¢(v) logle(v
2ot <C(U)<1+qgc)) i t<c(v)2(qgc+2)+1> de(v) logle( )(qz+1)]}.

From these two terms, only that in Eq. (M.38) is logarithmically divergent upon the
¢, integration. The term in Eq. (M.39) only offers a finite contribution that vanishes
in the ¢(v) — 0 limit. The integration along ¢, in Eq. (M.38) is cutoff in the UV
by the ratio Af/Z(/Z;v) > 1. In this limit, and for ¢(v) > 1, the integration over g,
yields the logarithmically divergent contribution

(1) ()] = _C(v) o Ay
QP fe(w)] = -2 1o (Mz; U)). (.40
Term QP [c(v)] : We write Eq. (M.34) as
Q@ [e(v)] = QP [e(v)] + Q57 [e(v)], (M.41)
where
o) = 2 log [ dgz [ day ay
el =< g(c(v))ﬂ! o) @ PeEareareay
) _ 1 [ dge [ dg q o q
B [c(v)}_”ﬂl <2W>R/ @) | @+ e + 1y ¥ 17 g(wwqu)?)]' e

We consider each term separately. The integration over ¢, in Eq. (M.42) yields

AWt =~ e (c<1v>>]¥ gy (omeon (50035

c(v)?q

—2arctan ( > + 71 +sgn(1 — qx)}) .

c(v)( 1 — qx)
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The integration over ¢, becomes UV divergent it is cut off by Ay /Z(E; v). In the
Ay /Z(E; v) > 1 and ¢(v) < 1 limits, we obtain the logarithmically divergent contri-
bution

(2)0’1) :—i [e) L Io) Af
QP [e(o) W31g(0(v)>lg<A(E;v)>’ (M.45)

which dominates over the contribution in Eq. (M.40) in the ¢(v) < 1 limit. Integrating
over ¢ in Eq. (M.43) and taking the small c¢(v) limit yields the finite contribution:

QPfe(r)] = 4;,&/ (g 1) (g (72 ) 1)

Qy 1
-l (o2 (25) +1)] =13
| 2 g 11— gyl 12

Collecting the above results and noting that the Z(E; v) < 0 case is computed in the same
way, it follows that, in the |[A(k;v)| > |ko| and ¢(v) < 1 limits, the logarithmically divergent
contribution to the real part of the one-loop fermion self-energy is given by

W gL NE-Dwl) (0Nl A
Re [21 (ko,k)] -5, lg(c(v)> AR )1 g(|A(1§:’;v)|>’ (M.47)

(M.46)

Since the computations for all other hot spots follow the same logic, using Egs. (M.30) and
(M.47), we can write the real part of the one-loop fermion self-energy in the general form

PSR A I Y Ay
Re |2} (ko, )| = 2NN, lg<c(v)) wikiv)] g<%[|k0|,c(v)|eN(E;u)|}>' (M.48)

Here, % (x,y) ~ max(z,y) whenever = > y or y > x. Using this result in combination
with the renormalization condition in Eqgs. (J.19) and (J.20) fixes the momentum-dependent
one-loop counterterm functions in the WMDL and to leading order in vy < 1:

(2);1[, . (Nc2 — 1)1) 1 Af

AN = TN, o8 <c<v>) log <%[|ko|,2vc<v>|k1vu>> ’ (M.49)
(3);1L N (N02 - 1)” 1 Af

A9 =Sy e () s () O

M.2 TwO-LOOP FERMION SELF-ENERGY
The quantum correction depicted in Fig. 2.3(c) yields the contribution to the quantum
effective action

Ne Ny

8
TEO =3 3% / Wl (R) SR 5 (R), (M.51)

N=1lo=1j=1
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where the two-loop fermion self-energy is determined, in the WMDL and to leading order in
vy K 1, by

SR (k) = N2N2 /dq/dpD G(O)(k +p0)GY (k+p +q: v)G(ﬁO)(ki +q;v), (M.52)

where D(q) is given in Eq. (2.6) and GS\?)(/{) is given in Eq. (M.3). Introducing the
expressions for the propagators,

ot gy _ TV D ! 1
PN ) = N /dq/d”{\qo|+c< 0) (gl + Iy 1) Ipol + e(v)(Ipal + Ipy )

1 1
: - S (M.53)
i(ko + po) + exr(k + i v) i(ko + po + q0) + en(k+ P+ G v)

y L } |

i(ko + qo) + ex(k + G v)
Without loss of generality we consider this quantum correction for the N = 1 hot spot. The
two-loop fermion self-energy at the other hot spots can be recovered from the latter through
a (4 transformation. The ¢, and p, integrations are UV finite and thus we perform the
shifts ¢, = qy + vg, + 64(E; v) and py — py + VP, + e4(£;v). Defining A(E; v) = e4(£;v),
Ak;v) = c(v)A(E' v) and ~(k;v) = 2A(k; v) + e1(k;v), Eq. (M.53) is written as

St (k) = 1 Ak
1 (k) = N2N2 / / { lqo| + c(v)|gz] + |c(v)qy + ve(v) gz + A(k;v)|
1 1
" Ipo| + c(v)|pa] + |c(v)py +ve(v)ps + Ak v))| [i(ko +p0) — py i(ko +qo) — qy (M5

1

i(ko + po + qo) + (py + gy + v(k;0) + 20(pe + qz)) }
The integrations along the g, and p, directions are convergent in the absence of the terms
of order c(v)g, and c(v)p, in the boson propagators. Furthermore, the convergence (or
divergence) of the ¢, and p, integrations is unaffected by the terms of order ve(v)q, and
ve(v)p, inside the boson propagators. Therefore, ignoring these terms the integration over
py and g, yields, to leading order in v < 1,

2L _ _7’['2(ch — 1)'10(’[))2 dQO de de dpa:
Brk) = N2N? / (2m) H{ (2m) R/ (2m) R/ (27)

{ [©(po + 2qo + 2ko) — E ko — po)] [©(po + qo + ko) — O(—ko — qo)] (

X

M.55)

90l + laz] + [A(E;0)] [pol + Ipl + [A(F;0)|
| [200) (P + a2) + 5 (F;v)] = i [2(p0 + q0) + 3kl }
(3o + 2p0 + 200)? + [20(0) (s + o) +7(F;0))?

where w(v) = v/c(v), ©(x) denotes the Heaviside function and we have performed the
scalings (pz, qz) — (pz/c(v), qz/c(v)). We divide the discussion into the real and imaginary
parts of the two-loop fermion self-energy.
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A Tm [S24(k)]

The imaginary part of the two-loop fermion self-energy reads

~ m(NZ=Dw()? [ dg [ dpo [ dg. [ dp.
o [B10)] = =7 [en ] o o) o
R R R R

{ [©(Po + 290 + 2ko) — O(—ko — po)] [O(po + g0 + ko) — O(—ko — qo)] (M.56)
0] + gz | + [A(F; )| Ipo| + [pz| + [A(K; 0)]

[2(po + o) + 3ko] }
(3ko + 2po + 240)2 + [2w(v) (ps + ¢o) + (K3 v)]2 |

We note that the integrations over p, and g, are UV finite in the presence of a nonzero w(v).
When w(v) = 0, these integrations become logarithmically divergent. Therefore, we expect
that a scale proportional to 1/w(v) will cutoff such a divergence. Eq. (M.56) manifestly
depends on the external frequency and momentum scales ko,Z(%; v) and ’y(l?:'; v). Therefore,
we expect that the IR cutoff of this correction will be the maximum amongst these scales.
However, as we will show in this section, when ky = 0 and (k v) = 0, the integration is
not cutoff by A(K;v) in the IR, but rather by the scale A(k;v) = w(v)A(k;v). Motivated
by this we write the imaginary part of the fermion self-energy as

(N2 -1Dw®)? [ dg [ dpo [ dg. [ dps
Im [3{"(k)] = NZN? /(27?) / (27T0) / (2m) / (2m)
R R R R

{ [©(po + 290 + 2ko) — @(:kf — po)] [©(po + qo + ko) — @(—Nkoﬁ— q0)] (M.57)
|q0] + [gz| +w(v) A (ks )] lpo + |pa| + w(v) A (ks v)|
[2(po + qo) + 3ko] }
(3ko + 20 + 20)? + [2w(v) (px + 42) + (K 0))? |

We proceed on analyzing this expression in the following limits: (i) when |ko| > Iy (k;v)|
and _|ko| > |A(K;v)], (1) when |7(k: )| > |ko| and |y(k;v)| > |A(k;v)|, and when (iii)
|A(k; )| > |ko| and |A(k;v)| > |y(k; v)|. We consider each case separately.

(i) For |ko| > |y(k;v)| and |ko| > |A(K;v)| we assume, without loss of generality that
ko > 0, y(k;v) > 0 and é(l_{, v) > 0, and define the two small parameters €(k;v) =
(k3 v)/ko and D(k; v) = A(k; v)/ko. Performing the scaling (po, qo; Pa; @) — ko(Po, 40, Pas Gz)
Eq. (M.56) takes the form

_ T (N2 = Dw(v)’ky [ dgo [ dpo [ dgz [ dps
m [27(0)] = =37 s onen ] e
R R R R

{ [O(po +2g0 +2) —O(=1—po)] [O(po + 90 + 1) —O(=1 —q0)] (M.58)
90| + |gz| + w(v) "' D(k;v)  |pol + |pa] + w(v) 1D (k;v)
9 [2(po + qo) + 3] }
(3 4 2po + 2q0)* + [2w(v) (P + ¢z) + €(k; v)]?
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For small €(k;v) and ®(k;v), these parameters can be ignored in the integrand and a
straightforward integration along the ¢, and p, directions yields, to leading order in
w(v) < 1,

(V¢ — Dw(v)® log[w(v)]*ko

Im [234(k)] = NZA? (M.59)
/ dqo / dpo [©(po +2q0 +2) — O(=1 —po)] [O(po + g0 + 1) — O(=1 — qo)]
J (2m) J (2m) 2(po+qo) +3 ’

Although this expression seems to be singular when the denominator vanishes, it is
noted that the numerator vanishes faster in the same limit and thus the integration is
regular. We integrate over pp and gy with a hard UV cutoff Af/ky > 1. In doing so
we change variables to X = pg + qo and Y = pg — qp and write Eq. (M.59) as

2y 2 x 0 x+5L
0 0 0
o ] = QE DO oslutollo | Xy XAy
) = e o @ | et [ en ) ©n
0 2Ap i 2Af
RUCEEETEEES S0 [N TR 5 R

Integration over X and Y yields the following divergent contribution in the large As/ko
limit

_ (V2 = Dw(v)*log[w(v)]? Ay
Im [S25(k)] = NI ko log (\ko) : (M.61)

Here we have used the fact that the same result is obtained for ky < 0.

(ii) For |y(K;v)| > |ko| and |y(k; v)| > |A(k;v)| we assume, without loss of generality
that y(k;v) > 0,kp > 0 and A(k;v) > 0. Performing the scaling (po, g0, Pz, @z) —
~v(k;v)(po, 90, Pz, ¢z) in Eq. (M.57) and defining the small parameters R(k;v) =

=

ko/~(k;v) and U(k;v) = A(k; v) /y(k; v), the latter can be written as

~ mA(N2=Dw(w)y(kv) [ dgo [ dpo [ dge [ dpa
tm [ ()] = NZN? [ a5 o) @
R R R

R
{ 2(p0 + q0) + 3R(k:v)] [O(po+ 240 + 2R (k3 v)) — O(=R(ksv) —po)] (9
|90] + |g2| + w(v) ~"W(k; v) (BR(K; v) + 2po + 20)* + 2w (v)(pe + ¢2) + 1]
[O(p0 + a0 + B(k; v) = O(=R(kiv) — q0)] } |
[pol + [pa] + w(v)~1U(k; )

In the small U(E; v) limit, the dependence of the integral on this parameter can be
ignored. On the other hand, the integrand vanishes when R(k;v) vanishes, owing to
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the fact that the integral is proportional to kg rather than to 'y(E; v). Therefore, we
integrate over ¢, and p, for nonzero R(k;v). This yields

_ (N2 = Dw(v)®y(k;v) [ dgo [ dpo [BR(k; v) + 2(po + q0)]
t [24°(h)] = NZN? [ | G A s ) 5
R R

x [©(po + 2q0 + 2R (k; v)) — O(—K(k;v) — po)] (M.63)

< 100 + a0+ Bkiv)) - O(-(ki0) )] |-

We proceed on integrating over gg and pg with a UV cutoff Af/’y(E; v) > 1. To perform
the integrations it is convenient to change variables to X = pg+qo and Y = pg — qo
so that Eq. (M.63) reads

2Af 2Af
. (K;v) ~(Fwv)
2(N2 — Dw(w)y(ksv) | [ dX dy
I E2L k — 7T ( c ) / /
m [Z7(k) 2NZN? . 2n "
0 2Af
T (k)

2Af

kv +X
/0 ax v< /> dy { 3R (ko, k) + 2X] (ML64)
(27 2m) | | 1+ [BR(k;v) + 2X])?

2/_\f
“r(k v) IRIGD)

X [@ <3X+ Y + 2R (k; v)) -0 (—x(ko,k’) _X Y)]

2 2 2 2

X [@ (X +K(k;0)] — © <—’J$(k;v) —§+§>]}

Integrations over X and Y are straightforward to perform. In the small R(k;v) and
large Ay /~(k;v) limits the divergent contribution to the imaginary part of the two-loop
fermion self-energy is given by

_ (V2 — Dw(v)* log[w(v)]” As
Im [Z3"(k)] = STENIN? ko log (h(lg, v)|> : (M.65)

where we use the fact that v(k; v)&(k; v) = ko and that the v(k;v) < 0 yields the exact
same result.

(iii) For |A(k;v)| > |ko| and |A(K;v)| > |v(K;v)| let us assume without loss of gener-
ality that ko > 0, y(k;v) > 0 and A(k;v) > 0, and let us define the small pa-
rameters V(k;v) = v(k;v)/A(k;v) and M(k;v) = ko/A(k;v). To make Eq. (M.57)
depend explicitly on these parameters, we perform the change _gf variables (¢, pz) —
(pz/w(v), gz/w(v)) followed by the scaling (po, qo, Pe, 4z) — A(K;v)(po; g0, P, 4z)- Do-
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ing so, Eq. (M.57) reads

Im [S24 (k)] = T2(N2 — 1)w(v)2A(k; v)/ dqo / dpo / dg, / dp,

NCQN]% J (2m) J (2m) J (2m) J (2m)
{ [2(po + qo) + 3(k; )] [O(po + qo + M(k; v)) — O(=M(k;v) — qo)] (M.66)
w(v)|go| + [¢u| +1 w(v)|po| + [pa| +1

[©(po + 2q0 + 2M(k; v)) — O(—M(k; v) — po)] }
(3 (k;v) + 2po + 2q0)2 + [2(pe + qo) + V(K502 |

In the small D(E; v) limit, we can neglect this term inside the integrand. On the other
hand, in the small ¥11(k; v) limit, the imaginary part of the two-loop fermion self-energy
vanishes in this limit. Therefore we keep Y (k;v) nonzero and after performing the
scaling (po, q0) — (po/w(v), qo/w(v)) and integrating over ¢, and p, we find

72(N?2 — Dw(v)lo vaAE;v d d
m [ g] = T = D N)J\i[ WPBED) [ dn [
R R

{ [©(po + 2q0 + 2W0(k;v)) — O(=W(k;v) — po) (M.67)

]
4w(v)?(pol — |qo])? + (BWO(k;v) + 2(po + qo))?
[©(po + qo + YO(k; v)) — O(=W(k; v) — q0)] [2(po + o) + 3W(k; v)]? }

(3W(k; v) + 2po + 2g0)? + 16w (v)? + 4w(v)?[|po| + |q0][4 + [pol + |qol]

in the w(v) < 1 limit while keeping W (k;v) = w(v)M(k;v) nonzero. Proceeding with
the integrations over gp and pg is not straightforward for nonzero YW(k;v). To leading
order in W(k;v) < 1 we can cast Eq. (M.67) as

(N2 — Dw(v)® log[w(v)]*ko
(1+ w(v)2)N02NJ%

A~f1if(v) AfTi’(v)
(k;v) (k;v)

dpo Po dpo  3(po —1)°po
O/ (2m) [[(1+w(v)2)P(2)+4w(U)2(1+po)J+ 0/ @m) an(l w2z M)

1
8 [[w(v)Q(l +p0)? + (po — 1)2}3 [w(v)2(2 + po)? —i—pg] } ’

where we used the fact that A(k; v)W(k;v) = w(v)ko. The remaining integration over
po is divergent in the UV and thus it is cutoff by the ratio Ajw(v)/A(k;v). To the

leading order in w(v) < 1 and Af/ A(K;v) > 1, the integration over pg yields the
following divergent contribution,

_ (V2 — Dw(v)? log[w(v)]? Ag
Im [23"(k)] = STENN? ko log (M) : (M.69)

Here, we have used the fact that the A(k;v) < 0 case yields the same contribution.

Im [Z3"(k)] =
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The computation for all the other hot spots follows the same logic. Therefore, we can
summarize Eqgs. (M.61), (M.65) and (M.69) as

s - (V2= Dw()?loglw@)? < Ay )
(=20 STENZN? OB ol o (s ), vlem (o)

) . (M.70)

where oy (k;v) = ey (k;v) + Qeﬁ(lg; v). Here 5% (x,y,u) ~ max(x,y,u) whenever any of the
three arguments is larger than the other two. Combining this result with Eq. (J.18), the
two-loop contribution to the counterterm function Ag\l,)(kN) is given by

: N2 — 1w(v)? log[w(v)]? A
A oy = e 1 ! M.71
N (kN) 87T2NC2NJ% ko log g4(‘k0‘,21}’k'1\7’) ’ ( ! )

where 9(z,y) = (2, y,0) and we have used the fact that, at the momentum at which the
RG conditions are imposed, [0n (k;v)| > v]ex(k;v)].

B. Re[Z34(k)]

From Eq. (M.55) we read off the real part of the two-loop fermion self-energy:

RN Du()? [ dao [ dpo [ dge [ dpe
Re [B{"(k)] = - NZN? / (273)/ (27;))/ (27r>/ (2m)
R R R R

{ [©(po + 2q0 + 2ko) — O(—ko — po)] [O(po + qo + ko) — e(:ko —qo)] (M.72)
lqo| + lga| + [A(K; )| ol + [p| + [A(K; v)]
[2w(0)(ps + 40) + (K v)] } |
(3ko + 2p0 + 2¢0)% + [2w(0) (Ps + ¢2) + Y(E; v)]?

In the small w(v) limit we drop the term of order w(v)(py + ¢») in the numerator. Further-
more, let us note that the integrations over g, and p, are manifestly convergent for nonzero
w(v). When w(v) = 0, the integrations along these directions become logarithmically diver-
gent at large momenta. Hence, we expect that a momentum scale proportional to 1/w(v)
will cutoff such divergences. Following the logic used in Appendix G, we scale out w(v) from
the integration through (ps, qz) — (pz/w(v), gz/w(v)). After such a rescaling we can write
the real part of the two-loop fermions self-energy as

oLy T(NZ = Dw()y(ksv) [ dg [ dpo [ dge [ dps
Re [Z17(k)] = NZN? R/ (2n) R/ (2n) R/ (2n) R/ (2n)

{ 1 [O(po + g0 + ko) — O(—ko — qo)] (M.73)

w(w)lgo] + |az| + [AK; )| w(v)|po] + [pa| + [A(K; )]

[©(po + 240 + 2ko) — O(—ko — po)] }
(3ko + 2po + 240)2 + [2(px + ¢z) + v (k; v)]?

—

where E(E v) = w(v)A(k;v) = vA(k;v). We proceed on analyzing this expression for (i)
ol 3 (s o)) and [kg| 3 |AGF: )], (i1) [1(F; 0)| > ol and [3(F; 0)| > [A(K; )], and (iid)
A (s 0)| > [ko| and |A(k;0)] > |y(k;v)].
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(i) For |ko| > \'y(—‘ v)| and |ko| > |A(k;v)| we assume, without loss of generality that
ko >0, v(k;v) > 0 and A(k: v) > 0, and define the two small parameters €(k;v) =
v(k;v)/ko and ®(k;v) = A(k;v)/ko. The expression in Eq. (M.73) manifestly de-
pends on these two parameters once we perform the scalings (po, p.) — ko(po, pz) and

(QOa Qm) — kO(q07 Qx)

Re [Z1"(k)] ZWQ(Ng_l)w(U)QV(g;“)/ dgo / dpo / dgo / dp

NZN? J @n) ) @n) ) @n ) @)

{ [©(po +2g0 +2) —O(=1 —po)] [O(po + 90 +1) — O(=1 —q0)] (M.74)
w(v)|qo| + |g=| +B(k;v) w(v)lpo| + [pa| +B(k;v)

1
“ B+ 2p0 + 200)% + 2(pa + 02) + (k3 0)? } '

For small €(k; v) and ®(k; v) we can drop these terms inside the integrand and integrate
over ¢, p; and go. The leading order contribution in w(v) < 1 is given by

Repg@ﬂ:uw-»n%mwmwwﬂwaw/wmo{@bé—pw

2rN2N? 2m 1+2
! 5 &M PO (M.75)
1+2p09(100) —2(1 +po)O(1 + po) ( 3)}
(S} — | 5.
(1+ 2po) Pty

Upon symmetrizing in pg, the integrand decays as 1/pg for py > 1. Therefore, we cut
off the integration in the large frequency limit with the ratio A¢/kg. In the Af/ko > 1
limit a straightforward integration yields the logarithmically divergent contribution

2 _ 1) logw(v)]?w(v)?
Re [E%L(k)] = _(Nc 18);5\[72](\7]%)] (©) 'Y(k' v) log ((;(f‘) (M.76)

where we have used the fact that the ky < 0 case yields the same result.

v)| > |A(k; v)| we assume, without loss of generality that
;v) > 0, and define the two small parameters R(k;v) =
ko/y(k;v) and U(k;v) = v)/~(k;v). By performing the scalings (po, pz, 90, ) —
’y(l?:'; v)(Po, Pz, Q0, ¢z) In Eq. (M.73), the real part of the two-loop fermion self-energy
is written in terms of these small parameters as

oLy TO(NE — Dw(v)®>y(k;v) [ dgo [ dpo [ dgo [ dpa
Re [Z17(k)] = NZN? R/ (2n) R/ (2n) R/ (2n) R/ (2n)

{ 1 {Olpo + go + B(k;v)] — O[-R(K; v) — qol} (M.77)
(v)lg0] + | + U (k; ) w(v)|pol + Ipz| + U(k; v)

{O[po + 2q0 + 2R (k;v)] — O[—R(k;v) — pol} }

[3R(Kk;v) + 2po + 2q0)* + [2(pz + Gz) + 1]

(ii) For |~ (k; v)| > |ko| and |y (k’_,
ko > 0, v(k;v) > 0 and A(k;
A(k;

(
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In the small R(k; v) and U(E; v) limits, we can ignore these parameters in the integrand
and integrate along the p;, g, and qo directions. In the w(v) < 1 limit, the leading
order contribution is given by

(N2 — 1w(v)* log[w(v)*y(F;v) [ dpo
Re [Z35(k)] = - STNEN? - [r — 2arctan(2pg)]. (M.78)
R+

The integration over pg is divergent in the UV and it is cutoff by Af /~(k;v). For
Ag/ ’y(E; v) > 1 we obtain the logarithmically divergent contribution

_ (N2 = Dloglw@)Pw(v)?_ ~ Ay

where we have used the fact that the same result is obtained for W(E v) < 0.

(iii) For |A(k;v)| > |y(k;v)| and [A(K;v)| > |ko| we assume, without loss of generality
that ko > 0, ’y(l; v) > 0 and A(k;v) > 0, and define the two small parameters
V(kv) = y(k; )/A(kz v) and m(k; ) = ko/A(k;v). Scaling out A(k;v) via the
transformations (pg ;0)(Po, Pz, Qos Gz) allows us to write Eq. (M.73)
as

on gy TO(NZ — Dw()?y(kiv) [ dgo [ dpo [ dgz [ dps
Re [21(k)] = NZN? R/ 2n) ]! @2n) HZ 2m) R/ 2)

{ 1 . 18lpo + go +M(k; v)] — O[-M(k; v) — qo]} (M.80)
(v)lgo] + lgz| +1 w(v)|po| + |pz| +1

’@

8

P~

=)

g
~—
l>
—
k‘l@

{Blpo + 2qo + 2M(k; v)] — O[-M(k; v) — po]} }
3 (k; v) + 2po + 2q0)2 + [2(ps + ¢2) + V(K5 0)]2 |

In the M(k;v) < 1 and V(k;v) < 1 limits we can drop these terms in the integrand.
The computation of the remaining integrals is done by first performing the scaling
(po, q0) = (po/w(v), qo/w(v)). Under this rescaling we have

T2(N2 — 1w ()2 (F: v ) )
Re [£31(k)] = - e ;%]\52) (ks )/é(ff)/éff)/é%/gi)

! R R R R (M.81)
{ 1 [©(po + q0) —O(=q0)]  [O(po + 2q0) — O(—po)] }
0] + [gz| + 1 Ipol + Pzl +1  4(po + q0)? + 4w (v)? (P2 + 42)?

To the leading order in w(v) < 1, the integrations over ¢, and p, yield:

R [t )] = (V2 = D) oglu)1 v [y -

ANZN} (2m) J (2m) 14+ |qo] + [pol
R R (M.82)
» (po + 0)*[©(po + 290) — ©(—p0)][O(po + q0) — O(—q0)] }
[(Po + q0)? + w(v)?(lq0] — [pol)?] [(po + q0)? + 4w (v)? + w(v)?(Ipo| + |qo])]
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When the terms proportional to w(v) are dropped in the denominator, the integrations
over pg and gg become IR divergent. The integration over qq yields, after symmetrizing
the result in pg,

Re [25(k)] = -

(NZ — 1w(v) log[w(v)]*y(F; v)/ dpo

16T N2N?7 (27)
R+
2pow(v) {log [p3 + (po + 2)*w(v)?]
(1+ po) [w(v)? + 1] [(1 + po)*w(v)? + (po — 1)?]
—log [p% +p0w ]} 4+ [ po + 1)2w(v)? + (po — 1)2]
T A P T pPu@? + -7 )
—2 [(po + 1w(v)? — pg + 1] arctan (W + w(v))
+

(1+ po) [w(v)* + 1] [(1 + po)*w(v)? + (po — 1)?]
—2po [(po + 1)w(v)? + po — 1] arccot (131;’”((1;))2)
T T ) (P + 1L+ po)2w(®)? + (po— 1)2

This contribution is IR finite, but UV divergent. It is noted that the py — 0, pg — o0
and w(v) — 0 limits in the integrand do not commute. Thus, one has to integrate
over po and only at the final stage expand for small w(v). Nevertheless, we can bypass
this difficulty by performing the scaling pg — pow(v) and then expanding safely for
w(v) < 1. To leading order in w(v) < 1, this yields

>

(-

2 210
Re [Z3"(k)] = — (N = w (16)77]1\7;][\72 / ((;]ZTO T — 2arctan (Z;—Oﬂ , (M.84)
0

where the pg integration has been cut off in the UV by the ratio Af/ﬁ(ﬁ; v). For
Ag/ A(E; v) > 1, we obtain the logarithmically divergent piece

Re [S2% (k)] = — (N 1) log[w(”)]%(”)zry(/?; v) log <~Af> . (M.85)

ST2NZN?

The absolute Vahie in the IR scales arises from the fact that the same result is obtained
in the case that A(k;v) < 0.

Collecting the results from Egs. (M.76), (M.79) and (M.85), and using the fact that the
computations for the other seven hot spots follow the same logic, we can write the logarith-
mically divergent contribution to the real part of the two-loop fermion self-energy in Eq.
(M.72) as

Re (2] = - (V2 = Dlogle@Pu? ;o A

) log = - ., (M.86)
8r2 NN} A ko, |53 (F; v)], vlex (B v) ]
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where Oy (k;v) = en(k;v) + 2eﬁ(g; v). Here S (z,y,u) ~ max(z,y,u) whenever any of
x,y or u is much larger than the other two. Combining this result with Eqs. (J.19) and
(J.20), the momentum-dependent counterterm functions Ag\%)(/ﬁv) and Ag\?;)(kN) are given at

two-loop order by

: 3(N2 — 1) log[w(v)]?w(v)? A
AP (k) = 52 1 / M.
5 (k) 8T2NZN? %8\ s (o, 20lkn]) )7 (M.5)
: N2 —1)log[w(v)]?w(v)? A
APy = Ve 1 / M.88
2 (kn) 82 NZN? %\ (o, 20kn ) ) (M5)

where we have used the fact that at the momentum at which the RG conditions are imposed,
0N (k;v)| > |ex(k;v)| and we have defined %3(x,y) = ) (z,y,0).

