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Abstract

This thesis is concerned with recent progress made for the antiferromagnetic quantum critical metal
in two space dimensions.

Firstly, we develop a field-theoretic functional renormalization group formalism for the low-energy
effective field theories for non-Fermi liquids by using renormalizable field theories for metals. The
formalism is applied to the antiferromagnetic quantum critical metal in two space dimensions. In the
space of coupling functions, we identify the interacting fixed point with a vanishing nesting angle. For
theories with non-zero nesting angles, the coupling functions acquire universal momentum dependent
profiles controlled by the bare nesting angle before flowing towards a superconducting state in the
low-energy limit. The superconducting instability is inevitable because “lukewarm” electrons that
are coherent enough to be susceptible to pairing are subject to a universal attractive interaction
mediated by the critical spin fluctuations. Despite the superconducting instability being unavoidable,
theories with repulsive or weakly attractive four-fermion interaction at a UV scale must flow through
a “bottleneck” where there is a slow RG flow due to the proximity to non-Hermitian fixed points. This
bottleneck of the RG flow controls the scaling behaviour of the normal state and the “quasi-universal”
pathway to superconductivity.

Secondly, we show that momentum-dependent quantum corrections dynamically give rise to a
curved momentum-spacetimes for quasiparticles. In the antiferromagnetic quantum critical metal, the
curved momentum-spacetime geometry arises from a momentum-dependent red shift. With increasing
nesting angle, the red shift near the hot spots becomes stronger while the hot region on the Fermi
surface with the strong red shift shrinks. This creates the possibility of realizing a momentum-space
black hole horizon where electrons are perpetually slowed down as they approach the hot spots. How-
ever, the singularity in the momentum-dependent red shift is cut off at finite temperatures above the
superconducting transition temperature.

Finally, we study a magnetic impurity immersed in the antiferromagnetic quantum critical metal.
Critical spin fluctuations represented by bosonic fields compete with the conduction electrons to couple
with the impurity spin. In the low-energy limit, the electron-impurity (Kondo) coupling dominates
over the boson-impurity coupling. However, the Kondo screening is suppressed by the boson with
an increasing severity when the hot spots connected by the antiferromagnetic ordering wavevector
are better nested. The origin of this suppression of Kondo screening lies in the ultraviolet/infrared
(UV/IR) mixing: bosons that carry large momenta up to the UV cutoff actively suppress the Kondo
screening at low energies.
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Scattering of particles around a one-dimensional Fermi surface. Here, the Fermi sea is
represented by the green disk and the solid black circle demarcating the boundary is the
Fermi surface. For the initial states with energies €1, €2 to get scattered to the final state

with energies €3, €4, all the electron momenta must lie within the shell 2 ’El - k};r) This

is equivalent to the energy of the particles being within the shell 2 |e; — Er| around Ep.
One dimensional Fermi surface (solid black circle) in a two dimensional momentum
space. The dashed circles represent the boundaries of the shell of thickness 2A < kg
enclosing the low energy degrees of freedom. . . . . . . . . .. ... ... ... ......
A schematic diagram for the antiferromagnetic quantum (7" = 0) phase transition of a
two-dimensional metal. The tuning parameter p drives the transition from a paramag-
netic (Fermi liquid) phase (¢ = 0) to an antiferromagnecially ordered phase (¢ # 0). p
can represent electron/hole doping in cuprates. At the quantum critical point (QCP),
the Fermi surface hosts a number of hot spots, where electrons remain strongly coupled
to the critical spin fluctuations ® at all energy scales. The red circle in critical Fermi
surface represents the Fermi surface when the Brillouin zone is shifted by @ Ar. In the
antiferromagnetic phase, the metal undergoes a “Fermi surface reconstruction”: gaps
open at the hot spots leading to electron (green) and hole (red) pockets [172]. . . . . . .
Figure taken from [30]. (a) A Cy-symmetric Fermi surface in two dimensions. The red
dots on the Fermi surface represent the hot spots connected by the antiferromagnetic
wave vector, @ ar. The coordinate 2 () is chosen to be perpendicular (parallel) to
Qar that ends at hot spot 1. (b) Near hot spot 1, the Fermi surface is denoted as
ky = —vy, ks, where vy, is generally a function of a component of momentum along the
Fermi surface. In the hot spot theory, vy, is expanded around k£ = 0 and only the leading
order term is kept. In the small v limit, the patches of Fermi surface connected by C} AF
become locally nested. . . . . ... L
Figure taken from [30]. (a) The schematic functional renormalization (RG) group flow
depicted in the space of the complexified four-fermion coupling function (A) and the
nesting angle (v). For each nesting angle v, there exist a pair of non-Hermitian (complex)
fixed points for the RG flow projected to the space of coupling functions with fixed v.
These are called quasi-fixed points and the pairs of non-Hermitian quasi-fixed points
are related to each other through the Hermitian conjugation. As v decreases, the non-
Hermitian quasi-fixed points merge to the true Hermitian fixed point located at v = 0.
While v flows towards zero under the full RG flow, a Hermitian theory with a non-zero
nesting angle necessarily flows to the superconducting state before the nesting angle
changes significantly. (b) A schematic functional RG flow projected to the space of
complex four-fermion coupling function at a non-zero v. The proximity of the non-
Hermitian quasi-fixed points to the space of Hermitian theories creates a bottleneck
region with constricted RG flow for physical theories with small nesting angles.
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1.6 Figure taken from [30]. The net two-body electron-electron interaction composed of
the one-particle irreducible (1PI) four-point function and two 1PI three-point functions
connected with the dressed boson propagator. Here, the directed solid lines represent
electrons and the double wiggly line represents the boson spin fluctuations. . . . . . ..

1.7 Figure taken from [30]. By absorbing/emitting a boson with zero energy, an electron
on the Fermi surface (black dot) is scattered into a state away from the Fermi surface
if the initial momentum is away from the hot spots. Alternatively, the electron must
absorb/emit a boson with non-zero energy to scatter onto the Fermi surface. The
minimum energy that virtual particles have to carry within a loop gives rise to a crossover
energy scale below which electrons decouple from spin fluctuations at each point on the
Fermi surface. Electrons closer to the hot spots remain coupled with spin fluctuations
down to lower energy scales, which gives rise to a momentum dependent life time of
electrons that gradually vanishes as one approaches hot spots. . . . . . ... ... ...

1.8 Models of magnetic impurities. Here, the electrons 1, are represented as the blue lattice.
(a) Set-up for the non-interacting (Uy = 0) Anderson model (1.26). Also referred to as a
resonant-level model, the conduction electrons v, hybridize with the d-level electrons of
the impurity d, with an amplitude V. (b) Kondo impurity model: conduction electrons
1, couple to a spin §d with a exchange interaction strength J. . . . .. ... ... ...

1.9 Renormalization group flow of the Kondo coupling in Eq. (1.33). When the UV coupling
is ferromagnetic, i.e., J(0) < 0, the flow runs to the fixed point J(¢ — oo) = 0. For
antiferromagnetic coupling, J(0) > 0, the flow goes towards strong coupling J(¢ —
00) =3 00: v v e e e e e e e e e

2.1 The truncated Schwinger-Dyson equation that becomes exact in the small v limit with
v < ¢(v) < 1. The wiggly and solid lines denote the bare boson and fermion propa-
gators, respectively. The double wiggly line represents the dressed boson propagator.

2.2 The leading order fermion self-energy and the vertex correction in the small v limit.

2.3 Energy and momentum cutoffs. A is the energy cutoff, and kr denotes the size of the
patch near each hot spot. The full Fermi surface consists of the union of the eight
disjoint patches and the size of each patch is comparable to the Fermi momentum.

2.4 Under the tree-level scaling, the momentum along the Fermi surface is rescaled, which
causes the momentum profiles of the coupling functions to be stretched out under the
renormalization group flow. . . . . . ... oL oL
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2.10 Schematic diagram of a momentum dependent crossover scale defined in the space of
external momenta of a diagram. The set of external momenta at which the crossover
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IR singularity, the crossover scale becomes non-zero, causing a crossover from the high-
energy region in which the quantum correction is significant to the low-energy region in
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2.11 The momentum dependent four-fermion coupling function. ¢ denotes the center of
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(a) The forward scattering between an electron at a hot spot and an electron away
from the hot spot. Irrespective of the shape of the Fermi surface, the forward scatter-
ing receives singular quantum corrections. (b) The Fulde-Ferrell-Larkin—Ovchinnikov
(FFLO) scattering where a pair of electrons are scattered in and out of a hot spot.
The FFLO scattering remains singular at low energies only if the Fermi surface has the
particle-hole symmetry, for example, if the Fermi surface is straight. In general, two
electrons from a hot spot can not scatter onto the Fermi surface due to the curvature

of Fermi surface. . . . . . . . . e

(a) The Bardeen-Cooper-Schrieffer (BCS) scattering between a pair of electrons with
zero center of mass momentum. Irrespective of the shape of the Fermi surface, the BCS
scattering receives singular quantum corrections. (b) The 2kp particle-hole scattering
associated with a pair of particle and hole on the anti-podal patches of Fermi surface.
The 2kp particle-hole scattering remains singular at low energies only if the Fermi
surface has the particle-hole symmetry. In general, a non-zero curvature of Fermi surface
prevents particle-hole pairs with fixed momentum from staying on the Fermi surface.

The quantum correction that linearly mixes four-fermion couplings with different hot
spot indices to the lowest order in v. A pair of fermions can change their hot spot indices

from (N,, Ny) to (N4, Np) by exchanging a boson. . . . . ... ... ... ........

When an electron with momentum k& near hot spot 1 on the Fermi surface is scattered to
momentum p near hot spot 4 on the Fermi surface by exchanging a boson with energy
1, the interaction is largest in the shaded region in which both k£ and p are less than
w1/ (ve) and their difference is less then p/c in magnitude. Outside the shaded region,

the interaction decays in a power-law. . . . . . . . . . ... .. L o

Crossover energy scales associated with the two-loop fermion self-energy (ElgzL)) and

the one-loop fermion self-energy (E,(clL)), respectively. Since the flow of the couplings
between E](CZL) and E,(clL) is negligible, one can consider only one crossover, say E,iQL). At
energy scale Ae™, the momentum space is divided into three regions. In the hot region
(k < Ep), electrons receive quantum correction from the UV scale all the way down to
the current energy scale Ae*. In the lukewarm region (kj, < k < k), electrons received
some quantum correction at high energies but are decoupled from spin fluctuations at
the current energy scale. In the cold region (k > k.), electrons do not receive any

quantum correction. Below the energy scale Ae =%, the flow of v cannot be ignored for

B k* (Ch.3). o oo e e

(a) ve(£), (b) Ver(l), (¢) gx(0) = grx(¢) and (d) grx(¢) plotted as functions of mo-
mentum along the Fermi surface for the theory with a constant bare nesting angle,
vo(0) = 0.1. For plots in (a)-(c), the coupling functions are shown for ¢ = 1,2, 3, where
ie = Ae™* denotes the energy scale associated with ¢ = 1,2,3. In the hot region near
k = 0, the coupling functions are essentially independent of momentum, taking the
values of the coupling constants of the hot spot theory. The coupling functions are also
constants in the cold region as electrons far away from the hot spots are not normal-
ized. In the lukewarm region that interpolates the hot and cold regions, the coupling
functions acquire non-trivial momentum dependence. As the energy is lowered, the size
of the hot region near the hot spot decreases as more electrons become decoupled from
spin fluctuations. At a fixed energy, v and Vg decreases with decreasing k because
spin fluctuations remain coupled with electrons down to lower energies (Vg is mea-
sured in the unit of the hot spot velocity which is set to be 1). On the contrary, the
Yukawa coupling increases with decreasing k. The kinks in the plots are the artifact
of not keeping the precise crossover functions between the regions. For the off-diagonal

Yukawa coupling in (d), £ =3 ischosen. . . . . ... .. . ... ... ..
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2.18 The forward scattering amplitude )‘ﬁ)tglz)z(asgo) p) inEq. (2.165) plotted in units of (9370 YISZ?) /c)

as a function of P/A at K = 0 for ¢y = 50 (equivalently, 1/(voc) ~ 907). The width of

the shaded region is 2/(vpc). . . . . . oL 7
2.19 The full RG flow defined in the infinite dimensional space of coupling functions can be

projected onto a finite dimensional subspace by restricting the flow vector to the tangent
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2.20 The RG flow projected onto the subspace of one complex four-fermion coupling in the

spin anti-symmetric d-wave pairing channel with Cooper-pair wave function given in Eq.

(2.195) for v = 0.000476257, N, = 2 and Ny = 1. Here A/A = 1000/ (vc) ~ 1.39 x 108

and /A is chosen to be exp (—10%) with a = 6, 4, 3.8, 3.73, 3.721826341, 3.71, 3.7, 3.6

and 3.4 from the top left panel to the bottom right. The quasi-fixed points are marked as

(red) stars. For small values of € /A, the pair breaking effect for hot electrons dominates,

resulting in the quasi-fixed points on the real axis. At the (approximate) critical value

g/ = exp(—10%721826341) "the stable and unstable quasi-fixed points collide. For larger

values of /A, the pair forming effect dominates, and the quasi-fixed points move away

from the real axis, resulting in a runaway flow for Hermitian theories on the real axis. . 85
2.21 The RG flow projected onto the subspace of one complex four-fermion coupling in the

spin anti-symmetric d-wave pairing channel with Cooper-pair wave function given in Eq.

(2.195) for N. =2, Ny =1, A/A = 10® and /A = 10710 with ¢, = 10%,10%, 105, 10°

from top left to bottom right. With increasing ¢y (decreasing vg(0)), the pair of complex

quasi-fixed points approach to the real axis, creating a bottleneck region in the real axis. 86
2.22 Numerical results for the crossover scale and the Cooper pair wavefunction. (a) The

solid and dashed lines denote the most negative eigenvalue of Eq. (2.212) (Ey(¢)) and the

expectation value of D, (k,p) in Eq. (2.215) for the associated eigenvector, respectively,

plotted as functions of ¢ — ¢* for £, = 100, N, = 2 and Ny = 1. The eigenvalue and the

expectation value cross at scale £ ~ £* +0.6. (b) The normalized eigenvector associated

with the most negative eigenvalue of Eq. (2.212) at the crossover scale. (c) The ¢

dependence of the crossover scale. The solid line represents the analytic estimation for

the crossover scale obtained in Eq. (2.223) with a multiplicative factor determined from

a fit of the numerical crossover scales denoted as dots. The uncertainty in the numerical

data is due to the grid size of £ — ¢£*, which is taken to be 0.05. . . . . . ... ... ... 92

3.1 For simplicity, we have omitted the superscript B in all the quantities in this figure.
(a) The full Fermi surface divided into eight segments (separated by the red bars.)
Segment 1 is bounded by k; and ky, and other segments are related to it through the
Cy and reflection symmetries. Each segment contains one hot spot denoted as red dots
on the Fermi surface. The hot spots are connected by the antiferromagnetic ordering
wave vector, @ Ar. I () is chosen to be perpendicular (parallel) to C_j Ar at hot spot
1. (b) The Fermi surface in segment 1 is at vy, k, + k, = 0. Here, vy, k, represents the
displacement of the Fermi surface from what the perfectly nested Fermi surface would
have been. . . . . . L 96
3.2 The spinor composed of the electrons in segments 1 and 5 is defined in the hybrid
spacetime (t,7, k), where t is time, r is space conjugate to k, and k = k. At fixed
k, electrons at hot spots 1 and 5 have the same dynamics due to the time-reversal
symmetry, and can be naturally described by the two-component spinor ¥ in Eq. (3.11). 99
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4.1

The vielbein ¢% (k) that depends on momentum along the Fermi surface determines
the rate at which the proper time lapses at momentum k per unit proper time of cold
electrons far away from the hot spots. The vielbein that vanishes at the hot spots
represents the fact that the motion of electrons at the hot spots become infinitely slowed
down compared to cold electrons. (Left) The momentum-dependent vielbein ¢’ for (a)
ap =~ 0.663, (b) g ~ 1 and (¢) ag =~ 2.169. The choice in (b) corresponds to the
critical nesting angle at which the cyclotron period exhibits a logarithmic dependence
on momentum (see Eq. (3.19)). (Right) The ¢ — k slice of the hybrid spacetime for
fixed r. For the purpose of illustrating the momentum-dependence of the vielbein, the
temporal coordinate has been compactified so that the size of the circumference at each
k represents the proper time lapsed at that momentum for every unit proper time of
cold electrons. The circumference pinches off at the hot spots due to the infinitely large
red shift at those points. . . . . . . . . . .
The non-zero component of torsion shown as a function of momentum along the Fermi
surface near the hot spots. The torsion, as a gauge-invariant geometric quantity, repre-
sents how much the momentum-spacetime in which quasiparticles propagate has been
distorted from the flat one that arises in the absence of momentum-dependent quantum
corrections. The plot is obtained from iddit by substituting Eq. (3.9) into ¢%, and
with the help of Egs. (3.3), (3.6), and (3.10). The solid blue, dashed red and dotted
black curves correspond to vg(0) & 0.04, vp(0) ~ 0.13 and v(0) = 1.13, respectively.
This shows that the spacetime is more strongly distorted near the hot spots and for
larger bare nesting angles. . . . . . . ... L L e
Initial setup of the quasiparticle wavepacket. The initial wavepacket of a quasiparticle
is placed at the boundary between segments 1 and 8 (k;). In the presence of magnetic
field applied in the z direction, the wavepacket moves along the Fermi surface towards
hot spot 1. As it approaches hot spot 1, it slows down due to the momentum-dependent
red shift. . . . . oL e
The time that it takes for a quasiparticle to traverse from k. to k* plotted in the unit of
ki/(eBy) as a function of the bare nesting angle from vy &~ 0.04 to vy & 11 for the choice
k;/A = 6. The solid vertical line denotes the nesting angle (vy ~ 1.13) at which oy = 1.
The dashed lines mark the minimum of T'(k., k;;v9). The non-monotonic behaviour
of T'(ke, k;;vo) arises from the interplay between two effects : with increasing nesting
angle, the size of the lukewarm region shrinks but the intensity of the red shift induced
by quantum corrections is increased. . . . . . . .. ..o
The solid curve represents T'(k*,0; vg) plotted as a function of v(0). Two dashed lines
that sandwich the solid curve are upper and lower bounds whose expressions can be
obtained analytically (see text), which shows that T'(k*,0;vg) is finite at all values of
vo(0). The vertical line marks the nesting angle at which oy =1. . . .. ... ... ..
The cyclotron period T'(vg) plotted as a function of the bare nesting angle for k;/A = 6.
This plot is obtained by adding the times computed for Figs. 3.6 and 3.7. The solid
vertical line denotes the nesting angle with vy = 1, and the dashed lines mark the
minimum of T(vg). . .« . o o

In AFQCM, the hot spots (red dots) connected by the antiferromagnetic wave-vector
Q Ar are strongly coupled with the boson that represents critical spin fluctuations. vy,
which represents the nesting angle between the pairs of hot spots connected by Q AF,
determines the low-energy dynamics of the clean AFQCM. . . . ... ... ... ....
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4.2 (a) The electron-impurity coupling (J) and boson-impurity coupling (gf) cause the
impurity spin to flip by creating a particle-hole excitation and a boson, respectively,
while the latter two are strongly mixed through the electron-boson coupling (g). (b)

The Kondo temperature vanishes in the small vy limit due to the dressing of the impurity
by the critical spin fluctuations subject to strong UV/IR mixing. . . ... ... .. .. 111

4.3 Logarithmic Kondo scale of the AFQCM relative to that of the Fermi liquid with the
same electronic density of state and bare Kondo coupling plotted as a function of the
bare boson-impurity coupling, gr; for three different bare nesting angles vg;. The
dashed lines represent the numerical solutions of Eqgs. (4.5) and (4.8) obtained with

= _ . AFQCM . 3/4
JY =108, and the solid lines are £ JFT with A = B;ﬁ e 114

gf.i
vo,3 log(1/vo,i)
D.1 The space of IR singularity for )\E;_f;/z)_p+q/2k+q/2 —kta/2) Plane I (plane II) repre-
sents the set of external momenta at which the vertex correction is singular in the PP
(PH) channel. On line III, where the two planes intersect, the vertex corrections from
both channels contribute. As one deviates from the intersecting line but staying within
plane I (IT), the quantum corrections from plane II (I) dynamically turn off as the devi-
ation of the momentum from the intersecting line is greater than p/v. Since the volume
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Chapter 1

Introduction

One core question that defines the field of condensed matter physics is: What are the macroscopic
behaviours that can emerge in quantum matter? Answering this question involves extracting the uni-
versal long-distance physics in distinct phases of matter. In particular, quantum critical points host
novel states of matter described by strongly interacting theories with no well-defined quasiparticle
description. Understanding the nature of critical states that arise at a continuous phase transition also
provides a unified understanding of the phases that are separated by the critical point.

An important class of continuous phase transitions is the one that involves spontaneous symmetry
breaking [102, 103]. From the context of symmetry breaking, the Ginzburg-Landau theory that de-
scribes the long-distance physics in terms of the dynamical order parameter is one of the milestones
of statistical physics, and its principles are the first foundational tool upon which this thesis is built
[172, 115, 65]. The second tool we employ in this thesis is the renormalization group. Introduced by
Kadanoff [91] and Wilson [224, 225], it allows a systematic extraction of the effects of fast fluctuations
of the order parameter for slow modes by organizing physical degrees of freedom in terms of their
energy scale. Low-energy effective theories obtained from coarse graining generally include all terms
allowed by locality and symmetry, and we only need universal properties like spacetime dimension and
the symmetries of the order parameter as ingredients when constructing effective field theories. From
scale-invariant fized points of the renormalization group flow, one can extract the universal low-energy
physics.

Many phase transitions found in nature occur in dimensions that are below the upper critical
dimension, making the low-energy effective theory strongly coupled at low energies, and thus, non-
perturbative [233, 11, 207]. The effective field theory for metals is further complicated by the presence
of the Fermi surface, where infinitely many gapless modes reside. While the low energy physics of
the conventional metals is well described by Landau’s Fermi Liquid Theory [101, 100, 163], non-Fermi
liquids that arise at quantum critical points remain poorly understood. This thesis is concerned with
the non-Fermi liquid metal realized at the antiferromagnetic quantum critical point in two space di-
mensions [78, 77, 153]. Specifically, we study the pathway of the non-Fermi liquid to superconductivity,
the cyclotron motion of electrons, and the fate of a magnetic impurity immersed in the unconventional
metal. We dedicate the rest of this chapter to a review of several key concepts used in the thesis.

1.1 Fermi Liquid Theory

The focus of this thesis is metals. Naively, studying the ground state of a metal would involve solving a
many-body Schédinger equation with the Coulomb potential in the thermodynamic limit. Thankfully,
we do not need to solve the full Schodinger equation for the purpose of understanding the low-energy
physics. For that purpose, Landau’s Fermi Liquid Theory [101, 100] is the low-energy theory of conven-
tional metals that support quasiparticles. Landau’s Fermi liquid theory is one of the two cornerstones
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of traditional many-body theory'. We dedicate this section to review the basic intuition and key
properties of the Fermi liquid theory.

1.1.1 Landau’s Fermi Liquid Theory

Let us begin with the non-interacting Fermi gas. In a ion lattice, conduction electrons have their
wavefunctions spread over the interstitial positions, organizing themselves in a similar periodic struc-
ture according to Bloch’s theorem [19]. A single-particle quantum state in each band is specified by
crystal momentum k and spin o (generally along the z-axis). Because fermions obey Pauli’s exclusion
principle, the many-body energy eigenstates of the system as a whole can be specified through the
occupation number of particles g, = 0,1 in each of the single-particle states. In particular, the
ground state of the system is one in which all single-particle states with momenta less than the Fermsi
momentum, kg, are occupied (”E,a = 1) and all other single-particle states are empty (n,;’g =0). Ex-
cited stated can only be created by adding particles with momentum larger than kg, or by removing
particles with momentum less than kp. We call these excited states particles and holes, respectively.
At zero temperature, the occupation number has a sharp discontinuity at the Fermi surface,

Ng.s. (F) :@(kF - ‘ED (1.1)

where ©(z) is the unit step function. At finite temperature T, states with energy O(T) below the
Fermi surface can become excited to states of energy O(T) above the Fermi surface due to thermal
fluctuations, and the occupation number above is replaced by the Fermi-Dirac distribution,

1

e(B)—p

anD(E) = —
e~ 1t —+1

(1.2)

—

where the Boltzmann constant kg is set to be 1, e(k) is the energy of the electron and p is the chemical
potential which at zero temperature is equal to the Fermi energy Ep = 6(EF).

Now let us consider an interacting Fermi system. Landau’s Fermi Liquid Theory (FLT) posits that
there is a one-to-one correspondence between the eigenstates of the free Fermi gas and those of the
interacting system at low energies. To be more precise, if one takes an eigenstate of Fermi gas and
adiabatically turns on the interaction between particles, one obtains a state of the interacting system.
This allows us to label the low-energy many-body eigenstates of the interacting system by using the
occupation/particle distribution n(k) of the corresponding state of the Fermi gas. Consequently, the
elementary excitations of the Fermi liquid are in one-to-one correspondence with those of the Fermi gas,
but with a renormalized spectrum due to the interaction; they are called quasiparticles and quasiholes.
The distribution n(E) of the Fermi gas is then promoted to the quasiparticle distribution function, or
quasiparticle occupation number in interacting Fermi liquids.

The above conclusion can only be true if the relaxation time of the quasiparticle excitations is
larger than the period of oscillation associated with its energy. Naively, one might expect the electron-
electron scattering rate to be quite high, due to the Coulomb interaction?. However, Pauli’s exclusion
principle greatly suppresses the scattering rate for particles near the Fermi surface. Let us illustrate
this point with a simple example [19], depicted in Fig. 1.1. Suppose we have electron 1 above the
Fermi surface at energy €1 2 Ep. Suppose it interacts with an electron 2 with energy e2 < Ep.
The exclusion principle requires these two electrons to scatter to final states 3 and 4 above the Fermi
surface, i.e., e3,e4 = Er. Additionally, energy conservation requires that

€1+ €2 =¢€3+¢€4. (13)

1The other one being symmetry breaking theory.
2In fact, the Coulomb potential is as large as the Fermi energy Er in ordinary metals, and definitely larger than the
energy-level spacing near Er
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Figure 1.1: Scattering of particles around a one-dimensional Fermi surface. Here, the Fermi sea
is represented by the green disk and the solid black circle demarcating the boundary is the Fermi
surface. For the initial states with energies €1, €5 to get scattered to the final state with energies €3, €4,

all the electron momenta must lie within the shell 2 ‘El — k}‘ This is equivalent to the energy of the

particles being within the shell 2 |e; — Er| around Ep.

At zero temperature, electrons 2, 3 and 4 should have energies within a shell of thickness 2 |¢; — Ep|
around the Fermi energy. With one energy conservation for three undetermined energies, the total
scattering rate scales as
1
— ~ (g1 — Ep)*. (1.4)
As the energy is reduced to that of the Fermi energy, the scattering rate is reduced quadratically.
Therefore, low-lying excitations become more stable as the energy approaches the Fermi energy.
Let us turn our focus on the physical properties of the Fermi liquid. At low temperature T', it is only
electrons within 7" away from the Fermi energy that contribute the most to the low-energy metallic
properties. Let us consider a distribution of quasiparticles written as a 2 x 2 density matrix n,z(k) in

spin space. The total energy E is a functional of the variation 0n,z (k) = nez (k) — 26,5np_p (k) [101]:

d3k - -
Elon] Egs+2/ e R ()

t3 [ o (B R )nao (Fiing () + O6n)? "
20000_ 27T6 oo;0’'c’ \ v, Ngo Ng'o’ n)-.

The first term, Ey s, is the energy of the ground state. In the second term, 8(7)(12:') is the quasiparticle

energy relative to Er in the neighbourhood of the Fermi surface,

5(0)(];,') = O (E)d,5 + h(E) - Tz (1.6)

oo
6(0)(];) ~ % (E — EF> - kg with m* being the quasiparticle effective mass, which is different from the

bare electronic mass m. ﬁ(/g) is proportional to an external magnetic field. Finally, 7= (7%, 7Y,7%) de-
notes the vector of Pauli matrices. In the second term of Eq. (1.5), the interaction energy foz.,5 (k; k')
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is referred to as Landau’s interaction function, and it captures the forward scattering of quasiparticles.
In the absence of spin-orbit coupling, we can write

oo;o0'c! _»; K = _’; K 05055 T _'; K 7_:0? . 7_—'0'/5’; .
fozorz (ks k') = f5(k; k') 0050 Ak K 1.7

where the f9 and f4 represent the density-density and spin-spin interactions, respectively. At low
energies, we are concerned only with interactions of quasiparticles that are close to the Fermi surface,
and we write

P R = i fEPi(cost),  fA(RF) = i f{*Pi(cos0), (1.8)

=0 =0

where Pj(z) are the Legendre polynomials and 6 is the angle between k and k’. The coefficients are
determined by

20+1 (! . 20+1 (! s
flS:lT—i— 1d(cos@)Pl(cose)fS(k;If’), flA:lT+ 1d(cos€)P;(cos€)fA(k;k’). (1.9)

The coefficients fls and flA define the Landau parameters [100]:
FlS = N(O)flsa FlA = N(O)flA’ (1.10)

where N (0) is the density of quasiparticle states at the Fermi surface. The Landau parameters provide
a useful dimensionless measures of the strengths of quasiparticle interactions on the Fermi surface in
each angular momentum channel. In systems with Galilean invariance, the effective mass is related to
the bare electronic mass m through the relation

m* FS
=14+ -1
* 3

(1.11)

We can express thermodynamic potentials in terms of the parameter in Eqgs. (1.5) and (1.10) at
the Fermi surface[24]. The specific heat at constant volume is
1 *

Cy = gm kFT, (112)
which is essentially that of a Fermi gas of mass m*. Similarly, the compressibility &, and the spin
susceptibility x, become
1 N(0) _7* N(©0)
n21+ FJ’ AN

= (1.13)
respectively. Here, n is the total particle density and ~ is the gyromagnetic ratio. The factors 1+F(39 and
1+ Fé“ both encapsulate the effects of renormalization due to the quasiparticle interaction [101, 100].
In order to retain thermodynamic stability in the presence of the interaction, the Landau parameters
must satisfy[163]:

Ff>—(2+1), F*>—-(20+1) (1.14)

for all . When this condition is violated, the energy can be lowered by condensing quasiparticle-
quasihole excitations near the Fermi surface, which leads to a phase separation or a symmetry breaking.

1.1.2 Fermi Liquid Theory in the Language of Effective Field Theory

Despite being a phenomenological framework, Landau’s Fermi liquid theory saw great success in de-
scribing the low-energy physics of a large class of metals. A solid theoretical foundation for the theory
was eventually found in the language of effective field theory (EFT) when the problem of many fermions
at finite density was studied from the point of view of the Renormalization group (RG) [124, 194, 40,
39, 38]. In the language of EFT and the RG, Landau’s FLT is a class of low-energy fized points of a
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finite density of fermions subject to a short-range interaction. Below we will unpack the meaning of
the above statement.
The starting point is the microscopic action written in the d + 1 dimensional Euclidean space as

dkod?k . > >
S = Z / 271? d+1 wT kOa ) (ZkO +5(k) - EF) wa'(k‘(hk)
o=,

dki 0d?k; (51 3) EOok L i i
+ H Z Ty | Szt U (K10, k)WL, (k2,0 k2) Vo, (K30, K3) 1o, (a0, Ka).-
i=l|oi= <k4 ka)
(1.15)

Here, kg is the Matsubara frequency for fermions, k is the spatial d—dimensional momentum and
wg(ko, ) is the Grassmann field variable representing the electrons, which depends on (ko, k) and spin
o =71,). The fermion dispersion energy is denoted as e(k) and the Fermi energy is defined by EFrp =
e(kp). The local four-fermion interaction satisfies the energy and momentum conservation enforced
through the d+ 1-dimensional delta function (51_;,_2734_4 = (27‘()5(/{170 -+ k270 — k370 — k470)(2ﬂ')d5(k1 + kQ —

g1 02
kg - k4 (<‘74 ‘73) are the coupling functions representing an inter-fermion interaction. The matrix

E4 ks >
notation (}2) in A explicitly organizes the labelled parameter of the electron-electron interaction as
they would appear in the external legs of a four-fermion vertex, with the initial state on the bottom
row and the final state on the top row. Locality requires that A is an analytic function of momenta.
In the presence of the SU(2) spin rotation symmetry, A can be written as

o1 02)

(04 [of:] _\D E N N

(B5) A(;zl 1;2)5010450203 + A(zsl zzz)“’m Tosos) (1.16)
k4 ks ka k3 ka k3

where D (E) stands for “direct” (“exchange”) and \P-F

(1.7)).

Equation (1.15) generally contains non-universal data for high-energy modes far away from the
Fermi surface, and the the Landau parameters can be understood as the fixed point profile of X in
the forward scattering channel. Let us briefly describe the intuition of the RG that connects the
microscopic interaction and the low-energy observables such as the Landau parameters. When we
compute physical observables from the action Eq. (1.15), the result can be formally expressed as a
series of the coupling A, where the coeflicients are written as integrals over loop momenta. In general,
physical observables depend on the ultraviolet cutoff A. However, we can choose a set of A-dependent
couplings so that the physical observables become cutoff-independent at momenta much smaller than
A. If we can make this choice at any given order of the perturbation series, the theory is renormalizable.
Under the change of cutoff by a small factor s < 1, accompanied by a suitable change of the couplings,
low-energy physical observables remain invariant. By lowering the cutoff as A — As with s < 1, we
effectively decimate high-energy modes that contain microscopic details of the system. This defines
an RG transformation of the scale-dependent couplings, and the objective is to perform it iteratively
to extract the low energy properties. The result is a series of dynamical equations for the couplings
whose fized points contain only universal low-energy information of the system [11]. In our particular
case, we know that the low-energy modes reside near the Fermi surface. Therefore, the EFT action for
the FL can be defined by considering the UV cutoff A defining a shell of thickness 2A <« kpr around

are analytic functions of momenta (See Eq.
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Figure 1.2: One dimensional Fermi surface (solid black circle) in a two dimensional momentum space.
The dashed circles represent the boundaries of the shell of thickness 2A < kg enclosing the low energy
degrees of freedom.

the Fermi surface [160, 194]:

s=% i’ff‘iﬁ Ul ko, ) [k + T (k) - (F = Er(k)) | o (ko B)

o=T,)
1
dk; 0d?k; o1 73 z - - -
+111 > / 27r0 ) 51+2,3+4/\<<k1 kQ))ilj (k100 k)08, (k2.0, k2) oy (K30, ks) o, (ka0, ka),
=1 |o; =T, oy ks

(1.17)

where the Fermi velocity op (k) = Vﬂs( )’k . and Fermi momentum kg (k) depend only on their
=RF

angular position on the Fermi surface, encoded by the unit vector “orientation” k. This is depicted in
Fig. 1.2. We have linearized the dispersion energy in the direction perpendicular to the Fermi surface
as allowed by proximity to the Fermi surface. Likewise, we expand the four-fermion coupling in powers

(gl gQ ) ( gl g2 )
of small k — k‘p, keeping only the dependences on the direction of momenta as A 1:1 kz ~ A ];41 k‘”; .

</€4 Es ) ( ky ks )
[, denotes the integration done over momenta satisfying ‘ﬂp (k) - (lg - EF(/%)) ’ KA <L kp.

Now that we have determined the EFT action (1.17), we need to address the challenge that the
nature of the Fermi surface adds to the RG. Because the Fermi surface is extended in the momentum
space, interactions at low energy are not necessarily limited to processes with small momentum trans-
fers, unlike for example, in relativistic field theory. To see this explicitly, let us consider the simple
case of a spherically symmetric Fermi surface. In this case we can use generalized spherical coordinates
in momentum space to rewrite the action; k = (k, ﬁd_l), where k is the magnitude of k labelling the

coordinate normal to the Fermi surface, and (3;_; are the coordinates on the (d — 1)—sphere S4_1
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representing the directions along the Fermi surface. The action becomes [160, 194]

=11 Sdl

A g1 [ dk:io/A dk; | = (3192 (1.18)
O [ g gad
+H Z / 27Td 1/—00 2 J_p 27 1+2,3+4 (Qld 1 Qo an 1>

i=1 [ o=t Sa-a (

Qaya-1 Qa1

x Bl (k.0 E1)1PLQ (k2,0 k2) Wy (k3,05 k3) W0, (Ka,0, Ka),

where we have shifted k — & + EF(I%) The integration measures in Eq. (1.18) has now become
d% ~ k‘f;ldded_l with d€2;_; being the solid angle element in S;_1, and we have taken the extra
step to set k + kr =~ kr on the measure due to the integration support being very close to the Fermi
surface. Additionally, we have defined 1\, (ko, ) = k wg(ko, k+kp, Q4 1), and the delta distribution
is now given by 0149344 = (2m)8(k1,0+ k20 —kz0 - k470)(277)d5(k1(91,d—1) + o (D2,0-1) — k3(Ds,0-1) —
k4(4,4-1)). Finally, A = k:del)\ is the four-fermion coupling function. From the action we can see
that for electrons arbitrarily close to the Fermi surface the interaction strength only depends on the

orientation of the initial and final states. In principle, the momentum transfer

El — E4‘ can be as large
as 2kp. This follows from the fact that all electrons on the Fermi surface have the same energy Ep,
so the energy cost to scatter from one point to another on the Fermi surface is essentially zero. In this
sense, the angles €; q—1 are dimensionless continuous flavours that label gapless modes on the metal.
In contrast, the normal coordinate k is dimensionful in the RG sense (it scales with energy)?.

In the Wilsonian RG, the action (1.18) depends on both the cutoff and Fermi momentum implicitly.
The hierarchy A < kg of the theory defines the low energy phase space of the system. Consider the
RG transformation A — As (s < 1). This transformation amounts to taking A/kp to zero, making this
ratio a dimensionless small parameter of the theory. The scale transformation amounts to continuously
shaving thin shells off the 2A shell. In the A/kr — 0 limit, the only interactions with available phase
space are on the kp-shell. The momentum conservation enforced by

];1(61,01—1) + ];‘2(5_)’2,(1—1) = kS(ﬁ&d—l) + ];4(64,d—1)~ (1.19)

only leaves the forward scattering and the Bardeen-Cooper-Schrieffer (BCS) [22, 23] channels [160,
194, 40, 39, 38]. The forward scattering channel, is characterized by k1 = lcg7 k:g = l%4, or 12:1 = /2:4,
k2 = kg while the BCS channel is characterized by k1 = —k‘g, k‘g = —k4 In both channels, there are
only two independent momenta in the zero-energy limit. In the presence of spherical symmetry, the
interaction only depends on the relative angle between initial and final particles.

With the scaling dimension of frequency and momentum set to be [ko] = [k] = 1, the scaling
dimension of the fermion field becomes [\b] = —3/2. This scaling dimension allows us to determine the

dimension of the four-fermion coupling in Eq. (1.18) to be {)\{01 }} =0, where {0} and {Q; 4_1} are

a shorthand for the matrix notation. Therefore, A 3 i} is marginal for both forward scattering and
ia

BCS interactions at the tree level. This remains true for the forward scattering even in the presence
of loop corrections. For the BCS coupling, it becomes marginally irrelevant if the bare interaction is
a repulsive, and marginally relevant for attractive interaction [160, 194, 40, 39, 38]. The attractive
pairing interaction grows logarithmically in Fermi liquids, signifying a superconducting instability at
low temperatures [22, 23].

31n fact, after expanding the four-fermion coupling A to the leading order, the mapping from action (1.17) to (1.18)
just makes explicit that the Fermi liquid problem in EFT is a (1 4+ 1)-dimensional problem, where the only relevant
direction (that is, the direction that involves a relevant energy cost in scattering), is the direction normal to the Fermi
surface. This problem is simplified from the (d + 1)-dimensional problem in Eq. (1.15).
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The four-fermion interaction renormalizes the single-particle Green’s function as
- 1
GR(w, k) = —— —. (1.20)
—w—i0t + Up(k) - (k — kp(k)) + 27 (w, k)

Here, we use the real frequency. ZR(w,%) is the self-energy. The spectral function A(w,E) =
—2ImGE(w, k), can be written as [33]
. 2Am% R (w, k
Afw, By = — - (. k) — —. (1.21)
[—w +p(k) - (K — kp(k)) + ReZR(w, k)] + [ImzR(w, k)]

If Im® 7 (w, E) is sufficiently small at low frequencies, the spectral function has a well-defined peak in
w-space at the (renormalized) excitation energy wy:

wi = T (k) - (k — kp(k)) + ReSE (wg, k). (1.22)
Expanding around the peak w = wg, the spectral function acquires the form
- 2 Zz
Alw, k) = — kS , (1.23)
i (w—wp) + 2
k
oxfw i)t . o . . .
where Zp = |1 — T] is the quasiparticle weight which can be interpreted as the overlap

k
between the bare electron and quasiparticle states. The set of points K that satisfy wy; = 0 define the
renormalized Fermi surface. The renormalized Fermi surface is, in general, deformed with respect to
the bare Fermi surface, but it encloses the same volume of Fermi sea as the non interacting theory;
this in known as the Luttinger theorem [124]. ZEF < 1 represents the magnitude of the step in the

distribution function n(k) at k = kg [128]*. Finally, The width of the quasiparticle peak in A(w, k) is

controlled by the imaginary part of the self-energy through 7']-;1 = ZEImER(wE, k), the decay rate of

the single particle excitations. In Fermi liquids, the decay rate goes as 7= ' ~ w?. These features of

the spectral function such as the quasiparticle weight 73, quasiparticle lifetime 77, and the excitation
spectrum w; are physical observables that can be probed through the angle-resolved photoemission
spectroscopy (ARPES).

Landau’s Fermi liquid theory has been very successful in describing conventional metals and their
instabilities. However, not all metals belong to Fermi liquids. In metals that that undergo continuous
quantum phase transitions, strong critical fluctuations of order parameters destroy the coherence of
quasiparticles. Metals without coherent quasiparticles are generally referred to as non-Fermi Liquids
(NFL). Below, we introduce one such NFL state, known as the Antiferromagnetic Quantum Critical
Metal (AFQCM), which is be the main focus of this thesis.

1.2 The Antiferromagnetic Quantum Critical Metal

In Fermi liquids, the low-energy physics is specified by the topology and geometric shape of the Fermi
surface, the Berry phase around the Fermi surface [74], the angle-dependent effective mass and the
forward scattering amplitude. As we have seen above, the effectiveness and simplicity of the low-energy
effective theory of Fermi liquids is due to the existence of well-defined quasiparticles. In non-Fermi
liquids, however, the quasiparticle picture is not valid [202, 185], and extracting dynamical information
out of effective field theories is significantly harder [84, 79, 108, 167, 109, 144, 10, 93, 150, 161, 2, 3, 1,
121, 190, 110, 148, 140, 141, 76, 4, 90, 59, 48, 203, 205, 154, 206, 169, 83, 155, 210, 54, 180, 204, 120,
230, 118, 41, 211, 26, 119]°. The simplest example of NFL is the one-dimensional system of interacting

4Here, n(k) = J g—;’A(w, E)ng_p(w), with np_p(w) given by Eq. (1.2)(with € — g = w). Thus, Zp is a measure of
the quasiparticle distribution’s overlap with the Fermi gas particle distribution [128].
5For recent progress in non-Fermi liquid theories with random couplings, see Refs [174, 95, 131, 228, 57].
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$(7) # 0 o) = 0
Metal with AF order Paramagnetic metal

/7 N\

A4

Figure 1.3: A schematic diagram for the antiferromagnetic quantum (7" = 0) phase transition of a
two-dimensional metal. The tuning parameter p drives the transition from a paramagnetic (Fermi
liquid) phase (¢ = 0) to an antiferromagnecially ordered phase (¢ # 0). p can represent electron/hole
doping in cuprates. At the quantum critical point (QCP), the Fermi surface hosts a number of hot
spots, where electrons remain strongly coupled to the critical spin fluctuations ® at all energy scales.
The red circle in critical Fermi surface represents the Fermi surface when the Brillouin zone is shifted
by C_j Ar- In the antiferromagnetic phase, the metal undergoes a “Fermi surface reconstruction”: gaps
open at the hot spots leading to electron (green) and hole (red) pockets [172].

fermions known as the Tomonaga-Luttinger liquid [208, 125, 137, 75, 213]. In one space dimension,
the strong quantum fluctuations leads to a charge-spin separation, and the single-particle spectral
function has no well-defined quasiparticle peaks. In higher dimensions, NFL can be realized in the
vicinity of quantum critical points of continuous quantum phase transitions. Examples include high T
superconductors [36, 71, 18, 227, 147, 184, 78, 77, 78], iron pnictides [77], and heavy fermion compounds
[153]. Among the additional data that are needed for non-Fermi liquids in higher dimensions are the
singularity of the critical Fermi surface characterized by anomalous dimensions of fermions, dynamical
critical exponents, and scaling properties of other critical modes that are present in the system[190].
Since the momentum coordinates parallel to the Fermi surface play the role of a continuous flavour,
critical exponents (such as the scaling dimension of fermions) can depend on the momentum along the
Fermi surface.

The focus of this thesis is the antiferromagnetic quantum critical metal (AFQCM), which is poten-
tially relevant for the cuprates, iron pnictides and heavy fermion compounds mentioned above. This
theory has been intensively studied both theoretically and numerically [2, 3, 1, 76, 4, 107, 34, 35,
155, 154, 210, 130, 211, 141, 206, 204, 112, 25, 117, 179, 62, 116, 219]. The AFQCM arises at the
critical point of a antiferromagnetic quantum phase transition, driven by a spatially-modulated spin
density wave (SDW) order parameter ¢(7) ~ (S(7))e!@4r ™ (S(7) is the spin density), where the spatial
r-modulation is given by the ordering vector Q Ar. Here, we focus on Q Ar that is commensurate with
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2@ F equivalent to a reciprocal lattice vector, i.e., 2@ r = 0. A schematic description can be found in
Fig. 1.3. The minimal description includes the antiferromagnetic critical spin fluctuations, represented
by a boson field ®,,/, and electrons residing near the Fermi surface. On the Fermi surface, the hot
spots play a special role. Here, the hot spots refer to points on the Fermi surface connected by the
antiferromagnetic wave vector Q Ar and remain strongly coupled with spin fluctuations at low energies,
as depicted in Fig. 1.4a. The hot spots have a degree of nesting measured by the nesting angle v, as
depicted in Fig. 1.4b. The bare kinetic energy of the critical spin fluctuation is written as

dgod? - .
So,sDW = / % [qS + ¢ |fﬂ2] Tr {‘I)(Qm Qar + OP(—qo, —Qar — d)} , (1.24)

where @, (qo, @AF +q) = (/_;(qo, @AF + Q) Toor = 2221 ?*(qo, @AF + §)72,, is written in the adjoint
representation of SU(2), ¢ is measured relative to @ AF, Co is the bare speed of the collective mode,
and the trace is in the spin indices o,0’. The interaction between the boson and electrons near the
hot spots can be written as

8

dkod?kdk{d?K’
Svu=Y [ T e e
N=1loo'=1,]

x b (ko, EF(AW) k)P0 (ko — kb, Gar(N — N) +k — K Yo (kf, kr(kn) + &)

(1.25)

where V = 1,2,...,8 labels the hot spots, N is the hot spot connected to N by an ordering vector
Qar, kr(ky) is the Fermi momentum oriented at hot spot N, k is the momentum measured from
the hot spot, Qar(N — N) is Qar pointing towards N from N. I )+ oo (b )+ is the Yukawa

exchange interaction between electrons near N and N. When v = 0, patches connected by Q AF
are nested. If the phase transition is continuous, the energy of the spin fluctuations with wavevector
@ AF + ¢ vanishes with vanishing ¢. Electrons can be scattered from hot spot to hot spot connected
by Q AFr by emitting or absorbing a zero-energy boson .

1.2.1 Theoretical Descriptions of Non-Fermi Liquids

One approach to non-Fermi liquids that has proven to be useful is the patch theory®. For the AFQCM,
the patch theory is commonly known as hot-spot theory. The goal of a patch theory is to “divide and
conquer” the full theory by considering only a minimal set of small patches of Fermi surface at a time.
The patch description is valid if large-momentum scatterings that connect different parts of Fermi
surface are negligible (for example, a scattering between a particle near hot spot 1 and hot spot 5 in
Fig. 1.4a). However, the patch theory is not enough when large-angle scatterings are important. To
capture the low-energy physics of the whole Fermi surface, the patch theory has to be extended to
a theory that includes all gapless modes around the Fermi surface. Such theories are characterized
by couplings that are functions of momentum along the Fermi surface. The universal low-energy
data should be encoded in fixed points that arise in the space of coupling functions. Ultimately, one
would like to identify the space of fixed points and extract the universal data associated with each
fixed point. The natural theoretical framework for this is the functional renormalization group (FRG)
method [162, 222] [146, 168, 170, 81, 85, 64, 63, 31, 143, 159, 232, 217, 73, 181, 88, 139, 107, 55, 218,
89, 129, 53, 54, 87, 130, 209]. The functional renormalization group flow describes how the momentum
dependent vertex function evolves as a function of an energy scale. However, the exact renormalization
group equation for the full vertex function is usually too difficult to solve for interacting theories. As a
result, some forms of truncation, which are often uncontrolled, are employed to make the flow equation
manageable. Fortunately, one does not need to know the full momentum-dependent vertex function
to characterize the universal low-energy physics. Because gapless modes are residing on Fermi surface
with a dimension lower than the space dimension, one should be able to throw away a great deal of

6See [112] for a recent review.
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Figure 1.4: Figure taken from [30]. (a) A Cy-symmetric Fermi surface in two dimensions. The red dots
on the Fermi surface represent the hot spots connected by the antiferromagnetic wave vector, Q AF-
The coordinate & (§) is chosen to be perpendicular (parallel) to Q4r that ends at hot spot 1. (b)
Near hot spot 1, the Fermi surface is denoted as k, = —uvy, k,, where vy is generally a function of a
component of momentum along the Fermi surface. In the hot spot theory, vy is expanded around k = 0
and only the leading order term is kept. In the small v limit, the patches of Fermi surface connected
by Q Ar become locally nested.

non-universal information associated with modes away from the Fermi surface. For relativistic field
theories, there exists a systematic way of achieving this: renormalizable field theory. Born out of
the locality principle and the gradient expansion, a renormalizable field theory is the minimal theory
that captures the low-energy physics shared by all theories within one universality class. They are
simple enough that one can in principle study them with pen and paper, yet powerful enough to
produce among the most accurate predictions in the physical sciences [60]. Then, it is natural to
combine the functional renormalization group formalism with the notion of renormalizable field theory
to capture the universal low-energy physics of metals. The objective of this thesis is to describe the
recent progress by the author and collaborators in achieving this goal, and the important consequences
it entails for the non-Fermi liquid that arises at the antiferromagnetic quantum critical point in two
space dimensions. Specifically, the focus will be upon three subjects: the formulation of the theory of
the full Fermi surface and the description of the superconducting instability, the consequences of the
momentum-dependent renormalization for the cyclotron motion of electron, and the fate of a magnetic
impurity immersed in the non-Fermi liquid. We know give a brief synopsis to each one of these topics.

1.2.2 The Superconducting Instability in the AFQCM

Since most non-Fermi liquids exhibit superconductivity at low temperatures, there is a natural inter-
est in understanding intrinsic superconducting fluctuations of non-Fermi liquids. However, the patch
theory that only includes the electrons near the hot spots is not sufficient for this task because su-
perconducting fluctuations generally involve large-angle scatterings between Cooper pairs across the
entire Fermi surface. Furthermore, the hot-spot theory of AFQCM is not capable of describing the
momentum-dependent universal properties of electrons on the Fermi surface and potentially important
interplay between hot (incoherent, at the hot spots) and cold (coherent, far away from the hot spots)
electrons for superconductivity [220]. The patch theory does not include the four-fermion coupling ei-
ther because it is deemed irrelevant in the scaling that leaves the patch theory invariant. However, the
four-fermion coupling should play an important role for superconductivity, which is another indication
that the patch theory is incomplete. In Chapter 2, we consider the full low-energy effective theory that
include all gapless modes around the Fermi surface and the four-fermion coupling. We then describe



12 CHAPTER 1. INTRODUCTION

Lines of non-Hermitian

quasi-fixed points hn(/\)
Hermitian theories
with attractive couplings v ?é 0
Re())
Hermitian true fixed point
Re(X)
Hermitian theories
with repulsive couplings
(a) (b)

Figure 1.5: Figure taken from [30]. (a) The schematic functional renormalization (RG) group flow
depicted in the space of the complexified four-fermion coupling function () and the nesting angle (v).
For each nesting angle v, there exist a pair of non-Hermitian (complex) fixed points for the RG flow
projected to the space of coupling functions with fixed v. These are called quasi-fixed points and the
pairs of non-Hermitian quasi-fixed points are related to each other through the Hermitian conjugation.
As v decreases, the non-Hermitian quasi-fixed points merge to the true Hermitian fixed point located at
v = 0. While v flows towards zero under the full RG flow, a Hermitian theory with a non-zero nesting
angle necessarily flows to the superconducting state before the nesting angle changes significantly. (b)
A schematic functional RG flow projected to the space of complex four-fermion coupling function at a
non-zero v. The proximity of the non-Hermitian quasi-fixed points to the space of Hermitian theories
creates a bottleneck region with constricted RG flow for physical theories with small nesting angles.

how the critical spin fluctuations play a central role by providing pairing glue that forms Cooper pairs
while making electrons incoherent near the hot spots (a pair -breaking effect). Finally, we describe
the non-Hermitian quasi-fized point arising from the competitions between spin fluctuations and the
four-fermion coupling, which controls the universal pathway towards superconductivity (see Fig. 1.5).