M.3 ONE-LOOP YUKAWA VERTEX

The one-loop quantum correction depicted in Fig. 2.3(b) contributes to the quantum effective
action through

N. Ny

8
TG =3 % Z/dk/dk’ﬂvjo_’j(k’)(l)w/(k’—k)F](\?’l)’lL(k’,k)wﬁa,g(k), (M.89)

N=1o,0'=1j=1

where the one-loop vertex function is given by

3
2

Njw

s

\/QNcNf

In here D(q) is given by Eq. (2.6) and Ggg)(k;v) is given in Eq. (M.3). For simplicity
and without any loss of generality we consider the contribution to interaction vertex for the
N =1 hot spot. In view of the RG condition given in Eq. (4.57) it is convenient to compute
this diagram with fixed external frequencies gy = ko = p > 0 and at momenta k, = vk, and

v

e gy = - / dpD(p) G (K + p3 v)Gv (k + pi v). (M.90)

3
2

ky = —vk;. At these frequencies and momenta,
3 1
LD ks ) = ———— / dp{
Sy R P E o PR )

/ (M.91)

1 1
i(po + 1) + [20k}, + vpe — pyl ipo + 1) + [20k + VP + py] } '
We proceed in computing this quantum correction with the same logic we have used in the
case of the two-loop fermion self-energy. For this purpose we perform the shift p, — p, —

vpz — 20k, and perform the scaling p, — p,/c(v). After performing these transformations,
Eq. (M.91) reads

3
T2 /ow(v 1

P ki) = =) gy

V2NN? po| + [pa] + c(v)[py — w(v)ps — 20k,]

(M.92)

1 1
X = - .
i(po + 1) + [2v(K], + k) + 2w(v)pe — py) i(po + 1) + py }
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Here we used the definition w(v) = v/¢(v). The convergence of the ¢, and g, integrations
are not affected by the terms of order ¢(v)p, and vw(v)p, inside the boson propagator and
thus we drop them. Using the lesson from the computation of the real part of the two-
loop fermion self-energy we define the following energy scales p(k., ky;v) = v(kl, + k) and
((ky;v) = v2k, and perform the scaling p, — p./w(v) so that Eq. (M.92) reads

3
2,1),1L 5 72 /vw(v) 1
Fl (kggak:z:;M) = - 3 dp
2 w(v)|po| + [pz| + 2|¢ (ks v)|
V2NeN§ (M.93)

1 1
oo+ ) + py i(po + 1) + [2[p(k}, kz; v) + pa] — py] } '

Integration over ¢, yields

d dps 1
PV ) = T 3/ po/ : {

2\/>N N2 (277) 2 |p0| + ‘pz| + 2’4(14&,1))‘ (M94)

251gn(]?0 + ) }
'i(,u +p0) + Pz + p(k;m kg U) .

In what follows it is convenient to consider the imaginary and real parts of this expression
separately.

M.3-(a) T | T g )|
The imaginary part of Eq. (M.94) reads

I | 13V (K Ky o) :W%ﬁw(g) oo [ s !
[ 1 } 9V2IN,N 2 /(ZW)R/(QW) {w(v)\po]+!pm\+2|ﬁ(km;v)| (ML95)

" sign(po + p) [pe + p(kL, ka; v)] }
(1 +p0)? + [p2 + p(KL, Ky v)]?

It is clear from this expression that the intrinsic energy scales of the imaginary part of
the one-loop vertex function are ((kz;v), p and p(k., ky;v). As we did with the previous
quantum corrections we analyze this expression in the limits: (i) p > [((ky;v)| and p >
(K ki 0)], (i4) 1C (ks 0)] > o and [C(kysv)| 3 [p(Kpy ki v)], and (idd) [p(kh, s )| > p
and |p(kL, ky;v)| > |C(kz;v)|. We note that in all of these three limits, the integration van-
ishes by symmetry. Therefore, the imaginary part of the quantum correction is proportional
to one these energy scales and by dimensional analysis this implies that the leading order
nonzero contribution in either of the aforementioned limits is UV finite.
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M.3-(b)  Re [Fl(2’1)’1L(k;, K u)}
The real part of Eq. (M.94) reads

3
Re [Fl(z’l)’m(k;,kz;u)} :7”\/5“’(”)/ dpo / dpq
R

2V2N.N fg (2m) g (&m) (M.96)

" { 1 [po + } '
w(v)|pol + |pa| + 2[¢(ka; V)| (1 + p0)? + [Pz + p(KL, ks v)]?
We separately analyze this expression in the limits: (7) p > [((ky;v)| and p > |p(kL, kz;v)|,
(i1) [C (ks v)| > pand [¢(ka; v)| > [p(ky, ke )|, and (id7) |p(KL, ke v)| > pand |p(ky, ke v)| >
|C(ky;v)|. In contrast with the imaginary part, this expression is non vanishing to leading
order in these three limits.

(i) For p > |C(ky;v)| and p > |p(kL, kz;v)| we assume without loss of generality that
C(kgz;v) > 0 and p(kl, ky;v) > 0, and define the small parameters U(u, kz;v) =
C(kg;v)/p and B(u, kL, ky;v) = p(kl, ke;v)/p. To make Eq. (M.96) manifestly de-
pendent on these parameters we make the scaling (po, pz) — p(po, p») and write

3
Re [T (ki 1) = 7mﬁw(v)/ o /gﬁ)
2V2NeNY 5 R (M.97)

{ 1 lpo + 1| }
w(v)|po| + |pe| + 2U(p, kz3v) (14 po)? + [pe + B, kly, by v)]?

For small A(pu, k,;v) and B(p, k., k.3 v) we can ignore these parameters in the integra-
tion. Furthermore, it is convenient to make the change of variables p, — w(v)p, and
write Eq. (M.97) as

3
3 1 1
Re |11 (L s )] :“ﬁw(”)/ dpo / dp”f{ po + 1] } (M.98)

ﬂNCNf% 2 (27r)R+ (2m) | Ipol + pe (1 + po)? + w(v)?p2

This change of variables makes manifest the fact that the integration becomes loga-
rithmically divergent in the w(v) = 0 limit. Integrating over p, and taking the small
w(v) limit we obtain

Re F1(2’1)’1L(/€;,km;u) :_ﬂ%ﬁw(v)loggw(v)] dpo
| | 4VINN? R/ (27) (M.99)

y [(1 +p0) [B(=1 —po) — O(po) — O(—po)O(1 +p0)]]
1+ po(2 + [1+ w(v)]po) '

Here ©(z) denotes the Heaviside function. The integration over pg is UV divergent and
we cut it off with the ratio Ay/p > 1. After performing the integration and expanding
for w(v) < 1 and Af/p > 1 we obtain the logarithmically divergent contribution

1
w2 /vw(v 1 A
Re [Ff’l)’lL(k;,kz;u) _ m2y/ow(v) log <w >10g <uf> (M.100)

2mv/2N N} (v)

3
2
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(it) For |((ky;v)| > pand |((ky;v)| > p(kL, ks;v) we consider, without loss of generality
the cases in which ((ky;v) > 0 and p(kL, ky;v) > 0. We further define the small
parameters 3(pu, ky;v) = p/C(ky;v) and R(p, kL, kz;v) = p(kl, kz;v)/C(ky;v). After
the scaling (po, pz) — C(kz)(po, pz), Eq. (M.96) depends on these parameters as

3
1, 72 /ow(v dp dp, 1
Re |1}V 1L(k;’kr;u)] - 2\/\5/.7:7 ]if‘;’) / (27?) / (2m) {w(v)’pd +|pa +2
N7y 2T (M.101)

y Ipo + 3(4, kg v)| }
(3, kz; v) + pol? + [pz + B, k), kz))?

In the small R(u, kL, ky;v) and 3(p, ky;v) limits we can ignore these factors. Upon
integration over p, we obtain

3 7[2 4 pow(v)] + 2po log ( 52—
Re [Fl(z’l)’lL(ké,kx;M)] _ T2/ vw(v) / dpo (2+ ( )Po). (M.102)

277\/§NcNf% A (2m) 4+ pi+ 4pow(v) + piw(v)?

The integration over pg is UV divergent for nonzero w(v). Cutting off the large pg mo-
mentum integration with the ratio Ay/((ky;v) > 1, the integration over pg yields the
following divergent contribution to the leading order in w(v) < 1 and Af/((ky;v) > 1:

ﬂ%\/ﬂw(v) 1

21),1L 1 Ay
Re | I (kg kzypp)| = ——5 0g< >log () : M.103
i Yy D Clhai ) (M.103)

The absolute value in the IR scale originates in the fact that the case in which ((k,,v) <
0 yields the same result.

(i11) For |p(kL, ky;v)| > p and |p(kL, ky;v)| > |((ky;v)| we define the small parameters
L(Ey, i 0) = Ik )1/ (K s 0)] and R(pi, K, i 0) = g/ |p(Kp K )] and assume,
without loss of generality, that ((k,;v) > 0 and p(k., ky;v) > 0. After performing the
rescaling (po, pz) — p(kL, kz)(po, pz) we can write Eq. (M.96) as

3
(2,1),1L s m2\/ow(v) [ dpo [ dps 1
Re Fl (kajak-’ﬂ7u) = 3 / :
[ 2V2NN? 4 (2m) J (2m) Lw(v)lpol + |pa| + 22(K%, ka3 v) (M.104)
|p0 +m(u7k;ﬂka)7v)‘ }
[J?(,u, ké;, ks 7}) +p0}2 + (pm + 1)2

In the small N(u, k., ky;v) and L(kL, ky;v) these factors can be ignored inside the
integrand and by performing the scaling p, — w(v)p, we can write this expression as

@DAL,,, 5 _W%ﬁw(v) dpo [ dps 1 Do
Re [ ki | = [ o5 | o5 e mrmr o e) 0o

3
ﬂNcNfz R+ R
Integration over p, yields in the small w(v) limit,
1
2 1
Re {Fl(z’l)’lL(kQ,kx;u)} _ T uw(v) o%[w(v)] / ipo Po_ (M.106)
\/iNch? A (2m) 1+ pg
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The integration over pg is UV divergent. Cutting it off with the scale Ay /p(kl,, kz;v) >
1, we find the divergent contribution in this limit:

1

2 1 A
Re Fl(zyl),lL(klm’ kx’ M):| — T2 \/ZW(U) 10g ( > IOg <k/£> . (M107)
27T\/§NCN UJ(’U) |10( x) 17U)|

ol

~

Here we have used the fact that the case p(k., ky;v) < 0 yields the same result.

Collecting the above results, it follows that the one-loop quantum correction to the Yukawa
vertex at the momenta at which the RG condition is imposed [see Eq. (4.57)] is given by
1
2,1),1L T2 \/Ew v 1 A
F](V ) (Ko ks ) = ( Llog( ( )>log<% T ]f|/<:’ y D) (M.108)
27F\/§N5Nf2 w(\v 1(/177) NI, VIR N

Here A (x,y,u) ~ max(z,y,u) whenever any of the arguments is larger than the other two.
(4)(k:§v, kn) is fixed at the one-loop order

N

Making use of Eq. (J.8) the counterterm function A

to
A
! ) . (M.109)

ps 02k, vlky + k)

4) 1 _ 1 1
Ay (ky,kn) = 727TNCwa(,U) log <w(v)> log <%(
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APPENDIX N | THE YUKAWA INTERACTION VERTEX FUNC-
TION

Here we consider the RG equation for the Yukawa interaction vertex function in the WMDL.
To leading order we ignore the contributions from the four-fermion couplings. Choosing
m =mn = 1in Eq. (K.9) it follows that the scaling properties of the interaction vertex
function are governed by the equation:

(@) (w)k/ (iﬁ)k _ Ai_K 0 k! 9 ki K- 7 ];2
{7] + 1y (ky) + 0y (kN) /BkFaEF 81A\b+z 0(‘)k:’+ 08k0+ 8E’+ Py

- avM dvai(x) 5 Vi (@) )

69M (33‘, y) agM (.%, y) (9) 0 F(Q 1) /
)
/dy (x 91 +vy Y —|—/3M (%,y) ; (.%',y) N (k,]{?) =0

Following the logic of Appendix L, this equation can be written as

0 0 1 - 0 1 - 0 0 NN, KN DT 21y,
— k- - — - - — _ VANV TN T 1—1 s ’ =0, .
[koako + koako (Z)k ok * z(l)k Ok’ T ol + (1) N (K", k) =0, (N.2)

where
v (b K 1) = 0 ® @) + 78 (K1) + 7 (ks ), (N.3)

denotes the effective scaling dimension of the three-point function. Furthermore, the scale-
dependent coupling functions and IR scales satisfy Eqgs. (L.3) to (L.7). The solutions to this
differential equation are parametrized by the logarithmic length scale [. Here, the anomalous
scaling dimension of the fields and the dynamical critical exponent acquire a scale dependence
through the scale dependence of the zero momentum coupling functions. For the initial
conditions vy (ky;0) = vy (ky), Vi (kn:0) = VIV (kn), gn (K kni0) = gy (B k),
K (0 (0) = k:% ), and A »(0) = KISO)’ where vN,V(N) and gy are known functions of momentum,
the solution in Eq. (N.2) is given by

FUE de
DRV ks var gan VT R YY) = exp / — Nk (£), Ky (€); €)

) #(0) (N.4)

x T (K1), B/ (0), o (1), R0 [oar @), gar (0, VE 0 T (), o)
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which is straightforward to check by differentiating with respect to the length scale. Here,
the scale-dependent momenta and frequencies are given in Eq. (4.41). Determining the full
frequency and momentum dependence of this expression is not an easy task because this
requires the knowledge of the leading order vertex function as a function of frequencies and
the momenta away from the local FS’s at hot spots N and N. Nevertheless, we can fully
determine the momentum profile of the interaction vertex when kj = ko and the electrons
close to hot spots N and N lie on the FS. For hot spot N = 1 this corresponds to the
choice of momenta k' = (ko, k,, —v1(kz)kz) and k = (ko, kg, v4(kg)ks). Thus, using the RG
condition in Eq. (4.27) and the fact that, to leading order in vy < 1 quantum corrections
beyond the tree level are suppressed, we can write the interaction vertex function at the
length scale | = £, = log(Af/ko), with kg > 0, as

Ly
20) (7. 10 gn (K, ks L) / ¢ )
F N k = R . N.
N (kos Ky, k) el VT w(kn(0), Ky (0:0) ), (N.5)

where g(kly, kn;1) = gn (K (1), kn(1);1) is the rescaled Yukawa coupling given in Eq. (L.18).
Using this last fact in combination with Eq. (K.10) we can write the interaction vertex
function in terms of the counterterm functions as follows

by

21) (g g Vo Al ) /
r : = Z : N.
R s ki ko) = [ 75 exp O/ o WOk | )

where Z](\;l)(k&(ﬁ),kjv(f);f)’ = 8lfguZJ(é)(k§V(€),k:N(E);E)|H:Af. From Eq. (M.109) we can

write this expression as

TV

L
1 d/ 1
o, | o, 0/ 0 \/ w012 5 N.7)

x O(A et — 20(0)2|kn)O(A e~ — v(0)|Ky + kNy)) :

Fz(\zQ’l)(ko;kﬁv,kN) =

which follows from Eq. (3.43) and the fact that the function J4 (z,y,u) ~ max(z,y,u)
satisfies the derivative property

iﬂ%(@g/,@ =0O(z —y)O(z — u). (N.8)

In the zero momentum limit, the interaction vertex describes the strength with which the
electrons at the hot spots interact with each other through zero-energy spin fluctuations. In
this limit, and by virtue of Eq. (L.20), Eq. (N.7) reduces to

R e S e )

where ' (k) = T3V (kg;0,0) to leading order in £g, £, > 1 with £y given in Eq. (3.49).
In the low-energy limit (¢, > ¢p), this becomes

7@ (ko ko, 1) = ;T;\’rj eV/1os(As/ko) (N.10)
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e

ki /AT

“to, -1 "
e v, Uy Vg

I/Af

(a) (b)
Figure N.1: (a) The low-energy momentum profile of the interaction vertex function
T (B, ky) = \/WF(Q D (0; Ky, k) for No = 2, Ny = 1 and vy = 107" (b) Momen-

tum profiles along the directions kny = 0 (orange), ky = kn (purple), ki, = —kn (black) in
the logarithmic scale. Here x represents the momentum along these directions.

This result shows the strongly coupled nature of the theory that describes the electrons at
the hots pots in the low-energy limit.

For nonzero momentum, the interaction vertex describes the strength with which the
electrons on the FS at hot spots N and N interact with each other through the low-energy
spin fluctuations. For simplicity, let us consider the case in which either k%, =0 or kxy = 0.
The fixed-point functional form of the vertex function for any k% and ky is plotted in Fig.
N.1 in the case in which there is no superconducting instabilities. At nonzero frequency, we
define f](\,Q’l)(kN; ko) = r 1)(ko, kn,0;u) = r 1)(k0,0 kn; ). Then, using Eq. (4.101) we

can write the interactlon vertex function as
TV

N, <\/N127—1@(€°’ —tn)0(ew) [Vio + In — /|
N — L) [m \/ZOD ’

where £y = (N (kn) is the momentum dependent length scale that solves the transcendental
equation

Y (ky) =
(N.11)

Ape™ = v(0)|ky|. (N.12)

By analyzing this expression in both the £ > {5 and {y < ¢y limits, it is found that this

217



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

equation is solved by

A

We note that for ky = 0 (kfy = 0) the vertex function f](\?’l)(k]v) quantifies the strength

of the interactions between an electron at hot spot N (V) that interacts with a low-energy
electron near hot spot N (N). We take a look at Eq. (N.7) in two main cases: (i) In the
absence of superconducting instabilities and (i) when the superconducting instability enters
at a length scale fgc < £y satisfying Eq. (4.90). Let us analyze each one of these cases

separately.

(1) In the ideal case where there are no superconducting instabilities, we have control up
to zero energy. In the low-energy limit (¢, > fy) the vertex function displays the
crossovers as a function of momentum:

A —
NED A ] < T,

vg log(1/vq)

~(2,1) _ po A T2nNeN;  As g A
IO =0 R (ai) Y T et <l (N

wg ,v/1og(Af/volkn|) Ay g
IN€ f lkn| < e

This shows that as the momentum becomes smaller, the strength of the interaction
becomes larger. On the other hand, as the momentum is tunned away from the hot
spot, the interaction decays as a power-law in momentum where it eventually becomes
constant and of order /vy < 1 which implies that the electrons interact weakly with
each other. We note that the momentum region |ky| > kp is out of the scope of our
analysis as explained in Sec. 4.4-(a) .

(77) In the case where there is a superconducting instability we only have control up to
lengths scales £, < fsc < £p. In this case, the vertex function displays the crossovers
as a function of momentum:

A —

N ok < Jkn| < K,
(2,1) A UO2IOJ%(11<;JO> A A
=~(2,1 TV f mNeNg Af —4 af

T ey = 4 /3 ()Y Metse < byl < A, (1)
A ’UOQIOJ%(IJ(]’UO) A
TNe _f
I (VT k| < et

The interaction vertex acquires only a power-law momentum dependence. This is a
consequence of the superconducting transition length scale being smaller than the scale
above which the flow of v is appreciable. Notice that this describes the interaction
between a hot spot electron and lukewarm electrons. Below the momentum scale
lkn| < %e_ésc, the interaction is effectively constant, but much larger than the bare
interaction strength. Since the energy scale at which we have control is not low enough,
we cannot resolve the momentum-dependent details of the interaction between a hot
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spot electron and electrons lying on the hot region of the F'S. Such a lack of resolution
is rooted in the fact that the energy scale at which the superconducting transition
enters is still larger than the momentum-dependent IR cutoff of the vertex correction
in Fig. 2.3(b).
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APPENDIX O | CHECK OF RENORMALIZABILITY CONDITIONS

Here we focus on checking that the renormalizability conditions described in Sec. 4.3-(a)

are satisfied in the WMDL and to leading order in vg < 1. We do this by considering
the momentum-dependent slope, Fermi velocity and Yukawa coupling to leading order in
vg < 1 and the four-fermion couplings. This is tantamount to ignoring the feedback of
the four-fermion coupling functions. We leave the discussion regarding the dimensionless
four-fermion coupling functions to Appendix P. Thus, we check that

L,
1, (0.1)
1.

IN IV

gN(kE\fv kN)

We that recall the renormalized momentum-dependent couplings as a function of the logarith-
mic length scale are given by Eqs. (4.42) to (4.43) where the rescaled momentum-dependent
couplings read

l
B (k1) = vo exp /Zc(lﬁ) {Zﬁ)[kN(f);z]' _ Z](\?)[kN(K);é]’} , (0.2)
0
l
T (s 1) = exp /;(12 {29 len (020 — Z0lhen (00 +2(0) 1} | (0.3)
0

z(€)

+ 28 iy (0, k(030 = Zu(0) + Z1(0)'})

l
G (K, ki) = [ T2 exp / A {; (200 = 23(0) = 2 (03] — 2 ey (0): 41|
0

In the vy < 1 limit, the counterterm coefficients are given by Eqgs. (L.9) to (L.12). For w(l) <
1, the momentum dependence of the rescaled momentum-dependent couplings reduces to

l

on(kn;l) = voexp / jﬁ) {Z](\?) [kn(€); 0] — ZJ(\:;,) [kN(£)3f]/} ) (0.5)
0
!
T i =exn | [ 5 {z - 20 voia} ). (06)
0
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l
(ki bnid) =[5l | [ T {20000 = 2oy} |07
0

Introducing the expressions for the counterterms in Egs. (L.9) to (L.12) and making use of
Egs. (3.43), (4.42) to (4.43), the momentum-dependent couplings are given, for large [, by

z
) =vgexp | — e — 1) de ) !
olkaysl) = voexp | =5 O/z(g 1g<v(g)> (0.8)
[G(Afe 0 — 20(0)e(0)kn|) + O(Ape D — 20(¢ )’kNDD’

l
(N) 2(“3 —1) de (=) _
V ) = 1 —O(A 0.9
po (ki) = exp V272N Ny J 2(0) | log( 1/v e (QC(@‘]’W')} » (09)

0

QN(kEVkaJ):\/?eXp \/W/ dﬁ\/ g( (1€>> (0.10)

x (1= O™ = 20002 kn)O(A e — w(O) iy + kn])] )

where we used the fact that the rescaled momentum in Eq. (4.41) is given by E(l) ~ ek to
leading order in [ > 1, and O(x) denotes the Heaviside function.

At zero momentum, the conditions in Eq. (O.1) is satisfied for [ > 1. This is because the
slope flows to zero logarithmically, the Fermi velocity becomes one and the Yukawa coupling
is simply given by its bare value. For nonzero momentum the integration over the length
scale has the structure

/dﬁ@ [Afe—f” —A)| f0) = G)(Q)/déf(é). (0.11)

where f(¢) is some function of the length scale, A(¢) is any of the momentum scales inside
the Heaviside functions and £ is the scale that solves the transcendental equation

Ape 2t —A(lp) =0, (0.12)

From this it follows that the coupling functions that involve the rescaled momentum are
the same as the zero momentum couplings. This is to be expected because we are scaling
both frequency and momentum simultaneously and therefore the support of the quantum
corrections that introduce the momentum dependences into the coupling functions has no
change as we lower the energy. Therefore, at a given length scale [, the IR cutoff scale of the
corresponding diagram is always smaller than that associated to the logarithmic length scale
[. Since the zero momentum coupling functions satisfy Eq. (O.1) for any length scale, it
follows that the renormalized momentum-dependent coupling functions satisfy the sufficient
conditions for the theory to be renormalizable to leading order in both v and the four-fermion
couplings.
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APPENDIX P | BETA FUNCTION FOR THE FOUR-FERMION COU-
PLING FUNCTIONS IN THE PAIRING CHANNEL

In this appendix we determine the general form of the beta functions of the momentum-
dependent four-fermion coupling functions. In particular we focus on the couplings that

involve the rescaled momenta: Xi%}},{g}({ki;m}; l). From Eq. (4.49), the beta functions of
the four-fermion coupling functions are given by

MM (ki 5D 1 a
{]1 {Nisoi} b _ {]z
{N 10 }({kZN }) ol - Z(l)ludll,l, {N“U,L}({ 13N, }) _Af' (Pl)

The right-hand side can be manipulated by noting that the renormalized four-fermion cou-
pling functions are related to the bare ones through Eq. (4.30). Similarly, for the coupling
functions with the rescaled momentum, we have the relation:

HZ

where the scale-dependent momenta are defined in Eq. (4.41). Using the fact that the bare
coupling functions are independent of the running scale p, we obtain the flow equation for
the four-fermion couplings

NI

XN oy (V1) = 17128 23 oy v, DA (ki) (P2)

PV INCI S 4
By i) = 2 o o)+ IUACEE)
= o (P.3)
1 dZ{]\Zf i} {kzN ( )})
20 kv (D) dlog uty

where the dynamical critical exponent z(l) and effective anomalous scaling dimension of
the fermion field n(w)(kN) are defined in Eq. (4.33). The momentum in the counterterm
function and anomalous scaling dimension of the field is rescaled according to Eq. (4.41).
This expression constitutes a set of coupled equations for the beta functions of the four-
fermion coupling functions. To see this we note that the coupling functions and IR scales of
the theory implicitly depend on the running scale . Therefore, we can use the chain rule
to write the p derivative as

d / My) 0 (M) g
p— = ,u— —2(1 dzy [ B (21) ——— + By (1) —
du MZ 1 [ dunp () — T sy ) (g
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+/dx2 (§§M>($1,x2)W+ Z Z Z /dmg/dx4{ (P.4)

Mo, M3,Ms=1{p;=1} {l;=1}

5 ~ 9 -0
Bl id) — hp——— — Ay
{Miipi} &fM}} NCEDS Ok oAy

In here we have used explicitly the fact that the IR scales are governed by the beta functions
in Egs. (4.39) and (4.40). The beta functions for the slope, Fermi velocity and Yukawa
coupling are defined as

501) 1 :_LM
B (1 = LM
B o) = - 2(1) dlogp ' (P-6)
1 _ 1 dgag [ (1), 22(1)]
5(M (z1,12) = ﬂ dlog 11 . (P.7)

Introducing Eq. (P.4) into Eq. (P.3) one can solve the system of coupled equations iteratively

under the assumption that )\{]Z ({ki;n, }) remains small. Doing so, the perturbative beta
function for the momentum—&ependent four-fermion couplings adopts the form

4
i L < )
5‘5\[ }; {Uz}({kz’Nz}) - <l) BV }; {Uz}({kz Ni } 2= Z E_: N J7

0 ~ 0 2(Vr) 0
Pou o Z/ o (ﬁ 0 (71 <x1>+5Ml ) e

Mi=1

+/dx2 B}gi(xl,xg)#— Z Z Z /dxg/dx4 [

o, (w1, w2) Mz, M3,My=1 {l;=1} {p;}=1

1 ) :
S g (0 })5%}}{ ({xi})”)} 29k, <z>>]

In arriving to this expression we made the approximation

p=NAy

4
S i
Ayt (B DA oy Wi ) |2 = 2(0) + Z N (v, () oo

Li i
~ )‘}z\/}} Api} <{xz}))‘gv Yo} ({kin 1),

because corrections beyond the tree-level scaling dimension of the four-fermion include higher
order terms in the coupling functions. Therefore, Eq. (P.8) must be taken as the leading
order expression for the beta function of the momentum-dependent four-fermion coupling
functions.
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In the remaining of this appendix we focus on the beta function of the four-fermion
couplings in the pairing channel. The generic four-fermion couplings )\}%3}; {Ui}({ki; N, }) rep-
resent the scattering of a pair of electrons with momentum k3 n, and k4 n, into states with
momentum k; n, and ko n,. In the following discussion it is convenient to choose these four
momenta such that they represent the center of mass and relative momenta of the pairs
involved in the process. We therefore make the following redefinition of momentum along
the local FS’s at hot spots N1, No, N3 and Ny:

k3.ng = q+ P kan, = —q + g (P.10)

kl;Nl :_k_l'g, kQ;Ng :k‘l']z 9’

27

We note that this choice of momenta is consistent with the momentum conservation con-
straint appearing in the four-fermion interaction term in Eq. (4.1) and, in general, each of
the momenta k, ¢ and p depend strongly on the hot spot indices. In this choice of momenta,
p denotes the center of mass momentum of the electron pairs and k and g their relative
momentum. It is therefore convenient to further redefine the coupling functions as

i) N (PP P D

and similarly for the couplings with rescaled momenta. Because the leading order super-
conducting instability is expected to arise in the zero momentum pairing channel, we focus
only on the beta functions for the couplings in GROUP I shown in Table 4.1. In principle,
we need to consider also the couplings in GROUP II because these also correspond to zero
momentum pairing channels. However, these are not sourced by the spin fluctuations in the
absence of bare four-fermion couplings. We consider first the beta functions to leading order
in the four-fermion couplings and later analyze the contributions to quadratic order. In what
follows we restrict the discussion to the physical case with N. = 2 and Ny = 1. In this case

we adopt the notation a}}'\}"}}(k‘, q; p) for the coupling functions in the pairing channel. In the

remaining of this appendix we further use the notation &%7\}'_}}(14:, q;p) = a%?\;}} [k(1),q(1); p(1)]
to denote the coupling functions with the momenta rescaled according to Eq. (4.41). We
use the same convention for the beta functions of the four-fermion couplings.