Of particular importance of this thesis is the concept of wltraviolet/infrared (UV/IR) mixing in
metals [133, 132, 231]. In the BCS pairing channel, the four-fermion couplings with large differences in
momentum along the Fermi surface can mix with each other as Cooper pairs can be scattered around
the Fermi surface even at low energies. This is because the momentum along the Fermi surface is not
necessarily bounded by any external energy scale, and quantum corrections are generally expressed
as integrals of coupling functions along the Fermi surface. If the coupling functions do not decay
fast enough at large momenta, the contribution from large momenta along the Fermi surface can be
important. In particular, the critical boson with large momenta contributes to the mixing between
Cooper pairs with different relative momenta even in the low-energy limit. The fact that operators
defined on different parts of the Fermi surface can mix with each other is not surprising in that they
all describe gapless degrees of freedom. What is peculiar though is the fact that the mixing between
low-energy operators with large differences in momentum along the Fermi surface can be influenced
by the critical boson with large momenta. Due to this UV /IR mixing, the four-point vertex function
itself can not be extracted from the low-energy effective field theory. Although the predictability of
the low-energy effective theory seems at risk, there are still observables protected from the UV/IR
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Figure 1.6: Figure taken from [30]. The net two-body electron-electron interaction composed of the
one-particle irreducible (1PI) four-point function and two 1PI three-point functions connected with
the dressed boson propagator. Here, the directed solid lines represent electrons and the double wiggly
line represents the boson spin fluctuations.

Figure 1.7: Figure taken from [30]. By absorbing/emitting a boson with zero energy, an electron
on the Fermi surface (black dot) is scattered into a state away from the Fermi surface if the initial
momentum is away from the hot spots. Alternatively, the electron must absorb/emit a boson with
non-zero energy to scatter onto the Fermi surface. The minimum energy that virtual particles have
to carry within a loop gives rise to a crossover energy scale below which electrons decouple from spin
fluctuations at each point on the Fermi surface. Electrons closer to the hot spots remain coupled with
spin fluctuations down to lower energy scales, which gives rise to a momentum dependent life time of
electrons that gradually vanishes as one approaches hot spots.

mixing. The ‘protected’ low-energy observable that describes the fermionic four-point function is the
net two-body electron-electron interaction given by the sum of the one-particle irreducible (1PI) four-
point vertex function and the tree graph formed by connecting two 1PI three-point function with the
boson propagator (see Fig. 1.6). The net interaction determines physical correlation functions at low
energies, and it can be determined within the low-energy effective field theory without reference to
high-energy physics. The RG flow of the net two-body interaction is insensitive to the ultra-violet
(UV) physics.

1.2.3 Cyclotron Motion of Quasiparticles

The semi-classical equation of motion of quasiparticles in solids is remarkably symmetric under the
interchange of position and momentum. The momentum-dependent quasiparticle energy is the counter
part of the position-dependent potential in real space. Moreover, the Berry curvature associated with
the Bloch wavefunctions plays the role of the magnetic field in momentum space[229]. It is then natural
to ask if the symmetry can be further extended to spacetime geometry[44, 98, 106, 20, 49]. A real-space
curvature can be created through buckling of lattices or topological defects in solids[12, 221, 157, 134,
214, 43, 223, 178, 145]. Recent studies on the semi-classical equations of motion of quasiparticles have
suggested the emergence of a curved momentum space in lattice models. In particular, it has been
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pointed out that the non-linear response of quasiparticles to the external electromagnetic field can be
captured geometrically[198, 82]. In those examples, the metric[135] is ultimately traced back to the
single-particle wavefunction fixed by the underlying lattice. In Chapter 3, we consider an intrinsic
physical mechanism by which momentum space and time is integrated into a curved momentum-
spacetime through the electron-electron interactions. While electrons at the hot spots are incoherent
in AFQCM, the Fermi surface far away from the hot spots still supports coherent quasiparticles.
Therefore, the dynamics of quasiparticles away from the hot spots can be understood semi-classically.
However, the quasiparticle dynamics acquires a strong momentum dependence due to the momentum-
dependent quantum corrections. We point out that curved momentum-spacetimes naturally arise from
anisotropic (momentum-dependent) quantum corrections in the AFQCM and even a momentum-space
black hole horizon can emerge if quantum corrections are sufficiently singular near the hot spots (see
Fig. 1.7).

1.2.4 The Kondo Effect

Collective phenomena that arises from the interplay between local magnetic moments and itinerant
electrons continue to attract considerable attention in condensed matter physics [14, 97, 151, 51, 80,
201, 113, 195, 152, 192, 193, 52, 196, 37, 61, 187, 158, 156]. The Kondo impurity model was originally
introduced to describe the behaviour of such impurities of transition metal ions in simple metals. In
the classic Kondo model, a magnetic impurity put in a Fermi liquid is screened by the conduction (or
itinerant) electrons in the metal. The result is a non-magnetic state (singlet) where the impurity’s
magnetic moment is screened by the conduction electron’s spin. This quantum phenomenon is known
as the Kondo effect [97] and it is responsible for the observed minimum of resistance of some single-
element metals with magnetic impurities [72]. It also represents one of the better known examples
of asymptotic freedom in physics, akin to what causes the confinement of quarks [17]. The Kondo
impurity model is the building block of the Kondo lattice models for heavy fermions systems [201, 195,
193, 61, 187, 156] and Kondo insulators [138, 52].

Before we discuss the problem of a magnetic impurity in the AFQCM, we first review the Kondo
effect in Fermi liquids. Well studied examples of magnetic impurities that exhibit Curie-Weiss contri-
butions to the susceptibility [80] are from the 3d transition series or 4 f rare earth series in the periodic
table, like Fle in Cu [200, 175], and Ce in LaAly and LaBg [58, 176]. The minimal model that describes
an impurity put in Fermi liquids is the Anderson impurity model [14]

d k
w,;vg + > eadid,
o= o= (1.26)
d k st o
Vd Wy + ViUl do| + U didrd]d,.

="}

A schematic description of the model can be found in Fig. 1.8a. Here, 1  is the fermion operator at

momentum k with spin o, d, is the fermion operator at the site of the impurity, which is assumed to
be at the origin (# =0), F (E) is the electron energy, and €4 is the energy of the d level of the impurity
ion. The term that mixes wk and d, with tunnelling matrix element V} is the hybridization that
describes the hopping between conduction band and the atomic d-level of the impurity. Finally, Uy is
the Coulomb interaction between the electrons in the impurity ion d-states.

The analysis for large Uy proceeds most naturally by performing a canonical transformation to
an effective Hamiltonian acting on the low energy subspace (¢ la Hubbard). To figure out what this
subspace should be, let us examine the spectrum of the d level, assuming that |4, Ug > |V,;‘ There
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Yo

(a)

Figure 1.8: Models of magnetic impurities. Here, the electrons v, are represented as the blue lattice.
(a) Set-up for the non-interacting (Uy = 0) Anderson model (1.26). Also referred to as a resonant-level
model, the conduction electrons v, hybridize with the d-level electrons of the impurity d, with an
amplitude V. (b) Kondo impurity model: conduction electrons v, couple to a spin gd with a exchange
interaction strength J.

are four possible states on the d level:

|0), with energy F =0,
dl |0), with energy F = g4, (1.27)
dld|0), with energy E = 2z4 + Uy.

The first state corresponds to the state with zero occupation at the impurity level, the second cor-
responds to singly occupied states with energy 4 where @ =7, |, and the third state corresponds to
the doubly occupied state. The impurity sites becomes magnetic when €4 < 0,2e4 + Uy, where the d
level is doubly-degenerate, making the d level behave effectively as a S = 1/2 spin. In the presence
of a Fermi surface, the d level interacts with conduction electrons as a S = 1/2 local magnetic mo-
ment (local moment regime). This can be made explicit by the Schrieffer-Wolff transformation on the
Hamiltonian (1.26) [32] resulting in the Kondo Hamiltonian” [186, 80, 97]

d k d'kdk oo
’l/)k g + Z / 2d k k/Sd d)T wk/,o’" (128)

o,0'=

o="1

Here, Sy is an S = 1/2 spin operator acting on the two states d,|0) on the d site. A schematic
description of the model can be seen in Fig. 1.8b. The Kondo exchange interaction Jy; 18 given by

1 1
Trw = ViV =+ — 7 (1.29)
Us+eq— E(K) E(k)—eq

and is antiferromagnetic (positive) in the local moment regime for electrons near the Fermi energy
(E(k), E(K') ~ 0).

Generating a perturbative expansion for the Hamiltonian (1.28) in powers of J; v 1s not straight-
forward because the d spins are now no longer free fermions, and there is no chk’s theorem for the
correlations of the spin operators. However, it is still possible to treat the problem diagrammatically

7 There is also and additional potential scattering term

dr.ad .’
> | G et ve
= om)2d B VR o VR o

where

W - = V;; Vk’ 1 _ 1 .
o 2 E(k)—eq Uq+eq— E(K)

We assume this term to be unimportant for now, so we drop it [80].
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Figure 1.9: Renormalization group flow of the Kondo coupling in Eq. (1.33). When the UV coupling
is ferromagnetic, i.e., J(0) < 0, the flow runs to the fixed point J(¢ — oo) = 0. For antiferromagnetic
coupling, J(0) > 0, the flow goes towards strong coupling J({ — c0) — c0.

with the Abrikosov’s method [5]. Specifically, by performing a Schwinger fermion decomposition of the
spin operator, subject to the condition that at each impurity site there is only one pseudo-fermion,

Z fJT” fory Y fife=1. (1.30)

o,0'= o="4

The unit fermion constraint above can be imposed by introducing an imaginary chemical potential
—( on the fermions f. Here, the Grassmann variable f now represents a pseudo-fermion in the Popov-
Fedotov representation, where ( = z% (8~! = T) enforces the unit fermion constraint Zo’:T, i it =1

by cancelling out the contributions of the unphysical states Za:m i flf, = 0,2 in the partition function.
This ensures that the only pseudo-fermion operators in the Hamiltonian are projection operators in
the unit fermion subspace [164]. In practice, we are interested in the zero temperature limit (5~ — 0)
on the diagrammatic expansion, and this constraint can be implemented by ignoring diagrams with
external f-lines that flow both forwards and backwards in time. In Hamiltonian form, this generalizes
Eq. (1.28) to [164, 173]

d k:
Bk} g, + D z—fffa
o=1,] a="1,l
(1.31)
d4kdak’ Taﬂ Toro!
+ Z / 2d kk’fa fﬁ wko 2 wiﬂ",o"
o,0’,a,B="T,]

The key physics of the Kondo model becomes apparent upon considering the renormalization of
the Kondo coupling to second order in J. In its simplest form, we assume a constant density of
states for itinerant electrons with bandwidth 2D. Additionally, let us assume constant J (by setting
Ve = V,E(E) ~ 0) to simplify the analysis. Then, we integrate out the highest energy conduction

electrons with D — dD < ‘E(E)‘ < D. The renormalization of the exchange coupling results in

oD
J— J+p(EF)6J2, (1.32)
where p(EF) is the density of states of the conduction electrons at Er. Writing 6D = D¢, where £ is
the logarithmic length scale, we obtain the “poor person” renormalization group flow equation, [13]

d‘éi(f) = p(Er)J2(£) + O(J?). (1.33)

The RG flow governed by Eq. (1.33) is shown in Fig. 1.9. A ferromagnetic coupling J(0) < 0
flows towards J(¢ — oo) = 0: in this case the impurity spin decouples from the conduction itinerant
electrons, and J can be treated perturbatively. For the antiferromagnetic coupling with J(0) > 0, J(¢)
increases logarithmically. Specifically, the integration of Eq. (1.33) yields the result:

1
IO = (1.34)
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This gives rise to a logarithmic contribution to the resistivity,

Rimp = Ro [1 +2Jp(Ep)log @ﬂ , (1.35)

where Ry is the resistivity due to potential scattering at the impurity site. If we start from small
positive J (0), we see from this equation that the renormalized exchange reaches order 1 at scale

TS W, this defines the Kondo temperature:

1
Tk ~ Dexp < p(EF)J(0)> . (1.36)
In principle, this expression is only valid perturbatively. However, using numerical RG, Wilson showed
that the J(£ — 00) — oo flow predicted by Eq. (1.34) is ultimately correct (qualitatively) and that the
low energy physics of the Kondo Hamiltonian (1.28) is adiabatically connected to the non-interacting
Anderson model (Uy; = 0) in Eq. (1.26) [226]. Qualitatively, when J(¢) flows to large coupling, the
way to minimize the ground state energy of Eq. (1.28) is for the spin Sy to lock into a spin singlet with
an itinerant electron at the impurity site, forming a non-magnetic impurity described by an effective
Hamiltonian,

d k kK’
BV Vo + D / e We ik, Ui o (1.37)
o=l o="1,{

In the large WE, i limit, other electrons are prevented from occupying the impurity site. In other words,
the impurity becomes a “rigid” scattering target at the impurity site with potential Wk 7+ Due to the
lack of dynamical degrees of freedom at the impurity site, this is an effective Fermi hquld description
of the scattering states for T' <« Tk, similar to that of the non-interacting Anderson model.

We can use this interpretation to deduce the temperature dependent impurity spin susceptibility:

1
Ximp = 7 (T/Tk), (1.38)

where ®(t) is a universal function for J <« D. At temperatures T > Tk, the perturbation of the
Kondo coupling is reliable; ® — 1 and we obtain the Curie-Weiss susceptibility

1

For T < T, we have ® ~ T'/Tk, and the susceptibility becomes constant:
1
Ximp ™~ 7 T < Tk. (1.40)
K
In AFQCM, critical spin fluctuations compete with itinerant electrons to couple with the impurity

through the spin-spin interaction. The interaction between spin fluctuations and the impurity spin has
the form

dpo dgod? D oo (o, Qap +
Slmpurlty boson = Jf Z / o qO q,fT( Po + qo ) (‘10 ?AF (j)fa/(po)- (141)

oo'=

Here, the Grassmann variable f(pg) now represents a pseudo-fermion field depending on frequency.
Through gy, the spin fluctuations dress the impurity spin, which generates an anomalous dimension of
J. As a result, the Kondo screening is weakened by the boson with an increasing 7. We will discuss
how the critical spin fluctuations suppress the Kondo screening in Chapter 4.
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1.3 Structure of the Thesis

In Chapter 2, which is based on the work of Ref. [30], we present the field-theoretical functional
RG formalism applied to the AFQCM in 2+1 dimensions. In this scheme, we go beyond the patch
theory by including all gapless degrees of freedom along the Fermi surface and promoting couplings
to coupling functions of momentum along the Fermi surface. In the space of coupling functions, we
identify an interacting fixed point at a point with vanishing nesting angle. In theories deformed with
non-zero nesting angles, coupling functions acquire momentum-dependent profiles controlled by the
bare nesting angles at low energies before flowing to superconducting states in the low-energy limit.
The superconducting instability is unavoidable because lukewarm electrons that are coherent enough
to be susceptible to pairing end up being subject to a renormalized attractive interaction with its
minimum strength set by the nesting angle irrespective of the bare four-fermion coupling. Despite the
inevitable superconducting instability, theories with small bare nesting angles and bare four-fermion
couplings that are repulsive or weakly attractive must pass through the region with slow RG flow due to
the proximity to the non-Fermi liquid fixed point. This “bottleneck” region controls the quasi-universal
scaling behaviour of the normal state above the superconducting transition temperature.

In Chapter 3, based on Ref. [28], we show that the momentum-dependent quantum corrections can
give rise to curved momentum-spacetimes in metals. In the AFQCM, a curved momentum-spacetime
is demonstrated to arise as the critical spin fluctuations generate a red shift that dilates frequency of
the electron unevenly on the Fermi surface. As the shape of the Fermi surface controls the momentum-
dependent red shift, the momentum-spacetime geometry that emerges at low energies depends on the
bare nesting angle of the Fermi surface. Larger bare nesting angles reduce the region where the critical
spin fluctuations slow down an electron. At the same time, the increasing nesting angle weakens the
screening of the interactions, making the red shift stronger near the hot spots. These two effects
compete to create a non-monotonic dependence of the electron’s cyclotron frequency on the nesting
angle. The red shift that becomes more singular at the hot spots with increasing nesting angle creates
a possibility of realizing a momentum-space black hole horizon beyond a critical nesting angle: the
electron motion becomes “perpetually” slowed down as it approaches a hot spot in the same way
that the motion of a free falling object freezes near the event horizon of a black hole with respect
to an asymptotic observer. However, the analogous horizon is not fully realized because the metric
singularity at the hot spots is cut off by thermal effects present above the non-zero superconducting
transition temperature.

Finally, in Chapter 4, which is based on Ref. [29], we study a magnetic impurity immersed in
AFQCM. Critical spin fluctuations represented by bosonic fields compete with itinerant electrons to
couple with the impurity through the spin-spin interaction. At long distances, the antiferromagnetic
electron-impurity (Kondo) coupling dominates over the boson-impurity coupling. However, the Kondo
screening is weakened by the boson with an increasing severity as the hot spots connected by the
magnetic ordering wave-vector are better nested. The dramatic hampering of the Kondo screening
by the critical boson results from UV/IR mixing, where spin fluctuations of all length scales actively
suppress Kondo screening by itinerant electrons even at low energies.

We end this thesis with a few concluding remarks and an outlook on future research directions.

1.4 Notation

Throughout the the rest of this thesis the following notation will be encountered:
1. scales

e A: UV energy cutoff
e kp : Fermi momentum / size of Fermi surface

e 4 : floating energy scale at which renormalization conditions are imposed
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2. momentum

o k= (ks ky) : two-dimensional momentum measured with respect to the hot spot in each
patch

-

k = (ko, k) : three-momentum vector made of Matsubara frequency and two-dimensional
momentum

Q Ar : the antiferromagnetic ordering vector

e ky : the component of k that is perpendicular to QAF

e k : abbreviation for kxy used when the associated hot spot index is obvious

e Lk, : the component of k that is parallel to QAF

e K = ke’ : rescaled momentum associated with the logarithmic length scale £
3. coupling functions

e Vi : the momentum dependent Fermi velocity parallel to the antiferromagnetic ordering

vector

e v : the momentum dependent local nesting angle

e ¢ : the speed of the overdamped collective spin fluctuation

o wy = vp/c (0= vo/0)

® gip : the momentum dependent fermion-boson coupling function

A(j& N2)i(o1a2)

. ks ko : the momentum dependent four-fermion coupling function
( ka k3 )
o JMNY L Kondo coupling function that describes the scattering of electrons through inter-

koK,
action with the impurity

e gy : the boson-impurity coupling

e u, (a=1,2) : quartic boson couplings
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Chapter 2

Field-theoretic functional
renormalization group formalism
for non-Fermi liquids and its
application to the antiferromagnetic
quantum critical metal in two
dimensions

2.1 Introduction

A recent study has uncovered a strongly interacting fixed point for the antiferromagnetic quantum
critical metal in two dimensions, where exact critical exponents are extracted [182]. The fixed point is
characterized by the anomalous dimension of the spin fluctuations 1, the dynamical critical exponent
z =1 and an emergent nesting of Fermi surface near the hot spots. Due to a slow flow of the nesting
angle under the RG flow, at finite length scales one expects to see scaling behaviours controlled by
transient exponents that depend on the nesting angle[123]. A recent quantum Monte Carlo study[122]
that employs a sign problem-free lattice regularization[25, 62, 26, 179] shows scaling behaviours that
are in qualitative agreement with the predictions. However, the previous approach based on the
patch theory is insufficient for studying superconducting instabilities because Cooper pairs can be
scattered across the entire Fermi surface beyond a local patch. In order to take into account large-
angle scatterings of Cooper pairs, one has to study the full low-energy effective field theory that include
all gapless modes around the Fermi surface. In this chapter, we develop a field-theoretic functional
renormalization group formalism for the full low-energy effective field theories of non-Fermi liquids
beyond the patch theory. We apply this formalism to the non-Fermi liquid state that arises at the
antiferromagnetic quantum critical metal.

The first half of this chapter (Secs. 2.2-2.4) is dedicated to the development of the formalism, and
forms the theoretical backbone of the entire thesis. The second half of this chapter (Secs. 2.5-2.7)
is dedicated to the functional RG flow of the coupling functions. In particular, Sections 2.5.1 and
2.6.1 include the RG flows of the nesting angle, Fermi velocity and Yukawa coupling functions. These
results will be important for Chapters 3 and 4. Sections 2.6.2, 2.6.3 and 2.7 discuss the RG flow of the
four-fermion coupling and the superconducting instability.

21
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-1 -1
VWY = VMWW @w+@

Figure 2.1: The truncated Schwinger-Dyson equation that becomes exact in the small v limit with
v < c(v) < 1. The wiggly and solid lines denote the bare boson and fermion propagators, respectively.
The double wiggly line represents the dressed boson propagator.

2.2 Review of the hot spot theory

The hot spot theory that describes the gapless spin fluctuations and the electrons near the hot spots
is written as[182]

8 N. Ny
s=3" Z /dk Ul o (K) {zko—FeN(k v)] VYN0, (k)
N=lo=1j
+ 3 / dq (g2 + c2/d1?) Tr [®(q)®(—q)] (2.1)
8
9

Z ZC Z/dk /dq¢NJJk+q) UU( )wNU,]()

NfN loo’'=1j=1

Here k = (kO,E) denotes the three momentum that includes the Matsubara frequency ko and the

. . > dkodk,dk . . .
two-dimensional momentum k, and dk = W We consider a Cy-symmetric Fermi surface that

supports eight hot spots labeled by N = 1,2,...,8 as shown in Fig. 1.4a. 9y, (k) represents the
electron field near hot spot N with spin ¢ = 1,2,..., N, and flavour j = 1,2,..., N¢, where k is
measured relative to hot spot N. The electron is in the fundamental representation of spin SU(N.)
and flavour SU(Ny) groups. The case that is most relevant to experiments is N, = 2 and Ny = 1, but
we keep V. and Ny general. All results discussed in this chapter hold for any N, > 2 and Ny > 1.
The electron dispersion expanded to the linear order in momentum away from each hot spot is

er(F;v) = —es(k; v) =vk, + ky,

eg(ljf:; v) = 766(}5{;’0) = — ky — vky, (2.2)
es(k;v) = —er(k;v) = — kg + vky,

es(k;v) = —eg(k;v) =vk, — ky,

The coordinate is chosen so that Q arM is parallel to § at hot spot 1. The component of the Fermi
velocity along Q AFM is set to be 1 through a choice of momentum scale, and v denotes the dimensionless
ratio between the component of the Fermi velocity perpendicular to Q ArMm and the component parallel
to QAFM The patches of Fermi surface connected by Q ArM have relative slope 2v, and v is referred
to as mesting angle (see Fig. 1.4b). The collective antiferromagnetic spin fluctuations are represented

by a bosonic field in the adjoint representation of SU(N,), ®(q) = Zfl\z;l ¢*(q)7®, where 7*’s denote
the N. x N, generators of SU(N..) with Tr[r%7°%] = 24,; and ¢%(q) = ¢*(—q)*. Momentum § of the
boson is measured relative to Q AFM- Co is the bare speed of the boson. Finally, g denotes the Yukawa
coupling between the boson and electrons near the hot spots. The cubic vertex describes the processes

where an electron near hot spot N is scattered to hot spot N by absorbing or emitting a boson, where
1=4,2=73=6,4=1,5=8,6=3,7=2and 8 =5.
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Under the Gaussian scaling in which the kinetic terms are kept invariant, the fields have dimension
[¥] = -2, [®] = —5/2 and the Yukawa coupling has dimension [g] = 1/2. The four-fermion coupling,
which is not included in the hot-spot theory, has dimension —1. The usual perturbative expansion in
which physical observables are expressed in powers of dimensionless coupling g/FE'/? at energy scale E
is bound to fail at low energies. Even if g is small compared to the UV cutoff, non-perturbative effects
become important at low energies. Fortunately, the theory is solvable in the limit that the nesting
angle v is small. If v is non-zero but small at a UV scale, it dynamically flows toward zero in the low
energy limit, and the solution obtained in the small v limit becomes asymptotically exact in the low
energy limit. This makes it possible to extract the exact critical exponents at the infrared fixed point
with vanishing v[182, 123, 183]'. At the fixed-point, both g and v vanish with ¢g/v ~ O(1), where the
anomalous dimension of the boson is controlled by g?/v. This interacting two-dimensional fixed point
is distinct both from the Gaussian fixed point with g?/v = 0 and the one-dimensional Fermi surface
with the perfect nesting, g2/v = co[42].

To the leading order in v, the dynamics of the boson is generated by the infinite set of diagrams
included in Fig. 2.1. At low energies, the solution to the self-consistent Schwinger-Dyson equation is
given by[182, 183]

2
D@ = 2 [laol + e(w)aa + by )], (23)

where

olv) =1/ 5 Ni’Nf log (i) (2.4)

is the speed of the over-damped collective mode?. Interestingly, Eq. (2.4) is only a function of v
and independent of the bare speed of the boson (¢p). This is because the renormalization generated
from gapless particle-hole excitations is more singular than the local kinetic term at low momenta and
energies. The bare kinetic term, which is irrelevant, can be dropped from Eq. (2.1) at low energies.

Without the boson kinetic term, one can rescale the boson field as & — | /%QJ so that the dressed

boson propagator has the canonical normalization, which gives rise to anomalous dimension 1 for the
boson. After this rescaling, the Yukawa coupling becomes \/%T Physically, this implies that the
Yukawa coupling and the nesting angle become dynamically related to each other at low energies.
While the boson is strongly dressed by particle-hole fluctuations, its feedback to electrons is weak
in the small v limit. The magnitude of a general L-loop quantum correction with E external legs and

Ly fermion loops computed with the renormalized boson propagator is bounded by

G(L, Ly, B) <vz whts (2.5)
up to logarithms of v, where w = v/¢[182]. According to Eq. (2.5), only Fig. 2.2a can potentially give
the leading order contribution to the fermion self-energy that renormalizes v. However, Eq. (2.5) is

only an upper-bound, and the actual correction to v generated by Fig. 2.2a is further suppressed in c.
This is because Fig. 2.2a depends on external momentum k only through the combination, ck as the
external momentum can be directed to flow only through the boson propagator. As a consequence, Fig.
2.2a becomes of the same order as Fig. 2.2b which saturates the inequality in Eq. (2.5), and we have

11t is in principle possible that there exist other fixed points with large nesting angle. However, alternative pertur-
bative analysis based on a dimensional regularization which is under control for any value of nesting angle near three
dimensions[206, 123] indicates that there is no other fixed point besides the z = 1 fixed point that continuously evolves
to the non-perturbative fixed point found in two dimensions[183].

2When qo # 0, |gz| +|gy| in Eq. (2.3) should be replaced with a function f(qo, §) that approaches f(qo,q) = |quz|+ |qy|
for |q@] > |qo|. For a small ¢(v), c¢(v)(|gz| + |gy|) is important only for |q] > |qo|. Therefore, Eq. (2.3) holds for all § and
qo to the leading order in ¢(v) in the small v limit.
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Figure 2.2: The leading order fermion self-energy and the vertex correction in the small v limit.

to include both Fig. 2.2a and Fig. 2.2b as the leading order correction to v. The quantum corrections
in Fig. 2.2 renormalize the nesting angle at the hot spots, and give rise to the beta function,

dv  2ANZ—1) , (1
@~ NN, v” log R (2.6)

where / is the logarithmic length scale. The solution of the beta function is written as

Ei [1og <v(1€)ﬂ =FEi {log (v(lo)ﬂ + Wé (2.7)

where £ is the logarithmic length scale, v(0) is the value of v measured at a UV scale set by ¢ = 0 and
Ei(z) is the exponential integral function which goes as Ei(z) = €*(1/x + O(1/2?)) for x > 1. For
v(0) < 1, the solution becomes

7r2NcNf 1
0) = 2
v(f) 2(N2 — 1) (€ + £o) log({ + £o)’ (2:8)
where
2N.N 1
l = et (2.9)

2(NZ = 1) v(0)log(1/v(0))

is the crossover scale associated with the bare nesting angle, v(0). For ¢ < ¢y, the flow of v can be
ignored, while v flows to zero logarithmically for £ > ¢,.

For ¢y > 1, there is a large window of scales, 1 < ¢ < ¢y in which the flow of v can be ignored.
Within this window of length scales, physical observables obey approximate scaling relations that are
controlled by a set of transient critical exponents,

(N2 —1)
14 e =) 2.1
z + 2NN w, (2.10)
(N2 -1)
U= -9 e 2 2.11
9] 47NN (2.11)

1 1
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Here w = v(¢)/c(¢) (note that ¢ depends on ¢ through v). z is the dynamical critical exponent. [¥]
and [®] denote the scaling dimension of the fermion and boson fields in the momentum space. If v
was independent of ¢, these exponents would control the power-law scaling of correlation functions
in the low energy limit, and the one-parameter family of theories labeled by v would form a line of
fixed points. In reality, v is not an exactly marginal parameter, and it flows to zero logarithmically for
£ > {y. Still, these transient exponents control the scaling behaviours over a finite window of length
scales 1 < £ < £y in which the flow of v can be ignored. We call the one-parameter family of theories
labeled by v quasi-fixed points as they only act as approximate fixed points in the intermediate energy
scale. If the RG flow was not cut off by an instability driven by the four-fermion coupling, the theory
would flow to the true fixed point with v = 0[182, 123, 183] at length scales bigger than ¢;. At the
true fixed point, the critical exponents become z = 1 and [¥] = [®] = —2.% The crossover created by
the flow of v manifests itself in physical observables. For example, the spectral function of electrons
at the hot spots (A(w)) and the dynamical spin susceptibility at the antiferromagnetic ordering vector
(x" (w)) take different scaling forms at high and low energies as

7<1727]\'VJ§.71$) w(O))
w ens for wp<Kw KA,
~T log 1)1/2 -t
.A(W) 2y/N2—1 (loi;g)l N 172 N ;
we “  (logX)”" loglog X for W< wo

(2.13)
w_(l_“NiNf w(0) logﬁ) for  wy<Kw <A,

- -1
X (OJ) ~ . e\/ﬁ\/logé

for w<Kwy

Here, A is the UV cutoff scale and wy = Ae *(D% is the crossover energy scale, where z(0) =1+
(N2-1)
27NNy
than wg, the flow of v can be ignored, and the spectral function decays in a power-law controlled by

the transient exponent that depends on v(0). At low energies, the spectral function is controlled by
the true fixed point with logarithmic corrections generated from the flow of v[182, 183].

Despite the success of the hot-spot theory in explaining scaling properties of the critical spin
fluctuations and electrons at the hot spots, there are two important open issues. First, the four-
fermion coupling has not been included in the hot-spot theory. While the four-fermion couplings
have scaling dimension —1 at the fixed point with v = 0, it can not be ignored if it gives rise to
IR singularities, which, for example, are responsible for superconducting instabilities. In priori, both
hot and cold electrons can play important roles in superconducting instabilities because Cooper pairs
from hot spots can be scattered to anywhere on the Fermi surface (and vice versa). To capture such
superconducting fluctuations, it is crucial to include all gapless degrees of freedom on the equal footing.
If superconducting instabilities are indeed present, as is seen ubiquitously in many quantum critical
metals, the flow of v is cut off before the theory flows to the true fixed point located at v = 0. Second,
the hot spot theory does not capture the universal low-energy properties that vary along the Fermi
surface. The antiferromagnetic quantum critical metal hosts both Fermi liquid away from the hot spots
and non-Fermi liquid at the hot spots within one physical system. Eq. (2.13) describes the spectral
properties of the electrons right at the hot spots. The spectral function has no quasiparticle peak at
the hot spots because the gapless spin fluctuations remain coupled with electrons down to zero energy.
On the other hand, electrons away from the hot spots decouple from the low-energy spin fluctuations
at sufficiently low energies, and they should be described by the Fermi liquid theory in the low-energy
limit. As the hot spots are approached, the energy scale below which the electrons decouple from
spin fluctuations is lowered, and the quasiparticle gradually loses coherence. For the same reason, all

w(0) is the transient dynamical critical exponent defined at high energy. At energies higher

3It turns out that these exact critical exponents can be extracted from the interaction-driven scaling in which the
Yukawa coupling and the fermion kinetic term are kept marginal[205, 182].
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other electronic properties such as the nesting angle, Fermi velocities, the quasiparticle weight and
Landau parameters are expected to acquire singular momentum profiles near the hot spots. In order
to understand such momentum dependent critical properties of the system, we have to go beyond the
patch theory and include all gapless modes within our effective field theory.

2.3 The theory of the full Fermi surface

The full theory that includes all gapless modes and the four-fermion coupling is written as

8 N. Ny

. N T N
S / dk v}, (k) {zko + VD entk, U,gNn} N5 (K)
N=1o=1j=1

S

1 8 N, Nf
F 2 D00 A g P (B @, )
N=1loo'=1j=1
Ly s s [T (3 ) (32
M Z Z Z /Hdki 51+2,3+4)\<,€f;N13,€2;N2> (2.14)
i=1

H o N=1) {oi=1) (i1} ka ny k3
KON o KDV o (K2)UNg 0 (K3 )N, 0,5, (Ka)

4
+ leu/il:[ldki 51+2+3+4,0{U1Tr [®(k1)P(ks)] Tr [D(ks)P(ky)]
+upTr [¢>(k1)<1>(k2)<1>(k3)<1>(k4)]}_

Here, the Fermi surface is still divided into eight disjoint patches each of which includes one hot spot
as in the hot spot theory. However, unlike in the hot spot theory, the union of those patches cover
the entire Fermi surface and the size of each patch is order of the Fermi momentum. Therefore, the
coupling constants are promoted to general coupling functions that depend on momentum along the
Fermi surface. p is the floating energy scale at which physical observables are related to the coupling
functions. Couplings that carry non-zero dimensions under the interaction driven scaling are expressed
in the unit of M. 514_2,3_;,_4 = (27T)55(k1 + k2 — k3 — k4) and 51+2+3+470 = (271’)36(1{1 + kQ + k3 + k4)
kxn denotes the component of momentum that labels the Fermi surface near hot spot N (see Fig. 1.4a
for the choice of coordinate system),

{ ko for N =1,4,5,8
kny =

k, for N=2,3,6,7 (2.15)

Although the z and g directions are not perfectly parallel to the Fermi surface in general, there is
one-to-one correspondence between ky and a point on the Fermi surface near hot spot N. We call

kxy momentum ‘along’ the Fermi surface near hot spot V. V}JZJ)V is the momentum dependent Fermi

velocity in the direction that is parallel to Cj AF near hot spot N. e N[I;/:, v,(cllz)], which determines the

shape of the Fermi surface near each hot spot, is written as

e1[k; v,(;)] v,(cl)km + ky, esk; 11,(:4)] = —v,gi)ky ke,

eslk; v,(;z)] = v,(;z)ky — ke, ealk; v,(;i)] = v,(é)kx ky, (2.16)
eslkivg)] = —vi ke — ky,  eqlFivl)] =00 ky + ko, '
67[]2; v,(cy)] = fv,(cz)k:y + ks, eg[lz; v,(gi)} = v,(:i)kz + ky,

where the nesting angle in Eq. (2.2) is promoted to functions. The set of points that satisfy

eN[E, v](:;/)] = 0 forms the Fermi surface of a general shape. w; and us represent quartic couplings
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allowed channels
Group 1 [i 1], [14], [11]
Group 2 (i3], [18], (18] [4 5]
Group 3 | [13],, [13],, (18], [42) (58] [38] [4 7]
Group 4 136 [37): [35]

Table 2.1: The primary and secondary channels for the four-fermion coupling, where the primary
channels are the ones generated from the spin fluctuations at the leading order and the secondary
channels are the ones generated from the primary channels through the linear mixing. The ones with
subscript p denote primary channels.

between the collective modes. For N, = 2, the terms with u; and us are not independent, and one can
set ug = 0 without loss of generality. The momentum-dependent Yukawa coupling is denoted as g,(cj,vlz

Unlike u;, which are coupling constants, g,ij,vli is a function that depends on two momenta along the

(Nl N2),(01 02)

)\ N4y N3 )\ 04 03 ()\{Nl},{az}
K kg) {ks}

. . k:4 k3 .

interactions labeled by momenta of electrons on the Fermi surface.

Due to the C4 symmetry, v,(CN)7 VSZ) and g,(jv,z can be represented in terms of just three coupling

functions vy, Vr and gg  as

Fermi surface. Similarly, in short) denotes the short-range four-fermion

V) ) (DY _ S (ks VEks 9kk) N = ;6

(Uk > Ve gk"k) { vk, VPt 9-t/—k), N 8 - (2.17)
Similarly, four-fermion coupling functions that are mapped to each other under the C; symmetry are
related. We set the coefficient of the iky term in the fermion kinetic term to 1 by choosing the scaling
of the fermion fields. The relative scale between frequency and momentum is chosen to set the Fermi
velocity along C} Arym to be 1 at the hot spots, and the normalization of the bosonic field is chosen so
that the Yukawa coupling at the hot spots is tied to vy,

T
Veo=1, goo=1/ 70- (2.18)

The allowed four-fermion couplings are constrained by the crystal momentum conservation because
the hot spots are located at different points in the momentum space.? Even if the four-fermion coupling
is zero at a UV scale, the Yukawa coupling generates four-fermion couplings. To the leading order in
the Yukawa coupling, the diagrams in Fig. 2.7 generate the four-fermion couplings in channels (& )
for 1 < N, M < 8. Due to the Cy symmetry, we can focus on those channels with N = 1 without
loss of generality. We call those couplings that are generated from the Yukawa coupling at the leading
order primary couplings. Once the primary couplings are generated, secondary couplings are further
generated through the linear mixing shown in Fig. 2.8. Because a set of coupling functions that
forms a closed set of beta functionals has common primary couplings, it is convenient to group the
four-fermion couplings according to their primary couplings. Group 1 includes the primary couplings

15).[01 0
(13):(535%)
(%3 &2)

kq k3
1 and 5 carry the same total momentum as the pair made of electrons on hot spots 4 and 8. On the other hand, the

11).(01 02
(2 5)‘(04 03)

(ki ks)

4For example, the coupling function A with k; = 0 is allowed because a pair of electrons on hot spots

coupling function A with k; &~ 0 is not allowed because of momentum mismatch.
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generated by the Yukawa coupling in (N, M) = (1,1),(1,4), and the secondary couplings that are
further generated from mixing. The couplings in group 2 represent the primary ones generated in
channels (N, M) = (1,5), (1, 8) and the associated secondary couplings. Group 3 includes the primary
couplings for (N, M) = (1,2),(1,3),(1,6), and their secondary couplings. Those in group 4 have no
primary couplings. The couplings in group 4 can be present only when there exists a bare short-range
four-fermion couplings at a UV scale. These couplings are listed in Table 2.1. To avoid clutter in
the table, we show only one channel among the ones that are related to each other through the Cjy
symmetry, permutation of two incoming particles (or two outgoing particles), and Hermitian conjugate.
Namely, each entry with the square brackets in Table 2.1 represents a group of channels obtained by the
C, transformations, the Hermitian conjugate and the permutations between two incoming/outgoing
particles,

N N, Nj Ny
Ni N. Ry, v "'RN4N!1(N’ v, ) Bony o Rvavg () w7 )
[ 1 2] — 1 4 V3 1 1 Ng

]\[4 ]\[3 N/ N/ N/ N/
Ry v By (NN )s R Ry (N N )

where the repeated hot spot indices are summed over and R is the 8-dimensional representation of the
C, group that acts as permutations on hot spot indices. For example, for the 7/2 rotation we have

RN:Nl eCyp, (219)

RWN/]%,, = 0N [N/+42]s» Where [z]g = 2 mod 8. (] T) is related to ({§) through the 7/2 rotation, and it is
not separately shown in group 3. In the table, channels with subscript p denotes the ones that include
primary couplings.

The theory has the U(1) charge, the SU(N;) flavour and the SU(N,) spin rotational symmetry.
Due to the spin rotational symmetry, the four-fermion coupling function can be decomposed into two

e (e (BN

channels as A ;74 /7 Ky ko 0010400505 T AT 0010500504 The action in Eq. (2.14)
(k4 k3) D’<k4 ks) E’(k4 k3)
is also invariant under the particle-hole (PH) transformation,
UNog (k) — O, (k). ®(g) — —D(g)" (2.20)

if the coupling functions satisfy

(N w3 )(eies) (v W )(5t 62)
V_p = Vg, Ve = Vi, I—k'—k = Gk,k'» Ak ke d = Ak ks . (2.21)
(k4 ks) (*/ﬁ *k2)
For Fermi surfaces with general shapes, the PH symmetry is absent. In this thesis, we are going to
focus on the general cases without the PH symmetry.

The theory has two cutoff scales. The first is kr that represents the size of each patch. The second
is the energy cutoff A. It sets the momentum cutoff of boson and the momentum of electrons in the
direction perpendicular to the Fermi surface. Naturally, kr is the largest momentum scale.

Under the interaction-driven scaling in which frequency and momentum are rescaled by a factor
b > 1, the fields are transformed as

(k) = b2Y(K), D(k) = b2 (K) (2.22)

with k = b~'k’. Under this transformation, the coupling functions are transformed as

U}, = Vp-1, Vi = Vep-1k Ghtrqk = 9o (ktq)b-1ks (2.29)
"AN:}:{oi} _ 1 —1\{N:}:{o:} | :
Atk =bT ALY ul, = b luy,.

Here k, ¢ and k; represent the momentum along the Fermi surface. According to Eq. (2.23), both
fermionic and bosonic quartic interactions are irrelevant by power counting. Unlike the pure ¢* theory
in 2 4+ 1 dimension, the bosonic quartic coupling is irrelevant because the boson acquires a large
anomalous dimension due to the strong coupling with the fermions near the hot spots. Indeed, loop
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Figure 2.3: Energy and momentum cutoffs. A is the energy cutoff, and kr denotes the size of the
patch near each hot spot. The full Fermi surface consists of the union of the eight disjoint patches and
the size of each patch is comparable to the Fermi momentum.

Gkk Gk’

Figure 2.4: Under the tree-level scaling, the momentum along the Fermi surface is rescaled, which
causes the momentum profiles of the coupling functions to be stretched out under the renormalization
group flow.
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m

n

n

Figure 2.5: A loop correction in which an m + n-fermion operator is dressed with 2n-fermion operator
that results in an anomalous dimension of the m + n-fermion operator.

corrections that involve u,, are IR finite. Therefore, we can drop the bosonic quartic coupling in the
low-energy limit.

On the contrary, one can not drop the four-fermion coupling because it can give rise to IR singular-
ities through loop corrections. The disagreement between what is expected from the power-counting
and the actual degree of IR divergence is caused by the scale associated with the size of Fermi surface.
To see this, let us consider a process in which a 2n-fermion operator fuses with another operator,
generating an anomalous dimension for the latter. To the leading order in the perturbative expansion,
this is represented by an (n — 1)-loop process (see Fig. 2.5). The scaling dimension of Mg, is 3 — 2n,
and no IR divergence is expected for n > 2 from the power-counting. However, the actual degree of IR
divergence can be enhanced by the extended phase space for gapless fermions. If fermions in the loop
can stay on the Fermi surface within a manifold with dimension as,, in the space of internal momenta,
the effective coupling that contributes to the quantum correction becomes Ao, k%" because the loop
momenta within the manifold give the volume of the phase space, k%*". For one-dimensional Fermi
surfaces, as, < (n —1). The upper bound is saturated if every momentum along the Fermi surface
contributes a factor of kg, which happens when the Fermi surface is straight. For Fermi surfaces
with generic shapes, asg, becomes smaller than (n — 1) as the perfect nesting is destroyed by curva-
ture of Fermi surface. However, n = 2 is special in that the upper bound is saturated in the pairing
channel as far as the time-reversal symmetry is present. Since a pair of fermions with zero center of
mass momentum can be placed anywhere on the Fermi surface in the one-dimensional Fermi surface,
a4 = 1. This implies that the effective scaling dimension of the four-fermion coupling becomes zero,
and the four-fermion coupling should be included within the low-energy effective theory. Indeed, the
BCS scattering processes that involve the four-fermion coupling give rise to logarithmic divergences in
the low-energy limit. On the other hand, A\9,,’s with n > 2 are too irrelevant to create IR singularities
even with the help of the enhancement from Fermi surface. Therefore, we only keep the four-fermion
coupling among the couplings that are irrelevant by power-counting.

Given that the action in Eq. (2.14) is local, all coupling functions can be expanded in the Taylor
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series of momentum along the Fermi surface as

o [n] > y/lnl

_ v n _ F n
Uk—ZFk7 VF,k—Zﬁku
n=0 n=0
(2.24)
o [m,n] © - Alnslai{Ni}i{oi}
_ 9 m_n {Ni}s{o:} _ Ui gls .05 1.0
Gk = 2, St Ay = {z}: AT A

m,n= 1;}=0

The interaction driven scaling fixes the scaling dimensions of the coefficients in Eq. (2.24) to [v["] =
[VIL”]} = —n, [gIm"] = —(m +n) and [Al--laliiNded ] = — (1414 415 + I3 + 14). Formally, allowing
the general momentum dependence in the coupling functions amounts to introducing an infinite tower
of coupling constants. Although the high-order coupling constants are highly ‘irrelevant’ in terms
of their scaling dimensions, they are necessary to characterize the whole Fermi surface. This rather
unusual role of irrelevant couplings is due to the fact that the momentum along the Fermi surface not
only acts as a scale but also as a label for the gapless electronic degrees of freedom. In particular, the
momentum dependence in coupling functions is important in understanding superconductivity that
arises through an interplay between hot and cold electrons.

In Eq. (2.24), gk+q.k denotes the strength of the interaction in which an electron is scattered
from momentum k to k + g near the Fermi surface by absorbing or emitting boson with momentum
¢ in magnitude. In relativistic quantum field theories, scatterings that involve high-energy particles
are not important at low energies. For this reason, one may just keep the leading order term in
the expansion in ¢. In the presence of Fermi surface, however, the processes in which electrons are
scattered by high-energy bosons within the Fermi surface can give rise to IR singularities. The same
mechanism is responsible for the logarithmic singularity associated with the BCS instability caused
by short-range interactions mediated by a massive boson in Fermi liquids. For this reason, we include
the Yukawa coupling with general k and ¢ within the theory. The fact that the coupling associated
with high-energy bosons should be included within the theory raises important questions on what
constitute low-energy observables and what information the low-energy effective theory should include
to be predictive. Later, we will see that the predictions of the theory do not depend on UV physics if
we choose the right observables. For now, we proceed with the general Yukawa coupling function as
an intermediate step toward identifying the universal observables that do not depend on UV physics.

2.4 The field-theoretic functional renormalization group for-
malism

In this section we discuss the fundamentals of the field theoretic functional RG scheme that is used
throughout the thesis. For other functional RG approaches, see Refs. [162, 222, 146, 168, 170, 81, 85,
64, 63, 31, 143, 181, 88, 139, 107, 55, 159, 218, 89, 129, 53, 54, 87, 130, 171, 209].

2.4.1 Renormalizability

Explaining or predicting experiments is usually done in the following steps. One first identifies relevant
degrees of freedom and symmetry to constructs a model that generally includes a set of free parame-
ters. After physical observables are computed from the model, the parameters of the model are fixed
from existing experimental data. Once the parameters are fixed, one can make predictions for new
observables. Since there is freedom in choosing which observables are used to fix the parameters and
which ones are used as predictions, what a theory captures is the relation among physical observables.
A theory has stronger predictive power if more observables are fixed by fewer other observables.

In field theories, one aims to find relations among low-energy observables measured at energy scales
much smaller than microscopic energy scales. While individual low-energy observables can sensitively
depend on microscopic details, field theories can capture their relations that are independent of the
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microscopic details. To achieve this goal, it is most convenient to use renormalizable field theories.
A renormalizable theory contains a minimal set of couplings in terms of which all other low-energy
observables of the theory can be expressed with errors that vanish in powers of /A, where u is the
energy scale at which observables are probed and A is a UV cutoff. Although microscopic systems
in general include more parameters, one can use renormalizable theories to extract universal relations
among low-energy observables. Two theories which differ by irrelevant couplings give rise to the same
relations among low-energy observables within the power-law accuracy.

In the presence of Fermi surface, a low-energy theory includes momentum-dependent coupling
functions. Once expanded around a point (say a hot spot) on the Fermi surface, the momentum-
dependent coupling functions in Eq. (2.14) can be viewed as an infinite set of coupling constants.
Under a transformation that rescales the momentum relative to the hot spots, the couplings associated
with positive powers of momentum along the Fermi surface are formally irrelevant. However, this does
not imply that those higher order terms in momentum are unimportant for all low-energy observables.
Even if the higher order terms in Eq. (2.24) may not be needed for understanding the low-energy
behaviours of electrons at the hot spots, they are still important for electrons on the Fermi surface far
away from the hot spots. The higher order terms can be important even for electrons at the hot spots
if large momentum-scatterings are not suppressed at low energies. Therefore, it is necessary to keep
the full momentum-dependent coupling functions in order to characterize the low-energy physics of the
entire system. Because the Fermi surface supports an infinite number of gapless modes, the amount
of universal low-energy data is in general infinite®.

The goal of low-energy effective theories for Fermi surface is to identify the minimal set of functions’
worth of low-energy data, in terms of which all low-energy observables can be determined. To achieve
this, we use Eq. (2.14) to compute a set of physical observables as functionals of the coupling functions.
Local counter terms are added to the action so that those physical observables become what we set
them to be as functions of momentum along the Fermi surface at an energy scale. Once the bare theory
that includes the counter terms is fixed, it gives rise to the functional Callan-Symanzik equation that
describes how the momentum dependent physical observables run as functions of energy. From the
flow equations, we identify the set of low-energy observables in terms of which all other low-energy
observables can be expressed without resorting to unknown high-energy physics. In particular, the RG
flow of the coupling functions identified as low-energy observables should be captured solely in terms
of those coupling functions themselves. Given that we don’t know in priori what constitute universal
low-energy observables, we first include all coupling functions {vk, V& k, Gk+q.ks A%gi}};{ai}} that can
be potentially needed in characterizing all low-energy observables. From this, we isolate the minimal
subset whose RG flow can be extracted solely from those couplings in the minimal subset without
resorting to any unknown UV physics. The two-point function of fermion on the Fermi surface, which
is related to the momentum dependent nesting angle and Fermi velocity, are low-energy observables.
While the forward cubic vertex function related to gy i is in the minimal set of low-energy observables,
Jk-+q,k With a non-zero ¢ is not because the off-diagonal Yukawa coupling function with large momentum
transfer encodes the dynamics of the high-energy boson. Remarkably, the one-particle irreducible (1PT)
four-fermion vertex function strictly defined on the Fermi surface does not belong to the minimal set
of low-energy observables either. This is because the flow of )\igi}};{m} for general k;’s can not be
determined within the low-energy effective field theory : quartic fermion operators defined on different
points on the Fermi surface can mix with each other at low energies by exchanging high-energy bosons.
Nonetheless, the RG flow of the net two-body interaction that combines the 1PI four-fermion vertex
function and the tree-diagram associated with two 1PI three-point vertex functions connected by the
renormalized boson propagator can be understood within the low-energy effective theory (see Fig. 1.6).
This will be shown explicitly in Sec. 2.6.3.

In the present theory, there are two cutoff scales, kr and A. Naively one might expect that

5The low-energy data, while being infinite, is still much smaller than the full information a microscopic theory can
carry. This is because the low-energy effective theory only keeps track of the momentum dependence of the coupling
functions along the Fermi surface.
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the relations between observables at one scale, pq, and observables at another scale, us, should be
independent of all of those short distance scales for pi, e < A, kp. This amounts to requiring that
divergences in any of those large momentum scales can be removed by adding local counter terms.
However, it is in general impossible to remove kr dependences in all low-energy observables®. This is
because kp is a part of the low-energy data that reflects the ‘number’ of gapless modes in the system.
As a result, the beta functionals for the four-fermion couplings may explicitly depend on kg, and kg
needs to be included in characterizing low-energy physics. On the other hand, A represents the energy
cutoffs, and it can be removed from low-energy observables by adding local counter terms. In field
theories of Fermi surface, the validity of the low-energy effective field theory boils down to the question
of whether one can remove A but not necessarily kg in the relations among low-energy observables.