P.1 LEADING-ORDER MOMENTUM-DEPENDENT BETA FUNCTION

We construct the momentum-dependent beta functions of the couplings in GROUP I in Table
4.1 to linear order in the four-fermion couplings. For simplicity, and in order to get rid of
the spin indices, we consider the decomposition into singlet and triplet spin channels given
in Eq. (4.9):

: s A
AN Nanan, (ks @ 0) = AZLC2 o, Ny g v, (B @5 P) + Soigaaln, vy v, (B, 45 P), (P.12)
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where A and S are defined in Egs. (4.10) and (4.11), respectively. These tensors satisfy the
contraction identities

D MNGALG =4 D ANGARZ =2,

{oi=1} {oi=11}

Y. ARESHEE =6 ) ARESHE =0, (P.13)
{oi="1,4} {o:=1,1}

S ospmsmez=1s, Y Spmsne =12

{oi=14} {oi=14}

From these identities it follows that the beta functions for the singlet and triplet components
of the coupling functions are given by

5N1N2N3N4 (k,q;p) Z Ay }\gi1§2N3N4(kaQ;P)a (P.14)
{Uz TJ/}

Bhivanom (ke asp) = = D7 ST BN Ny, (ko )- (P.15)
{0'1 T\L}

We now determine the solution to the beta functions in GROUP I. In what follows we use the
notation a]S\;Sz,Q NaN; = ajséﬁzb Ny N4(0, 0;0) to denote the scale-dependent coupling functions
evaluated at the hot spots.

P.1-(a) BETA FUNCTIONS FOR THE FOUR-FERMION COUPLINGS IN GROUP I

Using Eq. (P.8), the expressions for the counterterm functions in Eqs. (Q.228), (Q.238),
(Q.246) and (Q.249), in combination with the derivative properties in Eqgs. (Q.233), (Q.234),
(Q.237), (Q.244), (Q.245) and (Q.248), we write the beta function of afs;5(k, q;p) as

~ 3w(v)
Blors (b 4:p) = —Auss (D), a0 p(0); UEsas k. pi ) — 36 v atias
< O(Age™ —vlk +ql) [O(Age™ = ve(v)lp+ g — k) + O(Aze™ — ve(v) |k +p — gl)

"f?igg)aﬁMS{chfe-l—zwk——m>[@<Afe‘l—Txivﬂk-+q-%p010g“*“>xw

i _A —1 1 #
+O(ve(v)|k + g+ pl re)log <U|k‘ +p+Q|)]

+0(Ase™! — vlg — k|) [O(Age™ — ve(v)lg + k — p|) log(c(v)Ry)

+@@m@ﬂq+k—pM—AW_5bg<eJAb)]}

vlk +q —pl
- ma%%@u\f‘?_l — [pl) { [@(Ae_l — 2ue(v)|k]) + @(Afe_l - 2UC(U)|(]D] log(c(v)xb) (P.16)
et ol
rOCueclt] - Agetog (5 ) + Oec(ullal — Ase o (5 )}
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S 0 - .
~ 550 ooy Qe — vla — kDO e — c(v)lg + k)

% [O(Are™ = ve()lk + g + PNO(Ase™ — ve(v)lp + 2(a + k)

’UQ
+O(Ase™! — vlp — g — K)O(Ase™ — ve(v)lp - 2q + K)])| — ijll) o(v)

x O(Are™ —v[p))O(Are — 2ve(v)[k))O(A e — ve(v)|3k + q))O(Are™ — c(v)|k + ql).

Here, ©(x) denotes the Heaviside function and the notation ©(x — y) implicitly enforces the
condition x > y for x,y > 0. Similarly, the beta function of a1A515(l<:, q;p) takes the form

> ~ w(v)
5{\515(/% ¢;p) = —Ais15k(1), q(1); p(1); l]aﬁ,w(km; q) + m 204?818 - a%SlS}
x O(Age™ —vlk +ql) [O(Ase™ = ve(v)|p+q = kl) + O(A ™ = ve(v) |k +p — )|

B Hitl;r(g()l) [20‘?845 + 04?5;45} {@(Afe_l — vk —ql) [@(Afe_l — ve(v)[k + ¢ + p|) log(c(v)Ay)

-1
B —l Ny
+O(ve(v)|k + g+ p| — Age™) log <v|k+p+(1|)}

+O(Ase™ — g = k) [O(Ase™ — ve(v)lg + k = p|) log(c(v)Ry)

+O(we()|g+k —p| — Are 1o (ebﬂ}
(ve(v)lg p| —Age™")log Y p—

+ muir(v()l)%mg@ Age™ —|p) {[ (Ape™" = 2ve(v)[k|) + O(Ase™ — 2”0(”)’(”)} log(e(0)As) (P-17)
—1 e
+O(2vc(v)|k] — Aje” )log < . |/;’ > + O(2ve(v)lq| — Afe—l)log ( 27}’2‘17)}

5 7 02 B _
242(}) ) OWe ' vlg = kO pe™ = e(v)lg + k)

X |O(Age —ve(v) |k + g+ pl)O(Ase™ —ve(v)[p +2(q + k)))

—1 —1 /1 U2
+O(Aje™" —vlp— g — k|)O(Ase" —ve(v)|p — 2(q + kM STEOEO]

X @(Afefl — v|p\)@(Afefl — 2vc(v)|k|)@(Afefl —ve(v)|3k + q|)@(Afefl —c(v)|k + ql)-
The beta function of ozfglg(k:, q;p) is given by:

3w(v) oA
16mz(1) 515

< O(Are! - k) (O™ = ve(v)lp +q = k) + O(A e~ = ve(v) [k +p — gl)|

Bra1s (ks a:p) = —Avsislk(1), q(1); p(0); aTsys (b, ps ) —

S : _
8,2(?) o0 )G(Afe —wve(v)|k — q) [@(mm[va,Af]e Lk +p+q|) (P.18)

+O(minfvAy, Afle™ —vlk 4+ q — p\)]
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3 7 -
4z<z2> <> O(minfvAp, Agle™ — 20[kO(Ase™ —ve(v)lp])-

Similarly the beta function of afy;5(k, ¢; p) is given by:

-~ ~ wl\v
Bsis(k, ;) = —Ausis[k(1), q(1); p(1); l)alsys (b, ps q) + 16752()0[204?515 — 053]

x O(Ase™ —wlk +q|) |O(Age™ —ve(v)lp + g — k|) + O(Ase™ —ve(v)[k +p —ql)

— 254§§)@(Afe_l —ve(v)|k —q) @(min[va,Af]e_l —vlk+p+q|) (P.19)
+O(min[vAy, Af]efl —vlk+q—pl|)
S2 v ——O(min[vAy, Asle™! — 20]k|)O(A e~ — ve(v)|p|)
12,2(1) c(v) min[vAp, Agle v fe ve(v)|pl).

The beta function of a§845(k, q;p) reads

~ 3 1
3?845(1{37(];]7) = —Ausas[k(1), q(1); p(1); l]a§845(kap; q) + 16:(;8) log (w(v)) 0/1A54s
X O(Af — 1)2|k‘ + q|) [©(min[vAy, Af] — v|p + ¢ — k|) + O(min[vAy, A¢] — v|k +p — q)]

- m@f\ms@(/\fe_l —vlk —ql) [@(Afe‘l —ve(v)|k + p + q|) log(c(v)Ay)

+O(ve(v)|k +p+q| — Ape ) log <

(P.20)
e_lAb

N — 7l_ p— pa—
) O el — kg

~ e_l
x log(c(v)Ap) + O (ve(v)[p — k — q| — Age™")log <v|p—kAb—q\)] |

Similarly, the beta function of afyys(k, g; p) reads

Bikis k) = ~osalb0). a0 05 1050 p50) — Jom 1o (i ) 2afhas = e

X O(Af — v2|k‘ +¢|) [©(min[vAy, A¢] —v|p + g — k|) + ©(min[vAy, Af] — vk +p — q|)]
w(v)
~ 16mz(1)

_lA
+O(ve(v) |k +p+q| — Ape ) log <€p") +O(Ase! —ve()|p— k —q|)

204515 + 04?515} O(Ase™ — vk —q) [@(Afe_l —ve(v)|k + p + q]) log(c(v)Ap) (P.21)

~ e_l
x log(c(v)Ay) — ©(ve(v)|p — k —q| + Age™) log (U\p—;&b—QIﬂ '

The beta function of a3s5(k, ¢;p) takes the form
BPsas (k. a:p) = —Ausas k(1) a(1); p(1); 1548 (k. p; @)

3w(v) 1 A I ‘ .
1 Ape™' = Ao, Agle! — _
16m2(1) o8 (w(v)) a5 O (Aye v7lk + qf) [@(mm[v b Asle vk +p—ql)
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+O(min[vAy, Afle™ —vlp +q — k:|)} - ma%w@(/\fel —vlp|) (P.22)
X [@(Afe‘l — 2vc(v)|k]) log(c(v)Ap) + O(Ase™ — 2ve(v)|q]) log(c(v) Ay)

-l
+0(2ve(v)|k| — Ase™") log <€2v][k\:|b> +6(2vc(v)|g| — Aye ") log (

lAb ]

Finally, the beta function of a?548(k, q;p) is given by

B sk, q;p) = —Avsisk(1), q(D); p(1); s 4 (k. pi q) — 1;‘;(;)()” log <w(1v)>

x |20%5 — afus| O(Ae™ = [k + gl) [©(minfudy, Agle™ — vlk + p - g

+O(min[vAy, Af]e’l —vlp+q— k\)] + %aﬁ515®(Afel —vl|pl|) (P.23)
x [@(Afe—l — 20c(v)|k]) log(e(v)Ap) + O(A e — 2ve(v)]q]) log(c(v)Ay)

-l —Ix
. 1 e Ab . 1 e Ab
+0(2vc(v)|k| — Age™") log ( S0lk] > + O (2vc(v)|q| — Are™") log < 20ld] )

In all of the above expressions for the beta functions, we have defined the scaling dimension
of the four-fermion coupling functions as

ANz N[k, 0 7] = (11) (2= 20 + ) (~k +p/2) + 7k + p/2) oo

i (a + p/2) + 7 (~a + p/2)]

The solution to the momentum dependent beta functions requires the determination of the
scale-dependent coupling functions at the hot spots. Therefore, we first solve the set of
equations:

datss 3w(v) oA 3w( ) A ~

T —Arsi5[l]atss — 8r2(l) Q818 — 8r2(l) g5 log(c(v)Ap(1)) p25)
- Mas log(c(v)Ap(l)) — SV |
8mz(l) 1918 2(1) zc(v)’
a” w(v w(v N
% = —Ausisl]atsys + 87r(z(l)) [2a1A818 - O‘§818] + &r(z(l))%AE’A‘S log(c(v)Ap(1)) (b26)
w(v ~ v? .
- oot [2athas + afs] low(e(e)Ratt) - 5
ol w(v v?
D Avsisflafs - gl — 2, (P21)
a w(v v?
% — —A1818[l]a1A818 + 87'('(2(;)[20/16‘515 — C)é§515] - 3{;[2)6('0), (P28)
O[S w v w
dorisas &?45 = _A1845[l]a§845 + gﬂz((l)) log (w(lv)) 0‘?548 - ;rz((l))aﬁw log(c(v )Ab) (P.29)

228



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

dofyys A w(v) 1 A S
—1840 _ A - 1 9 B
dl 1845 (1] 0345 87rz(l) 0g w(v) 207548 — OF548] 030)
) N .
(1) [2041515 + 041515} log(c(v)As),
do} 1 3w(v ~
%48 = —A1548[Z]Oé§548 + < ( > 0‘1845 87L2“((l)>a§515 IOg(C(’U)Ab), (P31)
daj w(v) w(v) ~
%48 = —A1515[l]04'1A548 - 87rz(l ( ) [ A845 041845] + 87(1)04?515 log(c(v)Ap), (P.32)

where the length-scale dependent scaling dimension of the four-fermion couplings are given
by the hot spot independent quantity:

L
(1)

We are interested in the low-energy limit. This allows a further simplification rooted in the

AniNaNamll] = — [2 = 2(0) + 4] (P.33)

fact that _/A\b(l) = /A\I()O)el. Assuming that all four-fermion couplings are almost of the same
order at a given energy scale, we can further approximate, to leading order in [ > 1,

da3 3w(v)l 3w(v)l v?

515 = b 87 s — “&r ¢ Toas — /1 (P34)
da/) w(v)l w(v)l 1 v?
7&?15 = —afss + Rr s — v [20/1\845 + O‘§845} - {c(v)’ (P.35)
do3 3w(v)
7&?18 = —afys — 3 R (o ) (P.36)
da/\ y v
751818 = —afys + 8(7r) 207515 — 515 — 3 o)’ (P.37)
das 3w(v)l
75?45 = _O‘§845 - 877[_0/1%157 (P.38)
da w(v)l

5?45 = _O/IA845 - 2O‘?515 + O‘§515 ) (P-39)
dad 3w(v)l
751548 = *03548 81 %515, (P.40)
daf) w(v)l
7&?48 = —afss + —— 87 150 (P41)

where we have dropped terms of order a?\}fN2N3N4w(U) and ajs\}'fNQNSMZU(U) log(1/v) with

respect to those terms of order oz]S\}lANQNBMw(U)l in the I > 1 and w(v) < 1 limits. Moreover,
in the low-energy limit, z(I) ~ 1 and Ay, N, nsn, [I] = 1.

A.  Solution to the zero momentum beta functions

We proceed on solving the set of coupled beta functions in Eqs. (P.34) to (P.41). The first
thing to notice is that the beta functions for g5 and afyg are determined solely by the
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flow of af5;5 and ofy;s and these have no feedback on the flow of all other couplings. To
simplify the discussion we adopt the following coupling redefinitions

_ .S _ .S — .S

Ir1 =€ a1515, T9g =€ a18457 r3 =€ a1548, (P42)
— A — 0 A — A

T4 = € U515, Ts5 = € (1845, T = € O 548- (P43)

With these definitions, Egs. (P.34), (P.35) and (P.38) to (P.41) can be written in the matrix
form:

T 003 0 3 0 1 1
9 000 3 0 0 T 0
d | a3 ww) [3 00 0 0 0 x3 J? 1o
dl | z4 87 01 0 0 2 -1 T4 c(v) 5
5 100 2 0 0 5 0
T 000 —-10 0 T 0

Denoting by x(I) = (1, x9, T3, T4, 5, 76) ", we solve this expression by imposing the bound-
ary condition x(0) = (xgo), xgo),a:go), xz(lo), xéo),a:éo))T. As it can be checked by direct differ-

entiation, the solution to the system of coupled equations is given by

6 l / 2 !
Aj v(f) Aj / oI gl
jg_l exp < 87r/0 dﬁw(f)ﬁ) bj — S1y; /dﬁ o(0) exp | £+ o dlw(e')e vj, (P.45)
= 0

0

where v({),c(f) and w(f) are given in Eqgs. (4.98), (L.20) and (4.76), respectively. The
Aj’s and v;’s correspond to the eigenvalues and eigenvectors of the matrix in Eq. (P.44),
respectively. The eigenvalues of the associated matrix are given by

AM=—VI4, X=VI4, A3=-V6, M=V6, A=0, & Xs=0. (P.46)

and the corresponding eigenvectors by

3v14 —314 -6 V6
-3 -3 -3 -3
V1 = _9 Vo = _9 V3 = 3 Vy = 3
1= \/ﬂ 3 2 = _\/ﬁ ) 3 = \/6 ) 4 = -6 )
-5 ) —1 -1
1 1 1 1
(P.47)
0 0
1 —2
0 -1
= &  wg 0
0 1
1 0
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Finally, b; and y; correspond to the expansion coefficients of «(0) and the source vector in
Eq. (P.44), respectively, in the basis {v;};—1, 6} These are given by

12(\/>x1 0 —l—\ﬁxf 5mé0)—|—ajé0)) 1
%( \/*(0) 3563 \/>x4 5935)+1:é)) 1
&l f§ +3( ( +x3 +\f 04 éo))] & u= 1 0 (P.48)
AVEl® 3019 o0 4 Va0 <0>—xé°>>] Y
14 [233g0) (0) + 3(z5 © ‘1’495( ))] 8

L(- 3:L"go) 21‘:()) ) 4 6£L'( ) —I—3zé ))

The solution in Eq. (P.45) clearly depends on the flow of v(l). As discussed in Sec. 4.5-(a)
the leading order beta functions and therefore their solutions are controlled provided that
w(l)l < 1. This condition is achieved if and only if 1 < I < 1/wq, where wg = w(vg) ~ /4o,
with vy denoting the bare value of the slope of the FS at the hot spots. Using this, the
solution in Eq. (P.45) can be readily determined. In what follows we focus on the theory

in which all the four-fermion couplings are set to zero at a the UV scale Ay. With this at
hand, Eq. (P.45) takes the form

l
z(l) = 6 Tie 2 exp Tom l déexp | ¢ T6n AN K
0 (P.49)

l
/1 _\/1411)0 9 / V1dwg
+6\/>coe p T6m l dlexp | £+ T6m 7] vo,

0

A further integration over the length scale yields

1
F1/T g eTwoa 9 1 — 2awyl
l) = — — 1*) |Erf — Erf
x(l) 19Vid ¢ Jai exp (awo ) T W T

1
J1/T g e Twoe 9 [ <1+2awol) ( 1 )]
+ — exp (—awgl®) |Erfi| ——— | — Erfi v
12v/14 co Jawy ¥ (—awol®) 2 Jawo 2 Jawo

where for simplicity we have defined a = +/14/167r < 1. Here, Erf(z) [Erfi(z)] is the
(imaginary) error function. At this stage it is convenient to analyze the terms in each
direction set by the eigenvectors v; and vs. In both directions, the couplings x;(l) grow
rapidly within the control window. In particular, the growth in the direction of v; is much
faster than that of vo as we now argue. At the control energy scale leon. ~ 1/wg, Eq. (P.50)
is given, in the wo < 1 limit, by

2\/];%)} " (P.50)

1
/1 1)8 €wo a /1 ’U(% 1
x(l ~ — —ewo | v ewo vy, P.51
leon ) ~ G AT ey | T—2a L VTl 2a) 0 (F51)

which suggests that, the couplings in that solve Egs. (P.34) to (P.41) remain small at the
boundary of the control window due to the exponential suppression arising from the tree-level

231



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

scaling dimension of the couplings. At a marginally larger scale, ¢/ ~ 1/(awy),

5
4aw, 2
x(l') ~ e UO [ﬁe S S % gy (P.52)

2e awo .
614 co | v/a /o TV 2

Since 5/4a > 1, this implies that the the couplings in that solve Eqgs. (P.34) to (P.41) become
exponentially large in the wg < 1 limit. We further note that the coupling in the direction
of vy is always larger and grows faster than that in the direction of vy at scales marginally
larger than the control scale. Finally, note that at the scale I* ~ 1/,/wg, Eq. (P.50) takes
the leading order form in the wy < 1 limit:

* jl U(Q) |: L :| fl UO [ L —a:|
x([*) ~ ZL——|ev™ —e%| v ev® +e V9. P.53
)~ e <o Y Gy o ? (P53)

Although the x(I) couplings are exponentially large in the small wq limit, it follows that the
couplings that solve Egs. (P.34) to (P.41) are still exponentially small a this length scale as a
consequence of the exponential suppression inherited from the tree-level scaling dimension of
the couplings. Although up to the control scale l¢on. ~ 1/wp the coupling in both directions
is comparable in magnitude, we note that the fastest growing channel is that in the direction
of v1. Therefore our primary focus lies on

1
jlﬁvg e twoa 9 [ ( 2awgl) ( 1 )}
x(l) = — e awol®) |Erf Erf v
0 12+/14 cp /awg Xp( 0 ) 2/aw 2./awg !

From this expression, the solution to Egs. (P.36) and (P.37) can be readily obtained by
direct integration.

(P.54)

P.2  MOMENTUM-DEPENDENT BETA FUNCTION AT QUADRATIC ORDER

In Appendix Q we singled out the largest contribution to the beta function at quadratic
order both in the WMDL, and beyond this approximation. The contribution to the beta
function arises from the counterterm function in Eq. (Q.334) and which comes from zero
momentum particle-particle processes. Using Eq. (P.8) in combination with the latter yields
the largest quadratic order contribution to the beta functions:

02BN oy (ki) = MA Z Z Z@(Afe ~ Jear, (5 + Fi50)))

l17l2 1 p1,p2=1 M;=1

kpeil
dqas ~i i1 (P.55)
[ N o G s+ s B~ )
—k‘pe_

N
)\]\1/[125131]144'4]81\[3]\]4@1[)20304<[k1 +alans k2 — dlan, k3;Ns k4;N4)’

where X} Niti{o }({k:Z N, }) is defined in Eq. (4.45) and the extra exponential factor in the ex-
pression comes from making the transformation gy, — qar, (1) with gz, (1) defined through
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Eq. (4.41). Notice that, in the case where the coupling functions are momentum inde-
pendent, the contribution becomes of order kg /Ay which recovers the standard BCS result.
Using the notation defined in Eq. (P.11), we can write the contribution in the pairing
channel, as

BB oy o) 47rAle Z Z @<Af€ !eMl(p*;v)\)

Jl2=1p1,p2=1 M1=1

kpe_l (P56)
dx
~jijelile ~lilajsja _ .
/ (2m) N1N2M1[M1+4]8§0102P1P2(k k= )aMl[M1+4]8N3N47P1P203U4(k T, 4;p)-
ke

We now focus in the N, = 2 and Ny = 1 case. Since ai55(k,¢;p) is the fastest growing
coupling, we focus on its beta function and the contribution at quadratic order sourced by
itself. Using Eqs. (P.12), (P.13) and (P.14), the contribution we are interested on reads:

) kFe_l d
e T ~
5251515(’“ ¢p) = 27rAf / @ai’)ls(ka k— x;p)ai,)m(k —x,q;p). (P.57)
—kpe—l

To compare this expression with the leading order part of the beta function, we consider the
case in which the momentum profile acquired by a§515(k‘, q;p) is the one obtained by solving
the momentum-dependent beta function to linear order in the four-fermion couplings. Then,
it is expected that a§515(k, q;p) is zero beyond some momentum scale much smaller than kg
as discussed in Sec. 4.5. Therefore, it follows that,

kJFeil
el dr . R
5251515(1€ q;p) = oA / Ta%515(kvk —x;p)ai—)w(k —x,q;p)
f (2m) PEg
T (P.58)
kF S 2
< il [l

where a35;5 = a7515(0, 0;0) is the coupling evaluated at the hot spots. Notice that, here kg

is the dimensionful momentum which can be written as kr = A f?c\g)) ¢!, and thus

k,(O) i [as 9
5251515(743 q;p) < An2 [041515} . (P.59)

This inequality motivates the conservative control parameter for the expansion in the four-
fermion coupling given in Eq. (4.85).
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APPENDIX Q | ONE-LoOP QUANTUM CORRECTIONS TO THE
FOUR-FERMION INTERACTION

In this appendix we consider the one-loop quantum corrections to the four-fermion couplings
up to quadratic order in the latter. We divide this appendix into two sections: We consider
first the one-loop quantum corrections up to linear order in the four-fermion couplings in
the weak-momentum dependence limit. Then, we estimate the largest contribution arising
at quadratic order in the WMDL.

At the one-loop order, the diagrams in Figs. 4.7(a) to 4.7(h) and Figs. 4.10(a) and
4.10(b) give rise to the following correction to the quantum effective action

C

o0 = dky | dby [ dks [ ks T, (ki) o
{oi=1} {5i=1} {N:= .
X ¢N1,gl,j1(’leNQ,UQ,h(kz)ﬂ}Ns,ag,jg(k3)¢N4,a4,j4(k4)5( V(1 + ko — ks — k).
Here the four-point vertex function is denoted by I’ {{]]Vf Vo) ( {ki}) =T ]J\}ljﬁff’ﬂé Naio1020504 (K1, ko, ks, kyq).

In what follows we analyze separately the quantum corrections to the vertex function at lin-
ear and quadratic order in the four-fermion couplings.

Q.1 QuANTUM CORRECTIONS TO LINEAR ORDER IN )\EV Vo) ({k:lN 19

In the WMDL, the four-point vertex function is given, up to linear order in the four-fermion
couplings, by

FJ]\;1]12\7J23]<743N4,010203U4 (kl’ k2, k3’ k4) _1)\5\}5\;23]]\?3N4701020304

N2 N2-1

8MNf m%:l ; Joaor (T o X e o ooro PN (1 K3)
N2 N2 1 PR

8MNf m%:l ; )31 (T") o202 Xy NN Nasors paprcrs FEN2Ns (25 F3)
N2 N2-1

SMNf plgl ; 04p1 pzal)\i\lfﬁ\jfﬁéNmpzanmHNlN‘*(kl’k4)
N2 N2 1 L.

SMNf plgl ; le p202Ai\l’lj%zﬁ3ﬁ4mp203mHN2N4(kQ’k4)
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J1j2J3a
SMN Z Z plUQ T pQUl AN1N2N3N4§P2P10304,PN1N2 (kl’ k2)
I prpa=1 a=1
J1j2735a
SMN Z Z Joup ( g3p2)\N1N2N3N4;0102PQP1PN3N4 (ks ka) (Q2)
! p1,p2=1 a=1
9 N2-1
T a b b_a
+ 12N2M6jlj35j2j45N1N35N2N4 Z (TT) 0105 (T"T" ) op04 [SNyNo (K35 K2y k2 — ka) + SNy, (Fa, k1, k1 — k)]
f a,b=1
2 N2-1
- 12N2'LL6j2j35j1j45N2N35N1N4 Z (TaTb)O'QO':; (TbTa)0'104 [SNgNl (k37 kla kl - k4) + SN]_N2 (k4a k;27 k? - kS)]
f a,b=1
9 N2-1
T
+ 12N2u5j1j36j2j45N1N35N2N4 Z (TaTb)Uw?, (TaTb)Uzm [Rvy N, (F1, ko, ko — ka) + Ry (ka, k1, k1 — k3)]
f a,b=1
9 N2-1
T
o 12N2,u6j2j35j1j45N2N36N1N4 Z (TaTb)ozcrs (TaTb)crum [RNnoNy (K2, k1, by — ka) + Ry, (K1, k2, ko — k3)] .
f a,b=1

Here )\g\zf}} o1} denote the dimensionless momentum-independent four-fermion couplings. In
this expression we have defined the dimensionless the one-loop momentum integrations as

Harw(k.p) = v [ dg DGk + )G v +i0), Q3)
Pan(k.p) = [ dg DGk + )G (o~ grv), (Q4)
Sun(h.pd) = w? [ dg DDA+ )Gk +50)GYp+ ). (@)

—~

R (k. p, 1) = pv? /dq D(q)D(l — )G (k + 4;0)GY (0 — g v). (Q.6)

Here, GES)(IC; v) denotes the bare fermion propagator in Eq. (M.3) and D(q) the propagator
of the collective mode given in Eq. (2.6). The integrals H sy (k, p) and Syrn (K, p, ) represent
virtual processes in the particle-hole channel while the integrals Pyn (k, p) and Rasn (k, p, 1)
represent virtual processes in the particle-particle channel. In the rest of this appendix we
consider the case in which the theory enjoys particle-hole symmetry. Therefore, we ignore
the curvature of the FS in the analysis and only invoke it when its presence has significant
physical consequences. In this case the particle-hole channel integrations can be read of
from those in the particle-particle channel. This is because the bare fermion (self-consistent
boson) propagator in Eq. (M.3) [Eq. (2.6)] is an odd (even) function of frequency and
momentum. This guarantees that:

HMN(kvp) = _PMN<k7 _p)a

In what follows we focus on the integrations in the particle-particle channel.
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Q.2 QUANTUM CORRECTIONS IN THE PARTICLE-PARTICLE CHANNEL

The integrals in the particle-particle channel in Egs. (Q.4) and (Q.6) that appear in the
quantum corrections to the four-point vertex function in Eq. (Q.2) can take any values of the
hot spot indices for a fixed external momentum. In principle one has to consider all sixty-four
cases separately for each integral. However, the symmetry properties of the integrals and
the Cy symmetry of the theory reduces considerably the number of cases to be addressed.
Amongst all the possible choices of hot spot indices, the only independent ones that yield
distinct integrals are those in which M =1 and N = 1,...,8. The integrals for all other
choices of hot spot indices can be obtained from these cases through an appropriate symmetry
transformation. For the integral Pysn(k,p) this can be done through the identities:

Pk, p) = Pun(p, k),
P[l—M]g[l—N]g (kap) =Pun (kxvpx) ) (QS)
Puar+aisin+2)s (K, p) = Pun (kﬁg,p%) :

this can be done via the identities

k » P, ) (pvka _l)7
k,p,l) = PMN (K%, p*,1%), (Q.9)

Similarly, for the integral Ry;n(k, p,

)
R (

Ri-ms1-Ns (

Rivsasivt2s (k. p: 1) = Run (k‘2 P2, 52>

In Egs. (Q.8) and (Q.9), [z]g denotes the reminder of = divided by 8, k* = (ko, —kz, ky) and

k2 = (ko, —ky, k;). In what follows we separately analyze the Pnas(k,p) and Ryn(k,p,1)

integrals for the cases in which M =1and N =1,...,8.