2.4.2 Extended minimal subtraction scheme

To understand the low-energy physics of the theory, the quantum effective action is computed order
by order in v from the classical action in Eq. (2.14). Since the Yukawa coupling is marginal under the
interaction-driven scaling, quantum corrections to the leading-order solution of the non-perturbative
Schwinger-Dyson equation are logarithmically divergent in general. While the four-fermion coupling
is irrelevant under the interaction driven scaling, it also gives rise to IR singularities as will be shown
later. To capture how those singular corrections modify physical observables in the low-energy limit,
we express the vertex functions in terms of the coupling functions, and keep track of the RG flow of
the coupling functions as the energy scale is lowered. Since gapless electrons can be anywhere on the
extended Fermi surface, the low-energy vertex functions and the couplings are functions of momentum
along the Fermi surface and the energy scale.

The relation between the vertex functions and the coupling functions is set by a set of renormal-
ization conditions, which is enforced by adding counter terms to Eq. (2.14). The renormalization
conditions are written as

Rel'*° (k) =0, (2.25)
k=(pt,kz,—vi, k)
0
—Refl(z’o)(k) = VF k., + F1 ko (2.26)
aky k:(,u..,km,*'ukm kr)
0
—i—]mfl(z’o)(k) =1+ Pk, (2.27)
3k0 k=(p,ke,—vp, kz)
V(K k) = Take | s g ) (2.28)
! K = (2p, K, —vw k) vV Ny (k)

k = (u, by, vi, kz)

0N o ({1, 1) (2.29)

:1[ (v N)mm (R
p (Zi Z;) 4(2; ﬁ;)

Here, FJ(VQ’O)(k) is the two-point function of electrons near hot spot N. F](\,Z’l)(k’,k) is the electron-
boson vertex function that describes scattering of an electron from three-momentum k near hot spot
N to k' near hot spot N. I'*O:{Niti{oi}({k;}) is the electron four-point function, where the i-th
external electron is near hot spot N;, spin o; and three-momentum k;. Eq. (2.25) is the defining
equation for vy that specifies the renormalized Fermi surface. Near hot spot 1, the renormalized Fermi
surface at scale u is given by the set of (k,, —vg, k,) at which the real part of the two-point function
vanishes. Eq. (2.26) defines the momentum dependent Fermi velocity, Vg . %1k, corresponds to a

k; =k}

SFor example, thermodynamic quantities such as the specific heat are proportional to kp in the low temperature
limit. kp also determines the phase space of a pair of electrons with zero total momentum and energy, and controls the
mixing between quartic fermion operators in the pairing channel.
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scheme dependent function that is regular in the small p limit. We choose the relative scale between
frequency and spatial momentum to set

Vio=1 (2.30)

at the hot spots. To impose Eq. (2.30) at all p, the relative scale between frequency and momentum
should be chosen in an energy dependent way, which gives rise to a dynamical critical exponent different
from 1 in general. The Fermi velocity away from the hot spots is in general different from that of the
hot spots. Eq. (2.27) determines the momentum dependent scaling of the fermion field : it fixes the
frequency dependent kinetic term of the fermion to be of the canonical form at all energy scales up
to a regular correction, %, . Finally, Eq. (2.28) and Eq. (2.29) define the momentum dependent
Yukawa coupling function and the four-fermion coupling functions, respectively. The renormalization
condition for the four-point function is imposed at

>1k = (3M7 ET)? k; = (_N’ES), k; = (M»Eg)v krl = (M’EZ), (2'31)

where E;"’s are the spatial momenta that are near the Fermi surface” and satisfy the momentum
conservation. For generic shapes of Fermi surface, which is the main focus of this chapter, we can
focus on the forward scattering and the pairing channels. Here, the external frequencies are chosen so
that the energy that flows through the vertex function is 2u in magnitude in all s, ¢, v channels.

Ideally, one would want to choose the counter terms so that they completely cancel the quantum
corrections. In this total subtraction scheme, .%; = 0, and the coupling functions at scale p coincides
with the vertex functions measured at that energy. However, the total subtraction scheme is rather
impractical because it requires computing the full quantum corrections including finite parts. In this
thesis, we use a minimal subtraction scheme, where counter terms remove only divergent contributions
to the quantum effective action in the small /A limit. While the vertex functions do not exactly
match the coupling functions in the minimal subtraction scheme, one can in principle infer one from
the other as they are related to each other through relations that are regular in the small g limit. For
the purpose of extracting scaling behaviours, it suffices to know the existence of such finite functions
but not their explicit forms. As far as IR singularities in all physical observables are encoded in the
coupling functions, any instability of the system can be inferred from the RG flow of the coupling
functions.

The minimal subtraction scheme is straightforward to implement for dimensionless couplings.
Counter terms are added to remove singular corrections to the two and three-point functions as in
Egs. (2.25)-(2.28). In the minimal subtraction scheme, % 2 3 are generally non-zero, but they stay
finite in the small p limit. This guarantees that the dimensionless physical observables are related to
Uk, VF i, gk ) through non-singular relations.

Implementing the minimal subtraction scheme for the four-fermion couplings is more subtle. The
four-fermion coupling is irrelevant, and I"*:%) has engineering scaling dimension —1. A renormaliza-
tion condition should be imposed on dimensionless quantities constructed out of I"*% and a scale.
pul'*9 is one such dimensionless quantity. Naively, one may only require that pl(*9 coincides with
the dimensionless coupling function A up to any non-singular correction. If this was the case, %4 in
Eq. (2.29) could be an arbitrary finite function of momenta. However, this subtraction scheme is ‘too
minimal’ in that A does not capture all IR singularities of physical observables. This is because dimen-
sionless observables constructed out of integrations of I'"*9 over momenta can exhibit singularities
even if pI"*9 is finite in the small & limit. For example, the strength of the pairing interaction at
energy scale u is measured by eigenvalue E,, defined through

so (M INTE )@ e

( g4 O
Z Z /dp F(q+k ]\141([];[4“]8 o

N4 04,03 P q—p

flustonos) — g, pNileren), (2.32)

"To be precise, the energy associated with each momentum should be at most order of p.
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Here q = (21,0,0) is the three momentum of a Cooper pair. The frequencies of k and p are set

to be p. p and k label the components of p’ and k along the Fermi surface. The other components

of the spatial momentum are chosen so that p and k are on the Fermi surface. f,iv 1(91,92) § an

N1 N2\ (o1 02

eigen-wavefunction of the Cooper pair. Even if ﬂ;( éV,flA,g )>7(U4 o) is finite at every k;, its contribution
"\ ky k3

to the eigenvalue may diverge in the small p limit if it has an extended support in the momentum

<N1 [N1+4]8>_(01 oo )
Ny [N Nog o . . . .
space. For example, 94 ;£k4+4]8 1950 W gives rise to a divergent correction to the

)

eigenvalue E, although its element is finite in the small p limit. Without subtracting such divergent
contribution, the coupling function does not capture the IR singularity associated with the divergent
pairing interaction. To remove any singular discrepancy between the eigenvalues of the vertex function
and the coupling function, we need to impose a more stringent condition on the finite part : we require

(Nl Nz);(gl gz)
that not only & N,lekz * 727 is finite at all momenta but also
4’<k4 ka)
dk N1 N2 (0L 02
lim [ — .7 N,glffgz) (35| _ fnite (2.33)
n=0Je B 7(k‘4 ka)

for any one-dimensional manifold C' in the space of k;’s. With this condition, the eigenvalue of
N; N. o1 O¢
P Ni N§)§(oi aé)
Ky k
4 (ks 2
IR singularities of the four-point function are fully captured by A.

is non-divergent in the small g limit®. In this extended minimal subtraction scheme,

2.4.3 Scale invariance and the lack of thereof

The local counter term action for Eq. (2.14) is written as

. L AN (k
DS / dk ¥}, ; (k) {zA§N’<kN)ko + A5V (k)i e lk; Mv,iﬂ } VN 0.5 (K)
j 3
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N, Ny

8
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N=1o=1j=1

(AR (i DAV 01 15544

(2.34)
Here, AEN) (ky) with ¢ = 1,2,3, AiN)(k’, k) and A {Nihioit({k;}) are momentum-dependent local
counter terms which are functionals of the coupling functions. They are determined from the quantum

(1\’7: [N;+4]8 )(‘71 o} )
Ak g \Ni Nj+4ls )"\ oj o}
RCEY)

index, spin and discretized momentum of a Cooper pair, and Ak denotes the mesh size of the discrete momentum. Eq.
(2.33) implies that sum of the absolute values of elements in any row of M is finite in the small p limit. Gershgorin’s
circle theorem implies that all eigenvalues are finite as well.

8To see this, we consider matrix, M;; = , where the matrix indices 4, j label hot spot
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corrections so that the renormalization conditions in Eqgs. (2.25) - (2.29) are satisfied. Due to the Cjy

symmetry, AEN)(k:) with ¢ = 1,2,3 and Ale)(k:', k) can be represented in terms of four counter term
functions A;(k) with ¢ = 1,2,3 and A4(k', k) as

(AgN)(k), AiN)(klvk)) _ (Al(k)v A4(k',7k))’ N =1,3,4,6

(2.35)
(As(=k), As(=K,—k)), N =2,517,8

Mer is the counter term that is needed to make sure that the hot spots are located at k = 0 in the
fully renormalized Fermi surface. mcr is the mass counter term for the boson, which is needed to
keep the system at the quantum critical point.

Adding Egs. (2.34) and (2.14) yields the renormalized action

N. Ny

=3 DY / ak® oy, (0B) {ik + Ve en [1B 0™ ]k, (0<8)
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ZM (k) = 14+ AN (k) with i = 1,2,3, 2V, k) = 1+ AP (K, k) and Z2IVHod (k1)) = 1+
AN (k1) are the momentum-dependent multiplicative renormalization factors. Z;(0) = ZZ(N) (0)
for any N due to the Cy symmetry. The field renormalization of the electron depends on momentum
because gapless electronic modes are labeled by the momentum along the Fermi surface. On the
contrary, the bosonic field is rescaled in a momentum-independent way because the boson has zero
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energy only at one point in the momentum space. The frequency is also rescaled with the momentum-
independent scaling factor, Z,. If we keep only the momentum independent pieces in the Taylor series
of the coupling functions, these expressions reduce to those for the hot spot theory[182]. kr and A
represent the dimensionless size of Fermi surface and the UV energy cutoff measured in the unit of p,
respectively.

We denote the renormalized vertex function for 2m fermions at hot spots {/V;} and n bosons as

1m0} (1 (v, 9, Ve, XD g, &g ) (2.39)

The vertex function depends on all external three-momenta, {k;}. It is also a functional of the coupling

functions, vg, V& k, gk’ .k, )\}kM}} Hoid 1 general, the vertex function at a set of external momenta can

depend on coupling functions at different momenta. The vertex function can also depend on A and kp.
Although A does not play any important role at low energies, for now both A and kg are kept in Eq.
(2.39) to contrast their different roles. It also depends on scale p at which the coupling functions are
defined in terms of the vertex functions. Using the facts that the bare vertex function is independent
of p and the vertex function has the scaling dimension (3 — 2m — n) at the tree-level, we obtain the
RG equation,

2m+n—1
&N, 0 - 0
(2m+n—1)z—2+nn<¢’)+zn Y [zk)oak +k~-(f]
j=1 j=1 J
0 0 ov ) oVi )
-3 — —B.— _— |4 P (v) F.p (V)
ﬂ’“”akp iR / p([ dp s hwfr[p dp e Virp
g g o (2.40)
_ dp-d P1,P2 + P1,P2 + (9) >
/ p1dp2 <P1 op p2 Opa 5p1,p2 5gp1,p2
EM e (VM }i{o1) g
pz A){M; o
- ZZ/dpldp‘zdm > P+ B YR
{]W } {UL} {Jz {1)1 {Pz}

x DEmmAND [k} [Ve, v, g, A ke, As ) = 0.

d/8A denotes the functional derivative with respect to A with A denoting the momentum-dependent
coupling functions. The dynamical critical exponent, the anomalous scaling dimensions, the beta
functionals of the coupling functions, and the ‘beta functions’ for kr and A are defined by

_,, dlogZ: lke) _ dkp (i) _ _dA
dlogp’ dlogp’ dlogp’
Ny 1ldlogZz0N)(k 1dlog Z(*) vy _duy
p(o) _1dlog 2070 (k) p® =282 1 gt : (2.41)
2 dlog i 2 dlogu dlog i
{Ni}i{o:}
(Vr) _ dVF,k ﬂ _ dgk1,k2 50\)?{1\71’}%{‘77 _ d/\{k }
k dlog i’ Fuk2 = dlog {ki} dlogp

where the bare parameters are fixed in the derivatives. It is noted that due to the C4 symmetry, we
only need to keep track of one coupling function for each of the nesting angle, Fermi velocity and
the Yukawa coupling as is shown in Eq. (2.17). Furthermore, the fermion anomalous dimensions at
different hot spots can be written in terms of one function as

¥, N=1,34,6

(#,N) o V=194

N = . (2.42)
n“ﬁf, N =2,57,8



38 CHAPTER 2. FIELD-THEORETIC FUNCTIONAL RENORMALIZATION GROUP

From Eq. (2.37), one can express the beta functionals in terms of the counter terms as

" dlog Z3(k) dlog Z5(k
@ _y, (g 3(k)  dlog Zs(k) (2.43)
dlog dlog i
ﬁ(VF) -V dlog Zl(kﬁ) _ dlog Zg(k) _ dlog Zl(O) dlog Zg(O) (2 44)
k ' dlog p dlogu dlog u dlog u ’ ’
ﬁ(g) . dlog Z4(0,0) dlogZ1(0) 1dlogZ5(0) 1dlogZ3(0)
Ko 9Kk dlog p dlog p 2 dlogp 2 dlogp (2.45)
_ dlog Zy(K', k) N ldlog Zi (k')  1dlogZi(k) '
dlog u 2 dlogpu 2 dlogu ’
(Mi{Niti{oi} _
By =
ANt [ dlogZ1(0) | dlog Zs(0) | 1 3 dlog Zy(k;)  dlog ZWNiled ({k;}) (2.46)
{hi} dlog u dlog u 2 dlog u dlog p ’
R — _kp. A = _}, (2.47)
and the dynamical critical exponent and the anomalous dimensions as
dlog Z1(0) dlog Z3(0)
=1 — 2.48
=l dlog u dlogp (248)
(v) _1dlog Zy(k) dlog Z;(0) = dlog Z3(0) (2.49)
k 2 dlogu dlog p dlogu ’ '
(® _dlog Z4(0,0) dlogZ1(0)  1dlogZ3(0) 1dlogZ(0) (2.50)
dlog i dlog i 2 dlogpu 2 dlogpu ’
The beta functionals and the anomalous dimensions are obtained by replacing ?ﬁ;gﬁ with
dZi(k) _dA(k) / 5 A (k) / 5 A (k) SAK) )
= di(v) di(VF‘) /d/di‘?
dlogp  Ologp er dvp, G x| dp Vrp Gt F | drdp 89p' p B
(2.51)

1 0A;(k) {(N}i{oi} | aN)i{N:bi{oi}

+/dp1dp2dp3 1 on N o) (=X + B0 )
psaty _

{Pz} )\:)\u—l

in Egs. (2.43) - (2.50), and solve the resulting integro-differential equations for the beta functionals
and the anomalous dimensions.

The beta functionals in Eqgs. (2.43)-(2.47) describe the flow of the momentum-dependent coupling
functions with increasing energy scale p at fixed external momenta. In Eq. (2.40), the beta functionals
appear along with the momentum dilation. This is due to the fact that the scale transformation rescales
momentum in all directions. The momentum along the Fermi surface needs to be scaled together with
the momentum perpendicular to the Fermi surface because change of momentum along the Fermi
surface in non-forward scatterings is proportional to the momentum of the boson that carries a non-
zero dimension. The momentum along the Fermi surface plays a dual role[205]. On the one hand, it
labels gapless modes on the Fermi surface, and the momentum-dependent coupling functions encode
how low-energy vertex functions vary along the Fermi surface. On the other hand, the momentum acts
as a scale and is rescaled under the scale transformation. z represents the dynamical critical exponent
that determines how the frequency is scaled relative to spatial momentum to keep Eq. (2.30).

Eq. (2.40) relates the vertex function of a theory at one set of frequencies and momenta with
the vertex function of another theory with generally different couplings at rescaled frequencies and
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momenta as

F(2m’n);{Nj}({ki}; [@7 ga VF]; ];F7 [\)
4 2m
= exp /de’ 2m+n—1)z(0) —24+nn P () + Zn,f ) (0 (2.52)
0 j=1

-

« [(2mn)i{N;} ({k o(0), k5 (0)}; @(g)@(g),VF(Z),Z\{M};{M}(@] ;kF(é),]\(é)).

Here,
[
ko(£) = ed ko, k() = e'k. (2.53)
¢ is the logarithmic length scale. The scale-dependent coupling functions obey
00k (0) (v) 00k (0)
= -2 2.54
Vi x (0) Vo) g Ve k (£) 2.55
T SHOEE S ol (2.55)
0dx ik (£) (9) 00K K (£) 0dx k(L)
; EC) _ ; _ ) 2.56
ol Brcwc(t) = K 0K’ K oK (2.56)
a}\{Nih{Ui}(z) 4 o\ Wiki{o }(5)
{Ki} _ (A);{Ni};{az {K}
= —BHE ZK i , (2.57)
okp(t) - oM()  « 2.58
o = kr(0), o = MO (2.58)

with the initial conditions, i (0) = o, Ve (0) = Vi i, drer i (0) = i i, Ay 7H(0) = AR}

kr(0) = kp and A(0) = A. ﬁ](cf,_iN) (£) denotes the anomalous dimension of the fermion measured
at momentum ke’ and energy scale A in the theory with coupling functions, {6(¢), §(£), Vi (f),
ANHoid ()}, Bq. (2.52) relates a physical observable measured at {ki’o,lgi} in the theory with
Fermi surface size pkp, UV cutoff A and couplings {0, g, Vi, ANi}i{oi}} to the observable measured
Il
at {eofz(é e kio,e'k;} in the theory with Fermi surface size e‘pkp, UV cutoff e/uA and couplings
{(0), §(€), Ve (), \Ni}:{e:d (£)}. Tt is noted that the RG equation relates observables in two theories
not just with different UV cutoffs but with different sizes of Fermi surface, that is, with different
numbers of IR degrees of freedom. Fixed points are characterized by coupling functions {0*, §* VI;‘,
AN:dioida1 at which the beta functionals in Eqs. (2.54)-(2.57) vanish, and A* = oo, k% = co. If
the physical observables can be expressed as regular functions of the renormalized couplings in the
large A limit, we can set A* = oo at the fixed point as is usually done in the continuum limit. On
the other hand, kg is an IR parameter of the theory that encapsulates the number of gapless modes
in the system. Since there is no guarantee that all low-energy physical observables are well defined
in the large kg limit, we can not simply ignore the dependence on kr as we do for A. This has an
obvious consequence: theories with Fermi surfaces do not have the usual sense of scale invariance that
relates observables defined at different scales within one theory even in the continuum limit. Conse-
quently, Eq. (2.52) does not fully determine how physical observables actually scale with energy and

momentum in a theory with a fixed kp. Only for those vertex functions that are regular in the large

kg limit, [(Zm +n—1)z" —24+np®" + mel f]kN)*} in Eq. (2.52) determines the actual dependence

on energy and momentum. For those observables that are singular in the large kr limit, the scaling
behaviour is modified from what is expected from the predicted scaling dimensions”. There is even no

9For example, the response functions to spatially uniform thermal/electromagnetic perturbations are sensitive to kp.
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guarantee that general low-energy observables depend on energy and momentum in power laws at a
fixed point[133, 132]. Without knowing how general observables depend on kp in priori, one has to
keep kr as a running coupling within the theory.

It is noted that the four-fermion couplings has dimension —1 at the tree-level. This causes the four-
fermion couplings to decrease in amplitude under the RG flow. On the other hand, the momentum
along the Fermi surface is rescaled, and the size of the Fermi surface measured in the unit of the running
energy scale increases. This effectively promotes the four-fermion couplings to marginal couplings in
the channels in which quantum corrections become proportional to the phase space. For example, this
enhancement of the effective scaling dimension occurs in the pairing channel in which the phase space
for low-energy Cooper pairs is extensive.

In keeping track of the momentum dependent coupling functions along the Fermi surface, it is
sometimes convenient to define coupling functions at a fixed physical location on the Fermi surface as

k(€)= By (), Vir(0) = Vor©), 1" (0) = i) 0),

AN Ko} gy = {1V o)

) (2.59)
9rr k(0) = G,k (0 Ay = Ay ()

vk (), Vi x(£), gir 1 (¢) and )\}i\?}};{m}(@ satisfy the beta functionals that do not have the momentum
dilatation,

%“k(@ = -5 (0), (2.60)
%VM(Z) = -8"(0), (2.61)
%gkhk(@ = =B (0), (2.62)

%’\Eka}};{W}(@ = =B o), (2.63)

Egs. (2.60) to (2.63) track the renormalization of the coupling functions with increasing logarithmic
length scale ¢ at fixed momenta along the Fermi surface. It will be useful to go back and forth between
Egs. (2.54)-(2.57) and Egs. (2.60)- (2.63)for different purposes. The ultimate fate of the system in the

low-energy limit is determined by the RG flow of the full coupling functions, {vk(ﬁ)7 Ve k(0), grr 1(0),
{Ni}i{o:}
A (e)}.

2.4.4 Quantum effective action
The full quantum effective action is written as

N. Ny

rey Y [ il 00 {iko 4 VO enlFiofl)) + 200} 00

N=1lo=1j=1
L %/dk D (k)T [(K)D(—K)]

8 N. Ny

/ 1 / ! !
+ Z Z/dk dk {\/Nf (N)k —|—5F(2 1)(k )}%T\ua',j(k )P0 (K = k)Y 5 (k) (2.64)

N=1loo'=1j=1
8 N¢ 1 Ny N2>;(gl gg)

S OND ol ol | (TR RS UG
{Ni=1} {o:=1} {5i=1} (k4,N4 k3;N3)

01 02

+ 5F(N4 N3) (04 US)({ki;Ni})}w}L\fl,ol,jl (kl)’(/}}.\/é,oé,jg (k2)wN3703,j2 (k3)7~/)N4,04,j1 (k4) + o
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where ... represents higher order terms in the fields. Here D~!(k) is the boson self-energy. Since the
bare kinetic term of the boson is irrelevant, the self-energy determines the entire boson propagator at

low energies. X (k) is the fermion self-energy. (51"5\2,’1) (k’, k) is the quantum correction to the Yukawa
N1 N3\, (01 02
vertex. Finally, (5I‘(N4 Ns)’(‘” “3)({ki; N, }) represents the quantum correction to the four-fermion

coupling function.

In the present theory, the computation of the quantum effective action is organized in terms of
the small parameter v ~ g2. At the zeroth order in v, only D~!(k) is important among all quantum
corrections. The infinite set of diagrams that contribute to the boson self-energy to the leading order in
v can be summed through the Schwinger-Dyson equation in Fig. 2.1[182]. Other quantum corrections

are at most order of % log(1/v) ~ /vlog(1/v) in the small v limit, and can be computed perturbatively
as functionals of the coupling functions. The four-fermion couplings that is generated from the Yukawa
coupling through Fig. 2.7 is order of g*/c, where the phase space enhancement factor of 1/c arises
because the largest speed of particles in the loop is ¢ in one momentum direction. The interaction
energy of two particles, given by the eigenvalues of the quartic vertex as in Eq. (2.32), goes as g*/c?,
where there is an additional factor of 1/¢ because the typical momentum transfer of particle goes as u/c
at energy scale ;9. Since g*/c? ~ v/log(1/v) in the small v limit, the electron-electron interaction
is dominated by the interaction mediated by the gapless spin fluctuations whose strength is order
of g?/c ~ +/v/log(1/v). We will see that there exists a large window of energy scale in which the
four-fermion coupling remains smaller than g2/c before it becomes dominant due to superconducting
instabilities at low energies. Within this window, the feedback of the four-fermion coupling to the
self-energies and the cubic vertex can be ignored. Our goal is to extract the universal normal state
properties and the evolution of superconducting fluctuations that emerge within this range of energy
scale.

Two faces of the four-fermion coupling

Under the interaction driven scaling, the Yukawa coupling is marginal, and quantum corrections that
include the Yukawa coupling are logarithmically divergent, as expected. On the contrary, the four-
fermion coupling has dimension —1. Naively, one would not expect infrared divergences associated with
the four-fermion coupling. However, the actual degrees of IR divergence vary in different diagrams. In
most diagrams that include the four-fermion coupling, there is indeed no IR divergence as expected from
power-counting. Some diagrams, however, exhibit logarithmic IR divergences, defying the expectation
based on the scaling dimension.

This disagreement arises because the momentum along the Fermi surface plays different roles in
different scattering processes. In diagrams that involve patches of Fermi surface that are not nested, a
loop momentum that is parallel to the Fermi surface in one patch is not parallel to the Fermi surface
in another patch. Consequently, all components of momentum need to be small in order for virtual
fermions to stay close to the Fermi surface. In this case, all components of momenta act as scale in
the loop, and the power counting correctly captures the absence of IR divergence. On the contrary, in
diagrams that include only those patches that are nested, the component of momentum parallel to the
patches act as a continuous flavour. For example, the four-fermion interaction in the pairing channel
involves opposite sides of Fermi surface which are perfectly nested in the particle-particle channel.
Because all virtual particles can stay close to the Fermi surface irrespective of the momentum along
the Fermi surface, actual IR divergences are controlled by the one-dimensional scaling under which the
four-fermion coupling is marginal. In other words, the integration of the momentum along the nested
patches gives rise to a volume of the low-energy phase space, and the scale associated with the volume
of the phase space effectively promotes the four-fermion couplings to marginal couplings, resulting in
logarithmic IR divergences.