Q.2-(a) THE Ppry INTEGRALS

To simplify the discussion on the computation of the Py;n(k,p) integrals, we compute di-
rectly their contributions at the RG condition in Eq. (4.57). This effectively implies that
we are evaluating the external spatial momenta at the local F'S of hot spots M and N and
at frequencies ko = 3u/2 and po = p/2.

A. 7311 (kv p)
For M =1 and N = 1, the integral in Eq. (Q.4) takes the following form at the RG condition
in Eq. (4.57):

1 } 1
a0l + c(v)(lg=| + gy D | | (37# + q0> + vgy — gy + 20k,

Pi1(kz, pas ) = U/dq {

(Q.10)
1

X .
[—2 (% + qo) — UGy + Gy + 20p;

Following the discussion in Sec. 4.2-(a), this integration must be regularized by imposing
an energy cutoff Ay on the electronic excitations. Furthermore, the ¢ integration is also
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confined to the momentum region where the propagator in Eq. (2.6) dominates over the
bare one. Therefore, for a fixed external momenta k, and p, this integration is done over
momenta ¢ satisfying the constraints

vqe — qy + 20ks| < Af,  |0Gr — gy — 20Dz < Ay, ] < Ay & Jgy| < A, (Q.11)

with Ay < ¢(v)Ap, and where we have set the cutoff along the F'S to infinity. To make these
UV cutoffs manifest in the integration we consider the change of variables into momentum
away and along the local FS at hot spot N = 4:

X =q, +vgy & Y =vgy — qy +v(ky — p2). (Q.12)
Under this change of variables, the domain of integration in Eq. (Q.11) transforms to

Y £v(ks +p2)| <Ap, |X +UY+’U2(px — k)| < Ay, &

[vX =Y +v(ky — pz)| < Ap. (Q13)

If v(ksz + pz) > Ay, then the integration over Y has no support and thus, the quantum
correction vanishes. Therefore, in the limit in which v|k; 4+ p;| < Ay, the Y integration
is cutoff by Ay. Furthermore, for the X integration to have nonzero support, |k — p.| <
Ay/v ~ kg, where kp is defined in Eq. (4.62). Notice that this offers no further constraint
over the momenta than the one identified in Sec. 4.4-(a). In this case the integration over
X is effectively cutoff by Ay. Under this change of variables, and leaving the constraint on
the external momentum implicit, the integration can be written, to the leading order in v

Ay Ag
a_ o [ dX [ Ay 1
Pll(kx7pwa /J’) - / (27T) / (27T) / (27T) |:’q0’ + C('I})‘X‘ + ‘C(U)Y + Ar’:|
R —A\y —Af (Q14)
1 1

X —
(%) +y o] [0 Y +A

In arriving to this expression we have dropped terms of order ve(v) X and ve(v)Y with respect
to those of order ¢(v)X and ¢(v)Y and a term of order vA, with respect to the term of order
A, . Furthermore, A; = v(ky + p;) and A, = ve(v)(ky — py) denote the minimum total
and relative energy of the pair of virtual electrons taking part in the quantum correction,
respectively. The term of order ¢(v)Y inside the boson propagator only offers subleading
corrections in the small ¢(v) limit and dropping it has no effect in the convergence of the
integral. Neglecting this term and integrating over X we obtain

Ay
(v) [ dgo dy c(v)Ay 1
Pri (s pas 1) = — log [1 + ]
11 7T R/(QW)_A/f (2m) lq0] + A z‘(%“+q0) +Y + A, (Q.15)

1
—i (5 +aq) Y+ A

We analyze this expression in the following asymptotic limits: (i) g > |A,| and p > |A],
(17) |A¢| > pand |Ay] > |Ay], and (iii) |Ay| > pand |A,] > |Ay].
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(i) For p>> |A¢| and p > |A,| we define the rescaled scales A, = Ap/p and Ay = Ap/p
after performing the scaling (qo,Y) — u(qo,Y). In the |A¢/pn < 1 and |A,|/p < 1
limits Eq. (Q.15) takes the leading order form:

Ag

L w(v) dqo dy c(v)Ay
Pr1(kz, pas 1) = - / (2r) / (2m) log [1 * |q0] }
5 @m 4 (Q.16)
X ! 1
i(3+w) +Y] | —i(z+0)-Y

Integration over Y yields,

-2 [
R

2A ¢ 2A
X < arctan — arctan .
2q0 +1 3+ 2qp

The integration over ¢ is performed by first symmetrizing in gg and dividing the
integration into the 0 < gp < 1/2 and 1/2 < gy < oo regimes. In the c(v)A, > Ay > 1
limit, the first regime yields a logarithmically divergent contribution in ¢(v)Ap, while
the second regime diverges as log(c(v)Ap/Af). Taking both contributions into account
we obtain

Pus (ke s 1) = — ' log (c(u)y) + "0 log <C(X)fA”) =0 1o <Auf> L (Q18)

(Q.17)

where we used the definition for the rescaled cutoff.

(77) For the case in which |A¢| > p and |A¢] > |A,| we assume, without loss of generality
that A¢ > 0 and preform the scaling (qo, Y) = A¢(qo, Y'). Defining the rescaled scales
Ap = Ap/Ay and Ay = Ay /Ay, Eq. (Q.15) takes the leading order form

Ay —
L w(v) dqo dy c(v)As
Pll(k‘xapx,ﬂ) - T / (27‘[‘) / (271') 10g |:1 * ’q0| + 5:|
R 7Kf

(Q.19)
1
i(q0+32)+Y +1

1
—i (% +q)-Y+1

X

I

where we have defined 0 = |A,|/A; and m = p/A;. In the § < 1 and m < 1 limits
one is tempted to set these two parameters to zero inside the integral. However, setting
m = 0 in this expression yields a zero contribution in the large A limit. This is a
symptom of the integration being proportional to m. In contrast, setting 6 = 0 is
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(iii)

legitimate and, upon integrating over Y we obtain, in the Kf > 1 limit,

w1 [ dg R [ (m
Pulke,poin) = 5 m—2i/(27r) log [H 0] {Sgn(g +0)
R

3 1 m g 1 "
—sgn om +qo | + —— arctan 277% — — arctan | 2= 1 .
2 21 Ay 2m Ay

The integration over gy can be performed by symmetrizing the integrand in ¢y and
further dividing the regime of integration into the regions gy < 3m/2 and qp > 3m/2.
Integration in each region yields, in the 1 < Ay < ¢(v)Ap limit and to leading order
inm<1,

oy imw(v) c(v)Apy iw(v) p c(v)Ap
,Pll(k:mpmvﬂ') ~ ]2 10g< Kf > - {72 At 10g< Af ) ) (Q21)

(Q.20)

where the last equality follows from the definition of the rescaled energy scales. We
finally note that in the A; < 0 case we obtain the same result. In the limit under
consideration, this is suppressed and its associated contribution to the beta function
of the four-fermion couplings is negligible.

In the limit in which [A,| > p and |A,| > |A¢| we assume that A, > 0 without loss
of generality and perform the scaling (g, Y) — A,(qo,Y). This way Eq. (Q.15) can
be written as

Af .
o w(v) [ dgo dy c(v)Ayp 1
Puthensn =7 [ 58 [ gy ioe 1+ ] () +Y+0
R %, (Q.22)

Y

1
. [—i(";+qo)—Y+5

where A, = Ay/A,, Kf = A¢/A,, 0 = Ay/A, and m = p/A,. In the § < 1 and
m < 1 limits we can set 4 = 0 inside the integrand, but we need to keep m # 0
because, as we shall see, setting m = 0 makes the integrand vanish, and at the same
time, it introduces an IR divergence in the gy integration. Integration over Y yields,

L w) [ de QLY
Pll(k?x,pmﬂ) ~ mn2 / (271') log |:1 * IQO‘ +1

27 ¢ 27 ¢
X ¢ arctan | ——— | —arctan | ————— .
m + 2qo 3m + 2qo

The qp integration can be performed by first symmetrizing the integrand and dividing
the analysis into the 0 < go < m/2 and m/2 < gy < oo regimes. In the first regime, the
integrand diverges logarithmically in ¢(v)A, in the small m limit. In the second regime,
setting m = 0 inside the integrand is legitimate. This one diverges as log(c(v)A,/Ay)

(Q23)
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in the ¢(v)Ay > Ay > 1 limit. Collecting both results we obtain the leading order
contribution

Pl i) =~ o (c(0)) + 55 o (“ ) = 5w (341 (@20

In the last equality we have used the definition of the rescaled UV cutoff and the fact
that the case A, < 0 yields the same result.

Collecting the results from Egs. (Q.18), (Q.21) and (Q.24), using the definitions A, =
ve(v)(ky — pr) and Ay = v(ky + pe), and bringing back the constraint on the external
momentum, we can write Eq. (Q.15) as

w(v)

Cop2

Pll(k'xapm; ,u'> = G(Af - U‘kr +px’)

A, ) | (Q.25)

X & s U|kz + paf, ve(v)| ke — pal) lo (
s vike + pol, ve(v)lkz = pal)log | Zr=rre S

where the crossover function satisfies .#11(z,y) ~ max(z,y). The overall function %1 (x,y)
is given by
1 x>y & >z,
G (z,y,2) =41 >y & 2>, (Q.26)
i A
— 4y log (%) y>z & y> .

B. PIQ(kap)
For M =1 and N = 1, the integral in Eq. (Q.4) takes the following form a the RG condition
in Eq. (4.57):

1 1
Pra(kz, pys p) = —/dq[ }
Y |QO’+C(’U)(‘QJU|+‘QZJD i(%-}-q()) + vy — qy + 20k,

(Q.27)

1
i (4 +qo0) +qx—vqy+2vpy] '

Following the discussion in Sec. 4.2-(a) , this integration is regularized by imposing an energy
cutoff Ay on the electronic excitations. The integration over ¢ is also confined to the region
where the propagator in Eq. (2.6) dominates over the the bare bosonic propagator. The
integration over ¢ must therefore be done over the region defined by

[vqe — qy + 20ks| < Af, |z —vqy + 20py| < Af, |gz| < Apy gy] < Ap. (Q.28)

To make Eq. (Q.27) depend explicitly on Ay and Ay we consider the following change of
variables

X = qp —vgy + 2vupy, & Y =vq, — qy + 20k, (Q.29)
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Under this transformation, the domain of integration transforms into

IX| <A, Y] <Asp X —0Y +20(ks —vpy)| < Ap, &

.30
VX —Y — 2v(py, — vkg)| < Ap. (Q-30)

It is clear that the integrations over X and Y are cutoff by Ay because Ay < c(v)Ay < Ay.
According to the discussion in Sec. 4.4-(a) , the momenta p, and k, can be at most of order
kp ~ Ap/v. Since X and Y can be at most of order Ay, the last two conditions in this
equation yield no further constraint on the external momentum.

In terms of the new variables and to the leading order in v, Eq. (Q.27) takes the leading
order form

S /dqo/ /
1

. LQO\ + le(v) X —ve(v)Y — Ay + |ve(v) X — c(v)Y + ATJ '

where A; = 2vc(v)(py — vk;) and A, = 2vc(v)(ky — vpy) denote the minimum total and
relative energy of the virtual electron-electron pair involved in the quantum correction. We
note that for this expression the natural cutoff for the boson plays no role because we
are considering the limit in which Ay < ¢(v)Ap, and thus Ay cuts both the large X and Y
integrations. In the small v limit, the terms of order vY and vX inside the boson propagator
can be dropped with respect to those terms of order X and Y. This is because the former
only give rise to subleading contributions in the small v limit. Therefore, in this limit we

1
+CJO)—|—X

1

i(%+m)+v] (a

can write

Pt | i | /

_Af

1
+qo)+X

(Q32)
1

1
X .
i(%—&—q()) +Y qu\+\C(v)X—At\+\C(v)Y—ATJ

We proceed on analyzing Eq. (Q.32) in the limits in which (7) g > [A,| and p > |Ay], (i)
|A] > poand Ay > |A], and (iii) |A¢] > |A,] and [Ay] > p.

(7) For p > |A;| and p > |A¢| we perform the scaling (go, X,Y) — p(qo, X,Y’) and take
the small |A, |/ and |A|/p limits. With this Eq. (Q.32) can be written as

>

Kf f
oy [ e ay dXx 1
PlQ(kx,py» H) - R/ (27-(-) / (27-() (27‘(’) LQO‘ + C(U)|X| + C(U)|Y|:|

_Kf

|
ES
e

(Q-33)
1
i(3+q)+Y

1

. i(3+aq)+X
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where Ay = As/pu. One is tempted to set ¢(v) = 0 inside the integrand because the
X and Y integrations are well-defined even in the large Kf limit. However, doing so
introduces an IR divergence at ¢g = 0. We can, however, set ¢(v)Y = 0 inside the
integral and integrate over Y after symmetrizing in both X and Y. Doing so we obtain

Ag

4v dqo dX 1
Pra(ke,pyi 1) = —
y T R/(zw)o/(%) L%HC(U)X] (Q.34)

[ (1 +2qo) ] ( 27 ¢ )
X arctan .
4X2 + (14 2q0)? 3+ 2qo

The integration over X can be performed as well, yielding

2 [ dgo arctan <733_K2fq 0) 2R,
Pio(kespy) = / 2 (4\q0| arctan <1>

U J (27) | 8¢2 + 2¢(v)2 (1 + 290 + 2q0

+C(U) [1 + 2(]0] [2 log <|1+2qd> + log (([|q0| + C(U)Kfl2 ) ) } )

lq0] 1+ 2q0)2 + 4K}
The final integration over gy can be done by first symmetrizing the integrand and by
noticing that the leading order divergence comes from the regime in which ¢o > 3/2.
The integration over qo yields, to leading order in Ay > 1,

(Q-35)

_ A
Pia(ke,py) = ﬁlog(Af) —log ( f) . (Q.36)

For |A,| > p and |A,| > |As] we consider A, > 0 without loss of generality, perform
the scaling (g0, X,Y) — A,(qo, X,Y) and write Eq. (Q.32) as

Ay
Puia(ka,py) = — /dqo { )qu|+(| (v)Y 1—1|+c(v)le)}

vl ]
igo+Y ] Ligo+ X ]’

where Ay = Ay/A;. Unlike the previous case we can set ¢(v) = 0 because the integra-
tion over Y and X are already well-defined in the large Y and X limits and setting
¢(v) = 0 introduces no IR divergence in the go = 0 limit. The integration over X and
Y yield

>
g

(Q.37)

I
>
N

. 2v qu 1 Af
Pr2(kz,py) = 2 / (27) [CIO n J arctan ( w) (Q.38)
R+
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In the Kf > 1 limit the g integration yields the leading order divergence

v — v A

where we have used the definition of the rescaled cutoff in the last equality. Further-
more, we have included the absolute value in the scale because the case A, < 0 yields
the same contribution.

(7i7) The case in which |A¢| > p and |A¢| > |A,] is the same as the previous case we
analyzed upon exchanging A; with A,. It therefore follows that

Pi2(ks, py) = %bg <> : (Q.40)

Collecting the results from Eqs. (Q.36), (Q.39) and (Q.40) and using the definitions A, =
2vc(v)(py + 2vks) and Ay = 2vc(v)(ky — vpy), we can write Eq. (Q.27) as

v Af
kg, =—1 , 41
Pralka:py) = Og(%[uaw(v)wkm—py|,2vc<v>|km—vpyu> (Q41)

where the crossover function satisfies F#12(x,y, 2) ~ max(z, y, z).

C. Pl3(k7p)
For M =1 and N = 3, the integration in Eq. (Q.4) can be written, at the RG condition, as

1 :| 1
]q0\+c(v)(]qx]+!qy\) i(%"‘QO) +Uq$_Qy+2Ukz

Pi3(ke, pys 1) = v/dq [

(Q42)
1

X
[—i (% + qo) — gz — Vqy + 20py

As suggested by the discussion in Sec. 4.2-(a), the integration over the internal momentum
is done over ¢ satisfying the conditions

[vqe — qy + 2vke| < Ay, e +vgy —2upy| < Ap, g <Ay, & gy < Ay (Q.43)
To make Eq. (Q.42) depend explicitly on the cutoff scales we consider the change of variables:
Y =wvgqy — qy + 20k, & X = qp +vgy — 2up,. (Q.44)

Under this change of variables and to leading order in v, the integration over X and Y is
done over the region

Y1 <Az [X|<Ap X +0Y +20(p, —vks)| < Ay &

45
[vX — Y 4 2v(ky + vpy)| < Ap. (Q49)
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It is clear that the integration over X and Y are cutoff by A; as a consequence of the
inequality Ay < c¢(v)Ay < Ap. Furthermore, we note that the momenta k, and p, are, at
most, of order kp ~ Ap/v as explained in Sec. 4.4-(a). Therefore, Eq. (Q.45) offers no
further constraint on the external momenta.

Under the change of variables, Eq.(Q.42) takes the form

dg 1
7313(/%7173/;# - / 0 / / 3M N ) N v
q0

_Af _Af

1
—i (5§ + ) —X] (Q.46)

1
. [|QO| + [c(v) X +ve(v)Y + Ay + Jve(v) X — c(v)Y + At]] ’

to the leading order in v. Here, A, = 2vc(v)(py, — vk,) and Ay = 2ve(v)(ky + vpy). In the
small v limit the terms of order vc(v)X and ve(v)Y can be safely ignored inside the bosonic
propagator. Doing so we arrive to the expression

dg 1
PlS(k$7py;/'L = / 0 / / 3# N ) + v
q0

- [|q0| Fle(0)X + Ar| Fle(o)Y — Atl] '

The analysis of this expression follows the same steps as the one performed for Eq. (Q.32)
because Eq. (Q.47) can be mapped into Eq. (Q.32). Therefore we conclude that

v Af
ky,py; ) = —1 , 48
Prs(ke, pys 1) A 8 <913[u, 2vc(v)|py — vkz|, 2vc(v)|ky + vpy\]> (Q48)

where the crossover function satisfies F#13(z,y, 2) ~ max(x,y, 2).

1
— (% +qo) —X] (Q.A7)

D. Pl4(k7p)
For M =1 and N = 4, the integration in Eq. (Q.4) can be written, at the RG condition, as

1 1
Pra(k ,p;u)=v/dq[ }
o |q0] + c(v)(lga| + layl) i(%-ﬁ—qo) + Vg — qy + 20k,

1
—1 (% + QO) — UGz — Gy + 20py

(Q.49)

According to the discussion in Sec. 4.2-(a), the integration over ¢ must be done over the
region

[vge — qy + 20ks| < Ay, |vge +qy — 20pe| < Af, g < Ay & gy| < A (Q.50)
To bring the explicit cutoff dependence into Eq. (Q.49) we consider the change of variables

Y =wvq, — qy + 2vk,, X =gy +vqg + (1 - U2)k:c + (1 + 02)1790 X Gy + Vqr + ky — Dx- (Q~51)
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With this change of variables, the integration region for X and Y is given, to leading order
inv < 1, by

Y] <Ap, Y =20X|<Af, | X+0Y +p,—ki| <My, &

WX =Y —v(ky + p2)| < Ap. (Q:52)

The integration over Y is cutoff by A;. There are two possible ways of cutting off the X
integration in the UV for Ay < c(v)Ay < Ap. On the one hand, the condition Y — 20X <
Ay, requires that X is at most of order A¢/v. On the other hand, the condition |X +vY +
(px — kz)| < Ap implies that the X integration has support provided that |p, — k.| < Ap, in
which case the integration over X is cutoff by A;. Therefore, the integration over X is cutoff
in the UV by min(Ap, Af/v). In either of these two cases, the integration in Eq. (Q.49) will
be nonzero provided that |p, — k.| < Ay and that |p, + kz| < Ap/v ~ kp with kp defined
in Eq. (4.62). In the following we keep the constraint on the external momentum implicit.

Using the change of variables in Eq. (Q.51), we can write Eq. (Q.49), to leading order
inv <1, as

min(Ay,Af/v) Ay

. dx dY [ dgo 1
Pra(ke, peipb) = / (27) / (2m) ]1! (27) [—i (% + qo) +Y — 2vX]

—min(Ay,Af/v) —Ay

(Q.53)

1 1
: 4y+%yufLm+wwx+www+Ar+mww>dwy+mﬂ'

Here, A, = c(v)(py — kz) and Ay = ve(v)(ky + pz). In the small v limit, one can safely
neglect the terms of order ve(v)Y and ve(v)X inside the boson propagator. Furthermore,
for finite v, the integration over X is convergent in the limit in which min(Ay, Ay/v) becomes
larger than the intrinsic IR scale of the diagram. Since Ay < min(Ap, Af/v) we can set the
UV cutoff in the X direction to infinity. Doing so we obtain

Ay
o dx dy [ dgo 1
7314(743:;:729:1:,#)—”]1%/(270 A/ (27r)R/(27T) [—i (%+qo) +Y—2vX]
—Ay

(Q-54)
1

1
i rw) Y T AT RO AT

Symmetrizing in X and assuming, without loss of generality that A, > 0, we can write

Af oo
Nl Ay [ dgy [ dX L

Y —2w()X +i(q0+ %)
(4 +q0)? + [V — 2w(v) X]?

1
X{Lm+x+&+wwy—&}
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}

Y 4+ 2w(v)X +i (g0 + &)
(4 +q0)” + [Y + 2w(v) X2

1
+
[\QOI +X = A+ e(v)Y - Atd

A A,
dy dqo dX 1
w(v) (Q.55)
+ _Zf (277)]!(2#) 0/ (2m) z'(%“+CJ0) +Y ”

Y —2w(v)X + i (qo + %)
(5 +a0)" + Y — 2w(0)X]?
Y 4+ 2w(v)X +i (g0 + &)
(£ + qo)2 + [Y + 2w(v) X]?

1
. {[|QO! + X+ A+ |c(v)Y—At|]

} |

We analyze this expression in the following limits: (i) p > A, and u > |Ay|, (ii) Ay > u
and A, > |Ay| and (i77) [A¢] > p and [Ay] > A,

1
+
[I(Jol + A= X A+ e(v)Y - Atl]

(i) For p> A, and p > [A] we perform the scaling (go, X,Y) — u(qgo, X,Y) and take
the small A, /p < 1 and |As|/p < 1 limits. Defining the rescaled cutoff Ay = Ay/p,
Eq. (Q.55) takes the form

Ay
D) = wle dy dqo dX 1
S

Y —2w(v)X +i(qo + 3)
(2 + q0)2 + [V — 2w(v) X]?
Y +2ww)X +1 (qo + %)
(3 +a0)" + Y +2w(v)X]?

(Q.56)

X{LM+X14MH]

+LW+X14MH]

} |

In the small v limit we can safely set ¢(v)Y = 0 while keeping w(v) nonzero. Integration
over X yields to leading order in w(v):

Ay
_ w(v) 1 dY [ dgo 1
Pra(ke,pe) = - log (w(v)) / (2m) / (2m) { z(% + QO) +Y
—Ay R (Q.57)
X

RETHEE

42w(v)? + (iY + L + q0)°

To leading order in w(v) < 1, the gy integration yields the leading order contribution
in the Ay > 1 limit:

Pralke,ps) = Q%ng (@) log (A/) = Q%TQlog (@) log </Lf> (Q58)

where we have used the definition of the rescaled UV cutoff.
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(i7) For A, > p and A, > |A; we consider the scaling transformation (go, X,Y) —
Ar(go, X,Y) and write Eq.(Q.49), in the small u/A, and |A¢|/A, limits, as

Ay

Pra(ka; pas i) = w(v) A/ %R/g% 17((;() [i+q(1)+Y} {[!qo|+X+11+c(v)lYl}
f
g [qo H?/w(v;fU(H% ] ' LQO +X— L4 e(v )\Y!} {qgj[iwi”;fg)ﬁg]} (Q.59)
Ay 1
+w(v)_[ / - 0/ qu +Y] {[|q0| +X+11 +c(v)!Yl]
Y~ 20()X + o L Yo+ 2w(v)X + igo
[qg Ty - 2w(v)X}2} [\qol +1 —X+c(v)!Yl] [ 5+ [Y+2w<v)X]2} }

where Ay = Ag/A,. In the small v limit, the term of order ¢(v)|Y] can be safely
neglected and an integration over X yields the leading order contribution in v < 1:

Ay

L w(v) dy dqo 1
Pra(ke, pei pb) = o / (27) / (2) |:iq0 n Y:|
—Ag R (Q.60)
2 2
i(qo + 1Y) {arcoth (1 + |qo]) — 2¢ arctan (qyo) + log <—4w(v()18|—g(?|/\qo+2\)}

g {90 +i[Y = 2w(v)(lg0| — DI}Haqo + i[Y + 2w(v)(1 + [qo])]}

At this stage we cannot simply set w(v) = 0 in the denominator because doing so
introduces an IR divergence. We can, however, neglect the terms of order w(v)|qo|
with respect to the terms of order ¢y in the denominator and integrate over qq in order

to obtain
Ay
o w(v) 1 dYy Y
P14(kxapxaﬁ‘)— o7 log <w(v))0/(277) [w(v)+y]2
(Q.61)
+w(v)log< 1 )/OdYG)( Y —2w(v))Y
o \ut)) | Cn W) VP
—Ay

Final integration over Y yields the leading order divergent term in the Kf > 1 limit

Pralhe pei 1) = ") log (w(lv)> log (w(A)fM) , (Q62)

where we have used the definition Ay = Ay/A, and used the fact that the result
remains unchanged when A, < 0. The extra factor of w(v) in the IR scale implies
that the actual momentum-dependent IR cutoff of the diagram is further suppressed

by w(v).
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(17i) For |A¢| > p and |A¢| > A, we assume, without loss of generality, that A; > 0 and
perform the scaling (qo, X,Y) — Au(qo, X,Y). Defining Ay = Ag/A;, Eq. (Q.49)
assumes the form

A

f
P14(kx,px;#):w(v)_zf é;ﬂ@/é%o/éf [zqo—i—Y] {[\qoy+x+y (v)Y —11] (Q.63)
e ) [y [ el

In the small ¢(v) limit we ignore the term of order ¢(v)Y’, but we keep the w(v)X terms
nonzero. Integration over X yields, after keeping the leading order in w(v) terms in
the numerator,

Ag
Pra(kz, po; 1) = wfrv) log (w(lu)>_A/f (C;:) R/ (O;zro) {[iqo ir Y] (Q.64)

y (igo = Y) }
4(go + 1)%w(v)2 + (iY + o)
In the denominator we can neglect the terms of order w(v)gy with respect to those of
order qp and integrate over the latter in order to obtain

Ag
w(v) 1 dY
Praka, pas 1) = log | ——| [ ==06(Y)
z <w<v>>0/ )

[sgn [Y — 2w(v)]
8[Y?2 — w(v)?]

[w(v) +Y —sgn[Y — 2w (v)][w(v) — 3Y]]} (Q.65)

0
w(v) 1 Ay [OR2uw() +Y]  O[-Y — 2uw(v)]Y
e (w(v)> A/ (2m) [ 4w(v) Y] * 2[w(v)? - Y?] }
ks

Integrating over Y yields the logarithmically divergent contribution:

Pra(ke, pe; 1) = 1;( 2) log < (1@)) log (UJ(:&)J\[AH) ) (Q.66)

where we have used the definition Ay = Ay/A; and the fact that the result is the same
for A; < 0. The extra factor of w(v) in the logarithm implies that the actual IR energy
scale in the limit under consideration is w(v)|A|.

Collecting the results from Eqs. (Q.58), (Q.62) and (Q.66), using the definitions A; =
ve(v)(kz + pe) and A, = ¢(v)(py — kz), and bringing back the constraint on the external
momentum, we write

Pra(kz, pas i) = 112)7(:;)@(‘/&17 = [Pe = Fal) log (wgv)>

(Q.67)

Ay )
X 10 )
& (ﬁum,v\px = Fal, 02k + pa|)
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where the crossover function satisfies .#14(z,y, 2) =~ max(x, y, z).

E. P15(k7p)
For M =1 and N = 5, the integration in Eq. (Q.4) can be written, at the RG condition, as

1 1
Pi5(ky, Do 1t) Zv/dq[ ]
lqo] + c(v)(lgz| + layl) Z'(%quo) + vz — qy + 20k,

(Q.68)

1
X | — )
[_Z (% +QO) + UGy —qy — 2?1]?1]

The integration over ¢ is done, according to the discussion in Sec. 4.2-(a), over the space
defined by the conditions

|Vge — qy + 20ks| < Af, |0Ge — @y — 20Dz < Ay, || <Ay, & gyl < Ay (Q.69)

To make the integration in Eq. (Q.68) depend explicitly on the cutoff scales we consider the
change of variables

Y =vq, — qy + U(ka: _pz)a & X =q;+ Vqy.- (Q7O)
This change of variables transform the integration regime to

71
X +0Y +0%(pe — k)| <Ay, & Y —0X 4+ 0(ps — kz)| < Ay (Q71)

For the Y integration to have nonzero support, we require that |p, + k;| < Af/v, in which
case the Y integration is cutoff by Ay in the UV. With this at hand, and in the Ay <«
c(v)Ap < Ay limit we require that |p, — k| < Ap/v ~ kg for the X integration to have
nonzero support, in which case the X integration is cutoff by A,. Here, k is defined in Eq.
(4.62). In what follows we keep the constraints on the external momentum implicit. With
the aforementioned change of variables, Eq. (Q.68) is given, to leading order in v, by

dqo / / 1
P kma 5 =
15(ka, Do 1) / 3“—|—q0) LY 4 A,

—Ab —A f

(Q.72)
1

1
- [—i(§+qo)+Y—At

{QO| + ()X + Y|+ [e(v)Y —ve(v) X + A,

Here, A, = ve(v)(py — k) and Ay = v(py + k;) denote the relative and total energy of the
pair of electrons involved in the loop. In arriving to this expression we have neglected the
term of order vA, with respect to A, in the boson propagator to leading order in v. This
is because both contributions effectively either add up or subtract upon integrating over X
and Y. The integration over Ycan be done in the small ¢(v) limit by neglecting the terms
of order ve(v)Y and ¢(v)Y in the boson propagator. Likewise, the X integration can be
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performed by safely neglecting the term of order ve(v)X in the boson propagator. After
integrating over X and Y we have

w(v) dqo c(v)Ayp 1
) — —1 1
PlB(k:mp:va ,u) ) / (271') 08 [ + ’q0| + ‘Ar| u—+qo — 1A\

Ay Ay
X arctan 3 + arctan m .
L+ q 5+ o

We proceed on analyzing this integration when (i) p > |A,| and p > |Ay, (ii) |A¢] >
|A] and |A¢| > p, and (ii7) |Ay] > |A¢] and [Ay] > p.