10For example, the eigenvalue of the four-fermion coupling function in the BCS channel involves an integral over
relative momentum of a Cooper pair, and it is enhanced by 1/c due to the slow decay of the coupling function at large
momentum in the small ¢ limit. This will be shown through explicit calculations in Appendix B.
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Quantum corrections

We start with the propagator of the collective mode. To the leading order in v, the dressed boson
propagator D(q) satisfies the Schwinger-Dyson equation with the momentum dependent coupling
functions,

8
D7) =mer+2 32 / da g™, o) Grn(@)Gxla+k)

4 (2.65)

dadp ¢\~ kg( ;l kg(m k g(f)
N Nf = 1/ p,p+kJIp+k,p+9+kIp+q+k,p+97/p+q,p

xGn(p+a)Gr(p)Gn(p+k)Gr(p +9+k)D(q),

where mer is the mass counter term that tunes the renormalized mass of the boson to zero. Gy (k)
is the bare fermionic Green’s function for hot spot IV,

1

Gy (k) = ~ .
iko + Vlgfz)eN[k'; UIEN)]

(2.66)

It is noted that G x (k) depends on momentum not only through the explicit momentum dependence in
the dispersion but also through VP(JZ) and v,(CN) that depend on the momentum along the Fermi surface.
Here and henceforth, we drop the patch index N in ky for the momentum along the Fermi surface
when there is no danger of confusion. For A < g?/c, the contribution of the short-ranged four-fermion
coupling to the boson self-energy is sub-leading in the small v limit. Since the bare kinetic term of
the boson is irrelevant under the interaction driven scaling, we don’t need to add any counter term for
the boson except for the mass counter term. In other diagrams, we use the non-perturbatively dressed

boson propagator.

M, p

q

q
%Mm
k+p+q%Zk+p P
Nk M, N,k %
k+q
M Nk M, M,, M;, N,k

P k+q k+p+q k+p

(b) (c)

Figure 2.6: Contributions of the four-fermion coupling, represented by the zigzag lines, to the fermion
self-energy.

To the leading order in v, the fermion self-energy is written as the sum of two terms as Xy (k) =
(k) + 225 (k) where

2(N2 —1) N N
=00 = 25 [ da ol ol 4G+ @)Dl (267)

N2 -1 v
2L (N) (N)
~(k) = N2N2 /dq/ dp gk k+qgk+q k+p+q9k+prak+pIk+p.k

x D(p)D(q)Gy(k+p)Gn(k+q+p)Gy(k+q)

(2.68)

Eq. (2.67) and Eq. (2.68) represent the one-loop and two-loop fermion self-energies generated from
the Yukawa couplings as is shown in Fig. 2.2a and Fig. 2.2b respectively. To the leading order in v,
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Figure 2.7: Quantum corrections to the four-fermion couplings that are independent of .

tll

these are the only diagrams that are important'~. The one-loop vertex correction shown in Fig. 2.2c

is given by

2, N N N
STED (1 ) = — 2 / aq g8 o) o) D@G (K + @)Gr(k+q).  (2.70)

NCN}?

The contribution of the short-range four-fermion couplings to 51"(2’1)(k' ,k) is sub-leading compared
to Eq. (2.70).
The one-loop vertex correction to the four-fermion coupling is written as ST {Nib:{oik = $°2_ 1"8)&};{01} ,

where I‘E{i\)’i};{oi} denotes the vertex correction that is of the a-th power of A\. The four-fermion vertex
I‘gé\)[i};{ai} F{N i} {Uz}+1—\{Ni}?{Ui}

(0)PP (O)PH where

that is independent of X is further divided into two parts as

Ny Nz).(ffl o2

(% M )i %) (ppry _ 1 (V) (Na) (N2)  (Wa)
Fopr” o ( kb >_ 2N2/dqgk+}k+qgk+qup Ip—a9p—a.p

x D(q)D(1— q)Gy, (k + q)Gx, (P — Q)0n, N, 0NN, TOY > TSL

(2.71)

is the four-fermion vertex generated from the Yukawa coupling in the particle-particle channel (Fig.
2.7a), and

(N A2)H(5532) faestp 1 (M) (Na) (N2 (Vs)
! 4 03 — 1 4 2 3
F(O);’H3 ( k pp ): _QN]% /dq Ikt k+q9k+a,kIp—Lp—t+a9p—lt+a.p ™

(2.72)
D(q)D(1—- q)Gy, (k + q)Gy, (P — 1+ Q)6n, 5,08, N, THZ TS
1 The contribution of the four-fermion coupling to the fermion-self energy from Fig. 2.6 can be written as
’2L (k) = d d N,\ Azfrl %Z)(Og gg)/\(le}ll ]1\»/2)(071 3§)G K G G
12 q o} k+qp q) ( K p ) My (k4 a)Gar, (P)G s (P + Q)
P k+q p—q
5 . (A 2
A el I T " Gy (k+ Q)G (k4 q + p)Gar (k + ) (2.69)
( k k+q+p) ( k+q k+z7>
(0 B &), (M (3 )
A kY A ate keg G (k+ @G (e +a+ )G, (i + @)
( k k+q> ( k+q k+p+q)

For A < g2/c, this is sub-leading compared to £1F(k) and 22F (k).
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Figure 2.8: Quantum corrections to the four-fermion couplings linear in .

is the four-fermion vertex generated from the Yukawa coupling in the particle-hole channel (Fig. 2.7b).
Tg122 is the spin structure factor for the interaction mediated by the critical spin fluctuations between
incoming electrons with spin o4, o3 and outgoing electrons with spin o1, o9,

N.—1
- 1
Tgigz = Z Tz;l1a47-z(71203 =2 (5010350204 - N5010460203> . (273)
a=1

(&

The four-fermion vertex that is linear in A can be also divided into the one in which the vertex
correction is in the particle-particle (PP) channel and the one in which the vertex correction is in

%1 %2).(01 02) (%1 %2),(01 02) (%1 %2),(01 02)
. 'NO4 03 '\O4 03 ’\O4 03
the particle-hole (PH) channel, Loy =Tpp’ +T e’ . The vertex
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correction in the PP channel (Figs. 2.8a and 2.8b) is

(Nl Nz).(Ul 02)
1-\ Ny N3 )’\ 04 03 k+1 p—1
()PP ( kK p )

(Nl N2> (01 %2)
Ni) (Ns) N N; )l a o
= o [ da ol D @, (k + )G, (0 - 4 T,

k+q p—q
1 (Ny) (N2) (%%)(a %)
1 2 010 2 g4 03
+ m / dq gk+l,k+l+qu—l7p—l—qD(q)GN1 (k +1+ q)Gﬁ2 (p —1- q)Ta}? 2>‘(k-:l+q3p—l—q) )
J k p

(2.74)
and the vertex correction in the PH channel (Figs. 2.8c - 2.8f) is
N1 N: o1 O
F(Ni Ni)?(vi 63)(k+1 p—l)
(1)PH k p
Fo o) (v )ae)
ao Qg3
=1 N / A Gps gk Ihti ki PQGr, (k+1+a)Gy, (k+a@)To75A 00007
% ( k+q )
(Na) (Na) @?) 7 )
+7 N / A ptapIpipi+eP(@Gx, (P + )Gy, (P =1+ a)ToZA 0 02 (2.75)
K ( p+q
1 (Na) (Vo) (ﬁl %2> (% 2)
+ W/ A GisgkIpip 11D @GF, (k+a)Gx, (P — 1+ @) ToEA 0, 2,
AN f (kJrq )
(M) (N1) (%ﬁ) (5 %)
+ 4uNy A4 91 g pIkti k1o P(QGx, (k +1+ )Gy, (P +q)T75A kfll€+q3p 3
p+q

(v )5 8 _ p(w w5 8)

The four-fermion vertex that is quadratic in A is given by 1"(2) =Ty)%p +
Ny No\ .r01 02
1"((21)\[1f_1‘,k](\[i (&3 ), where the vertex correction in the PP channel (Fig. 2.9a) is
NlNz;g1g2 B 1 N1N2; 1‘22 Mle;aﬁgoz
F(<2])V143PN3)( 4 3)<kl~(k1ppl> _ 8 — dq Gar, (k+q)Gag, (p— q)AE%?lAgz—)l;ﬂ >)‘E/]cqu];3—2( 4 3)
ap—q
(2.76)
and the vertex correction in the PH channel (Fig. 2.9b) is
r(%i %i);(gi gﬁ)(kﬂ pfl)
(2)PH k p
1 N1M1;Z10¢ MzNz;ggz
=-3 2/dq Gum,(a—1)Ga,(q) (NfA(ffizAfil)( “B>A(A§1 Jpvil)< )
( ] ) (q I p ) o 77
INCEACRRC I EEINC EDICEING E IEE )) 270
() ba-i) Gk

Ny My, (o1 & Mz N B o2
+ G (@ —1+p —K)Gu, (a)A 2%11;3l)+1g 5 Ua)A(éw M1)7(04 )] .
a p ) (kq lp— k>

2.4.5 Space of IR singularity

The renormalization of the coupling functions is determined from quantum corrections that depend
on momenta along the Fermi surface. In each diagram, the momentum dependence of the quantum
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Figure 2.9: Quantum corrections to the four-fermion couplings quadratic in .
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Figure 2.10: Schematic diagram of a momentum dependent crossover scale defined in the space of ex-
ternal momenta of a diagram. The set of external momenta at which the crossover scale vanishes forms
the space of IR singularity for the diagram. Away from the space of IR singularity, the crossover scale
becomes non-zero, causing a crossover from the high-energy region in which the quantum correction is
significant to the low-energy region in which the quantum correction turns off.

correction is controlled by two crucial pieces of information. The first is the space of IR singularity,
the set of external momenta at which a diagram is singular in the zero energy limit. The second is
the momentum dependent crossover scale that cuts off the IR singularity when external momenta are
away from the space of IR singularity.

Suppose there is a diagram that contributes to the vertex function, where all external electrons
are on the Fermi surface. In the space of external momenta allowed by the momentum conservation,
there exists a subset of external momenta in which the diagram exhibits an IR singularity in the limit
that all external frequencies become zero. This subset is referred to as the space of IR singularity
for the diagram, and its dimension is denoted as ds. If external momenta lie within the space of
IR singularity, the quantum correction exhibits IR divergence with a strength determined from the
kinematics of virtual particles created within the loop!2. If external momenta are outside of the
space of IR singularity, a non-zero energy scale cuts off the IR divergence. The crossover energy
scale is determined from the minimum energy that internal particles have to carry for given external
momenta. At energies above the crossover energy scale, the quantum correction renormalizes the
coupling functions even if the external momenta are outside the space of IR singularity. At energies
below the crossover scale, the quantum correction becomes essentially independent of the energy scale,

12In an L-loop diagram, the space of internal three-momenta is 3L-dimensional. If there exists a sub-manifold of
co-dimension y in which z internal particles can have zero energy simultaneously, the diagram exhibits an IR singularity
with degree y—z. If y = z (x > y), a logarithmic (power-law) IR divergence can arise. If < y, there is no IR singularity.
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and the coupling functions stop receiving renormalization from the diagram. This is illustrated in Fig.
2.10. In this subsection, we discuss the space of IR singularity for each quantum correction in more
detail.

Fermion self-energy

An electron has zero energy anywhere on the one-dimensional Fermi surface. The space of IR singularity
for a fermion self-energy diagram is a subset of the one-dimensional Fermi surface in which the diagram
is singular in the low-energy limit. To the leading order in v, only the diagrams in Figs. 2.2a and
2.2b are important. To be concrete, we consider the self-energy of electron at hot spot 1. With the
frequency of the external electron set to be zero, we would like to figure out the set of k, at which
0%, (k)

OFe k=(0,ke,~ o1 ba)
If the external electron is at the hot spot 1, the electron can be scattered right onto the hot spot 4
by emitting a boson with zero energy. Because all internal particles can have zero energy at a loop
momentum, a logarithmic singularity arises. If the external electron is away from the hot spots, there
is no choice of loop momentum at which both electron and boson have zero energy in the loop, which
removes the logarithmic singularity. The same conclusion holds for the two-loop self-energy diagrams.
Therefore, the space of IR singularity for the fermion self-energy is the set of hot spots with dimension
ds = 0. Away from the hot spots, the IR singularity is cut off by a momentum dependent scale that
is proportional to k,'2. This means that electrons away from the hot spots are eventually decoupled
from spin fluctuations at sufficiently low energies.

is IR divergent. Let us first consider the one-loop self-energy in Eq. (2.67).

Electron-boson vertex correction

Next, let us consider the cubic vertex where an electron at momentum (k,, —vg_ k,) in hot spot 1
is scattered to (kl,,vxs k]) in hot spot 4 (Fig. 2.2c). In Eq. (2.70), the energies of the boson and
two internal electrons in the loop are given by ¢ (|¢z| + |ayl), VFke+qo (Vkptq. (kz + @z) — @y + Vi, k),
and Ve 4q, (ks 4q. (Kb + q2) + @y + vir kL), Tespectively. As is the case for the self-energy, all internal
particles can have zero energy at ¢ = 0 if k, = k., = 0. This gives rise to the logarithmic IR singularity.
4 For non-zero k,, k’,, it is impossible to put all internal particles at zero energy, and the logarithmic
singularity disappears. The expressions for the IR energy cutoff scales are derived in Sec. 2.5 and
Appendix A. Since the vertex correction is singular at zero energy only when both the incoming and
outgoing electrons are at the hot spots, we have d; = 0. Away from the hot spots, the quantum
corrections ‘turn off” below the crossover energy scale.

Four-fermion vertex correction

At the one-loop order, there are three types of quantum corrections that contribute to the beta func-
tional of the four-fermion couplings. The first is the quantum correction generated from the Yukawa
coupling as is shown in Fig. 2.7. These give rise to contributions that are independent of A in the
beta functional, and act as the sources for the four-fermion coupling. The second, shown in Fig. 2.8,
is the one that describes mixing among four-fermion couplings in different channels. Finally, diagrams
in Fig. 2.9 describe the BCS-like scatterings. Here, we examine the spaces of IR singularity in these
quantum corrections.

The primary couplings Through Egs. (2.71) and (2.72), the primary four-fermion couplings are
generated in channel ({7 A7) for any N and M. Without loss of generality, we can focus on the case
with N = 1 because all other channels are related to the one with N = 1 through the Cy symmetry.
Let us start with the primary couplings with (N, M) = (1,1) and (1,5) in Table 2.1. In these channels,

13We will derive the crossover scale in Sec. 2.5 and Appendix A.
14This is because the product of the three propagators have IR singularity with dimension —3 at q = 0, which is a
subspace of co-dimension 3 in the space of internal energy-momentum.
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Figure 2.11: The momentum dependent four-fermion coupling function. ¢ denotes the center of mo-
mentum in the particle-particle (PP) channel. p — k and p + k denote the center of mass momenta in
two particle-hole (PH) channels. The gapless spin fluctuations generate singular four-fermion couplings
in the PP plane with ¢ = 0 and the PH plane with p — k = 0.

the Fermi velocities of the two internal fermions of Fig. 2.7 are parallel or anti-parallel to each other
at the hot spots. As a result, there exist channels in which a pair of fermions within the loop can
be far away from the hot spots while staying arbitrarily close to the Fermi surface. Contributions
from states far away from the hot spots are only suppressed by the energy cost of the boson. Since
the speed of the boson is ¢, the phase space of the low-energy states becomes proportional to 1/c.
Consequently, the quantum correction is enhanced from g* to g*/c. For (N, M) = (1,4) and (1,8), the
patches of Fermi surface are not perfectly nested, and the virtual electronic excitations in the loop can
not stay on the Fermi surface at large momentum. Nonetheless, the main energy penalty for creating
virtual excitations far away from the hot spots still comes from the boson because the nesting angle
v is smaller than ¢ in the small v limit as is shown in Eq. (2.4). Since the phase space of low-energy
states is still controlled by the speed of the boson, the diagrams are still enhanced by 1/c. For the
primary couplings in group 3 in Table 2.1, the Fermi velocities of the two internal fermions are almost
perpendicular to each other. In this case, the Fermi velocity, which is order of 1, controls the phase
space of virtual electronic excitations, and the quantum corrections are simply order of g*. Therefore,
we can ignore the couplings in group 3 to the leading order in v. The couplings in group 4 are not
generated from spin fluctuations.

When all external fermions are at the hot spots in Fig. 2.7, there exists a choice of the loop
momentum at which all four internal particles (two fermions and two bosons) have zero energy. Because
four internal particles have zero three-momentum at the origin (the manifold of co-dimension three)
in the space of loop energy-momentum, it exhibits an IR singularity with degree —1. However, this
power-law IR divergence is cut off as soon as any of the external momenta becomes non-zero. If an
external electron is away from the hot spots, the electron has to absorb or emit a boson with non-zero
momentum to scatter onto the Fermi surface inside the loop. Alternatively absorbing or emitting a
boson with zero momentum (relative to Qa r), a virtual electron has to be away from the Fermi surface.
Since the power-law divergence is removed for any external momentum away from the hot spots, the
space of IR singularity with degree —1 is only zero-dimensional (ds = 0). Under the extended minimal
subtraction scheme, no counter term is needed for the IR divergence with degree —1 localized within
a zero-dimensional manifold of external momenta because Eq. (2.33) remains finite in the small u
limit. Although the IR singularity with degree —1 is localized within the zero-dimensional manifold
of external momenta, IR singularities with degree 0 (logarithmic divergence) can arise in an extended
space. These are the quantum corrections for which counter terms are needed. Below, we identify the
channels in groups 1 and 2 for which logarithmic IR singularities arise in spaces with ds > 1.

In the (1 %) channel, there is no space of IR singularity with ds > 0. A logarithmic IR divergence
can arise only if there exists a choice of internal momentum at which both electrons and at least one
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(a) (b)

Figure 2.12: (a) The forward scattering between an electron at a hot spot and an electron away from
the hot spot. Irrespective of the shape of the Fermi surface, the forward scattering receives singular
quantum corrections. (b) The Fulde-Ferrell-Larkin—-Ovchinnikov (FFLO) scattering where a pair of
electrons are scattered in and out of a hot spot. The FFLO scattering remains singular at low energies
only if the Fermi surface has the particle-hole symmetry, for example, if the Fermi surface is straight.
In general, two electrons from a hot spot can not scatter onto the Fermi surface due to the curvature
of Fermi surface.

boson in the loop have zero energy in Fig. 2.7'%. This forces a pair of external momenta in hot spots
1 and 4 to be zero. The fact that the patches at hot spots 1 and 4 are not nested with each other!®,
combined with the constraint that external electrons are on the Fermi surface, further forces the other
two external momenta to be zero as well. This shows that there is no extended space of IR singularity
in the (1 %) channel. The exact same argument applies to the (] §) channel.

In contrast, the quartic coupling in the (} 1) channel supports an extended space of IR singularity.
Fig. 2.7b is logarithmically divergent in the (] 1) channel as far as a pair of external electron and
hole are at the hot spots even if the other pair are away from the hot spots. Because there exists a
choice of loop momentum at which two fermions and one boson in the loop have zero energy when one
external electron-hole pair are at the hot spot, it gives rise to the logarithmic singularity. The space
of IR singularity is one-dimensional (ds = 1) because the other external momenta are arbitrary. The
four-fermion couplings in the one-dimensional space of IR singularity is parameterized as

(11) (
SR
This coupling describes the forward scattering between an electron at the hot spot and an electron at
a general momentum on the Fermi surface (Fig. 2.12a).

The space of IR singularity is even bigger for the (}2) channel in group 2. As far as the center
of mass momentum of the electron pair is zero in Fig. 2.7a, the quantum correction is logarithmically
divergent irrespective of the relative momentum of the incoming and outgoing pairs. When the total
momentum of the electron pair is zero, two internal electrons in the loop can stay close to the Fermi
surface irrespective of the relative momentum along the Fermi surface. Since the two internal fermions
can have zero energy within the manifold of internal energy-momentum with co-dimension 2, it gives

11
}512)) } . (2.78)

15The case in which two bosons and only one electron have zero energy does not give rise to an IR singularity because
the electron propagator is odd under k — —k.
161t is important to consider a small but non-zero v.
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(a) (b)

Figure 2.13: (a) The Bardeen-Cooper-Schrieffer (BCS) scattering between a pair of electrons with
zero center of mass momentum. Irrespective of the shape of the Fermi surface, the BCS scattering
receives singular quantum corrections. (b) The 2kp particle-hole scattering associated with a pair of
particle and hole on the anti-podal patches of Fermi surface. The 2k particle-hole scattering remains
singular at low energies only if the Fermi surface has the particle-hole symmetry. In general, a non-zero
curvature of Fermi surface prevents particle-hole pairs with fixed momentum from staying on the Fermi
surface.

rise to the logarithmic IR singularity. It is noted that this IR singularity is generated purely from
gapless fermions, and whether the boson is gapless or not does not matter. Since the relative momentum
of incoming and outgoing fermion pairs can be arbitrary, ds = 2. The four-fermion couplings in the
two-dimensional space of IR singularity is parameterized as

{ﬂ(%}. 279)

This coupling describes the BCS pairing interaction for pairs of electrons with zero total momentum
(Fig. 2.13a).

In summary, Fig. 2.7 generates primary four-fermion couplings within extended spaces of external
momenta with ds > 0 in groups 1 and 2 to the leading order in v. In the following, we consider the
couplings that are further generated from the primary couplings through operator mixing.

The secondary couplings Once the Yukawa coupling generates the primary four-fermion cou-
plings in the (1 1) and (1 2) channels, the vertex corrections in Fig. 2.8 generate secondary couplings

by scattering a pair of electrons in the PP and PH channels, respectively. For example, a pair of
N1 No

indices in A ivl 4 kJZ 3>) can change from (N,, Np) to (N,, Np) through the one-loop mixing as is shown in
k}4 ]{)3

Fig. 2.14. The resulting operators can generate yet another set of operators through mixing. This in
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Ny

Figure 2.14: The quantum correction that linearly mixes four-fermion couplings with different hot spot
indices to the lowest order in v. A pair of fermions can change their hot spot indices from (N,, Ny) to
(N4, Np) by exchanging a boson.

ds | Primary couplings | Secondary couplings

CEVNEED) 1H Gah
G 1)1 ] A A A D
o 05 (5Y) (9675

(18) 18) (13)  (i%)
Group 2 | 2 | Ayto/ A48 Aol AT

(r=2) (%) (F22) (R 0)

Table 2.2: The primary four-fermion couplings generated from the Yukawa coupling and the secondary
couplings further generated through the linear mixings in the spaces of IR singularity with dimensions
ds > 1.
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general creates a network of operators described by a mixing matrix in the space of hot spot indices,
spin indices and momentum. However, we only need to focus on those channels in which operator
mixings are present within the space of IR singularity with d; > 0. We don’t need to add counter
terms for the mixings that are present in zero-dimensional space of IR singularity. The secondary
couplings that are generated within the extended spaces of IR singularity are summarized in Table 2.2.

In the (}1) channel, the quantum correction is IR singular only when the external legs that are

11 11
associated with the vertex correction carry zero momenta. Each of )\(( )) and )\((1 1)> mixes with
kO 0k

41
)\(( 0 k)) and )\(( )) respectively. The linear mixing is generated from Figs. 2.8e and 2.8f. In the (1 32)
kO 0k

channel, the vertex correction is IR singular within a two-dimensional manifold in which a particle-

15 18
particle pair in hot spots 1 and 5 carry net zero momenta. As a result, /\< b )p mixes with )\( 1p,5 zp, ,
() ()
(i3) :
)\(,f, 7}5 through Figs. 2.8a and 2.8b.

At the quadratic order in A, the standard BCS diagram give rise to the logarithmic divergence for
the coupling in group 2 within the two-dimensional manifold of external momenta in which the center
of mass momentum of Cooper pair is zero.

Additional channels that become singular in the presence of the particle-hole symmetry
In the presence of the PH symmetry, v, = v_. In this case, the phase space of low-energy scatterings
is further enlarged due to an enhanced nesting, and additional couplings receive singular quantum
corrections in extended spaces of IR singularity. Although we focus on the generic case in which the
PH symmetry is absent, here we list those additional couplings for completeness.

With v, = v_g, a pair of electrons with momenta k£ and —k can simultaneously stay on the Fermi
surface near one hot spot. As a result, Fig. 2.7a is also logarithmically divergent in the (1 1) channel.
The coupling function that receives IR singular quantum corrections is parameterized as

11 11
Vi o

This coupling describes the processes where a pair of electrons with total momentum 2k g scatter in and
out of the hot spots in the Fulde-Ferrell-Larkin—Ovchinnikov (FFLO) pairing channel (Fig. 2.12b).
In group 2, Fig. 2.7b is also IR singularity for

(12)
A . 2.81
{ <z’;>} 251

These couplings are defined in the two-dimensional space with zero center of mass momentum in the
PH channel. Eq. (2.81) describes scatterings of particle-hole pairs with momentum 2kr (Fig. 2.13b).
In the presence of the PH symmetry, this plane of the IR singularity intersects with Eq. (2.79) at a
line with zero center of mass momentum both in the PP and PH channels.

Once those additi{)rllal primflcmrly couplings are genir?ted, adgliltional secondary couplings are gener-
ated. In group 1, )\( ) , (k _)k , mixes with /\(Blg , )\(i“_)k through Figs. 2.8a and 2.8b. In

( ) (00> (k—k) (00)
(kp> mixes wit (k p) an ( )
pk K Pk

2.4.6 Adiabaticity

cn [o)
=

group 2, A through Figs. 2.8e and 2.8f.

Now we turn our attention to the computation of the quantum effective action expressed as integra-
tions of loop momenta in Sec. 2.4.4. The salient feature of theories with continuously many gapless
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degrees of freedom is that quantum corrections are functionals of coupling functions. Even if the
coupling functions are independent of momentum at one scale, they in general acquire non-trivial
momentum dependences at low energies unless protected by symmetry. This makes it necessary to
compute quantum corrections in the presence of general momentum dependent coupling functions.
A simplification arises for quantum corrections generated from small angle scatterings in which loop
momentum is bounded by the external energy. Thanks to the locality in real space, the rate at which
coupling functions vary in momentum is controlled by the energy scale at which the coupling functions
are defined. If the momentum carried by virtual particles in a loop is limited by a momentum that is
proportional to external frequencies, quantum corrections can be computed approximately by treating
the coupling functions as constants as far as the coupling functions do not vary significantly over that
momentum scale. This motivates us to introduce the notion of adiabaticity in the momentum space.
We say that coupling functions are adiabatic in a diagram if no coupling functions change apprecia-
bly within the range of loop momenta from which IR divergent contributions arise. Below, we make
this precise and examine how adiabaticity is invoked to efficiently compute quantum corrections for
non-nested diagrams.