(Q.73)

(i) For p > |A,] and p > |Ay| we consider the scaling go — qop and define, A; = |A¢|/p,
A, = |Ay|/p, Ap = A/pand Ay, = Ap/p. In terms of these parameters Eq. (Q.73)
takes the form

w(v)/ dqo [ c(v)Ay ] 1
Pis(ky, pai ) = ——log |1+ — —
ko) =5 | G [N s T - i

Ay Ay
X arctan 3 + arctan I .
5+ 4o 5+ Qo

In the small A, and A; limits, these parameters can be set to zero without danger of
introducing IR divergences in the integral. The final integration can be done by first
symmetrizing the integrand in gy and then by considering the regimes where gy > Kf
and qo < Ay. The leading order divergent term in the 1 < Ay < ¢(v)Ay limit comes
from the latter regime and it is given, to leading order in these limits, by

P (ks pri 1) = u;;? llog <C(12Ab> log (tf) - %log Gj)j : (Q.75)

where we have used the definitions Ay = Af/p and Ay = Ap/pu.

(Q.74)

(77) For |A¢ > |A,| and |A¢| > p, we assume, without loss of generality, that A; > 0
and perform the scaling go — Ayqp. In the small u/A; and |A,|/A; limits, Eq. (Q.73)
assumes the form

2 d
,Plf)(kmapaﬁﬂ): w(v)/ €0

— 1 1
s og[ +

(2r) C(U)Ab]

q0

actan (21). (@70

1+q3 0

R+

Here, A, = Ay/A; and Kf = A¢/A¢. As in the previous case we can divide this
integration into two regimes: qo > Ay and qo < Ay. As before, the leading order
divergent term in the 1 < Ay < ¢(v)Ay limit comes from the latter regime and it has

the double logarithm form:
c(v)Ab> (Af> 1 (Af>2
lo log| ——— ] — zlog | ——
i ( ad ) \ad) T2\ Al

w(v)
272

In arriving to this expression we have used the definition of the rescaled cutoff scales

and the fact that the result remains the same when A; < 0.

P15 ke, pzi p) = : (Q.77)
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(zi1) For |Ay| > pand |A,| > |A¢|, we assume, without loss of generality, that A, > 0 and
perform the scaling gy — A,qo. Defining Ay, = Ay/A,, Kf =A¢/Ar, 6 = |A¢]/A, and

m = u/A,, we can write Eq. (Q.73) as

w(v) [ dqo c(v)Ay 1
) = L9 g |1
Prs(ka; pai 1) 272 / (2m) o8 [ " lgo| + 1] m+ qo —i0

Ay Ay
X arctan T am— + arctan | -
5 tq 2 T

} |

(Q.78)

Setting both m and ¢ to zero introduces an IR divergence in the g integration. For
nonzero m < 1 and § < 1 we consider the cases in which (a) 6 > m and (b) m > 4.

(a) For § > m we perform the scaling go — dgp and set m/J = 0 inside the integra-

tion. In this limit, Eq. (Q.78) reads

2 7 d A A
Prthe ) — 220 /qolog [1+0(v) b] w (f) Q.19)
0

T (2m) Sgo+1] g2 +1 o

where A 5 = As/6. The integration over go is done prior to taking the § < 1
limit. This is done by dividing the ¢y integration into the 0 < ¢p < 1/d and
1/6 < go < o0. For 1 < Ay < ¢(v)Ap and § < 1, the first regime gives rise to
a divergence of the form log[c(v)Ay] log(d) while the second one gives a double
logarithmic divergence similar to the one found in the case where either u or
|A¢| are the largest energy scales in the integrand. The combination of the two

contributions yields

@) [ (M APy 1 (A
PlB(kxvpxnu‘)_ 272 [10g< |Ar| log At 210g ‘Ar|

(Q.80)

In arriving to this expression we have used the definitions of the rescaled cutoff
scales. Furthermore, the results remains the same for A, < 0, owing to the

appearance of the absolute values in this expression.

(b) For m > 0 we proceed as before by first scaling out m through the transformation

qo — mqp. Defining Kf = Ay/m, we write

. w(v) [ dgo c(v)Ay 1
7715(]%71790,#) - 22 / (27-[-) log |:1 - m|q0‘ +1| 1+ q0
R

A A
X arctan 3 + arctan T
5 +4qo 5 T 4o

} |

(Q.81

The integration over gy is done by first symmetrizing the integrand in ¢y and
then by dividing the regime of integration into the gp > 1/m and ¢p < 1/m
regions. In the m < 1 and 1 < Ay < c(v)Ay limits, the first regime yields a
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double logarithmic divergence similar to the one found in the cases where either
woor |Ay is the largest IR scale. The second regime, on the other hand, yields
a divergence of the form log[c(v)Ap]log(m). Combining the two contributions
together one obtains in these limits:

L w() Ay A\ 1 Ap\?
P15(k$7p337:u) - 27_[_2 llog <|Ar’> 10g <H 5 log |A7ﬂ’

In arriving to this final expression we have used the definition of the rescaled
cutoffs and the fact that we obtain the exact same result for A, < 0.

. (Q.82)

Collecting the results from Egs. (Q.75), (Q.77), (Q.80) and (Q.82), using the definitions
A, = ve(v)(py — ki) and Ay = v(py + kz), and bringing back the extra constraint on the
external momentum, we have

A
Prs(ke, pai 1) = 1;57?9 (B = vl +pa) [log <9’15[M,vc(v)hjivz ]:3)z|7’U|px + sz) (Q:89)

<ot (s ) 2% & )
O, — — 10 .
& c70?15[:“7 U‘pz + ka?HQ 2 s 915[%”0(”)‘1% - kI’a U‘pﬂx + kz“

Here, the crossover functions satisfy Z15(z,y, z) ~ max(z,y, z).

F. Plﬁ(k7 p)
For M =1 and N = 6, the integration in Eq. (Q.4) can be written, at the RG condition, as

1 ] 1
|0l + c(v)(gal +lay]) ] | (%" + qo) +vqz — gy + 20k,

Pi6(kz,py) = U/dq [

(Q.84)
1

>< .
[—z (4 4+ q0) + go — vgy + 2upy

As described in Sec. 4.2-(a), the integration over ¢ is done over the region defined by
lvge — qy + 20k < Ay, |gz —vgy +20py| < Ay, gu| < Ap, & gy < Ap. (Q.85)
To make Eq. (Q.84) depend explicitly on the cutoff scales we consider the change of variables
Y =gy — qy + 20k, & X = gz — vgy + 20Dy, (Q.86)
Under this change of variables the region of integration for both X and Y is now given by

Y] <Af, |X|<Af, | X —0Y +2v(vky —py)| <Ny, &

.87
VX =Y + 20(ky — vpy)| < Ap. (Q87)

Both X and Y integrations are cutoff by A; as a consequence of these two representing
momenta that are perpendicular to each other. We further note that these two integrations
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have nonzero support within the regime of validity of the theory exposed in Sec. 4.4-(a) and
therefore there is no further constraint in the external momentum. Under the aforementioned
change of variables we write Eq. (Q.84) as

dg 1
Pr6(kz, py; ) = / / / 2 3H N >+Y
q0

—Af —Af

1
—i(5+q)+X

(Q.88)

. [\QO\ + e(v) X —ve(v)Y + At\ + [ve(v) X — c(v)Y + Arl] '

Here we have defined A; = 2vc(v)(vky — py) and A, = 2vc(v)(ky — vpy). In the small v
limit, the terms of order ve(v)Y and ve(v) X in the boson propagator can be ignored. Doing
so and comparing this expression to Eq. (Q.32) it follows immediately that

v Ay
Pro (ke py; 1) = A log (3\16[#, 2vc(v)|ky — vpyl, 2ve(v)|vk, — py|]> ’ (Q-89)

where the crossover function satisfies .#16(z, y, 2) =~ max(zx, y, z).

G. P17(k7p)
For M =1 and N = 7, the integration in Eq. (Q.4) can be written, at the RG condition, as

1
Pk, py; 1t) —U/dq{ ]
Y 90| + ¢(v) (g2 | + gy1) i(%—i—q()) + vy — gy + 20k,

(Q90)
1

—i (4 +4q0) + ¢ +vgy — 2vpy] '

As explained in Sec. 4.2-(a), the integration over ¢ is done over the region defined by the
conditions

VG — qy + 20ke| < Ay, g +vgy —2upy| < Ap, | <Ay, & [gy] < Aw. (Q.91)

In order to make Eq. (Q.90) depend on the cutoff scales explicitly, we consider the change
of variables,

X = qp +vgy — 2vpy, & Y =gy — qy + 20k, (Q.92)
The integration over X and Y is restricted to the region

’Y’ <Af, ’X’ <Af, ‘X—FQ}Y—Q’U(py—Ukm)’ <Ab, &

.93
vX =Y + 2u(ky + vpy)| < Ap. (Q.93)

The integrations over X and Y are cutoff by Ay and they have nonzero support provided
that both k, < kr and py, < kp, with kp defined in Eq. (4.62). Therefore, there are no
further constraints on the external momentum besides the one described in Sec. 4.4-(a)
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regarding the validity of the low-energy theory in the momentum space. In terms of the new
variables, Eq. (Q.90) takes the form

Ay Ay
Prr (ks py: 1) U/dqo/dX/dY 1 1
17\Rxy Dy = .
2m 27 2m) | s (3 —i (& + + X
2 ( )—Af( )—Af( ) 1(2 —|—q0>—|—Y 1(2 QO)

1
% [!qo\ + c(v) X +ve(v)Y 4+ Ay + Jve(v) X — c(v)Y + ATJ ’
(Q.94)

where A; = ve(v)(py — vk;) and A, = 2vc(v) (ke + vpy). In the v < 1 limit, the terms of
order ve(v)Y and ve(v) X can be safely dropped inside the boson propagator. In doing so
one arrives to an expression analogous to that in Eq. (Q.42). We therefore conclude that,

v Ay
x5 Py = —1 5 .
Pz (ke, pys 1) A7 8 <§17[,u, 2vuc(v)|py — vkz|, 2ve(v)|ky + ’Upﬂ]) (Q.95)

where the crossover function satisfies .Z17(x, y, z) ~ max(z, y, 2).

H. PlB(k7p)
For M =1 and N = 8, the integration in Eq. (Q.4) can be written, at the RG condition, as

1 } 1
ol + e(v) (gl + layD) ] | (37# + qo) +0ga — gy + 20kz

Pis(kz, Das 1) =v/dq{
(Q.96)

1
- [—i (5 +a) +vqe +qy — 2vpm] '
As discussed in Sec. 4.2-(a) , the integration over ¢ is done on the region defined by
[vge — qy + 20ks| < Ay, |vge +qy — 20pe| < Ap, g < Ay & gy| < A (Q.97)
Eq. (Q.96) becomes explicitly dependent on the cutoff scales through the change of variables

Y =vqy — qy +20k;, &

Q.98
X:UQz+Qy_(1+U2)pm+(1_v2)kx%UQx‘FQy"i‘(kz_qg:)- ( )

Under the change of variables, the integration regime for X and Y corresponds to the region

V| <As, Y —2X| <A, (X +0Y +pe— kol <Ay, &

IV = 0X — v(ks + pa)| < Ap. (Q.99)

For the Y integration to have nonzero support, we require that |X| < Ay/v. On the
other hand, when Ay < c(v)Ay < Ay, the X integration has nonzero support provided
that |py — kz| < Ap and |X| < Ap. Of course, the relative magnitude between the two
possible cutoff scales for the X integration is important. However, as we proceed to show,
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Eq. (Q.96) is independent of the cutoff scales. We do this by setting all scales to infinity
in the integration limits. However, the external momentum must satisfy |[p, — kz| < Ayp.
Keeping this constraint implicit, we write Eq. (Q.96) in the new variables as

dgo [ dX [ dY 1
P (kza x5 ):U
1
) [|QO! + (Je(0)X + w(v)TA ] + [e(v)Y —w(v)_lAtD} '

where A, = v(p, — k;) and A; = v?(k; + p,). This integration is similar to that of the
case in which M = 1 and N = 4 because in the small v limit, the hot spots M = 1 and
N = 8 become nested. Thus, we expect that the naive momentum-dependent IR scales of
the diagram will come with an extra factor of w(v) = v/c(v) as it happened in the former
case. This is the reason behind the w(v) dependence appearing in the boson propagator. In
what follows we consider this expression in the limits in which (i) p > |A,| and p > |Ay],
(i1) |Ay| > poand |Ay| > |Ay], and (7ii) |A¢| > pand |A¢] > |A,].

1
—i (54 q) +20X - Y

(Q.100)

(1) For p > |A¢ and p > |A,| we consider the scaling (go, X,Y) — u(qo, X/c(v),Y)
in Eq. (Q.100) and take the small |As/p and |A,|/p limits. Using the definition
w(v) = v/c(v), this yields

Prs(ka, pai i) = w( R/ (dqo / / ((;:)

' [’CJO\ T \X\1+ c(v)\YJ

1
i(2+q)+Y

(Q.101)
1

—i(3+q) +2w(v)X - Y

For v < 1, the term of order ¢(v)Y can be discarded without altering the convergence
of the Y integration. On the other hand, setting w(v) = 0 introduces a UV divergence.
Therefore, setting ¢(v)Y = 0 inside the boson propagator while keeping w(v) nonzero
yields,

L dg dXx 1 O(3+q)—06(3+)
Pls(km,px,ﬂ)—w(i})/(27:)/(27_‘_) [\qo|+|X|] 2 2iw(v)X_21 . (Q.102)
R R

Integration over ¢y and X yields, to the leading order in w(v),

) . (Q.103)

w v
PIS(kx7pxau) = - (2) IOg (

27 w(v)

(i7) For |A,| > p and |A,| > |As], we consider, without loss of generality, that A, > 0
and perform the scaling (g, X,Y) = A, (qo, X/c(v),Y) in Eq. (Q.100):
1

) =w(v doo [AX [ AV
Pis(ka, pai 1) = w( )/ (2) / (27) / 2m) | =i (% +q) +2w(v)X - Y
J J J (Q.104)

1
[QOI + (X +ww)H +le(v)Y - w(v)15l)} ’

1
- [i(?);”ﬂLQO)—I—Y
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where 6 = Ay/A, and m = p/A,. In the small v limit, the integration over Y can be
done by safely ignoring the term of order ¢(v)Y. Doing so we have

: = w(v dao X .
P1s (ks pai 1) = w( )R/(%)HZ(QW) [|q0|-|-|X+w(v)1‘+w(v)1’5|]

© (% + %) — O (3 + %)
2iw(v) X —m

(Q.105)

We are interested in this integration in the § < 1 and m < 1 limits. Setting § = 0
inside the integrand is not a problem, but setting m = 0 introduces an IR divergence in
the X integration. After symmetrizing in ¢p and scaling out w(v) from the integrand
we can write

PIS(kxap$7 /
R

Integrating over X and then over gg yields, to the leading order in m < 1, the finite
contribution

dqo [ 1 ] (m + 2iX)

. 106
2m) Lqo + | X + 1|] 4X2% + m? (Q-106)

C}

2

wl) _w(w) p Q07

PIS(k$7p$7M):_ 87 m = {7 |A ‘7

where in the last equality we have used the fact that the same result is obtained in the
case that A, < 0.

(i71) For |A¢ > p and |A¢| > |A,|, we assume, without loss of generality, that A; > 0
and we perform the scaling (go, X,Y) — A¢(qgo, X/c(v),Y) in Eq. (Q.100). Defining
m = pu/Ay and 6 = A, /A, the latter assumes the form
1

] . qu dX dY
Pis(kz, pas 1) = w(v)/ (27) / (2r) / (2m) | —i (% 4 qo) +2w(v)X =Y
R R R (Q.108)

1 1
X .
[i (3 +q)+Y [!%\ + (1 X +w() 76| + |e(v)Y — w(v)‘ll)]
We are interested in the m < 1 and d < 1 limits. We can set § = 0 inside the
integration with no harm, but one needs to keep m # 0 in order to avoid spurious IR
divergences. The integration over Y proceeds as before by ignoring the term of order
¢(v)Y in the v < 1 limit. This integration results in

s
dQO/ 1 1
Keps P 1) = —2 . (Q.109
Prshe: pai 1) = ~2mu(v / [QO+X+w() T s awiepxe (@109

R+

w[3
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where we have further symmetrized the resulting integrand in X. The integration over
X and gp can be done in the small m and w(v) limits, yielding the leading order finite
contribution:

RUONE
8w |At’7

PIS(kxvpri) = (Q.llO)

where in the last equality we have used the fact that the same result is obtained in the
case that A; < 0.

Collecting the results from Eqgs. (Q.103), (Q.107) and (Q.110), using the definitions
A, = v(pe — kz) and Ay = v%(p, + k), and bringing back the constraint on the external
momentum we can write

w(v)

1
Pis(ks,pz; ) = ——=0O(Ap — —k , A11
where the crossover function is given by
log (w(lv)> x>y, & x>z,
Fs(x,y,2)" " = e y>z, & y>z, (Q.112)

&2 2>z, & z>u.

Q.2-(b) THE RN INTEGRALS

We now consider the integrations defined in Eq. (Q.6). To simplify the discussion, we
compute these directly at the RG condition given in Eq. (4.57). That is, we evaluate the
integration at external momentum on the local FS of hot spots M and N and at frequencies
ko = 3u/2, po = —p/2 and ly = —p, with ¢ > 0. The RG condition in Eq. (4.57) imposes an
extra constraint on the external momentum due to the fact that in Eq. (Q.2), the corrections
to the quantum effective action involving the Rpsn integrals survive only if N3 = M and
N4y = N or N3 =N and Ny = M. The RG condition therefore requires that

ent(k;v) = en(7:v) = epr(k + Lv) = en(5— Lv) = 0. (Q.113)

- -

This implies that en(I) = —epr(1) = 0. Thus, if M # N and M # [N +4]s, the RG condition
fixes [ = 0. In the case where the hot spots M and N are the same or antipodal to each
other, there is no further constraint on the momentum I. We shall use this fact to simplify
the following computations. Finally, we note that Eq. (Q.6) is finite by power counting
and therefore we set all UV cutoffs to arbitrary large values. However, these cutoff scales
are responsible for constraining the range of the external momentum in which the quantum
corrections have nonzero support.

A. Rll (ka b, l)
For M =1 and N = 1, the integration in Eq. (Q.6) evaluated at the RG condition reads

1 1
|90] + e(v)(lgz| + \qy!)} qu + pl + e(0) ([l = ga| + [0l + gy])

Rll(kxapxalacQH) :,“UZ/dq [
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1 1

. (Q.114)
(a0 + %) + v g+ 20k, | |10+ 5) — v+, 2o,

X

From the discussion in Sec. 4.2-(a) , the integration over ¢'is done over the momentum region
determined by the conditions

[vge — qy + 20k | < Ay, |vge — qy — 20py| < Ay, lgz| < A,

(Q.115)
qe — lz| < Apy gyl < Mp, & gy + 0] < Ay,

Although the integration in Eq. (Q.114) is finite by power counting, if the external momen-
tum is too large, then the integration over ¢, and g, loose support. To analyze the regime
of external momentum in which the integration has nonzero support, it is convenient to
perform the shift ¢, — ¢, + vq, + v(k; — p,) under which the domain of integration takes
the form

‘Qy_v(kac +px)‘ <Af7 ‘Qy_'_v(kac +px)‘ <Afa ‘Qx‘ < Ay, ’qgc_lac‘ < Ay,

(Q.116)
lgy + gz + v(ks — p2)| < Ap, gy + 0@z +0(kz — Pz + 1z)| < Ap.

Apart from the constraint on the momenta offered by the discussion in Sec. 4.4-(a), the
only constraints arising from this analysis correspond to |k, + p,| < Ag/v and |l;| < Ay in
order for the integrations to have nonzero support in the Ay < ¢(v)Ap < Ap limit. Having
this extra constraint implicit in the following discussion, we proceed by writing Eq. (Q.114)
after the shift in the momentum:

1 1
Rll(kxapxaleN) :,UUQ/dq [ . A
z'(qo—i-%”)—qy—i-% —i(0+4)+a+S

(Q.117)
1

1
X .
|90l + ¢(0)lgz| + [e(v)gy + Azd [!cm +ul+ A = e(v)ge| + [e(v)gy + As!)}

where we have defined the momentum scales A; = 2v(ky, + pi), As = c(v)v(ks — p2),
Az = vc(v)(ky — pe + 1) and Ay = ¢(v)l,. In this expression we have neglected the terms of
order v(c)g, in the bosonic propagators. The integration over g, is convergent in the absence
of the terms of order ¢(v)gy. Therefore, in the small v limit, this integration yields

v? Iz / dgo / dg. [ 1 ]
R k;xa x?l357 == )
(ke poslai ) = = o5 o ) @n)) (27 Llaol + x| + 2] (Q.118)
__ oK .

2

NS

1
X )
[’CIO + ]+ Ay — qe| + ’A:%\]

where we have further performed the scaling ¢, — ¢./c(v). In what follows we analyze this
expression in the limit in which (7) p > |A;] for i = 1,2, 3,4, (77) |A1] > pand |Aq] > |A]
for i = 2,3,4, (7ii) Az > p and |Ag| > |A;] for i = 1,3,4, (iv) |Az| > p and [Az| > |A]
for i =1,2,4, and (v) [A4| > p and [Ay| > |A4| for i =1,2,3.
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(1) For p > |A;| with i = 1,2, 3,4 we perform the scaling (qo,q.) — ©(qo, =) and take
the |A;]/p < 1 limits for ¢ = 1,2,3,4. This allows us to write Eq. (Q.118) as

1
2

it = =5 | éff)R/ el ireareara] HCE

_3
2

The integration over ¢, is straightforward, and a further integration over qg yields the
finite contribution

v? 27
Rt (kg Py los ) = ———5—— |7 +4log | = )| . 120
11( x> Pxs J:nu’) 167T20(U) |:7T + og < 4 >:| (Q )

(i7) For |Aq] > |A;] with ¢ = 2,3,4 and |A;| > p we note that A; appears in the overall
multiplicative factor in Eq. (Q.118). Therefore, this scale will not be responsible

for cutting off the integration in the IR completely. After the rescaling (qo,q.) —
A1(qo,q2), Eq. (Q.118) can be written as

2
pv 1 dqo dgy 1
Rll(kmpxalx;ﬂ) = - : / / |: :|
A - 2 2 z
s | G ) @ Wl ml

2

I3

1
X )
LQO +m|+ 1[04 — 2| + \53|]
where m = /A and §; = A;/A; for i = 2,3,4. The IR structure of the integral will
depend in the relative magnitude of the of these four scales. We therefore consider the
limits in which (a) |m| > |d;|, for i = 2,3, 4, (b) |02 > |m| and |d2| > |d;| for i = 3,4,
(¢) |63] > |m/| and |d3] > |d;| for i = 2,4, and (d) |04| > |m| and |d4| > |6;| for i = 2, 3.

(a) For |m| > |0;] with i = 2, 3,4 we can proceed by scaling out m out of the integral
through the transformation (qo, ¢z) — m(qo, ¢=) and then proceed on taking the
|0i]/m < 1 limit. This allows us to write Eq. (Q.121) as

v [dg [ dgs 1 1
Rutheseton = ~gmnt | G | o (el (e (12

N

(NI

Integration over ¢, and qq is straightforward, yielding, in the |m| < 1 limit,
2

w I 27
Rit(kes pa, la; 1) = T 16m2e(v) A [772 + 4log <4>} : (Q.123)

(b) For |d2] > |m| and [d2| > |0;| with ¢ = 3,4 we consider the scaling (qo,q.) —
|02](qo, g») and take the |m|/|d2] < 1 and |d;|/|d2] < 1 limits. This allows us to
write Eq. (Q.121) as

. _ v H dqo dgy 1 1
Ruthermton) =~z | om o reiare) loral - @129

_3m
2

Sl
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where M = m/|02] = p/|A2] < 1. We note that setting m = 0 makes the
integration vanish and therefore we have kept it nonzero to capture the leading
order nonvanishing contribution from this expression. Integration over g, yields

[

v? I dqo 1
Rt (kgy paylos pp) = — . 1 1+—). 12
11 (ke p 2 me(v)Arm —1i / (2m) og( +|q0> (Q125)
3m
-5

The integration Oover qo iS Straightforward and yields, in the ‘m| < 1 and |m‘ <K 1
limits
; 0O, .
11\Rzy Py by 1 9 20(1))21|22| |22‘ )

where we have neglected order one numbers with respect to the logarithmic IR
divergence.

(c) For |03] > |m| and [d3] > |0;| with ¢ = 2,4 we consider the scaling (qo,qz) —
|93](q0, g=) and take the |m|/|d3] < 1 and |d;|/|d3] < 1 limits. This allows us to
write Eq. (Q.121) as

i

3

2
17, 1 / dqo / dgy [ 1 ] [ 1 ] Q

R kx, x»lz7 ) ’ 127

11k, p p) = c(v)Arm —i (2m) J (27) [lgo| + gzl ] Llgol + [gz| +1 ( )

_3m
2

where m = m/|03| = p/|As|. This is the same integration we performed in
the previous case. Therefore we immediately conclude that, in the limit under
consideration,

c2

o i p

(d) For [64] > |m| and |d4] > |0;] with i = 2,3 we assume, without loss of generality,
that d4 > 0 and consider the scaling (qo, ¢z) — 94(qo, ¢») and take the |m|/|d4] < 1
and |0;]/|64] < 1 limits. This allows us to write Eq. (Q.121) as

_m

9 2
uv 1 / dqo / dg. [ 1 ] [ 1 ] Q
R kam x7l567/1/ y i ’ 129
11 (Ka, p ) c(v)Arm —i (2m) (2m) Llgol +lgzl | [lgol + 1 — gzl ( :

3m
2

where m = m/dy = p/Ay < 1. Integration over qo, followed by the integration
over g, yields, in the |m| < 1 and |m| < 1 limits

R (k l')—Llo . (Q.130)
11\(Rxy Py lzs H) = 7T2C("U)A1|A4| g |A4| . .

In here we have restored the absolute value in the scale Ay since we obtain the
same result for the d4 < 0 case.
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21) Por 2| > il with ¢« = 1,3,4 an 2| > p we perform the scaling (qo,qz) —
i11) For |A A ith ¢ 1,3,4 and |A f h li
|A2](qo, ¢z) in Eq. (Q.118) and proceed by taking the |A;|/|A2] < 1 and pu/]Ag| < 1
limits. This allows us to write

2o dgo [ dg 1 1
11(ke, Py L 1) c(v) p — iy ) (2m) J (27) Llgo| + lg= + 1] Llao| + |gz] (@1

2

vf3

where m = u/|As| < 1. Here we cannot set m = 0 in the integration limits because
this makes the integration vanish. We have already computed this integration, and
thus we readily obtain in the m < 1 limit:

2 2

N v p %
Rll(kx7p$7l$7u) - 27T20(U)|A2| [ — ’LAl log <|A2|> . (Q].SQ)

We can further approximate this expression in the p > |A;| and p < |Aq| limits as

2
[T R Kot L Y 1
Rll( y Pz a,U’) 27T26(’())|A2| og |A2| ) (Q 33)
< 02,2
Rt (ki ps L pr) " o () 134
11( »y Py Hu) 27T2C(’I))A1‘A2’ og ‘A2’ (Q )

(1v) For |As| > |A;] with ¢ = 1,2,4 and |Agz| > p we perform the scaling (qo,q.) —
|A3](q0,¢z) in Eq. (Q.118) and take the |A;|/|As] < 1 and p/|As| < 1 limits. This
renders the same integration we computed in the previous case. It follows immediately

that,
2
s Py b o) " UH o (L 135
Rll( » Py MU’) 27T26(U)|A3| 0og |A3| ) (Q )
s 02,2
R (ks ps L pr) "o o () 136
11( y Dz alu’) 27T20(’L))A1|A3’ 0og ‘A3| (Q )

(v) For |A4] > |A;| withi =1,2,3 and |A4| > p we assume without loss of generality that
Ay > 0 and scale it out from the integration in Eq. (Q.118) through the transformation
(o, qz) — A4(qo,qz). In the |A;|/Ay < 1 and p/Ay < 1 limits we write Eq. (Q.118)
as

2 d
no 1 / dqgo / dz [ 1 ] [ 1 ] Q
R k;;c; :Culxnu y ’ 137
11k, p ) c(v) p — 1Ay J (2m) (2m) Llgol +1gz! ] Llgo| + [1 — gz ( )

vl3

2

where m = p/Ay < 1. We have already performed this integration, and thus we
obtain

2,2
N 1 I
Rll(kg;,pg;,la;,,u) - 7T26 ’U)‘A4’ - ZAl lOg (’A4|> ) (Q138)
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where the absolute value comes from the fact that we obtain the same result in the
case where Ay < 0. Once again, we can further approximate this expression depending
on the relative magnitude between p and A;. We therefore write

2
R (ki pos Loy pr) " Yo (K 139
11( ) Pz, nu) WZC(U)’A4| 0g |A4‘ ) (Q )
c 2,2
g P Loy ) T Vg (L 14
Rll( s Pz ,,U,) WZC(U)Al‘Agd 0og ’A4| (Q O)

Collecting the results from Egs. (Q.120), (Q.123), (Q.126), (Q.128), (Q.130), (Q.133),
(Q.134), (Q.135), (Q.136), (Q.139) and (Q.140), and bringing back the constraint on the
external momentum, we can write Eq. (Q.114) as

0?0 (Ay — vlps + ku]) O(Ap — |Ls])
Rll(kxapxall‘;H) = ‘47_‘_2 ( ) ‘
Q.141
Ui, 20(ky + pz), ve(v) (ke — pa),ve(V) (ke — po + 1z), c(v)ly] ( )
R, 20(ky + pz), ve(v) (kz — pa), ve(v) (ke — pr + 1z), c(v)ls]’
where the crossover function Rii(x,y, z,v,w) is given by
([2], || > |y, |2l, o], Jwl,
Y, oyl >zl [2] ol fwl,
Rui(z,y, 2,0,w) = < |2|, 2| > |y, ||, |v], |w|, (Q.142)

ol, ol > [yl [l |2, [w],

wl,  Jw| > 1yl, [2], [l [z].

\
Rii(x,y, z,v,w) =~ max(x,y, z,v,w) and the crossover function Uy (x,y, z,u, w) is given
by
2
~Ja [% +log ()], Jal > lyl, 2] ul, |,

—ilel [ +108 ()] lyl > lal 2] ol fwl & Jal > [l ful, ],

&
2t tog ([2). [yl > el 2], ful, o] & 2] > Ja, Jul, [w]
2@7 log () , lyl > Jzl, 2], Jul, ol & ful > |, |2, ],
2 log (£), lyl > 2|, 2], [ul, |w] & |w|> |, 2], |ul,
Unn(,y, 2 u,w) = § 2Ja|log (1), 21> fal, lyl, ul, Jwl - & o] > [y, (Q.143)
2 log (%), (2> |yl ul, [l & Jy] > Jal,
2le]log (1), ful > |z, lyl, 2], Jwl - & o] > [y,
22 Jog (1), ful > fel |21, [wl & [y] > Jal,
4lz|1og (121) wl > [z, lyl, [ul, 2| & o] > [yl,
42 1og (1), fwl > Jel ], ful. 12l & [y] > Jal.
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B. Riz2(k,p,l)
For M =1 and N = 2, the integration in Eq. (Q.6) evaluated at the RG condition reads:

) | ; |
lqo] + c(v)(lgz| + layl) ] Llgo + p| 4+ c(v)(|gz] + layl)
1 1
i (qo + %“) gy — qy + 20k, | |0 (g0 +§) + az — vay + 2up,

Riz(ky, py; 1) = uv2/dq {
(Q.144)

X

We note that the structure of the integration is similar to that of Eq. (Q.27). In particular,
the momentum integration is done over the same region defined by Eq. (Q.28). Furthermore,
the external momentum receives no further constraint than the one discussed in Sec. 4.4-(a)
. Setting all cutoffs to arbitrary large values, we proceed on integrating by performing the
change of variables

X = gz —vgy + 2vpy, & Y =vgy — qy + 20k, (Q.145)

which renders Eq. (Q.144) as

-2 [ [ dX [ dY 1
Raz(kas pyi 1) = i HZ(%)R/(%)R/(%) [Iqo!+IC(U)X+A1\+’C(U)Y+A2J

(Q.146)
1 1

1
X
lqo + | + |c(v) X + Aq| + \c(v)Y—i—AQJ Z~<q0 4 %ﬂ) Ly

—i(@+45)+X

to the leading order in v. Similarly as we did in the treatment of Eq. (Q.27) we have
neglected the terms of order ve(v)Y and ve(v)X in the boson propagator because these do
not alter the convergence of the integral. We have further defined Ay = 2ve(v)(vks — py)
and Ay = 2vc(v)(vpy — k). We analyze this expression in the following limits: (i) p > |Aq|
and g > |Agl, (77) |Aq] > p and |Aq] > [Ag|, and (ii7) |Ag| > p and |[Ag| > [Aq].

(1) For p>> |Aq] and pu > |Ag| we perform the scaling (go, X,Y) — p(qo, X,Y) and take
the |A1|/p < 1 and |Ag|/p < 1 limits in Eq. (Q.146). This yields:

. — ’02 dqo dx 4y .
Raz(kz, pys u) = R/ (2m) R/ (27) R/ (2m) [|qo| + c(v)| X| +C(U)’Y|]

(Q.147)
y [ 1 ] 1 1
g0 + 1]+ c@)X[+c@Y] [i(a0+3) +Y | |~i(a0+3)+X|
For convenience we consider the shift g9 — go — 1/2 and write
qu dX dY 1
Ruathersi) =" [ 6% [ o5 [ | |
12k 2y 1) @m) ) @n) ) @) oo — 1721+ (o) X[+ c(0)]Y]
R R R (Q.148)

g [\qo+1/2!+C(:})X\+C(U)IY\} [i(% +11)+Y] [—iqolJr X]'
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(i)

The integration over Y and X can be done in the small v limit by neglecting the terms
of order ¢(v)|Y| and c(v)|X]| inside the boson propagator. As we show by explicit
computation, doing this introduces no IR divergences in the qg integration. After
integrating over X and Y we obtain to leading order in v < 1:

1 dgo sgn (1 + qo) sign
Raa(kaz, pys 1) = — 2/ qo sgn (1 + qo) sign(qo)

1" | @) 2 -1 ~ (Q.149)

Although the integration seems to be divergent at gy = 1/2 this is not the case. This
can be seen by symmetrizing in gy, where it becomes clear that the integration is
nonzero only for gg > 1. Integration over qq yields

2
v
Riz(kz,pyi i) = In log(3). (Q.150)

For |Aq1] > p and |Aq| > |Ag|, we consider, without loss of generality the case in
which A; > 0 and perform the scaling (go, X,Y) — A1(qo, X,Y) in Eq. (Q.146). In
the small p/A; and |Ag|/A limits, Eq. (Q.146) takes the form

) _L qu dX dY 1 ?
ng(kx,pyv“)_AIUQR/(Qﬂ)/ 27r)/(27r) [Iqo|+|c(v)X+1l+C<v>!Y|

(iii)

R ( R (Q.151)

y 1 1
igo+Y ] | —igo+ X ]’

The integrations over X and Y are straightforward in the small v limit because setting
c(v)X and ¢(v)Y inside the integrand is legitimate. After integrating over these two
variables we obtain

Lp o [ dgo 1
kg, Dyi pt) = ——— —_— .
Raz(kzs py; 1) 4A1U /(27T)(|(I0+1)2 (Q.152)
R

The final integration yields

2

v
Raz(ke, py; 1) = Eﬁ' (Q.153)

In here the absolute value comes from the fact that we obtain the same result in the
A1 < 0 case.

For |Ag| > pand |As| > |A1] we consider the transformation (go, X,Y) — As(qo, X,Y)
with either Ay > 0 or Ay < 0. After such a transformation and in the |Aq|/|Ag] < 1

and p1/|Az| < 1 limits, Eq. (Q.146) takes the same form as in Eq. (Q.151), but with

Aj being replaced by As. It therefore follows that

2

v
Rio(ke,pys i) = Eﬁ' (Q.154)

264



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

Collecting the results from Egs. (Q.150), (Q.153) and (Q.154), and using the definitions
Ay = 2ve(v)(vky — py) and Ay = 2ve(v)(vpy — ki) we can write Eq. (Q.144) as

v? Upa[p, 2vc(v)|vky — pyl, 20c(v)|vpy — kz]

Rz (ks py: 11) = — , Q.155
120k P51 = G2 R ol 20c(o) ok — pyl,20e(0) oy — bl (1)
where Ri2(z,y, z) & max(z,y, z) and the crossover function Us(z,y, 2) is given by
log(3), *>uy,z,
s (.9, 2) = { 83, v (Q156)
x, y>x,z & z2>ux,y.
C. R13(k7p7 l)
For M =1 and N = 3, the integration in Eq. (Q.6) evaluated at the RG condition reads:
1 1
Ra3(kaz, py; 1) =uv2/dq[ } [ ]
o laol + c(v)(lazl + lay) | Llao + pl + c(v)(lgu] + ay])
(Q.157)

o 1 1
7 (qO + %“) + vg; — qy + 20k, —1 (qo + %) — Gz — Vqy + 2vpy

The integration over the loop momenta follows the same logic as the one used in the compu-
tation of Eq. (Q.42). In particular, this implies that the external momentum has no further
constraints than the one discussed in Sec. 4.4-(a) . Because the integration is finite by power
counting we set all cutoff scales to arbitrary large values and proceed on integrating by first
performing the change of variables

Y =wvgy — qy + 20k, & X = —qz — vgy + 2up,. (Q.158)
Under this change of variables, Eq. (Q.157) takes the following form:

) — ? dgo dX dY 1
Ras(ka, g 1) = o R/(27T)R/(27T)R/(27T) {Iqo|+yc(v)X+A1I+\c(v)Y—Azl}

(Q.159)
1 1

1
X
|90 + pl + [e(v) X + Ax| + |e(v)Y - A2|] i(qo + %ﬂ) +Y

—i(@+5)+X

)

where, to leading order in v, we have neglected the terms of order ve(v)Y and ve(v)X since
these only offer subleading contributions upon integrating over X and Y. Here, we have
defined the scales Ay = 2vc(v)(vky — py) and Ay = 2ve(v)(vpy + kz). The structure of this
integration is identical to that of Eq. (Q.146). It follows immediately that this integration
is given by

v? Unsp, 2vc(v)|vpy + ks, 2vc(v) [vky — pyl]

Ris(kzypy; pp) = — , .160
13Kz, Py 1) A Raslp, 2ve(v)|vpy + kg, 2ve(v)|vky — pyl] Q )
where Ri3(z,y, z) & max(z,y, z) and the crossover function U3(z,y, z) is given by
log(3), *>uy,z,
u13(‘T’ Y, Z) = { g( ) Y (Q].G].)
x, y>x,z & z>ux,y.
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D.  Ris(k,p,l)
For M =1 and N = 4, the integration in Eq. (Q.6) evaluated at the RG condition reads:

Rualks, poip) = 4 /dq [\qo| o) (gl + rqyo] [|CJ0 il + (o) (laa] + \qyn]
] (Q.162)

1
Z.<(]0 + 37“) + UGz — qy + 2vk,

1

X
—i(q0+ %) — vgz — qy + 2vp,

The integration over the loop momentum in this expression follows the same structure as the
one considered in Eq. (Q.49). Because at the RG condition [ = 6, this implies that, apart
from the constraint on the external momentum discussed in Sec. 4.4-(a), we also require
that |p, — k| < Ay in order for the integration over the momenta to have nonzero support.
Keeping this constraint implicit in the discussion we proceed by performing the change of
variables ¢, — ¢z — kyz + p, and gy — gy + v(kz + pa), followed by the scaling ¢, — ¢./c(v).
With this, Eq. (Q.162) can be cast as

02 1
14(ke- pai 1) c<v>/ 7 [!(Jol+\qx+Az\+!f3(v)qy+A1I]

1
X
[Iqo+u! + A + qu| + |Ay +C(U)Qy)} (Q-163)
1
i (QO + 3#) +w(v)ge — gy

Here we have defined the scales A1 = ve(v)(ky + pe) and Ay = ¢(v)(py — k) and used the
definition w(v) = v/c(v). In the small v limit, the integration over g, is done by setting
¢(v)gy = 0 inside the boson propagator. This yields

Ria(ke, Dz 1) = - /dq0 / o [ : ]
o P> QC(U)R (27r)R (27) Llgol + lgz + Aaf + |Aq]

[ 1 } O (5+m) -0 (% )
X s
lgo + p| + [A2 + qo| + |Aq] qo + p — 1w (v) gy

1
i(go+ %) +w(v)gs + gy

X

(Q.164)

As it will become clear in what follows, we shift ¢, — ¢, — A2 and define Ay = w(v)A,
because Ay plays the role of the IR cutoff in the limit in which p and A; are zero. With
this shift we write

2
1 dgo dg. 1 }
kl‘a T =
Rua(ke; pa, ) QC(U)R/(%)!(%) [|q0|+|qz|+|A1\

[ 1 ] 6 (5+w) -0 (-% - a)
X
g0 + pl + |gz] + | A

(Q.165)

Qo + 1 — iw(v)qe — iAg

We proceed by analyzing this expression in the limits: (i) p > [A¢] and p > |Asl, (i)
|Ag| > p and |Ag| > |A1|, and (ii7) |A1| > p and |Aq| > |Agl.
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(i) For p > |A1] and p > |As| we perform the transformation (qo, q:) — 1(qo, qz) and
take the u/|A1| < 1 and [Ag|/|A1] < 1 limits in Eq. (Q.165):

1)2 on de 1 1
R k:ﬂ) IE?ZI; =
14(Fa, Doy Lo 1) gc(v)]g(zﬂ)ﬂg/(zw) [\qo|+\qx|] [\(Jo+1\+\qxd

O(3+%) -0 (-3 )
qo + 1 —iw(v)gs

(Q.166)

In the v < 1 limit we can set w(v) = 0 inside the integrand. Although the integrand
seems to be IR divergent at gy = —1, this is spurious since the Heaviside functions cut
off this divergence. Integration over g, followed by an integration over qq yields,

2

- 4872¢(v)

where Lig(z) is the dilogarithm function.

Rua(ke, De; 1) (57 + 121og(2)* + 6Lia(1/4)] , (Q.167)

(ii) For |Ag] > p and |Ag| > |A1] we consider, without loss of generality, Ay > 0 and
perform the scaling (qo, qz) — A2(qo, ¢z) in Eq. (Q.165). Taking the /Ay < 1 and
|A1]/As < 1 limits allows Eq. (Q.165) to be written as

L P dgo [ dg. Rk sgn(qo)
Rl‘*(’f””’p”“)‘zc(vm%z (2%/ o5 [l [ ow) @19

Setting w(v) = 0 in this expression is harmless in the small v limit. Further integration
over qo and ¢, is straightforward, yielding

pv*

Ria(ke, paspp) = ———=—,
14 (ke pz; 1) 4re(v)|Ag|

(Q.169)

where the absolute value comes from the fact that the Ay < 0 case yields the same
result.

(iii) For |A1] > p and |A1| > |As] we perform the scaling (qo,qz) — |A1](go, ¢z) in Eq.
(Q.165). This allows us to write

2
Qo dqo dge 1
Ria(ke, pes ) = + +
14 (ks P 1) 20(”)!A1!R/(27T)I!(27T) [\QO| |4z J

© (5 +a) ~0 (=% —
qo +m —iw(v)qy + id

(Q.170)

1
| |
lgo +m| +[gz| +1

where m = p/|A1| and § = Ag/|Aq]. Setting both m and § to zero in this expression
makes the integration IR divergent. Setting w(v)g, = 0, however, is legitimate. In the
small v limit we set w(v) = 0 and integrate over g, to obtain

. 3 1+]qo]
Rl pai ) — /dqo 0 (3 + 1) =0 (=% — )| 1 vt (Q171)
Wl P ) = 5000y | (@n) qo+m+1id a0l = lao +m[ [~
R

We analyze this expression for (a) m > |d] and (b) [6] > m.
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(a) For m > |0| we can scale out m from the gy integration through the transfor-
mation go — mgqo. This allows us to write Eq. (Q.171), in the m > |J] limit,
as

2 d
Raa(kes pa: 1) / @ . (Q172)

- 2re(v) ) (2m)

1+m|qo|
O(3+q)—-06(-3— qo)] log [1+m|q;1-(|)—1|}
R

qo+1 lgo| — |go + 1]

Setting m = 0 in this expression makes the ¢¢ integration logarithmically di-
vergent in the UV. This is a symptom of the integration being logarithmically
divergent in m < 1. Upon integrating over ¢o for nonzero m, we obtain, to
leading order in m < 1,

v [
x5 Pxs = - 1 . 1
7—\)/14(k b M) 271_20(0) |A1‘ 0og <‘A1‘> (Q 73)

(b) For |§] > m we assume, without loss of generality, that 6 > 0 and perform the
scaling o — qod in Eq. (Q.171). Taking the m/§ < 1 limit reduces Eq. (Q.171)
to

L v dgo 90
Fialfepein) = 2m<v>|A1|RZ o (@t @

The integration over ¢q yields, in the 6 < 1 limit

_ v
-~ 2m2¢(v)

A

| Ay

where the last equality follows from the definition of § = Ay/|A| and the fact
that we obtain the same result for Ay < 0.

Collecting the results from Egs. (Q.167), (Q.169), (Q.173) and (Q.175), using the
definitions Ay = ve(v)(py + ki) and Ag = v(p, — k), and bringing back the constraint
on the external momentum we obtain

v? Uhalps, ve()|ps + ka |, v[ps — ke ]
R kma :Eal:m = @ A - T k:z ’ a il z i 5 176
14( b :u) 27T2C<’U) ( b |p D%14[M,UC(U)‘])$ + kxl, U‘k’x _sz (Q )
where Z14(x,y, z) =~ max(z,y, z) and
& [57% 4+ 1210g(2)% + 6Lis(1/4)], 2>y, 2,
E, z > z,Y,
WUia(z,y,z) =4 2 177
14(2,9, 2) zlog (¥), y>rz & >z (Q177)
zlog (¥), y>wz,2z & 2> .
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E. R15(k7 b, l)
For M =1 and N = 5, the integration in Eq. (Q.6) evaluated at the RG condition reads

1 1
Ris(kzs pay lei 1) =/w2/dq [ } { ]
lqo| + c(v)(lgz| + layl) ] Llao + p| + c(v)(|lz — qe| + [vle — qy])

(Q.178)

» 1 1
i(QO‘i‘%)‘FUQm_Qy‘FQka —’i(q0+%)+vqx—qy—2vpz

The RG condition offers no further constraint on l,,. However, according to the discussion in
Sec. 4.2-(a) , the integration over the loop momentum must be done over the region defined

by

‘UQx_Qy+2ka| <Afa |'Uqgﬁ_Qy_2pr| <Afa ’qgﬁ_lm’ <Aba

Q.179
0ly — qy] < Apy gzl < Ap, & gyl < Ap. ( )

It is convenient at this stage to make the change of variables ¢, = ¢y + vg: + v(kz — p2),
under which the region of integration is transformed to

|Qy —v(pe + k)| < Afa |Qy +v(ky +p2)| < Afa e — Iz < Ap,  |gz| < Ay,

(Q.180)
|Qy +ugy —v(le + ke —p2)| <Ny, & ‘Qy +vgy + (ke — pa)| < Ay

Apart from the constraints on the external momenta that the discussion in Sec. 4.4-(a)
implies, we require that |k, + p,| < Ag/v and || < A for the integrations over ¢, and
qy to have nonzero support. In what follows we keep these constraints implicit. Under the
same change of variables Eq. (Q.178) adopts the form

pv? 1 1

R15(kxapxalm§ﬂ) = /dq [ ; ]
C(v) 1 (qo + %L) —Qy+ % -t (QO + %) — 4y — % (Q.181)

1 1
X )
90| + (lgz] + le(v)gy + vgs + A2|)] [IQO +ul+ (1Ag = gl + A3 = c(v)gy — vqx!)}

where we have further performed the rescaling ¢, — ¢,/c(v) and defined Ay = v(ky, + p2),
Ay = ve(v)(ky — pg), Az = ve(v)(ly — ky + pz) and Ay = ¢(v)l,. Since the integration
is convergent by power counting we set the cutoff scales to arbitrary large values and set
vg, = 0 inside the boson propagator since this does not alter the convergence of the ¢,
integration in the small v limit. Furthermore, in this same limit, the terms of order c¢(v)g,
can be set to zero as well because the integration over g, is convergent in the absence of this
terms. Integration over g, yields

S w? [ dgo dq. © (37# + qO> —0 (-5 —a)
Rt i) = 5 | G | oy |~ st v
R R (Q.182)

1 1
X .
[|€I0’ + qz| + |A2|] [|QO +pl + |ge — Dyl + |A3J
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We analyze this expression in the following limits: (i) p > |A;| fori = 1,2,3,4, (i1) [A1] > u
and |Aq] > |A;] for i = 2,3,4, (i1) |Az] > p and |Ag| > |A| for i = 1,3,4, (iv) |Az| > p
and |Asz| > |A;] for i = 1,2,4, and (v) |Ay] > p and |Ay| > |A;| for i = 1,2, 3.

(1) For p > |A;] with i = 1,2,3,4 we perform the scaling (qo,q:) — 1(qo, =) in Eq.
(Q.182) and take the |A;|/p < 1 limits. Integrating over g, in this limits we obtain

v? dgo [ dgz |©(3+a) —© (-5 — ) g0 + 1]
Ris(kas pay los 1) = / / = 2 2 lo ( > 183
olke el = 5rcy | @m ) @m [Tl lao+ @D |\ T )7 @1
Final integration over qq yields
2
oy Doy los 1) = —5—— |72 + log(2)? 4 2Lig(—1/2 184
Ris (ks pos o 1) S (0) [7° +log(2)® + 2Lia(—1/2)] (Q.184)

where Lig(z) is the dilogarithm function.

(17) For |Ai| > p and |A1| > |A;| with ¢ = 2,3,4, we assume, without any loss of
generality, that A; > 0 and perform the scaling (qo, ¢.) = A1(qo,¢») in Eq. (Q.182).
In the p/A; < 1 and |A;]/A; < 1 limits, Eq. (Q.182) takes the form

Ris (k. Do Ly 1) = C(Z;)Zlﬂ%/((;?)!(ig:) B%;(Eoz] [|q0|i|qx|r' (Q.185)

The integration over g, and qq yields

_ w0
-~ 2me(v)|Aq]’

where we have used the fact that we obtain the same result for Ay < 0.

R15(kzapxalx;#) (Q'186)

(i7i) For |Ag| > p and |Ag| > |A;] with ¢ = 1, 3,4 we assume, without loss of generality,
that Ay > 0 and perform the scaling (qo, ¢:) — A2(qo,¢z) in Eq. (Q.182). Defining
m = pu/Ag and 0; = A; /Ay, we can write Eq. (Q.182) as

Rus (ke Dy Lo 1) = v’ /dqo/dqx @(37m+q0)f@(7%7q0)
el T A, ) @n) ] o) 2(qo +m) — iy
R R

] (Q.187)

1 1
X .
[!qo\ + lge| + 1} LCIO +m|+ |ge — 04| + 53\]

Setting all §; = 0 and m = 0 inside the integration makes the g integration vanish.
This is a consequence of setting m = 0 and §; = 0 simultaneously. In contrast, setting
03 = 64 = 0 in the integrand is harmless and the integration takes the form

Ris (ke pay los pt) = v’ / dqo / dg, |© (37’” + ‘IO) _e (_% _ QO)
15\Rxy Dy by Y C(U)AQ (27'(') (27‘() 2(q0 + m) _ 251
R R

] (Q.188)

1 1
X :
[!qo + lga| + 1] [Iqo +m|+ \qxl]
We take a look at this expression in the cases in which (a) |61| > m and (b) m > |§1].
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(a) For |61] > m, we assume without loss of generality that 6; > 0, perform the
scaling (qo, ¢z) — 91(qo, ¢2) and take the m/d; < 1 limit. Doing so allows us to
write Eq. (Q.188) as

8uv? /dQO / dgz  qo [ 1 ][ 1 }
L | (2m) J (2m) 1+ 45 Lor(ao + o) + 1] Lao + 4 (@18
R R

The integration over g, is straightforward, yielding

Apv? / dgo  qo ( 1 )
Ras(kzs Doyl 1) = log (1+— ). .190
15(ka 2 me(v)Ag (2m) 1+ 4q3 8 qoo1 @ )

R+

In the §; < 1 limit, the leading order contribution from the gy integration is given
by

2

oy 1 2| Ag)\?
Ras (ke Pas los ) = I72e(0)| B log< A ) (Q.191)

where we have used the fact that the same result is obtained in the cases that
A2<OandA1>O, A2>0andA1<0,andA2<0andA1<0.

(b) For m > |1| we consider the scaling (qo, ¢z) — m(qo, ¢z) in Eq. (Q.188) and take
the |61|/p < 1 limit to write the integration as

2
L dgo dgz
Rls(kx,pmlmﬂ)—c(v)AQ/ (27T)/ (2m)
R R

©(3+a) -0 (-3 )
2(qo+ 1)

] (Q.192)

1 1
| /| |
m(|qo| + |gz]) + 1] [lgo + 1] + |gz|

Integration over ¢, is straightforward

oyt [dao | O(3+4q) O (=5~ ) m|1+ qol
Raalhon o li0) = 5 R/ o) [ s 11— 1) % (i) (@199

Integration over qg is done for finite m and, in the m < 1 limit we obtain the
leading order contribution

U2
le)(k;xapla lI, H)

2
o 7
= Te(0)] ] % (2\A2|> ’ (Q-194)

where we have also used the fact that the integration yields the same result for
the case Ay < 0.

(tv) For |As| > p and |Ag] > |A;| for i = 1,2,4 we note that, under the exchange
Ay <> Az and p <> —p in Eq. (Q.182), followed by the change of variables gy — —qo
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and q; — ¢ + Ay, this limit reduces to the one we computed previously. It therefore
follows that

pv?

2
i
Ris(k Loy =——-7-—-—1 — A
15( zy Dy atv/*b) 47T26(U)|A3| 0og (2’A3|> ) /J'>>‘ 1‘7

= 7;w2 lo <2’A3|
47T26(U)|A3‘ ‘Aﬂ

(Q.195)

2
Ris (ks pay Lo 1) > ) A1 > p.

For |A4] > p and |Ay| > |A;] with i = 1,2,3 we assume, without loss of generality,
that Ay > 0 and perform the scaling (o, ¢=) — A4(go,¢z) in Eq. (Q.182). Defining
the ratios m = pu/Ay and 6; = A; /Ay for i = 1,2, 3, Eq. (Q.182) assumes the form

2
L w dgo dgs
Ris(ke, D, les 1) = c(v)A4 / (271’) / (27)
R R

O +q)-0(-% %)
Q(QO + m) — 7;(51

] (Q.196)

1 1
X .
LQU| +1gz| + \52|] [Iqo +m| 4 [gz — 1| + |53|}

As in the previous cases, setting 47 = 0 and m = 0 simultaneously make the integration
vanish. Therefore we keep these two parameters nonzero. In contrast, setting do =
d3 = 0 in this expression is harmless. In what follows we analyze Eq. (Q.196) in the
(a) 161] > m and (b) m > |d1] limits by setting d3 = do = 0.

(a) For |61] > m we consider, without loss of generality, that d; > 0 and perform
the scaling (go,qz) — 01(go0,¢=) in Eq. (Q.196). In the m/é; < 1 limit, the
integration takes the form

L 4pv? dqo / dgs q0 1
R15(kx7px7 lgm /") - C(U)A4 / (27T) (2’/T) 4(](2] +1 qo + |q:r|
R+ R (Q.197)

1
X .
{51% + 101qz — 1\]
Integration over g, yields

q061

8/.L’U2 / dq0 (1+q0(51)log |:1+q051:| 90

- me(v)Ay ) (27) 1+ 26140 43 +1
R+

(Q.198)

RIS(kx7p$7 [ ,U/)

The integration over qg is done for nonzero §;. In the d; < 1 limit, the leading
order contribution is given by
2

A Al )
R15(k1‘7p1‘7l$7:u) - 27T26(U)|A4| ].Og <2|A4|> ) (Q199)

where we have used the fact that we obtain the same result regardless of the sign
of both A1 and A4.
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(b) For m > |61| we scale out m from the integration in Eq. (Q.196) through the
transformation (qo, ¢z) — m(qo, ¢z) and take the |01|/m < 1 limit. This yields

Ris(ke, Dy Lo pt) = v’ / dqgo / dge [©(3+q) -0 (-3 —q)
15\Fxy Py by 20(?))A4 (27{') (Qﬂ-) p”
R R

] (Q.200)

1 1
: [|qo|+|qx|] [m|qo+1|+|qu—1|]'
Setting m = 0 in the integrand introduces spurious divergences in both the gg and
q. integrations. For a nonzero m, the integration over gp and ¢, can be carried
in order to yield the leading order contribution in the m = u/A4 < 1 limit

2 2
P p

In here we used the fact that the same result is obtained for A4 < 0.