We start with the Schwinger-Dyson equation for the boson propagator in Eq. (2.65). At energy
scale u, we need to know the boson propagator up to momentum pu/c, where ¢ is the speed of the
boson. After the mass renormalization is subtracted, Eq. (2.65) is finite in the limit that kp and A
are large. With all momentum cutoffs set to be infinite, the external momentum is the only scale in
the integration, and it plays the role of a soft UV energy cutoff for the loop integration. When the
external momentum is p/c, the upper bound for the soft UV energy cutoff is Vpop/c. This is because
the singular renormalization of the collective mode arises from electrons near the hot spots, and Vg
is the largest component of velocity near the hot spots. This energy cutoff is translated into the upper
bound for the momentum cutoff,

1 VF,O/’[’ — L (2 82)

H =
Vrove ¢ cvg

"

where we use the fact that Vi gvg is the smallest component of velocity!”. We say the coupling functions
satisfy adiabaticity at energy scale p if the relative variation of vg, Vp and gg j is small within the
range of momentum II,,, that is,

ki 7 Uk | | Gk T Gk

'Ukl

W= g Mg, { } b (2:59)
where all couplings are defined at energy u. Here, we don’t expect the four-fermion coupling function
satisfies adiabaticity at general momenta because the four-fermion coupling function, being irrelevant,
has stronger momentum dependence than the marginal coupling functions. In Sec. 2.6, we will show
that if ey < 1'%, ¢, < 1 at all 4 < A. For now, we assume that the adiabaticity is satisfied at all energy
scales and show how it simplifies the computation of quantum corrections. With Eq. (2.83), one can
ignore the variation of the coupling functions within the loop, and Eq. (2.65) can be approximated as

k1, k2

8
D) = mor +202, Y / dq G ([0)G(q + K[0)
N=1

8 (2.84)
4
~ N 900 2 / dqdp G (p + q0)Gy(pl0)G N (p + KI0)Gr(p +a +k|0)D(q).
¢ N=1
where the coupling functions are evaluated at the hot spots, and
1
Gn(k|K') = - (2.85)
iko + V(ZX?GN[R; ’U,(CJ/V)]

)

17For example, with energy VFron/c, electron-hole pairs can be created near hot spots 1 and 4 up to momentum

kg ~ ﬁ away from the hot spots.

18This is a reasonable starting point in that bare coupling functions are smooth functions of momentum
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is the fermion propagator at k in which the coupling functions inside the propagator are evaluated at
k. As in Eq. (2.4), the self-consistent equation in Eq. (2.84) gives

c(vo) = \/8]\;10% log (010) (2.86)

where vy denotes the nesting angle at the hot spots. Provided that Eq. (2.83) is satisfied at energy
scale u, Eq. (2.3) is the valid expression up to momentum pu/c with the boson velocity given by Eq.
(2.86).

Now, let us consider other vertex functions. Unlike the boson propagator, other diagrams that
contribute to the counter terms in Eq. (2.34) are in general UV divergent logarithmically in A, kg or
both. This implies that internal momenta in those diagrams can be much bigger than u, and we can
not use adiabaticity to compute the quantum corrections. However, what we need is the derivative
of the counter terms with respect to log i not the counter terms themselves. The derivatives capture
the contributions generated from the fast modes within an infinitesimal window of energy scales, and
determine the beta functionals. Because A is the UV energy cutoff, the derivative of the counter terms
are finite in the large A limit. However, they are not necessarily finite in the large kr limit as there
are gapless fermionic modes with large momenta.

Therefore, we are led to consider two types of UV divergent quantum corrections separately. The
quantum corrections of the first type are those whose derivative with respect to log p are finite in the
large kp limit. Quantum corrections that are generated by small-angle scatterings belong to this type.
For example, in diagrams that involve only the Yukawa couplings, spin fluctuations scatter electrons
between patches that are not nested with each other for v # 0. Consequently, internal fermions can not
be scattered far away from external momenta modulo Cj Ar- In the derivative of quantum corrections,
all components of internal momenta become dynamically bounded by the external energy, and its
contribution to the beta functional is finite even in the large kp limit. Their contributions to the beta
functional can be computed by treating the coupling functions inside loops as constants as far as the
adiabaticity condition is satisfied. The quantum corrections of the second type are the ones whose
derivative with respect to log u are not finite in the large kr limit while being finite in the large A
limit. The second type of quantum corrections arise from large-angle scatterings in the channels in
which fermions can stay close to the Fermi surface over an extended phase space that is not bounded
by energy. For example, Cooper pairs with zero net momentum can be created far away from the hot
spots without electronic energy penalty, and the phase space for virtual low-energy excitations is not
limited by the external energy. In those cases, even the derivative of the counter terms remain sensitive
to the size of the Fermi surface, and we can not ignore the momentum profiles of the coupling functions
within loops. For the second type, the beta functionals should be expressed as integrations over the
momenta along the Fermi surface. We will come back to the second type of quantum corrections
when we explicitly compute quantum corrections that include the four-fermion couplings in the nested
channels in Sec. 2.5.2. In the rest of the section, we discuss how adiabaticity is invoked to simplify
the computation of quantum corrections of the first type.

Let us start with the contributions of A% (k) with i = 1,2,3 to the beta functionals. Let 3 (k) be
the exact fermion-self energy in Eq. (2.67) at hot spot 1. While a%kik) is UV divergent logarithmi-

) 0%, (k)
cally, dlogn Ok,

is UV finite. Since external fermions are on the Fermi surface with
k=(p,ky,— Vi, k)

frequencies that are O(u), the soft UV cutoff for the loop momentum is u for the UV finite integral.
Since there is no loop that is purely made of fermions in this case, one necessarily creates bosonic
virtual particle in the loop whose energy increases as c|q,|+¢c|qy|, where ¢'is the loop momentum. This
makes the momentum cutoff for the internal loop to be u/c. Therefore, the adiabaticity is satisfied if
the variation of the coupling functions can be ignored over p/c. If Eq. (2.83) is satisfied, this condition
is automatically satisfied. Because the integrand is peaked at ¢ = 0, we can replace Gi+q,k9%, k+q> Vk+q
and Vp 44 with those evaluated at ¢ = 0 in Eq. (2.67) to the leading order in ¢,. The derivative of
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the counter term for the fermion kinetic term can be written as

0 0%1(k) 0 0%i(k)
Ologp Ok, ~ Ologpu ok,

+..., (2.87)
k=(p,ka,~ Vi, ka)

k=(p,ke s T Vky kr)
where ¥ (k) is the self-energy computed in the adiabatic limit,

) 2(NZ-1)
Ti(k) = _gk,kW/dq Ga(k +alk)D(q), (2.88)
ctVf

and ... represents corrections that are further suppressed by €,. In Sec. 2.6, it will be shown that
€, ~ /v. Therefore, the terms that are ignored in the adiabatic approximation are sub-leading in
the small v limit. In Eq. (2.87), the momentum dependent coupling functions are evaluated at the
external momentum, k, because the integrand is peaked at q = 0 with the soft UV cutoff that is
order of u/c. Tt is noted that external fermions can be far away from the hot spots, and momentum
dependent coupling functions can not be replaced with those evaluated at the hot spots in general.
However, one can still invoke adiabaticity locally in the momentum space at any point on the Fermi
surface. Even if a coupling function at k is significantly different from its value at the hot spots, the
coupling functions are still adiabatic if their variation is slow locally at that momentum. Since the
derivative of the coupling functions is largest near the hot spots as will be shown in Sec. 2.6, the
adiabatic condition is most stringent near the hot spots. Namely, Eq. (2.83) is satisfied for general
k;’s on the Fermi surface, if it is satisfied near the hot spots.

Similarly, the contribution of the vertex correction in Fig. 2.2c¢ to the beta functional of the Yukawa
coupling is given by

OAM (kY ky)
Odlog

2 0
= T 9loo dq i’ k499K +q,k+q9k+q.kD(2)Ga(K + q)G1(k + q)
N.N? og k' = (2u, ki, —vgr k)

k= (u ko, Vi, k)
(2.89)
The degree of divergence of A is 0, and its derivative with respect to u is UV finite. Consequently,
the singular part of Eq. (2.89) can be computed as

OAW (ki ko)
dlog i

2 0
= 5 kK Gk k Gk 5] /dq D(q)Ga(K +qlk")G1(k + qlk) +..
NN} og K = (210 K~y K

k = (i, kz, iy k)

(2.90)
to the leading order in v.
2.5 Beta functionals

In this section, we compute the beta functionals for the nesting angle, Fermi velocity, electron-boson
coupling and four-fermion coupling functions.
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2.5.1 Nesting angle, Fermi velocity and electron-boson coupling

To the leading order in v, the counter terms to the fermion kinetic term and the cubic coupling are
given by (see Appendix A for derivation)

A
- = AQ)
%ﬁ(u,%kck)) e

2 c \% A A
A@ () = 20 1 Ek o\ JACR] N A@) (L
(&) m " Ve 8 ¢ o8 H (1, 2vp.ck) 3y log «%ﬁ(u,élvﬂkvkk) + reg( ),

2 c Vi A A .
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(k' k) Kok OB (1, 2vck, 2vgr k!, R 1) * reg( k)
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with gr = gk and B = vk’ + Ukk)/(Vg,i, + Vj;,i) A (21, ko, ..,xiy1)’s represent smooth
crossover functions that satisfy

jfi(l.lvx% "vmiJrl) ~ |xj‘ if ‘x]| > |£C1|, ) |"Ej*1|7 |xj+1|7 ) |mi+1| . (295)

The form of the crossover functions depend on the subtraction scheme. The specific form of J7; is
not important for us as far as the counter term removes all IR divergences in physical observables.
Choosing different 7 amounts to modifying the finite parts, .%; in Egs. (2.26)-(2.29) and imposing a
different set of renormalization conditions. Each counter term is proportional to

A

, 2.96
‘%(MvAlv“?Ai) ( )

log [
where p is the energy scale at which the RG condition is imposed, and A; represents crossover energy
scales that depend on external momenta. Physically, these energy scales correspond to the energies
that virtual particles have to carry within loops for given external momenta. If u is much larger than all

A;’s, Eq. (2.96) becomes log (%), and the quantum correction gives rise to the logarithmic flow of the

coupling functions as the energy is lowered. If p becomes much smaller than any of A;, the quantum
correction becomes independent of u, and no longer contributes to the flow of coupling functions.
Roughly speaking, the contribution to the beta function turns off below the energy scale which is
given by the largest of A;’s. Since quantum corrections turn off at different energy scales at different
points on the Fermi surface, the renormalized coupling functions acquire momentum dependence at
low energies even if one starts with momentum independent coupling functions at the UV cutoff scale.

A£Qg_ represent terms that are regular in the limit that log % is large. In our minimal subtraction

scheme, we can set ASQg_ = 0 for ¢ = 1,4. One still needs to include Agg)g_ and Aﬁi)g_ to enforce the

RG condition in Eq. (2.25) because the finite parts of the fermion self-energy affect the shape of the
renormalized Fermi surface. However, the contribution of the regular counter terms to the flow of the
coupling function diminishes in the small g limit.
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AW (k) for i = 1,2,3 are the counter terms for the kinetic term of the electron at momentum k
away from the hot spot 1 along the Fermi surface. A (K’ k) is the counter term for the cubic vertex
that describes the scattering of electron from momentum k near hot spot 4 to momentum &’ near hot
spot 1. In general, the quantum corrections are functionals of the coupling functions. However, h,(cl)

and h,(f) depend only on the coupling functions at momentum k. Similarly, A® (k’, k) depends only on
the coupling functions that are defined at k and k' due to adiabaticity. Through explicit calculations,
we will show that the coupling functions that satisfy the adiabaticity at a UV scale continue to satisfy
the adiabaticity below the UV scale.

The counter terms that include h,(cl) are the contributions of the one-loop fermion self-energy in Fig.

2.2a. Besides the factor of g7, there are factors of 1/Vpy and 1/c inside h,(:) because the phase space
of the loop momentum is controlled by the Fermi velocity in one direction and the boson velocity
in another direction. For A®)(k) and A®)(k), there is an additional factor of ¢/Vpy because the
quantum correction that renormalizes the Fermi velocity is controlled by the boson velocity!?. Inside
J, 2vick denotes the crossover energy scale determined from the kinematics of the virtual particles
in the loop. For the external fermion at momentum (k,, —vk, k) on the Fermi surface near hot spot
1, the energies of the intermediate boson and electron in the loop can be written as ¢ (|¢gz| + |gy|) and
VEko+qe (Vkytqs (kz + ¢2) — @y + Vi, ks ), respectively, where ¢'is the momentum carried by the internal
boson. For k = 0, the electron can be scattered right onto the hot spot 4 by emitting or absorbing a
boson with zero energy. In this case, all virtual particles have zero energy at ¢ = 0, and an infrared
divergence arises in the low-energy limit. If the external electron is away from the hot spot (k # 0), it
is impossible for the electron to be scattered onto the Fermi surface with a zero-energy boson. If it is
to be scattered onto the Fermi surface in hot spot 4, it must create a boson with energy that is order
of 2cvy, kz. On the other hand, if the virtual boson carries zero energy, the internal electron should be
created away from the Fermi surface with energy that is order of Vg, vk, k; as is illustrated in Fig.
1.7. Since the boson is slower than fermion (¢ < V) in the small v limit, it is energetically ‘cheaper’ to
create a bosonic excitation while keeping virtual fermions on the Fermi surface. The crossover scale is
given by the minimum energy that virtual particles have to carry among all possible choices of internal
momentum, and the crossover scale for the one-loop self-energy becomes

EM) = 20,.clk|. (2.97)

Below the crossover energy scale, the energy cost for creating virtual excitations becomes bigger than
1, and the one-loop quantum correction is dynamically turned off.

The counter terms that are proportional to hg) are from the two-loop fermion self-energy shown
in Fig. 2.2b. In the two-loop diagram, the crossover energy scale is different from that of the one-loop
diagram. The energies of the two internal bosons and three internal fermions created in the loops can
be written as E1 = ¢ (|g.| + |,) Bz = ¢ (po] + [py))s Bs = Visra, (0kst0, (ko +2) — gy + 00, ki),
Ey = Vikotpe (Vkotps (ko + Do) =y + 0k, Ka); Bs = Vik,+a.+p. (Vkotpota. (ke +Pe + €)= vk, ko +
Py +qy), as functions of internal momenta ¢ and p. For k # 0, it is kinematically impossible to put all
virtual particles at zero energy. If all internal fermions are to be on the Fermi surface, at least one boson
has to carry energy that is order of ck,. Alternatively, zero-energy bosons with ¢ = p'= 0 put internal
fermions away from the Fermi surface with energy that is order of Vpvk. Since ¢ > Vpv in the small v
limit, it is energetically favourable to create fermions away from the Fermi surface while keeping bosons
at zero energy. The crossover energy scale, obtained by minimizing max{|F1 |, |E2|, |E3|, |E4|, |Es|} over
difference choices of ¢ and p, becomes

EIE:2L) = 4VF7kvk|k|' (298)

Since E,(fL) > E,(CIL) for k # 0, electrons away from the hot spots disengage with the two-loop quantum
correction at higher energy scales than the one-loop correction.

19The one-loop self-energy diagram depends on the external momentum only through the combination of ck.
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The counter term that is proportional to h,(vl,)k is from the vertex correction in Fig. 2.2c. When
the electron at momentum & near hot spot 1 is scattered to momentum k' near hot spot 4, the virtual
particles are created with energies, E1 = ¢ (|gz| + |ayl), E2 = VEk,+q, (Vky+q, (Be + @0) — @y + Vi, k)
and E3 = Vi +q, (Uit 14, (K, + @z) + @y + v kL), where @ is the momentum of the internal boson.
The crossover energy scale is given by minimizing max{|E|, |Es|,|E3|} over ¢. To have a rough
estimation of the crossover scale, one can first set the energy of one of the internal fermions (say Fs) to
zero by choosing q, = Vg, +q, (kz + ¢z) + v, k. With difference choices of ¢, one can tilt the balance
between E; and Fs. Since ¢ > v, it is energetically favourable to minimize the energy of boson at the
expense of the energy of fermion : with ¢, = 0, we have 1 = 2cvy_k, and E3 = 2V / (vk; kL + vk, km)
The bigger between these two determines the crossover scale. An explicit calculation (Appendix A
A.2) shows that the crossover scale is symmetric between k and &/, and can be written as max{E](glL),
E,(;L), E,(;i)}, where

!/
EOL - Aok dvw (2.99)
’ Vir + Veg

From Eqs. (2.43) - (2.45), one obtains the beta functionals for vy, V@, and gx 1, and the anomalous
dimension of fermion n,(f). To the leading order in v, solving the beta functionals from the quantum

corrections can be greatly simplified as one can use

dz;(k) _ 0Ai(k)
dlogpu  Ologpu

(2.100)

in Egs. (2.43) - (2.47) and Eqgs. (2.48)-(2.50). The rest of the terms in Eq. (2.51) are of higher order
in v. At low energies, one can drop the contributions from the finite counter terms. The resulting beta
functionals and the anomalous dimension are given by

, (2.101)
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where hy’, hy.’, and by~ are defined in Eqs. (2.92)-(2.94), and
Olog H(u, Ay, .., A,
0 A, ., Ay) = 210870 A ) (2.105)

Olog i

is the derivative of the crossover function with respect to the energy scale. It controls whether each
term in the beta functional is turned on or off depending on whether p is greater or less than the
momentum dependent the crossover energy scales.
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2.5.2 Four-fermion coupling

In this section, we compute the beta functional for the four-fermion coupling. To the lowest order in
v, Eq. (2.46) can be written as

4 £ (Vi)
A)i{Ni}ti{oi N Ni}i{os or ({%i})
BUNIEd = (1 43z — 1)+ Y g™ | AN g et ’ (2.106)

=~ kj Olog i ’

where f‘{cl;"'};{ai}({k‘i’ N, }) represents the local counter terms that are needed to remove the singular
parts of the vertex correction. On the right hand side of Eq. (2.106), the first term represents the fact
that the four-fermion couplings have scaling dimension —1 at the tree-level. The next two terms are
the contributions from the anomalous dimension of frequency (z — 1) and the momentum-dependent
anomalous dimension of the fermion field (n,(cw’N)), respectively. These are common in all channels.
What is channel dependent is the last term that represents the vertex corrections. To the leading order,
there are three distinct vertex corrections. The first is the one in which four-fermion couplings are
generated from the spin fluctuations. This gives rise to a term in the beta function that is independent
of the four-fermion couplings. The diagrams that source the four-fermion coupling at the lowest order
in v are shown in Fig. 2.7. The second type of the vertex correction describes the processes in which
spin fluctuations mix quartic fermion operators in different channels and momenta. The leading order
diagrams that describe the linear mixing are shown in Fig. 2.8. It generates a term that is linear in
the four-fermion couplings but off-diagonal in the space of channel and momentum. Finally, quantum
corrections that are quadratic in the four-fermion couplings are shown in Fig. 2.9. This is the process
that drives the pairing instability (or particle-hole instability if there is a nesting) in the presence of
attractive interactions in Fermi liquids.

For general Fermi surface without the PH symmetry, we only need to consider the forward scattering
channel in group 1 and the BCS channel in group 2. For the derivation of the counter terms that lead
to the beta functional through Eq. (2.106), see Appendix B. In Appendix D, we discuss the additional
channels that need to be considered in the presence of the PH symmetry.

Group 1 : small-angle scatterings

Before we show the result of explicit calculation, let us first describe the physics that determines the
beta functionals. In group 1, the critical spin fluctuations generate the source term in the (} 1) channel.
In the small v limit, only the ladder diagrams shown in Fig. 2.7 give the leading order contribution.
It is noted that tree-diagrams do not contribute to the 1PI vertex function. In the ladder diagrams,
a pair of electron and hole near hot spot 1 are scattered to intermediate states near hot spot 4 before
they are scattered back to the region near hot spot 1 by exchanging critical bosons. In the absence
of the PH symmetry, there is no IR singularity for the diagram in the PP channel due to a lack of
nesting. The coupling in the forward scattering channel that is potentially IR singular can be written
(i1)
(%)
P
k and p because both fermions in the loop of Fig. 2.7 can stay on the Fermi surface irrespective of the
relative momentum along the Fermi surface 2°. However, the actual IR singularity arises only for

as A . On the dimensional ground, one expects to encounter a logarithmic divergence for general

an o.an
Mgy Moy (2107

where at least one electron-hole pair are at the hot spot. This is because the Pauli exclusion principle
suppresses the low-energy phase space for particle-hole pairs created on one side of the Fermi surface.

20Even if both k and p are non-zero, a boson that carries a non-zero momentum can scatter external fermions to virtual
states on the Fermi surface. One naively expects a logarithmic divergence as two fermions can have zero three-momentum
in the space of internal three-momentum with co-dimension 2.
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Figure 2.15: When an electron with momentum & near hot spot 1 on the Fermi surface is scattered to
momentum p near hot spot 4 on the Fermi surface by exchanging a boson with energy pu, the interaction
is largest in the shaded region in which both k and p are less than p/(ve) and their difference is less
then p/c in magnitude. Outside the shaded region, the interaction decays in a power-law.

For example, the phase space that is available for an electron-hole pair with total momentum ¢ vanishes
in the zero ¢'limit. As a result, the diagram exhibits a logarithmic singularity only with the help of the
critical boson. When a pair of external electron-hole pair are at the hot spot 1, they can be scattered
right onto the hot spot 4 through the boson with zero energy. Since two fermions and one boson can
simultaneously have zero three-momentum, a logarithmic divergence arises. Once the spin fluctuations
generate the source term in the (1 1) channel, it spreads to other channels through linear mixing (Fig.
2.8). The same reasoning that determines the IR singularity of the source term shows that the mixing
terms exhibit IR singularity only for external momenta shown in Eq. (2.107). In the (1 1) channel,
the diagrams in Fig. 2.9 do not have IR singularity because the critical boson is not involved in those
processes.

The fact that the coupling function receives singular vertex correction only for Eq. (2.107) can be
(11)
(%y

checked from the full expression of the beta functional for A )
k p

at general k and p

1).(01 02 11)\./01 02
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Here all repeated spin indices are understood to be summed over. Tg!72 is defined in Eq. (2.73).

[dp(q) = [ QWd‘q/F)q represents integration along the Fermi surface with the measure normalized by
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energy scale p and the Fermi velocity.

1

Dyu(a;k) =95 x
Bt (Iq —kl, 4 lvgq + vkklu)

(2.109)

with |k p= v/k? + p? represents the contribution of the gapless spin fluctuations that renormalizes the
short-range four-fermion coupling at energy scale . This arises from local counter terms that remove
IR singularities of the loop correction in the small y limit. For |¢ — k| > u, D, (¢; k) coincides with the
interaction mediated by the collective mode with spatial momentum (¢ — k, v,q + vik) at energy p,
where (¢—k, v,g+vik) denotes the momentum that is needed to scatter an electron from (k, —vik) near
hot spot 1 to (g, v4q) near hot spot 4 on the Fermi surface. In the limit that ¢ and &k are small, D, (q; k)
smoothly saturates to a constant and represents a local interaction in the real space. The main support
of D, (g; k) in the space of ¢ and k is given by Sp = {(¢, k)|lg — k| < p/c, |q] < w1/ (ve), |k| < p/(ve)} as

) 5

is illustrated in Fig. 2.15. 7, is the momentum dependent anomalous dimension of fermion defined

in Eq. (2.104). To the leading order in v, n,(cw) is given by

N N2 -1 g; 7 (e
k 2m2NeNy Ve o+ 2cvi|k|,

—1). (2.110)

The first line in Eq. (2.108) is the contribution of the tree-level scaling dimension and the anomalous
dimensions of frequency and the fermion fields. The second line represents the mixings between
AEDEE) g LGD(F a) (2
(k3) (5) (ka)

acts as a continuous flavour, the mixing with coupling functions at different momenta is represented
as the integration over g. The last line is the contribution of the ladder diagrams that source the
four-fermion coupling. It is essentially the convolution of two boson propagators that are needed to
scatter an electron from momentum k to the intermediate momentum ¢ and finally to momentum p.

The additional factor ( ’;(q’k) + "(q p)) arises from the derivative of D,(q; k) with respect to log s to

k.,q
the leading order in v limit2L. Tt is noted that the full vertex correction is written as integrations over
the momentum along the Fermi surface in Eq. (2.108).

If both p and k are away from the hot spots, the vertex corrections vanish in the small g limit. On
the other hand, the phase space in which both k and p are near the hot spot is negligible. Therefore,
we focus on the forward scattering between an electron near the hot spot and an electron away from
the hot spot. For k = 0 and [p| > u/(vc), )\(2 9) and D, (¢;p) as functions of ¢ vary much more slowly

)} Since the momentum along the Fermi surface

compared to D, (k;¢)? which is sharply peaked at ¢ = k?2. Then, we can use [ dq D,(k;q)?f(g;p) =
f(k;p) [dg D,(k;q)? for f(g;p) = )\(p 1) or D, (q;p) to simplify the beta functional as®3
qp

(11).(01 02 g1 02
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kp) (k p)
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Hgk,k 19y
VF,k(,U + 2”k¢|k|u) VF,p(,U + 2”p¢|p‘u)
(2.111)

21Because the beta functional is given by the derivative of the quantum correction with respect to log 11, and the gapless
fermions alone do not exhibit IR singularity in the small p limit, the derivative only acts on the boson propagator.

22The profile of A will be confirmed from the solution of the beta functional in Sec. 2.6.

23We can also use [dq Du(p;q)2f(q;k) ~ f(p;k) [ dg D,u(p;q)? because both sides vanish in the small p limit for
k=~ 0 and |p| > p/(ve).
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in the small p limit. Here corresponds to the momentum dependent mixing
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A ( » k) 4 in the small p limit. This implies that the forward scattering amplitude is mainly
k p

renormalized through the electrons at the hot spots as is indicated in Table. 2.2.
4
Since the beta functional for )\( i) depend on )\(4 1) /\( 1 }1), and their beta functionals depend

4
on )\(4 4), we need to compute the beta functionals for those couplings to have a closed set of beta
functionals. The beta functionals for the other couplings are obtained to be
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44Y.(01 02 11 a1 02
The beta functional for )\((‘;%C))’( o o) takes the same form as that of )\((1) 1k))( o )
k kp
are related to each other through the C4 symmetry. On the other hand, there is no source term for
14 01 02 41 o1 09
)\(4 1)i(1 53) and )\(1 1)1 63) to the leading order in v as is shown in Eqs. (2.111) and (2.114).