Collecting the results from Egs. (Q.184), (Q.186), (Q.191), (Q.194), (Q.195) , (Q.199) and
(Q.201), using the definitions Ay = v(k; +ps), Ao = ve(v) (ke —pz), Ag = ve(v)(ly — ke +p2)
and Ay = ¢(v)l;, and bringing back the constraint on the external momentum we can write
Eq. (Q.178) as

2

v
7315(/%7]%7191;;,“) = m

Ui\, v|ka + pal, ve(©) ke — pal, ve(V)|le — ko + pel, c(v)|la]]
Hrsl, vlkz + pal, ve(v) ke = pal, ve(V)lle — Kz + pal, c(0)[l|]”

where Ri5(z,y, z,u,w) ~ max(z,y, z,y,w) and the crossover function %5(z,y, z,u, w) is
defined as

@(Ab - ‘la:’)@(Af - U‘kx +p1’|)
(Q.QOQ)

2 [7? 4+ 1log(2)? + 2Lix(—1/2)], 2>y, z,u,w,

5 Y>> x,z,u,w,

xlog(%)z, 2>y u,w & x>,

Urs(,y, 2,1, w) = ﬂog(%); e ayuw koy>a, 600

xlog(%) , u>x,yz,w & >y,
xlog(%)Q, u>xy,zw & y>Sw,
xlog(ﬁ)Q, w> Yy, zu & x>,
xlog(%)g, w>x,y,z,u & y> .

F. R16(kapa l)

For M =1 and N = 6, the integration in Eq. (Q.6) evaluated at the RG condition reads:

Rasthe pyin) = 0 [ dg [|qo\+c<v><|qz|+|qyr>} {QO+M|+C(U)(!%\+!%|)]

. . (Q.204)

X .
i (qo + 37“) + vqy — qy + 20k, [_Z (20 + %) + g — vay + 2vpy
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The integration over the loop momenta follows the same logic as the one used in the compu-
tation of Eq. (Q.84). In particular, this implies that the external momentum has no further
constraints than the one discussed in Sec. 4.4-(a) . Because the integration is finite by power
counting we set all cutoff scales to arbitrary large values and proceed on integrating by first
performing the change of variables

Y =gy — qy + 20k, & X = gz — vgy + 20py. (Q.205)

Under this change of variables, Eq. (Q.204) takes the following form

A e [dao [ dX [ dY 1
Rag (ks pyi 1) = o IR/(27r) R/ (2) R/ (2m) [|qo| + Jc(v) X + Ay + |C(U)Y—A2|]

(Q.206)
1 1

1
X
g0 + p| + [e(v) X + Aq| + [e(v)Y — Az’] i(qo + 37“) 1Y

—i(@+5)+X

)

where to leading order in v we have neglected the terms of order ve(v)Y and ve(v)X since
these only offer subleading contributions upon integrating over X and Y. Here, we have
defined the scales Ay = 2vc(v)(vky — py) and Ay = 2vc(v)(kz — vpy). The structure of this
integration is identical to that of Eq. (Q.157). It follows immediately that this integration
is given by

v? Uye[p, 2ve(v) vk, — Dy, 2ve(v)|kz — vpy|]

Rag(kws py: jt) = — , 207
16 (ks pyi 1) AT Rag[p, 2ve(v)|vky — pyl, 2vc(v) ke — vpyl] (Q-207)
where Ri6(x,y, 2) = max(x,y, z) and the crossover function Uie(x,y, ) is given by
log(3), x>y, z,
tho(a,y.7) = { S0 o2 @209
x, y>x,z & z>u,y.

G. R17(ka b, l)
For M =1 and N = 7, the integration in Eq. (Q.6) evaluated at the RG condition reads:

Raa(ka: py; ) = 1 /@Lm+4mma+%d[m+w+dwma+mﬂ

' ) (Q.209)
1 (qo—i— 37“) + vqz — qy + 20k, —i(qo +§) + gu + vgy — 2upy

X

The integration over the loop momenta follows the same logic as the one used in the compu-
tation of Eq. (Q.90). In particular, this implies that the external momentum has no further
constraints than the one discussed in Sec. 4.4-(a) . Because the integration is finite by power
counting we set all cutoff scales to arbitrary large values and proceed on integrating by first
performing the change of variables

Y =vq, — qy + 20k, & X = qz +vgy — 2vup,. (Q.210)
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Under this change of variables, Eq. (Q.209) takes the following form

o fda [dX Ay 1
Raz (ke pys 1) = i R/(Zw)R/(Qﬂ)R/(%) [|<I0|+!c(v)X+A1|+|C(U)Y—A2J

(Q.211)
1 1

1
X
|90 + pl + [e(v) X + Ax| + |e(v)Y - A2|] i(qo + 37“) +Y

—i(@+4)+X

)

where to leading order in v we have neglected the terms of order ve(v)Y and ve(v) X since
these only offer subleading contributions upon integrating over X and Y. Here, we have
defined the scales Ay = 2vc(v)(py — vky) and Ay = 2ve(v)(vpy + kz). The structure of this
integration is identical to that of Eq. (Q.146). It follows immediately that this integration
is given by

v? Us[p, 20e(v)upy + kal, 2v¢(v)|py — vks|]

Rz (kw, P 1) = — : 212
17Kz, Py 1) A7 Rz, 2ve(v)|vpy + kg, 2ve(v)|py — vk, |] (Q212)
where Ri7(z,y, z) & max(z,y, z) and the crossover function U7 (z,y, z) is given by
log(3), *>uy,z,
Ur(a,y,2) = { 83w > (Q213)
x, y>z,z & z>x,9.

H. RIB(ka b, l)
For M =1 and N = 8, the integration in Eq. (Q.6) evaluated at the RG condition reads:

Ris(ke, Pa, Lo 1) Zuvz/dq [ 1 ] [ ; }

lqo] + c(v)(qz] +layl) | Llgo + pl + c(v)(|gz| + lgyl)
1 1 ] (Q.214)

X .
i (qo + %‘L) + Vg — qy + 20k, [_l (qO + %) + Gz + Gy — 20ps

The integration over the spatial momentum ¢ is the same as the one for Eq. (Q.49). There-
fore, it follows that the external momentum receives the extra constraint |p, — k| < Ap.
Keeping this constraint implicit, we note that the integration in Eq. (Q.214) is convergent
by power counting and thus we set all cutoff scales to arbitrary large values. After the change
of variables ¢, — ¢, —ky+ps and ¢, — gy +v(ky +ps), followed by the scaling ¢, — ¢./c(v),
Eq. (Q.214) can be written as

2
j 1 !
18(kz,p 1) o) q lq0] + gz + A1] + |c(v)qy + Ag] [—z (q0+ %)+ vz + gy

(Q.215)
1
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Here, we have defined the momentum-dependent scales A; = ¢(v)(pr — k) and Ag =
ve(v)(ky + pz). Integration over g, can be done in the small v limit by neglecting those
terms of order ¢(v)qy:
3
Rus(hoops ) = 0% [ dao / dg, [©(5+w) =0 (% +a)
18 xupd?a x»N (27T)

v ) em) 2ulv)es + i (Q.216)

1 1
X .
[Iqo! + |ge + A1 + |A2\] [\qwrul + |AL + | + \A2J

Similarly, as in the case in which M = 1 and N = 4, we note that setting w(v) = 0 is
harmless as far as the integration over ¢, is concerned. However, this sets to zero one of the
important IR scales of the diagram. We therefore make the shift ¢, — ¢, — A1 and redefine
A1 = w(v)A;. Doing so

_i,uvz/dqo/dqx ®(§+qo)—®<37“+qo>

R kg:, xall‘; - A
18 (ks Do L 1) o) ) Cm) ) Cm) | 2w, + 250 +in (Q.217)

1 1
X .
[\QOl + || + \A2J LQO +pl =+ 2] + \Azl]
The integration over g, is convergent in the absence of the term of order w(v)g,. Neglecting
this term and integrating over ¢, we obtain
iy
2

S
LU 1
Rig(kes Pay la; 1) = me(v) 2A7 +ip /

lqo|+]Az]
dgo |08 (4\QO+M|+|A2|)

27m) | lgol — lq0 + pl

(Q.218)

3u
2

In here it becomes clear that A; plays no role in the integration at all. We therefore analyze
the (7) p > |As] and (i7) |Ag| > p limits.

(1) For p > |Asl, we perform the scaling gy — nqo in Eq. (Q.218) and take the |Aq|/pu < 1
limit to obtain:

1
-3 |q0]
dqgo log (\QO+1\)

Rus (ko po Ly ) = 10° 1 / (Q.219)
18\Fxy Pxs by U 7TC(’U) 2Z1 —l—’iu : (27T) ’q0| _ ‘CI(] T 1‘ .
-3
The integration is straightforward and yields
2
1Y 1 9 27
Rig(ks, payle; pb) = — 41 — - .220
18( p N) 1671'20(1)) 2A1 + l,LL |:7T + og < 4 (Q )

As it is customary we note that we can further approximate this expression depending
on the relative magnitude of A; and p:

SN 27
02

Al LY 9 27
R ]{717 xal:r, lu<<£ ! — |:7T +410 <>:| .
18(kz, Pas Lo 1) S2m2e(0) B (7

(Q.221)
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(i7) For |Aa| > p we assume, without loss of generality, that Ay > 0 and perform the
scaling go — Agqp in Eq. (Q.218). To leading order in m = /Ay < 1 this expression

reads
v’ 1 7 d 1
1Y q0
Rig(kzy paslas ) = — . 222
18( Py b ,u) 7TC(U) 2A1 + ZM / (271') 1+ ’qo‘ (Q )
—
To leading order in m < 1 we obtain
ipv? 1
RIS(kmpx, lx? N) L o (Q'223)

" 2m2c(v) 28 + ip | D]’

where we have used the fact that the same result is obtained in the case that Ag < 0.
As we did before, we approximate this expression depending on the relative magnitude
amongst p and Ap. Doing this yields

-~ 2
>[Aq] v o
Rk R T
18( zy Pz xaM) 271'26(1}) |A2‘7 (Q 224)
<& P pf '

. 14
Ras (ke Day L 1) 4m2c(v) Aq|Ag|

Collecting the results in Eqs. (Q.220), (Q.221) and (Q.224), using the definitions A; =
v(py — kz) and Ay = wve(v)(ky + pr), and bringing back the constraint on the external
momentum we can write Eq. (Q.214) as

_ v? _ _ i, v(px — ka), ve(v)(kz + Pa)]
 4n2c(v) O — Ip kz‘)ﬂlg[u, v(pz — kz),ve(v) (ke + p)]’

Ras(kz, pa, L 1) (Q.225)

where Z15(x,y, z) is defined as

2|, [z| > [yl, 2],
Fig(x,y,2) =Sy, |yl >z, |2l (Q.226)
2], |2 > [yl [=].

and the crossover function %s(x,y, z) is given by

';’|:[w2 +log (ZD)], |z > |y, =],
Trs(ag.z) = 4 5 18 CD]L > lallel & ol > |2l
2|z, 21> |z, |y & || >yl

2
21> [zl [yl & Jy[ > |].

(Q.227)

iz
Y
Q.3 ONE-LOOP COUNTERTERM FUNCTIONS TO LINEAR ORDER IN )\g@_}},{a_}({kw\h})
(BRI 7

Having computed the integrations appearing in the leading-order quantum effective action
in Eq. (Q.2) we proceed on determining the counterterm functions that make physical
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| Re | Ry | Rz | Re | Raz [ ReoRz [ RyoRz || RELATED
A1111 || Assss | Adaaa | A3333 | Assss | Arrrr 6666 A2222
A1144 || Assss | Ada11 | A3366 | Assss | A7 6633 2277
A1212 || Ag787 | A4343 | A3434 | Ases6 | Arsrs A6565 A2121
A1247 || Ag752 | A4316 | A3461 | Ases3 | Ars2s 6538 A2174
A1313 || Ases6 | Aa242 | A3sss | Astsr | Arimi 6464 A2g2g &
A1346 || As653 | A1217 | A3ses | Asrs2 | A7 6431 Aog7s5 %
A1414 || Assss | Ad141 | A3636 | Assss | Arare 6363 o727
A1515 || Asagd | Aagas | A3ra7 | Asis1 | Arars 6262 2626
A1526 || Asa73 | Aag37 | A3ras | Asie2 | A73sa | Ae2s1 2615
A1537 || Asa62 | Aas26 | Asrs1 | Asi7s | Arsis 6248 2684
A1548 || Asas1 | Aas15 | A3r62 | As1s4 | A7326 6237 A2673
A1616 || As383 | Aara7 | Assss | As2s2 | Arama 6161 A2525
A1634 || As365 | Aar21 | Assse | Asors | Arare 6143 2587
A1717 || As282 | Md646 | A3131 | As353 | Ars75 6868 A2424 &
A1724 || As275 | A4631 | A3146 | Asses | Arsse 6853 2417 %
A1g18 || As181 | Aasas | A3232 | Asasa | Azere 6767 2323
A1823 || As176 | Aa532 | A3245 | Asaer | Avesi 6754 2318
A1g45 || As154 | Aas18 | A3267 | Asas1 | Are2s | Aerse 2376

Table Q.1: Symmetry relations between the four-fermion coupling functions in terms of
the hot spot indices only arising from Eq. (4.4) and up to exchange of the first two and
last two indices. Here we have used the simplified notation A\¢y,} = )\gfv }({kZ N, }) and the
corresponding transformation in the momentum is left implicit. The rows marked with &
and Q are further related by the property in Eq. (4.3).

observables independent of the UV scale Ay to leading order in the four-fermion coupling
functions. For this purpose we focus only on those coupling functions that are independent
from each other with respect to the Cy symmetry of the theory. In Table Q.1 we show the
relation amongst different allowed coupling-functions as a consequence of the C4 symmetry
of the theory and up to the relation offered by Eq. (4.3). We focus only on those coupling
in the first column of Table Q.1.

To linear order in the four-fermion coupling functions, there are four groups closed under
the RG. These are given in Table. 4.1. Amongst the four groups, we focus on GROUP 1,
because, in the absence of momentum dependence, these involve the zero momentum pairing
channel couplings and are the only couplings sourced by the spin fluctuations in the case
where all four-fermion couplings are set to zero in the UV.

Q.3-(a) GROUP 1

Here, we build the counterterm functions for the independent coupling functions belonging to
GROUP 1 in Table 4.1. The coupling functions in this group correspond to Al 3 ({ki:n, }),

1515;{0;
ML oy (D D)y MG oy (TR ) amd X (TR, )
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A.  Counterterm Function for )\%15 {on} ({k:l N, })

In the following we use Eq. (Q.2), the properties in Eqgs. (Q.7) to (Q.9), the relations
amongst couplings shown in Table Q.1 and the RG conditions in Eq. (4.57) to build the

counterterm function Zl{gzm {04} ({k:, N, }). This one is given by

Zh]2]3]4 ( fv k%, kgc, kff) =14+ /\j1j2j:3j4 ( f? k%a kggf, kic)_l

1515;01020304 1515;01020304

N2 N2-1
J1J2J3j4 T x,
8Nf Z Z 0391 .0201A1818 p202p104P11(k17_k37M)
p1,p2=1 a=1
N2 N2-1
J1J2J3J4 x x,
8N E E 0391 0202A1845 01p2p104pl5(k37 _kQ ) M)
f p1,p2=1 a=1
N2 N2-1
J1J2J3j4 T x,
8Nf E , E : 04/)1 9201/\1845 p20203p1pl5(k1’_k47u)
p1,p2=1 a=1
N2 N2-1
J1J2J3J4 T 1.T.
8N E E 04P1 9202/\1818 ;01p20301 Pll(_kZ ) k4 ) M) (Q'QQS)
f p1,p2=1 a=1
C N2 1 . . . .
J1J27374 T 1.T.
8N E : E : 10102 T 0201/\1548;p2p103047)15(k17k27:u)
fphpz 1 a=1
N, N2-1
J1J2J374 T 1.T.
8N E , E : 04p1 0302/\1548 0'10'2p2p17)15(k37k471u/)
fﬂhPQ 1 a=1
N2-1
2 c
m
a_b b_a x T 1.x x. T 1T L.X x.
+ 12N?2 0130525 E (TT) o103 (T T" ) op0a [R5 (K5, —k3, kT — k35 1) + Ras(—k7, kY, kY — k35 )]
f a,b=1
-2 N2-1

- Wéjljséjw& Z (TaTb)mUs (TaTb)Uth [R15(kica k%a ]{:g - kiv /L) + R15(k¢f7 kg? k§ - f; :UJ)] .
f a,b=1

Here, P11, P15 and Ri5 are given in Egs. (Q.25), (Q.83) and (Q.202), respectively. As it

will prove useful for determining the contribution of this counterterm function to the beta

functions of the four-fermion coupling functions, let us define the differential operator

0 0 ~ 0 0
D=pu—— k‘ — —ANp—— — 20,
a éw FBk:F "oA, bogs
Ne 5 (Q.229)
i
o35S fan e
{Mi=1} {o:=1} {ji=1} (Nihi{oi)} ({wz})
We now consider the following expressions:
Q=D }{ o) Pz, y; 1) : (Q-230)
Aatyigony ({2i3) u=hs
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AU
Co =D |~y L Py (a,ys ) : (Q.231)
RAIAHSIE) h=hs
1
C3 =D 1. Rls(%?/,Z;M) (Q232)
RYTAER)

Here we have left implicit the dependence of the C;’s on the momentum, spin, flavor and
hot spot indices. Using Eqs. (Q.25), (Q.83) and (Q.202) it is straightforward to see that, to
leading order in v < 1,

{4i}

A
wv Ni}i{oi
Ci= 2(2) {zi}{ M2 —g(A; —vle + y)O(As - ve(v)|z — y), (Q.233)
T Ay ({zid)
{M:};(p1)
{4:}

w(v AN o A
Cyp— — (v) {Ni}i{oi} O(As — v]z +y]) {@(Af —ve(v)|r — yl) log (C(U)Ab>

2 {u}
2n )\{Mi}§{0i} ({xZ})

+O(ve(v)|z —y| — Ag)log <v|xAﬁ y|> } .
v? Ay — [2)O(As —v]z +y]) {fl@
c(v L . 2

@ Ay )
x O(Ay —ve(v)|z —z +y[)O(Af — c(v)lz])

1 Af Af
577 oo o) o (e ) et = 4417
xO(cv)z —z+yl — |z +y)O(z —z+y| — |z —y))O(v]z —z +y| — |2|)

L (Af) log (Af) O(c(v)]2] — Ap)O(e(v)|z] — vz + 1))

c(v)lz] c(v)lz]

(Q.234)

(Aj —vev)|z = yl)

(Q.235)

< (12— vle — y)O(l2] — o]z — @ +y|>},
where we have defined
1 1
=3 [WQ +10g(2)? + 2Lis (—2” . (Q.236)

In Egs. (Q.233) to (Q.235), the Heaviside functions ©(xz — y) are to be understood as
enforcing the conditions x > y. Therefore, terms of the form (y/z)log(y/x)O(z — y) in Eq.
(Q.235) offer only negligible contributions in the range implied by the Heaviside functions.
With this at hand we have that, to leading order we approximate Cg as

Com~ — {IUZ ) : Oy —vle+y)OAs —ve(v)lz —y))
melv) A{J\Z/Ii};{pi}({xi}) (@257

X O(Af —ve(v)|z —x + y])O(Af — c(v)|z]).
In this expression we have also used the fact that, in the limit of interest, A, > A ;. Therefore,

O(Ay — [2))O(Af — c(v)lz]) = O(Af — c(v)|2]).
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B.  Counterterm Function for )‘%18 {on} ({kl N, })
In the following we use Eq. (Q.2), the properties in Eqgs. (Q.7) to (Q.9), the relations
amongst couplings shown in Table Q.1 and the RG conditions in Eq. (4.57) to build the

counterterm function Z {id

1818;{0; } ({kz .~; })- This one is given by

Zd1J2]3]4 (k¥ k3 kS, kD) =1+ \J172]374 (kT, k3, k3, kf)—l

1818501020304 1818501020304

N2 N2-1
J1J2J3J4 T x.
8N § : E : USpl p201)\1515,p202p1047311(k17_k3vl‘)
! p1,p2=1 a=1
N2 N2-1
§ { § : J1J2J3J4 T LT,
8N 0‘3p1 p20‘2 )\1548;0'1p2p10'47318(_k3’ kQ ) /’L)
! p1,p2=1 a=1
N2 N2-1
J1J2J3J4 T x.
8N E E U4p1 0201 )‘1548 1p20203p1 P18(k71 ) _k4 ) /’L)
! p1,p2=1 a=1
N2 N2-1
J1J2j3j4 T 1.T.
8N Z Z U4P1 0202)‘1515 alpgggplpll(—kgak47u) (Q.238)
! p1,p2=1 a=1
N. N2-1
J1J2j3j4 T 1.T.
8N E E P10'2 (r* p201)‘1845 p2p10304pl8(k1?k27u)
! p1,p2=1 a=1
N. N2-1
J1j2J374 T 1.2,
8N E , § U4p1 03[)2)‘1845 ;01020201 P18(k3 ) k4 ) :u)
! p1,p2=1 a=1
9 N2-1

T
+ o2 03103023 D> ) 0103 (T 0s0s [Rus (kS —k3, k§ — k5 i) + Ras(—kT, kf, kf — k5; )]
f

a,b=1
9 N2-1
™
— TaaOiisdisie 2 (7 )oray (T Vo [Ras (KT, K3, RS — ks ) + Ras (K k3. 15 — kT3 0)]
f a,b=1

Here, P11, P1s and Rqg are given in Egs. (Q.25), (Q.111) and (Q.225), respectively. As it
will turn out to be convenient, we define the following quantities

)\{?’\i]}
/\{M Ypi} ({ﬂfz‘}) p=Ag
1
C5 =D {l ¥ ng(l‘, Y,z :U’) ) (Q24O)
{M Y:{oi) ({xz}) p=Ay

where D is defined in Eq. (Q.229). Here we have left implicit the dependence of the C;’s on
the momentum, spin, flavor and hot spot indices. Using Egs. (Q.25), (Q.111) and (Q.225)
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we obtain
Co=~"Won, — o~y { () (ke —yl — A7)0z — 4] — vl +y])
4= "5 b Yy v|x — y Y ! ! !
A Miptos
/ 2 -
+<2) O(vlz +y| — [z —y[)O(v Ix+y|—Af)} {.) ’
2|z + y| )\{M}{p}({!Ei})
B fQ’U2 1 A A A
= (o) O(Ap — |z —y)O(Ay —ve(v)lz +y)O(Ay —vlz —yl),  (Q.242)

sty (17}

where we have defined

o= 116 [772 + log <247>] . (Q.243)

Because the Heaviside functions ©(x — y) enforce the condition that x > y, those terms of
the form (y/x)©(x — y) offer only subleading contributions in momentum. Therefore, to be
consistent with the approximations we have done in computing the quantum corrections, we
further approximate C4 and Cs as

2
1
C5 ~ — /21)

©(min[vAy, As] —vlz —y[)O(Af —ve(v)lz +y).  (Q.245)
) Ao (o)

Notice that for C5 we have used the fact that ©(Ay—|z—y|)O(As—v|z—y|) = O(min[vAy, Af]—
ol — yl).

C.  Counterterm Function for )‘%4}5 {os }({ki;Ni})

In the following we use Eq. (Q.2), the properties in Egs. (Q.7) to (Q.9), the relations
amongst couplings shown in Table Q.1 and the RG conditions in Eq. (4.57) to build the

counterterm function Z (i}

1845;{c;} ({kz N, }). This one is given by

71727374 (K% kS kS kS =1+ \JLj2gaja (kT k5, K3, ki)fl

1845;01020304 1845;01090304

N2 N2-1

J1J273Jj4 T x

E : E : Jsm pzal/\1548 p202p104p14(k1’_k3)
phpz 1 a=1
N2 N2-1

J1J273Jj4 T 1.T

8N z : E : UJPI ,0202A151501p2p104pl5(_k27k3)
! p1,p2=1 a=1
N2 N2-1

§ § J1J2J3j4 T x

8N U4P1 ,020'1 A].515 p20203p1p15(k1 ’ _k4) (Q246)

! p1,p2=1 a=1
N2 N2-1

J1J2J3j4 T 1.T

§ § 04p1 p202 /\1548 101020301 P14(_k2 ) k4)
P17P2 1 a=1
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PIS(_kff?

Z Z T )\J1J2J3J4
8Nf P10'2 P20'1 1818;p2p10304
p1,p2=1 a=1
Z Z )\3132]334
8Nf 0'4P1 03/)2 1818;0102p2p01
p1,p2=1 a=1

7318(]{:%7 k%)

—k3).

Here, P14, P15 and Pig are given in Eqgs. (Q.67), (Q.83) and (Q.111), respectively. At this

stage it is convenient to define

{4}
AN o)
VTANENCEYS

{M H{pi}

Pra(z,y; 1)

, (Q.247)

p=Ay

where D is defined in Eq. (Q.229). Here we have left implicit the dependence of the Cg on the
momentum, spin, flavor and hot spot indices. Making use of Eq. (Q.67) it is straightforward

to obtain:
{7i}
w(v) ANiior) log <
l;
}M}} Ap }({l’z})

In arriving to this expression we have used the fact that ©(A, — [ — y|)©

O(minfvAy, Af] —v|z —yl).

D.  Counterterm Function for A

In the following we use Eq.

amongst couplings shown in Table Q.1 and the RG conditions in Eq.

{js}
counterterm function Z15 18 {07}

w(v)

{ji}
1548;{c;}

({kz N; })

(Q.2), the properties in Egs.

({k:z N, }). This on is given by

J132J374 _ J1j2j3j4
2518 o ososos (K15 ks kg ka) = 1+ Xpighr o o (
N2 N2-1
J1J273J4
8Nf E E 03p1 pQUl)\1845;p20'2P104
p1,p2=1 a=1
N2 N2Z2-1
J1J2J3J4
8fo E E 03p1 p202A181801p2p104
p1,p2=1 a=1
N2 N2Z2-1
J1J273J4
8fo E E o4p1 p201A1818p20203p1
p1,p2=1 a=1
N2 N2Z2-1
J1J273Jj4
8Nf E E 04/)1 pzaz)‘1845 ;01P203p1
p1,p2=1 a=1
N. NZ2-1
J1J2J3J4
8Nf g E p10’2 7' 0201)\1515 1P2010304
P1,p2= 1 a=1
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Pra(kT,

PlS(kfv

Pra(ky,

> O(min[vAy, As] —v|z — y|)O(Af — v’z +y[).  (Q.248)

(A —vlz —yl) =

(Q.7) to (Q.9), the relations

(4.57) to build the

r 1.2 1.3 r.x\—1
17k2’kka4)

—k3)

Prs(—k3, k3)

k) (Q.249)

—k3)

Prs (K1, k3)
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J— a a J1J27374 x T
T8N E E (7 )o4p1 (T )03,02)‘1515;0102p2p17)15(_k47_kS)'
! p1,02=1 a=1

Here, P14, P15 and Pig are given in Egs. (Q.67), (Q.83) and (Q.111), respectively.

Q.3-(b) QUANTUM CORRECTIONS TO QUADRATIC ORDER IN A%%ﬁ’},{ai}({ki;]\h})

We turn our attention to the corrections of the quantum effective action at quadratic order in
the four-fermion couplings and focus only on the four-point vertex function. In the presence
of momentum dependence in the coupling functions, this one reads,

[J192J374 (1, ko, ks, kg) = (Q.250)

N1NaN3Ny;01020304

Ny Ne 8
1 11yjsl
o 27#2 Z Z Z /dq)\g\lflb\il?)lJQ\/'g,Mg;alplagpQ (kl;va [q - kl]M17k3;N37 [q - kB]MQ)
l1,la=1 p1,p2=1 M1, Mz=1

l272l17
X )‘1\242221\}2]}4\/11N4;p202p104([q — ksn,, Koy, lg — k1], k4;N4)GM1 (q = k1)Gar,(q — k3)

Ny N, 8
1 11275
+ 202 Z Z Z /quf\l/[j12]{f3212\731\/[2§ﬁ1020392([q - kQ]Ml’ k2§N27 k3;N37 [q - k3]M2)
1
l1,l2=1 p1,p2=1 M1,M>=1

-
X NNy MA N1 papr oo (F2iN1 s [0 = E3]ng s [0 — K] Ny, kv )G, (0 — k2) G, (g — ks)

Ny Ne 8
1 o
+ ﬁ Z Z Z /dq)\g\lfllf\lgljilgl\ﬂl;a’lplpgaél (k1§N17 [q - kl]Mp [q - k4]M27 k4;N4)
H l1,la=1 p1,p2=1 M1, Mz=1

laj273l
x )‘1\24]221]\7?;]1\]3M1;p20203p1([q - k4]M27 k2:Ng s k3;ng [q - kl]M1)GM1 (q— kl)GM2 (q — ka)

Ny N, 8
1 1 inla
- 21,2 Z Z z : /dq>\]\1/[]12]\?21;“42N4;p102p204([q - kQ]MU kQ;Ngv [q - k4]M27 k4;N4)
a l1,l2=1 p1,p2=1 My, Mr=1

j1l273l
X NNy TN My 01 paospy B3Ny s (@ — Kal vy bang s (@ — Fo]an )Gy (0 — K2) G, (g — Fa)

Ny Ne 8
1 N
+ ﬁ Z Z Z /dq)\g\lfﬁ\é]\lemdlmplpz(kl;Nl7k2?N2’ [kl + q]Ml’ [k2 - q]M2)
H l1,la=1 p1,p2=1 M1, Mz=1

Il
X A]\l/lfﬁgzjl\%NMppoOtsoq([k‘l + q]M17 [k2 - q]M2, k3N, k4;N4)GM1 (g + kl)GM2 (ko — q).

To a first approximation in the WMDL, one can ignore the momentum dependence in the
coupling functions. In doing so, Eq. (Q.250) takes the simpler form

[J192J374 (1, ko, ks, kg) = (Q.251)

N1N2N3Ny;01020304

1 Ny Ne 8
- Jilijslz laj2l1ja
2u Z Z Z )\N1M1N3M2;<71p103/?2)\M2N2M1N4;P2U2ﬂ104OMlM? (kl’ k?’)
l1,l2=1 p1,p2=1 M1,M2=1

1 Ny Ne 8
- l17273l2 Jilalija
+ 20 Z Z Z AM1N2N3M2§010203P2AN1M2M1N4;01P2P104OMlM? (kQ’k3)
l1,l2=1 p1,p2=1 M1 ,M2=1
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- § : § : § : Jilil2ga laj2j3l1
+ /\N1M1M2N4,U1p1p204 /\M2N2N3M1 P20203p1 OMlM? (kl’ k4)
ll,lz 1 p1,p2=1 M1,M2=1

o § : § : § : l1j2l2j4 Jilagsh
/\M1N2M2N4;p102p204/\N1M2N3M1;01p203p1 OMlM? (k2’ k4)
11712 1 p1,p2=1 M1,M>=1

§ : § : § : Jijelala l1l2j3ja
+ 9, /\N1N2M1M2;0102p1p2/\M1M2N3N4;p1p20304 QMlM? (kl’ kQ)’
11712 1 p1,p2=1 M1,M>=1

where we have defined the integrations
Oux (ki) = ™" [ daGa(a— WG (a —p), (Q252)

Qui(k,p) = p~! / dgGrr(q + K)Gn(p - q). (Q.253)

In the absence of the curvature of the FS, these two integrations are related due to the
particle-hole symmetry of the theory:

OMN(k:¢p) = _QMN(_k:¢p)' (Q254)

There are, in principle, sixty-four different integrations of the form given in Eq. (Q.253).
However, this expression satisfies the following symmetry properties inherited from the Cy
symmetry of the theory and the freedom of relabeling the loop momenta:

Qun(k,p) = Qnm(p, k),
Q[lfM]g[lfN]S(k,p) = QMN(kxypx)a (Q255)
Qurt2siv+2s (k. p) = Quin (kg,p%) ;
where [x]g denotes the reminder of z divided by 8, k* = (ko, —kz, ky) and k2 = (ko, —ky, kz)-

In what follows we analyze Qp/n(k,p) for the cases M = 1 and N = 1,...,8. All other
choices of hot spot indices can be obtained from these ones through the symmetry properties

in Eq. (Q.255).
Q.3-(c) THE Qpn INTEGRALS
To simplify the computation of the Qs integrations we consider them at the RG condition

in Eq. (4.57).

A, Qui(k,p)

At the RG condition in Eq. (4.57) and at zero external momentum, the integration in Eq.
(Q.253) for M =1 and N = 1 reads

1 1
Qu(u) = Ml/dq [ , . (Q.256)
i(¥+00) +vae+a, | LG+ 0) - va—a
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According to the discussion in Sec. 4.2-(a), the integration over g, and g, is done over the
momentum range:

vqe +qyl <Ay & [qz —vgy| < k. (Q.257)

To make this cutoff structure explicit, we change variables to momentum away and along
the local FS at hot spot N = 1:

Y =vqp — qy, X =qp —vgy. (Q.258)

With this change of variables, Eq. (Q.256) takes the following form

Qui(p) = /dqo / / 3u +1qo)+Y

Clearly, the integration over X decouples and yields an enhancement in the size of the patch
of the F'S. The integration over Y is finite in the Ag/p > 1 limit. Therefore, integrating
over Y and ¢y yields the finite contribution

1
—i(5+w)-Y

kg

Qui(p) = e

(Q.260)

It is not difficult to see that this offers no contribution to the beta functions of the four-
fermion couplings. Therefore, we do not consider Eq. (Q.256) in the presence of nonzero
external momentum.

B. Qia(k,p)

At the RG condition in Eq. (4.57) and at zero external momentum, the integration in Eq.
(Q.253) for M =1 and N = 2 reads

_ 1
Qua(p) = p 1/dq (3
1(7“+qo)+vqx+qy

According to the discussion in Sec. 4.2-(a), the integration over g, and g, is done over the
momentum range:

(Q.261)

—i (54 q) + o +vgy

Vg + qy| < Ap & gz —vgy| < kr. (Q.262)

To make this cutoff structure explicit, we change variables to momentum away and along
the local FS at hot spot N = 1:

Y =vqy — qy, X = qu +vgy. (Q.263)
Under this change of variables, the integration domain changes to

Y| <Ap & Y —20X| < kg (Q.264)
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Since Ay < kg it becomes clear that the X integration is cutoff by kp/v. With this at hand,
we can write Eq. (Q.261) in terms of the new variables as

Ay L
dqo dY 1 1
Qua(p) = p 1/ / , . (Q.265)
R (2m) “A; (&) kp (2m) i(%+qo)+y SiE )X
Integration over qq yields
A by
- 0(-Y
Qia(p / / [ X+Y+(w )} . (Q.266)
—Ay kg

v

To proceed on integrating we note that, upon the shift X — X — Y, the integration takes
the form

kF

Qua(p Z o) / [ X—;/l—we(—y)] (Q.267)

kg

v

In here, we have neglected the shift in the cutoff of the X integration because Y is at most
of order Ay < kp/v. Symmetrizing in both X and Y yields

Ay
Qua(p) =" /((;:)
0

In the kg > Ay > p limits, we obtain the leading order power-law divergent term

Our() = 55 @") log <fjf) . (Q.269)

Despite the logarithmic divergent coefficient in the krp > Ay limit, this expression offers
no contribution to the beta functions of the four-fermion couplings. For nonzero external
momentum, this fact remains unchanged.

(dX) 2X (Q.268)

T X2+u2'

h<\c‘§
DO

C. Ql3(k)p)

At the RG condition in Eq. (4.57) and at zero external momentum, the integration in Eq.
(Q.253) for M =1 and N = 3 reads

1 1
Quz(p) = M_l/dq ,
i(%+a0)+vaeta,] [71(5+0)— gty

(Q.270)
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According to the discussion in Sec. 4.2-(a), the integration over g, and g, is done over the
momentum range:

Vg +qyl <Ay & gz —vgy| < kp. (Q.271)

To make this cutoff structure explicit, we change variables to momentum away and along
the local FS at hot spot N = 1:

Y =vqp — qy, X = gz — vgy. (Q.272)

Under this change of variables, Eq. (Q.270) takes the same form as Eq. (Q.265) except for
the fact that the X integration is cutoff by kg only. It is straightforward to see that

Qmng;fyy%(ﬁ>, (Q273)

in the kp > Ay limit. Once again, this expression will offer no contribution to the beta
functions of the four-fermion couplings and therefore, it is not necessary to take a look at
the nonzero external momentum case.

D. Q14(k7p)
At the RG condition in Eq. (4.57) and at zero external momentum, the integration in Eq.
(Q.253) for M =1 and N = 4 reads

_ 1
Qua(p) = p 1/dq 73
Z(T“"‘QO)""U%C""QZJ

According to the discussion in Sec. 4.2-(a) , the integration over ¢, and ¢, is done over the
momentum range:

1
—i (5 +q0) —vgz + qy

(Q.274)

vz +qy| <Ay & gz —vgy| < k. (Q.275)
It is convenient to change variables to
Y=vge+aq, Y=q—uvg. (Q.276)

Under this change of variables Eq. (Q.274) can be written, to leading order in v < 1, as

Qua(p) = pu~ /dqo / / 3,u +1(]O) Ly

—Ay —kF

1
—i (5 +q)+Y —20X

] . (Q.277)

We note that if one sets v = 0, the integration diverges linearly in the large kr limit. For
nonzero v, the integration is convergent for kg > p. Scaling X — X /v allows us to write

Qu(p) = 1/d%(/ / @+;)+Y
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Integrating over qg yields

vkp
dX [O(Y —2X) - ©(-Y)
Qule) = / { <2w>{ v —X) | (Q279)

We consider this integral in two main cases: when (i) Ay > vk and (ii) Ay > vkp.

(7) In the case that Ay > vkp, we can make the shift Y — Y + X and write Eq. (Q.279)

vkp
dX [O(Y — X) - 0(-Y — X)
Qua(p / /k o) [ oy : (Q.280)

The shift in the cutoff of the Y integration has been neglected because X is at most
of order vkp < Ay. Symmetrizing in both X and Y we obtain

Fax fav sy
1 8
. 281
Qualp) = / (2) / (2m) 4Y2 + 112 (Q.281)
0 X
The integration over Y followed by the integration over X yields, in the Ay > vkp >
limit
kg Ay
= 1 — . 282
Quilh) = 5o 10w (1) (@25)

Similarly as in previous cases, this provides no contribution to the beta function for
the four-fermion couplings.

(i7) When Ay <« vkp we can perform the shift X — X 4+ Y and write Eq. (Q.279) as

vkp
dX [O(-Y —2X) —6(-Y)
Qua(p) = = / / o) [ i ox . (Q.283)
—Af 71}]€F

Once again, the cutoff in the X integration has been left untouched because Y is at
most of order Ay < vkp. After symmetrizing in X and Y we can write

Ay vkp
.284
Qua(p / / 1 X2 T (Q.284)
0 Y/2
The integration over X and Y yield the divergent contribution in the vkp > A limits:
Ay vkp
= 1 — . .285
Qu() = 1L ox () (Q2s5)
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In contrast to the limit in which A is the largest scale, this term has an enhancement
in 1/v. This yields a significant contribution to the beta functions of the four-fermion
couplings due to the flow of v. However, as we are about to see, the enhancement is
rather minimal compared to that of the case in which N =1 and M = 5. Further-
more, Eq. (Q.274) yields the same result in the presence of nonzero momentum as a
consequence of the integral being IR in the g = 0 limit.

E. QlS(kvp)

For M =1 and N = 5, the integral in Eq. (Q.253) evaluated at the frequencies implied by
the RG condition in Eq. (4.57), reads

1
1(37“ +qa) + gz + gy + e1(k; 0)

Qus(k, 7 1) = M_l/dq
(Q.286)

1
X , -
[—Z (5 +a0) +vaz + ay + e5(7;v)

According to the discussion in Sec. 4.2-(a), the integration over the momenta is limited to
the region:

lvge + gy + el(lz; V)| <Ay |vge +qy+ %(E;v)] <Af, & gy —vg| < kr. (Q.287)

To make the integration depend explicitly on the UV cutoff we consider the change of
variables

Y =vq, + qy, & X = @z — vgy. (Q.288)
With this change of variables, the integration domain is transformed to

Y +ei(k;0) <Ay & Y +es(kv) <Ap, & |X| < k. (Q.289)

which requires the energy of the electrons to be constrained as |e (k; v)| < Ay and les(F; v)| <
Ay so that the integration over Y has nonzero support. In the case that \el(E; v)| < Ay and
]65(5; v)| < Ay, the integration over Y is cutoff by Ay. Keeping this constraint implicit, and
noting that the X integration decouples, we can write Eq. (Q.290) as

Ag
_— k dg dY 1
Qus(k, ps ) = 2:#/ (27;)) / (27) Z(iﬂ + ) +Y +ei(k;v)
8 5+ 1(k; (Q.290)
y 1
—i(§5+a) +Y +es(Fv) |
Integration over the frequency yields
Ay .
L k dY | 8[Y +ei(k;v)] — O[-Y — e5(p;v
Qus (K, P p) = 5— / | : L) = | f(p s (Q291)
2w | (QTF) zlu—i—QY—i-el(k;U) +e5(p;’l))
—Ay

290



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

We continue on analyzing this expression by making the shift Y — Y — el(E; v), under which
we obtain

- 7 ay {@(Y) —O(-Y - A)

27 (2) in+2Y + A

Qus(k, s 1) = (Q.292)

Here we have defined A = e5(7v) — e1(k;v) = —e1 (5 + k3 v), where the last equality follows
from the fact that e1(p; v) = —e5(p; v) and that the electronic dispersions are linear functions
of momentum in the absence of the curvature of the FS. We have further neglected the shift
in the UV cutoff because we are considering the limit in which Ay > le1(k;v)|. We continue
analyzing this expression in the limits in which (i) g > |A| and (i7) p < |AJ.

(i) For p > |A| we consider the scaling Y — uY and take the |A|/p < 1 limit. Defining
Ar=As/p, Eq. (Q.292) takes the form

Qu5(k, i o 7 [ _6(_Y)]- (Q.293)
—Ay

1+ 2Y

Integration over Y yields the logarithmically divergent contribution

<Af > (Q.294)

Qus(k,p;p) = .

kr
472 ,u
(17) For |A] > p we assume that A > 0 without loss of generality and consider the scaling

Y — AY and take the u/A < 1 limit. Defining Ay = Ap/A, Eq. (Q.292) takes the
form

Ay

Qus (. / 21) [ ;fi_1y - 1)} ' (Q:295)

Integration over Y yields the logarithmically divergent contribution

_ _hr Ay

where we have used the fact that the A < 0 case yields the exact same contribution.

Q15(k7p; M)

Collecting the two results, it follows that Eq. (Q.286) can be written as

- k A
Qi5(k, 7 1) = —=—log ( L ) : (Q.297)

4m2p 151, ler(k + piv)])

where #15(z,y) ~ max(z,y). The logarithmic divergence combined with the enhancement
by kg yields a significant contribution to the beta functions of the four-fermion couplings.
In fact, this is much larger than that of the case in which M = 1 and N = 4, where the
effective enhancement appearing in the beta functions is at most of order log(1/v).
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F. Qlﬁ(kap)

At the RG condition in Eq. (4.57) and at zero external momentum, the integration in Eq.
(Q.253) for M =1 and N = 6 reads

1
i(%‘—l—qo)—i—vqx—i-qy

According to the discussion in Sec. 4.2-(a) , the integration over ¢, and ¢, is done over the
momentum range:

1
—i (4 +q) — ¢o — vgy

Que(p) = p~ ! / dg (Q.298)

vge +qy| <A & g —vgy| < kp. (Q.299)

To make this cutoff structure explicit, we change variables to momentum away and along
the local FS at hot spot N = 1:

Y =vqy — qy, X = —qz — vgy. (Q-300)
Under this change of variables, Eq. (Q.298) takes the same form as Eq. (Q.265). Therefore
we obtain
1 (A kg
=——1 —_— .301
Qi) = 517 (5% ) 1 (). (@301)

in the kp/v > Ay limit. This expression will offer no contribution to the beta functions of
the four-fermion couplings and therefore, it is not necessary to take a look at the nonzero
external momentum case.

G. Q17(k7p)

At the RG condition in Eq. (4.57) and at zero external momentum, the integration in Eq.
(Q.253) for M =1 and N = 7 reads

1
z’(%‘—l—qo)—kvqx—i-qy

According to the discussion in Sec. 4.2-(a) , the integration over ¢, and ¢, is done over the
momentum range:

1
—i (5 +q0) —qotuvgy |

Qu7(p) —M‘l/dq (Q.302)

vge +qy| <A & g —vgy| < kp. (Q.303)

To make this cutoff structure explicit, we change variables to momentum away and along
the local FS at hot spot N = 1:

Y =vqy — qy, X = —qz +vgy. (Q.304)

Under this change of variables, Eq. (Q.302) takes the same form as Eq. (Q.265) except for
the fact that the X integration is cutoff by kg only. It is straightforward to see that

Qur(1) = 53 (ff) log (ij) , (Q.305)

in the kp > Ay limit. This expression will offer no contribution to the beta functions of
the four-fermion couplings and therefore, we do not to take a look at the nonzero external
momentum case.

292



PH.D. THESIS - ANDRES SCHLIEF - MCMASTER UNIVERSITY - PHYSICS AND ASTRONOMY

H. QlS(kap)

At the RG condition in Eq. (4.57) and at zero external momentum, the integration in Eq.
(Q.253) for M =1 and N = 8 reads

1 1
Qis(p) = u‘l/dq :
i (¥ +0) +vae+a, | L5+ 0) Tva—a

(Q.306)

According to the discussion in Sec. 4.2-(a), the integration over g, and ¢, is done over the
momentum range:

lvge + gyl < Ay & gz —vgy| < Ep. (Q.307)
It is convenient to change variables to
Y =vg, + qy, X = ¢y —vgy. (Q.308)

Under this change of variables Eq. (Q.274) can be written, to leading order in v < 1, as

Qus(p) = /dCJO / / 3u +1(10)+Y

—Af —k:F

1
—z’(g+qo)—Y+2vX]'

(Q.309)

We note that if one sets v = 0, the integration diverges linearly in the large kp limit. For
nonzero v, the integration is convergent for kp > p. Scaling X — X /v allows us to write

Qus(p) = 1 /qu / / 3# +1qo)+Y

Integrating over qq yields

Qua(p) = UM / 7F (C;ir() [6(2X z'_u}—/l—)Q_X@(_Y)] . (Q.311)

—ka

—i (5 +q)-Y +2X (Q:310)

Upon symmetrizing over X and Y we obtain

Ay vkp

dY dX 4X02X -Y
Quln )_vu/ o | Oy v @31
0

We consider this integral in two main cases: (i) Ay > vkp and (ii) Ay < vkp.
(7) In the case that Ay > vkp, Eq. (Q.312) can be written as

”L)kF Af

1 dX dY 4X
o = o [ oy | Gy e (Q:315)

0 2X
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The final integration yields, in the Ay > vkp limit:

Qus(1) = - (2 ) og (1) (Q314)

Due to the logarithmic divergence in kp/u = EF, this expression introduces an order
one contribution to the beta functions of the four-fermion couplings. This is still
subleading with respect to the case in which M = 1 and N = 5. Therefore, we omit
including the momentum dependence in this quantum correction.

(77) For the opposite limit, when Ay < vkp we can perform the shift X — X +Y and
write Eq. (Q.312) as

vkp

A

dX 4XO(2X — Y)

Qus(p / / XTI (Q.315)
0 Y/2

Final integration over the remaining variables yields

Qis(p) = 27: (f)log(f;). (Q.316)

This is a similar situation as the one encountered in the M = 1 and N = 4 case.
This expression gives rise to a significant contribution to the beta function for the
four-fermion couplings. However, this one is negligible with respect to the case with
M =1 and N =5 where the enhancement is given by kg, rather than As/v.

Q.3-(d) THE Q15(k,p) AND Oi5(k,p) INTEGRALS IN THE PRESENCE OF CURVATURE
OF THE F'S

In the previous section we showed that the largest contribution to the beta function for
the four-fermion couplings comes from the processes that involve antipodal electrons in
intermediate states due to the enhancement provided by the nonzero density of states at
the Fermi level. These two contributions come from the integrals Qv (k,p) in Eq. (Q.253)
(particle-particle) and Opn(k,p) in Eq. (Q.252) (particle-hole) with M = 1 and N = 5.
In the absence of curvature of the FS, these two are related to each other. Here we show
that, upon the inclusion of the curvature of the FS; only the particle-particle integral yields
a nonzero contribution to the beta function of the four-fermion couplings. For simplicity we
evaluate these expressions at the RG conditions in Eq. (4.57) and further set the external
momentum to zero. In the presence of nonzero external momentum, the computations follow
the same logic.

In the presence of curvature of the F'S, the dispersion relations at hot spots M = 1 and
N =5 are modified to

el(E;v;n) = vk, + ky — nk%, & 65(E; v;n) = —vky — ky — nkzz, (Q.317)
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where 7 is the dimensionful curvature of the FS. At the RG condition in Eq. (4.57) and zero
external momentum, the integrations in Eqs. (Q.252) and (Q.253) adopt the following form

_ 1 1
O15(p) = p 1/dq : m 2] o (Q.318)
(qo - —) + g+ gy —ne2 | [1(0—5) v —ay —na

1 1
Qis(p) = p! /dq : . (Q.319)
i(t]o+37”)+vqx—qy—nqg i (a0 + %) + 00z + gy — 04}

Let us consider each integration independently.

O15(1): The integration over the momentum in Eq. (Q.318) is done, according to the
discussion in Sec. 4.2-(a), over the momentum range

|vqe + qy — nqi\ <Ay, & |vge+qy+ nqﬁ! < Ay. (Q.320)

This comes just from requiring that the particle-hole pair in the intermediate state is
within the shell of thickness Ay around the FS. Now, the momentum along the FS, is
bounded by kr. In the small v limit, this corresponds to the ¢, integration. In this
limit, it is convenient to define the new variables

X = ¢z, & Y = vq, + gy — nq>. (Q.321)
Under this change of variables, the range of integration is now of the form
Y| <A, [Y+20X2|<Ap, & |X]|<kp (Q.322)

This implies that X is bounded by min(/Af/\/7, kr) as a consequence of Y being at
most of order Ay. Since kp represents the size of the patch on the F'S where it can be
regarded as a straight line, it follows that n ~ 1/kp and thus, min(\/Ag/\/7, kr) =
Arkp in the kp > Ay limit. With this new change of variables we can write Eq.

(Q.318) as
A Askp
d dYy dX 1
Ous(p) = p~* / e /
em | ) |i (- %) +v
R —Ay —/Askp (Q323)
1
X | - m 5| -
Z(q0—§) —-Y — 29X
We can scale out n via X — X/\/n ~ VkpX and write
d N v dX 1
o= i [ 1 0]
(27T) 7 <Q(] _ 37#> _|_Y
—Af —\/E 2 (Q.324)

1
x !i(qo—g)—y—z)(?]‘
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Integration over qg yields

Af \/Af

_ o [ Y dX [O(Y +2X?) - 0(-Y)
O15(n) = 2v/ ke ™" / (2n) / (m)[ 2X2+2Y —ip } (Q325)
—Ay 0

In this expression we can make the following scaling X — /Ay and Y — A;Y. Doing
so, and defining m = p/Ay < 1, we obtain

1
2\ _ _
Ors() = 2/Fh g~ / R e e e FECESD
-1 0

2X24+2Y —im

The remaining integration is regular in the m = 0 limit and thus we conclude that

O15(p) ~ kFAf- (Q.327)

I

This expression has no contribution to the beta function as a consequence of the power-
law dependence in both y and k.

Q15(p): The integration over the momentum in Eq. (Q.319) is done, according to the
discussion in Sec. 4.2-(a) , over the momentum range

|vgz + gy — nqz\ <As, & gz| < kr, (Q.328)

in the small v limit. Here we have chosen g, to be the momentum along the FS in a
first approximation in the small v limit. As we shall see, this should not modify the
logic we are about to present. What is important in here is that we can now perform
the following change of variables

X=¢ & Y=uvg+a-ndg. (Q:329)
Under this change of variables it is easy to see that Eq. (Q.319) takes the following
form
dqo 1 1
Qus(p) = 1/ / / : (Q.330)
. i(a0+%)+y ]| [Zilot+5)+Y
—RE

This is nothing else than the zero external momentum version of Eq. (Q.290). There-
fore, this reduces to the same computation we did in the absence of curvature. In
the presence of external momentum, the same discussion applies, and the computation
reduces to the case in which the curvature of the internal electrons is ignored.

With this discussion at hand, it becomes clear that the only dominant contribution to the
beta function of the four-fermion couplings will come from either the particle-particle or
particle-hole diagrams that involve antipodal electrons if one ignores the curvature of the
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FS. In the presence of curvature of the FS, only the former becomes important. Therefore,
in the WMDL, the largest contribution to the beta function comes from the counterterm
functions in the zero momentum particle-particle channel:

Ny N, 8
L kF L _1 <
2A3\}f%§]j\?3]v4;0‘1020304<{ki?Ni}) = _87.[.2/11)\%5?\?;}7\}13]\74;01020304({ki§Ni}) Z Z Z
l1,l2=1 p1,p2=1 M1=1 (Q331)

o Jrizhalz Ilajs s log Ay
N1 No M [M;+4]g;010 M1 [M1+4]gs N3 Ny; 030 7 Tk,
1 No My [M1+4]g;0102p1p2 1[M1+44]8 N3 Ny;p1p20304 /15(M7|€M1(ki<+k§,v)’)

where /2;* denotes the momentum evaluated at the RG condition in Eq. (4.57) and which
depends on the choices of N1, Ny, N3 and Ny.

Q.3-(e) QUADRATIC CORRECTIONS BEYOND THE WMDL

So far we have considered the contributions to the beta functions at quadratic order in the
four-fermion couplings within the WMDL. In this approximation, the four-fermion couplings
are assumed to be nonzero along the FS. However, for a theory in which the four-fermion
couplings are tuned to zero in the UV, the spin fluctuations source an interaction that is
nonzero only in a confined region close to the hot spots. This is because electrons far away
from the hot spots decouple from the spin fluctuations at sufficiently low-energies. Because
of this, it is important to go beyond the WMDL in the computation of the contributions to
the beta function at quadratic order by incorporating the momentum profile generated by
the spin fluctuations to leading order in )‘g\ih}}; {o’i}({ki§ N })-

We are interested in the largest contribution to the beta function at quadratic order
in the four-fermion couplings. In the absence of momentum dependence, we showed that
this corresponds to the particle-particle diagrams that involve virtual electrons that lie on
antipodal points on the FS. In the presence of momentum dependence, we expect this to be
the case as well. This is because this are the only processes in which the virtual electrons
can explore an extended region of the FS without energy cost. Hence, in the presence of
momentum dependence, the largest contribution will arise from the quantum correction:

Ny Ne 8
L 1
2FJ]\/11]§7]231{7§N4;01020304(1€1’ k2’k3’ k4) ~ 27,[12 Z Z Z /dq GMl (q + kl)
l1,l2=1 p1,p2=1 M1=1

- (Q.332)
111
X G[M1+4}8(k2 - q))\%f?\é]\zl[M1+4]8§0'10'2p1p2 (kl;Nla kQ;Nga [kl + q]M17 [kQ - q] [M1+4]8)

lilagsj
X )‘1\1/112[1\3/114-1-4]8N3N4;p1p2030—4([kl + s [R2 = alias ags, kaings kang)-

In here we can consider this expression to leading order in vy, which allows us to ignore
the momentum dependence of the coupling functions inside the fermion propagators while
keeping the momentum dependence in the four-fermion couplings. The integrations over the
frequency and momentum away from the F'S follows the same logic as in the computation of
Eq. (Q.286). Because the four-fermion couplings depend only on the momentum along the
FS, the integration over the momentum away from the FS and the frequency can be done
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to obtain the quantum correction at the RG condition in Eq. (4.57)

1 Ny N g kr d
J1j2J3J4 ) —_ } : 2 : } : qM,
2FN1N2N3N4;0’10’20’30'4({kl§Ni}) ~ 2
4y (27)
l1,l2=1 p1,p2=1 M1=1_7,

o
X A%f?V;]\Zl[M1+4}8;UlU2PIP2 (Fusnys koivg [k + qlan s (k2 — glan) (Q.333)

I loind
X )\1\1412{]\3/}14-&-4]8]\73]\/4;/)1&0304([kl + Q]Ml’ [kQ - Q]M1,k3;N3, k4;N4)

X log — .
jM1[M1+4]8(M7 ‘eMl (k’; + ki U)’)

In here we have further used the fact that gy, = qas, since My = [Ma +4]s, and we have cut
off the integration over the momentum along the FS by the Fermi momentum. The local
counterterm function we need to add to the bare action to eliminate the A; dependence in
the physical observables has the following structure

J1j2j3j4

—1 Ny N,
J1J273J4 . N1N2N3N4;010203U4Hki;Ni}) -
2AN1N2N3N4;01020304({ki?Ni}) - 47T,LL Z Z

l1,l2=1 p1,p2=1

kg
8
dgns, | jijolal
X Z / (27T) )\]\171§V;]\2/[1[M1+4]8;0102p1p2 (kl;Nl’kQ?NW [kl + q]M17 [kQ - Q]M1)
Mi=1_%

lil2j3j
X )\1\1/112[]\3/[144-4]81\73]\74;91%720304([kl +alan [k — Q]Ml’k35N3’ k4?N4)

(Q.334)

x log — .
fMl[Ml-‘rﬁl]s (:u‘? ’6]\/[1(]{}; + kikv U)|)
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