(x3) )

Group 2 : BCS pairing

because those two

In group 2, the ladder diagrams in Fig. 2.7 generate /\(% g) It then mixes with )\(411 g), )\(411 2) through
diagrams in Fig. 2.8. In terms of how couplings are mixed in the space of hot spots, the structure of the
beta functionals is similar to the (}1) channel except that the mixing occurs in the particle-particle
channel for general k£ and p in group 2. There are more important differences in how operators with
different momenta mix in this channel compared to the (1 1) channel. The difference arises from the
fact that the couplings in the (] 2) channel describe scatterings of fermions on the opposite sides of
the Fermi surface, and the phase space of a pair of fermions in antipodal patches is not suppressed
by the Pauli exclusion principle. Namely, a Cooper pair with zero center of mass momentum can be
placed anywhere above but arbitrarily close to the Fermi surface. As a result, IR divergences arise
within a two-dimensional space of external momenta irrespective of the relative momenta of electrons
within incoming and outgoing Cooper pairs.
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5 a1 02
The beta functional for )\( 2)i(oi o3) at generic k and p is given by
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)\((}D 5);,()04 o3) describes the interaction in which a pair of electrons with zero center of mass momentum
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are scattered in antipodal hot patches. The first line in Eq. (2.115) is the contribution from the
tree-level scaling dimension and the anomalous dimensions. The second line represents the linear

(18)(782) {(ﬁwzé <mw2?% o .
mixing between \ 1 v p and ¢ A, 7, A . Unlike in Eq. (2.108), the mixing
(k—k) (k—k) (q,q)

between coupling functions at different momenta decays only in a single power of D, and there is no
additional suppression even when both p and k are way from the hot spots. This is because the vertex
correction is IR divergent for any p and k. For example, the first term in the second line describes
the process in which a pair of electrons at momenta &k and —k near hot spots 1 and 5 are scattered to
momenta g and —g near hot spots 4 and 8 through the short-range four-fermion interaction and then
to momenta p and —p near hot spots 1 and 5 by exchanging a boson. The next term can be understood
similarly. In this process, the internal fermions can simultaneously stay outside but close to the Fermi
surface for any q. This gives rise to a logarithmic IR singularity that is not tied to the criticality of the
boson. In the beta functional that is given by the integration over g, the amplitude of mixing is simply
controlled by the interaction mediated by the boson that carries the momentum needed to scatter the
pair of electrons within the Fermi surface. Since the mixing amplitude scales as D,,(q, k) ~ g7 /| — k|
at large momenta, the contributions from large-angle scatterings are not strongly suppressed.

If the coupling functions are weakly dependent on momentum, the slow decay of the mixing matrix
gives rise to a logarithmic divergence log A’/u, where A’ is a scale at which the large momentum is
cut off?*. The explicit dependence of the beta functional on a UV scale is a manifestation of the
fact that the quantum correction itself exhibits a log? divergence, where one logarithm is from the
BCS scatterings of the gapless fermions and the other logarithm is from the criticality of the boson.
In the functional RG formalism, the physical origins of these two logarithms are naturally resolved,
and they manifest themselves in different ways : p in the fermionic log acts as an IR energy cutoff
that controls the ‘distance’ away from the Fermi surface and p in the bosonic log acts as an IR cutoff
that regulates how operators with different momentum along the Fermi surface mix. Interestingly, the
mixing between operators with momenta ¢ and k along the Fermi surface is controlled by D, (q, k).
The fact that the mixing between low-energy operators with large ¢ — k is determined from the
dynamics of the high-energy boson implies that the four-fermion coupling function is not a low-energy
observable that can be predicted within the low-energy effective field theory. While the 1PI quartic
vertex function, represented by the four-fermion coupling function, can not be predicted within the
low-energy effective field theory, the theory is still predictive for a different low-energy observable that
captures the strength of two-body interaction. In Sec. 2.6, this will be discussed in full details. For
now, let us set this issue aside and complete the rest of the beta functionals. Once the full beta
functionals are completed, we will be in the better position to address the issue of UV /IR mixing more

24For example, the scale associated with the irrelevant kinetic term of the boson can act as a large momentum cutoff.
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systematically. The term in the third line is the source that is generated from the spin fluctuations.
Because there exists the fermionic logarithmic singularity associated with the virtual fermions that are
on the antipodal patches of the Fermi surface, the contribution to the beta function is simply given by
a convolution of two boson propagators without an additional suppression as in Eq. (D.7). Finally,
the last line is the usual term that drives the BCS instability in the presence of attractive four-fermion

couplings in Fermi liquids. Its contribution is expressed as a convolution of two four-fermion coupling
functions.?’

; ; (12):(5:5%) - (15)(5ias) \(18):(5: a3
Together with the beta functional for A/, _p) , the beta functionals for )\(p " ,)\(p _p)
. 71 02) kE —k kE —k k —k
((‘;, 5)i(oi o form a closed set of flow equations at generic momenta in the two-dimensional plane of
Rks ingularity. The beta functionals for the remaining coupling functions are written as
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Eq. (2.118) is related to Eq. (2.115) through the Cy symmetry. Similarly, Eq. (2.117) is related to Eq.

(2.116) through the symmetry. It is noted that there is no A-independent source term for Eq. (2.116)
and Eq. (2.117).

25Here, we focus on the four-fermion couplings that are generated from the critical spin fluctuations to the leading

. . . (15) (26) (15) (37)
order in v. In the presence of a bare four-fermion coupling, more channels such as A\26/A\15/ and A\37/A\15
should be included in the BCS term.

)

)
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2.5.3 The true fixed point

The full beta functionals that describe the flow of the coupling functions under the lowering of the
energy scale and the dilatation of momentum along the Fermi surface are Eqs. (2.54)-(2.57), where

LB, B and 8L, are given by Eqs. (2.101)- (2.104), Eqs. (2.111) ~(2.114), Eqs. (2.115)

-(2.118) 25. In the space of the coupling functions, a fixed point arises at

_ _ _o (e m)iEs) _
=0, Ver=1, grr=0, A(kH b1y =0, (2.119)
k p

(VF)
k

)

2
with g;'—:“ = 7. Since the coupling functions in Eq. (2.119) are independent of momentum, B,(Cv),

ﬁ,(j,i and 6%2)} also vanish at the fixed point. In the space of coupling functions, Eq. (2.119) is a
singular point, and the theory with gi, = 0 and v = 0 is well defined only after the ratio between
the Yukawa coupling and the nesting angle is specified as the singular point is approached. Since the
leading-order quantum corrections for the renormalized boson propagator are proportional to g2 /v,
the ratio determines the anomalous dimension of the boson. For the non-interacting Gaussian theory,

2 2
?J = 0. With i’V‘J = 7, there are infinitely many diagrams that renormalize the boson propagator
kl/ )C/,

non-perturbatively. These are included in Schwinger-Dyson equation in Eq. (2.3), which gives rise to
anomalous dimension 1 for the boson. On the other hand, the anomalous dimension of the fermion

2
k' — ™
V1 27

is proportional to g?/c (Eq. (2.104)). At the interacting fixed point with g2,/ c vanishes
because v and c are related to each other through Eq. (2.4). Consequently, the fermion has no
anomalous dimension, and the dynamical critical exponent is 1 at the fixed point.

It turns out that Eq. (2.119) is an unstable fixed point as a generic perturbation added to the
fixed point drives the theory toward a superconducting state at low energies. We establish this by
solving the full beta functionals of theories that are tuned away from the fixed point. To be concrete,
we consider a UV theory with

v = vy K 1, VF,k =1,
AWiki{eid _ (2.120)

™
= Yo, {k;}

2
at a UV energy scale A. Here, we consider a small but non-zero nesting angle. The UV theory has
momentum independent nesting angle, Fermi velocity and Yukawa coupling with zero four-fermion
coupling. Considering this particular UV theory is not a strong constraint for the following reasons.
First, although the bare four-fermion coupling is zero at a UV scale in Eq. (2.120), non-zero four-
fermion couplings are generated from the spin fluctuations at low energies. Conclusions drawn for the
UV theory in Eq. (2.120) also apply to theories in which the bare four-fermion coupling is weaker
than the four-fermion coupling generated from the spin fluctuations. Second, even if the bare coupling
functions are chosen to be momentum-independent in Eq. (2.120), renormalized coupling functions
acquire non-trivial momentum dependence at low energies. We will see that the universal momentum
profiles of the coupling functions become singular near the hot spots in the low energy limit?". If a
UV theory has momentum dependent bare coupling functions, which must be smooth as functions of
momentum due to locality, the renormalized coupling functions acquire the same universal singularities
near the hot spots on top of the smooth profile of coupling functions. Third, the value of the Yukawa
coupling is merely a convention. It can be chosen to be any O(1) number in the absence of the bare
boson kinetic term that can be dropped at low energies in the vicinity of the interacting fixed point.
Finally, the simple momentum independent coupling functions chosen in Eq. (2.120) happens to possess
the PH symmetry. In this case, the four-fermion couplings also receive singular quantum corrections

9k’ k =

261t is reminded that B,(cv), BI(CVF), ’Bl(jl)c and Bgz?} describe the flow of the coupling functions with increasing energy
at fized momenta without momentum dilatation.

27Below the superconducting transition temperature scale, the singularity is cut off.
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in the 2kp scattering channels in which the external momenta take values shown in Eq. (2.80) and
Eq. (2.81). The full beta functionals that include the 2kp scattering channels are derived in Appendix
D. However, at low energies, one can ignore the contributions from those additional couplings to the
flow of the couplings in the BCS pairing channel that drives the superconducting instability. This is
because the volume of the phase space in which the 2kp scattering channels overlap with the BCS
pairing channels vanishes in the low energy limit. For details, see Appendix D.

As it is the case for the hot spot theory, we organize quantum corrections in terms of v ~ ¢
to understand the full functional RG flow in the vicinity of the fixed point. ¢*/c ~ /v/log(1/v)
controls the strength of the quantum corrections associated with the Yukawa coupling beyond the
non-perturbative quantum corrections that is included through Eq. (2.3). The four-fermion coupling
generated from the critical spin fluctuations is order of g*/c. Since the four-fermion coupling generated
from the loop corrections is smaller than the tree-level interaction mediated by the spin fluctuations,
one can understand the RG flow of v, Vp and g without including the feedback of the four-fermion
coupling until the four-fermion coupling become large due to superconducting instability in the low-
energy limit. We will see that in the small v limit there is a large window of energy scale in which the
feedback of the four-fermion coupling can be ignored. In the low-energy limit in which the four-fermion
coupling becomes stronger than the interaction mediated by the spin fluctuations, the four-fermion
coupling dominates the physics and the spin fluctuations become largely unimportant.

2.6 Quasi-fixed points

In this section, we study the RG flow of the UV theory that are tuned away from the fixed point as
in Eq. (2.120). Because the feedback of the four-fermion coupling to the nesting angle, Fermi velocity
and the Yukawa coupling is negligible over a large window of length scale, we can first focus on the
flow equations of v, Vg and g. Then, we discuss the beta functional for the four-fermion coupling.
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2.6.1 Fermi velocity and electron-boson coupling

From Egs. (2.101)- (2.104), the beta functionals for vy, Vi and g ; are written as

8”“[)=va@[—4““?‘1) gi(0)? bg< Vi ()

) (6, L0 (k: )

ol NNy Vi (£)? c(f) (2.121)
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) vt e s (Y v
CONZ-1 gi(0)? (L) (}..
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Here ¢ is the logarithmic length scale, £ = logA/u. ©;((,4y,...4;) = 0;(Ae™ Ae™, .., Ae ") are
crossover functions written in terms of the logarithmic length scale, where 6; is defined in Eq. (2.105).
At short (long) distance scales with £ < min;{¢;} (¢ > min;{(;}), ©;(¢1,..,4;,0) =1 (0;(l1,..,4;,0) =
0), and the corresponding term in the beta function is turned on (off). LZE)(k’;¢), L) (k';¢) and
L(lL)(k' ,k; 0) are the logarithmic length scales that mark three crossovers,

A A A
QL)(k;E) = log (E(QL)> ) L(lL)(kQE) = log (E(lL)> 3 L(IL)(]C/J@@ = log <E(1L)> , (2.124)

k k Kk

where L) (k;0), LOL) (k; ¢) and LOE) (K k; £) are implicit functions of ¢ through vy (¢), Ve x(£) and
c(f) that enter in Eqs. (2.97)- (2.99). Crossovers occur when ¢ crosses one or more of these length
scales defined by the self-consistent equations?®,
2L 2L
(2 =10 (s (20),

ZgL) —LOD) (k; éz(clL))’ (2.125)
A0 =min{ LOP (ks 607), LOD (07 605), LOD (0 ks 601 }.

28Tt is noted that E,ilL), ESLI@) and E,<€2L) are functions of ¢ because the coupling functions in Egs. (2.97)-(2.99)
depend on 4.
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||

Figure 2.16: Crossover energy scales associated with the two-loop fermion self-energy (E,EQL)) and
the one-loop fermion self-energy (E,(CU“)), respectively. Since the flow of the couplings between EIEZL)

and E](ClL) is negligible, one can consider only one crossover, say E,(CQL). At energy scale Ae~¢, the
momentum space is divided into three regions. In the hot region (k < kj), electrons receive quantum
correction from the UV scale all the way down to the current energy scale Ae~‘. In the lukewarm
region (kp < k < k.), electrons received some quantum correction at high energies but are decoupled
from spin fluctuations at the current energy scale. In the cold region (k > k), electrons do not receive
any quantum correction. Below the energy scale Ae~%0, the flow of v cannot be ignored for k < k*

(Ch. 3).

The solutions to Eq. (2.125) are given by (see Appendices C.1.2)

(2L) ~ 1 A log (14 11 A
b g (4v0(o)k) + Og( % a0k ) )

2
ESL) ~ £5€2L) + log VAN (2126)
e(67)

521,53 ~ min(fgii)k,)/g, éélL),ﬁ,(;L)).

Here ¢ is the length scale that parameterizes the bare nesting angle at £ = 0 as defined in Eq. (2.9).

Since the RG flow equations for vy, Vg, gr do not depend on the off-diagonal Yukawa coupling
gk k., we first solve the beta functions for vg(¢), Vi (£), gk () = grx (). For k' =k, E,(cl/i) = ZSL). The
beta functionals in Eq. (2.103) take different forms in each of the three windows of length scale : (i)
< E,(CQL)7 (ii) Z,(CQL) <l< K,(ClL), and (iii) E,(clL) < L. These regions are depicted in Fig. 2.16. In region
i), electrons receive renormalization from all quantum corrections generated by spin fluctuations to
the leading order in v. In region ii), the two-loop correction is turned off, but the one-loop quantum
corrections are still present. In region iii), electrons are decoupled from spin fluctuations. To have the
global solution, we solve the beta functions to obtain J,gl) 0), Jliu) 0), J,im) (¢) for Jy = vk, Vi, gk in
each energy window, and the coupling functions are matched at the boundary to ensure continuity.
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In the small v limit, hg), h,(f), h,(ﬁf scale as w = v/c ~ y/v/log(1/v). As a result, the beta
functionals for J, = vi, Vrk, g are bounded by %% ~ w < 1. Since é,&lL) — gffL) ~ log1/c, the net
(@) T (@)

) ~ wlog(l/c) < 1in

change of the couplings that occur in é,(fL) <l< E,(;L) is only

the small v limit. Since the flow of couplings can be ignored in region (ii), we can use J,giii) in both
regions (ii) and (iii). In this case, we only need to consider one crossover scale E,(f) besides the UV
cutoff scale A. At a given length scale ¢, the Fermi surface can be divided into hot, lukewarm and cold
regions separated by two momentum scales kj (¢) and k.(¢) defined by

L) _, D _
0=t 62 =0 (2.127)

Below, we summarize the solution to the RG equation in each region. The derivation can be found in
Appendix C.

e Hot region : In 0 < |k| < kx(¢), the momentum dependent IR cutoffs are smaller than the energy
scale (Ae™), and electrons remains strongly coupled with spin fluctuations. Accordingly, vy,

2
Vi, and g flow in the same way as in the hot spots : vy (¢) = ;r(A],\gciVlf) ) Iig(f—i-io)’ Ver(l) =1

and gi(£) = %(D as in Eq. (2.18). Here Vi (¢) at the hot spot is chosen to be 1 as the

reference speed with respect to which all other speeds are measured.

e Lukewarm region : In kp(¢) < |k| < k.(¢), the momentum dependent IR cutoff is larger than

the floating energy scale, ;1 = Ae™¢, but smaller than the UV cut off, A. Electrons in this (raglge

_ 2L

(2L) o
E < A before they decouple below Ae=% . Once electrons are decoupled, the coupling with
spin fluctuations decreases with increasing ¢ while vy (¢) freezes out. Since spin fluctuations no
longer slow electrons down, Vi, (€) increases relative to Vi o(¢). The momentum profiles of the
coupling functions are determined from the momentum dependent IR cutoff. Since electrons
farther away from the hot spots decouple from spin fluctuations at higher energies, gi(¢) decays
while vi(€) and Vg (¢) increases with increasing momentum. It is noted that the division of the
hot and lukewarm regions depends on the energy scale. As the energy is lowered, the hot region
shrinks while the lukewarm region grows as more electrons on the Fermi surface are decoupled
from spin fluctuations.

of momentum receive quantum corrections within a window of energy scale given by Ae

e Cold region : In |k| > k.(£), electrons are too far away from the hot spots to receive any significant
renormalization from spin fluctuations at energies below A. In this region, vg(¢) does not run,
while gi(¢) (Vpr(£)) constantly decreases (increases) with increasing £.

At a given scale £, the momentum dependent coupling functions are obtained to be

Vo (Z) k <k (f)
ur(0) = v (L) kn(6) < k < ko(0) (2.128)
0(0) ke(l) < k
o (€)/2 k < kn(f)
gk (0) = 4/ Zuo(621)) Eo(6;627)) k() < k < ke(£) (2.129)
VT00(0)/2 & (£;0) ke(l) < k
1 k< kn(0)
V() = E1(6627)  kn(0) < k < ko(0) (2.130)

£(60)  k(0) <k
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Figure 2.17: (a) v (€), (b) Ve i(£), (¢) gk () = grr(£) and (d) grk(£) plotted as functions of momentum
along the Fermi surface for the theory with a constant bare nesting angle, v9(0) = 0.1. For plots in
(a)-(c), the coupling functions are shown for £ = 1,2,3, where y; = Ae™* denotes the energy scale
associated with ¢ = 1,2,3. In the hot region near &k = 0, the coupling functions are essentially
independent of momentum, taking the values of the coupling constants of the hot spot theory. The
coupling functions are also constants in the cold region as electrons far away from the hot spots are not
normalized. In the lukewarm region that interpolates the hot and cold regions, the coupling functions
acquire non-trivial momentum dependence. As the energy is lowered, the size of the hot region near
the hot spot decreases as more electrons become decoupled from spin fluctuations. At a fixed energy,
v, and Vg, decreases with decreasing k because spin fluctuations remain coupled with electrons down
to lower energies (Vg is measured in the unit of the hot spot velocity which is set to be 1). On the
contrary, the Yukawa coupling increases with decreasing k. The kinks in the plots are the artifact of
not keeping the precise crossover functions between the regions. For the off-diagonal Yukawa coupling
in (d), £ = 3 is chosen.

where
7T2N0Nf 1
volf) = 2(N2 —1) (£ + £o) log(L + £o)’ (2.131)
E(X,Y) =exp VAL VY Hh , (2.132)
VN2 -1

£1(X,Y) = exp (\/Ng ) (Ei(log VX 1 6o) — Ei(log /Y + eo))) . (2.133)
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For the general Yukawa coupling, the solution of the beta functional is given by

Ve <D
e (4 { =0 (D)o (0, 600) £ 1), (2.134)
Eq. (2.134) can be understood in the following way. The RG flow of gi j is controlled by the vertex
correction and the self-energy corrections to the electrons at momenta k and k’. In the small v limit, the
vertex correction is the dominant factor, and the momentum dependence of the renormalized Yukawa
coupling is largely determined by the crossover scale at which the vertex correction turns off. At the
hot spots, the vertex correction is present at all energy scales. The vertex correction tends to enhances
the Yukawa coupling at low energies due to the anti-screening effect associated with the non-Abelian
nature of the SU(N.) group[204]. Once this vertex correction is absorbed by the field renormalization
of the boson, the Yukawa coupling between the boson and electrons near the hot spots is kept to be
the order of \/vg at all energy scales, while the boson is endowed with the large anomalous dimension.
For electrons away from hot spots, the vertex correction turns off for ¢ > Kg,Lk). At low energies, the
Yukawa coupling decays because the boson that remains strongly renormalized by electrons near the
hot spots is too ‘heavy’ to stay coupled with electrons away from hot spots without the help of the
anti-screening vertex correction : the large scaling dimension of the boson caused by hot electrons
makes the boson to decouple from lukewarm electrons at low energies. The momentum dependent
coupling functions are shown in Fig. 2.17.

It is noted that vg(¢) flows to zero in the large ¢ limit. Therefore, only vy = 0 is a true fixed
point. However, for £y, > 1 there exists a large window of scale 0 < ¢ < ¢ within which v (¢) does
not change appreciably as a function of k and ¢. Within this window of length scale, vi(¢) is well
approximated by v(0), and physical observables obey scaling relations controlled by exponents that
depend on v(0). Therefore, we can consider an one-parameter family of quasi-fized points labeled by
vg. To characterize those quasi-fixed points, let us first extract the scaling behaviour of the coupling
functions. Egs. (2.130)-(2.134) describes how the coupling functions at a fixed physical momentum
evolve as the energy scale is lowered. The coupling functions will exhibit scale invariance if the
momentum along the Fermi surface is simultaneously scaled as the energy scale is lowered. To find a
scale invariant fixed point, we consider the coupling functions defined in Eq. (2.59),

Vg = Vg, VF,K =Vrr, OK,K' = k> (2.135)

where K = ke, K' = ke’ are the rescaled momenta. For fixed K and K’, the hatted coupling
functions in Eq. (2.135) become independent of ¢ to the leading order in ¢/,

b = v0(0), (2.136)
1 |K| < Ky,
; &1\ ©
Vik = (Kﬁ) Kn < |K| < K, (2.137)
K. al(O)
()" K<kl
V/5v0(0) K| < Kp
DL()(O)
gr = ¢ V'500(0) (\%) Kn < |K| < Ke | (2.138)
a0 (0)
(4)™ K. < |K|
500(0) o max{ F5E AR < g,
(e7)) 0
T K+K'| c|K| c|K'
9K, K" = 51]0(0) <maX{K+2K’KfLu£<7C|12</}) K, < max{l Z ‘,%, ‘2 ‘} < K. , (2.139)
7 20(0) K+K'| c|K| oK’
Too(0) (42) K, < max{ KK K] o)),y
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where Kj, = e‘ky,(¢) = ﬁ(o) and K, = e‘k.(¢) = % represent the rescaled crossover momenta

from hot to lukewarm, and from lukewarm to cold region, respectively, and

an(0) VN2 -1

Ve + él;)g(éo +90) (2.140)

(7)) 0) =
© 2/ N2 = 1/l £ ¢

are the critical exponents that govern the universal power-law decays of the coupling functions in the
momentum space. The exponents only depend on the nesting angle within the line of quasi-fixed
points. It is noted that Vg i and §x’ x depend on momentum more strongly than 0x. As a result, the
momentum dependence of the former two can not be ignored even if the latter is regarded as constant

to the leading order in ¢/fy. Across the lukewarm region, each of the coupling functions changes by
1

4
N ¢ — —
® % VN1 = 5 n2_1 /e f;
el é, EKe g Violesto and g% re VNIV U For £/l < 1, X< ~ 1. However,
h h

v Ve, k), VK,

the variations of the Fermi velocity and the Yukawa coupling are not negligible if £/v/¢g > 1.
Although the coupling functions acquire non-trivial momentum profiles at low energies, they do not

vary much over momentum scales that are proportional to the energy scale p. From the momentum

profiles of the coupling functions in Egs. (2.136)- (2.139), we can now check the validity of the

adiabaticity in Eq. (2.83). The relative variation of the couplings within the range of I, = £ is given

by

1
€, ~ Qg log% (2.141)

in the small v limit. Up to a logarithmic correction, €, ~ /v < 1 and Eq. (2.83) is satisfied at all
energy scales.

Jx’ k in Eq. (2.139) decays in a power law as a function of momenta in all directions in the space
of K’ and K. The power-law decay of the off-diagonal elements of §x- i signifies the importance of the
non-forward scatterings. Consequently, the number of electrons at each momentum is not conserved.
There is still a sense in which a large symmetry emerges at low energies without the four-fermion
coupling[56]. In the space of rescaled momentum, kp runs to infinity in the low-energy limit. Because
the range of the off-diagonal elements are fixed and the size of Fermi surface blows up under the RG
flow, the number of electrons within a finite fraction of the total system becomes better conserved
as the energy is lowered. This can be also understood by examining the coupling function in the
space of physical momenta, k = Ke™¢, k' = K’e*. If the large ¢ limit is taken for fixed k and
k', the Yukawa coupling function vanishes for k and k' away from the hot spots. The four-fermion
coupling functions generated from the Yukawa coupling give rise to stronger large-angle scatterings
that invalidate the patch description more severely. In the following two sections, we examine the RG
flow of the four-fermion coupling function projected to the space of a fixed nesting angle.

2.6.2 Four-fermion coupling in group 1 : the singular Landau function

We now turn our attention to the four-fermion coupling functions. The couplings in group 1 describes
the forward scattering whose beta functional is written as

aA(%; N2 (gL a)

- = — (1+3(Z—1)+2 (1/1)_1_2 (ﬂ’)) )\(%411 %i);(g‘ll gg) _ SkvPTﬁaszfla(le(sNz
EY (pk) = M Mp <pk) N2 s ! BoyONONg
kp kp f
+ﬁ (%‘1 %§>;(%1;’)Tﬁ02+&TﬂlﬁA<%i %i);([i?)
2N (7 5) ANy () '

(2.142)
Here ( xl %2) is one of the elements in the set of
4 3

i = {4 h, G, ah.uh}, (2.143)
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and

2
9k 7!
* 72V b+ 2viclk|y k.p u(k;p) (B + By) ( )

represent the momentum dependent vertex correction and the source term generated from the spin
fluctuations, respectively. Since the coupling measured in the unit of the Fermi velocity represents the
physical strength of interaction®’, we define

vilma ) (55) 1 (MA)(5h)

A = k : (2.145)
i (§ ) VVepVek 1PH(} )
where the coupling is divided by \/m to keep AV symmetric. Its beta functional reads
ﬁ”“%%*“”9:_u+n+m>{‘%%T@%@_Sﬂﬂmﬁmﬂmm
ol 1PH<Z’;) b 1PH(Z’;) N% s’ fos
; . (2.146)
( N1 N2\ (o1 ([ Ny Ny \ ./ @ o2
By A”(A‘fﬁ Ni)’ ) US)Tg02+ B, Tglg)\v (wi Nﬁ) (en7)
2Ny 1PH(Zk> o1 " 9Ny @08 1PH<pk) ’
where
(NZ = Dgy p
= c 2.147
T = SRIN Ny Vi i+ 2cup K], (2.147)
1
Sy = ——=———==D,(k;p)(Bx, + Bp). (2.148)

k,p
VEpVE K

Just as the Fermi velocity and the Yukawa coupling functions acquire momentum profiles that are
solely determined from the nesting angle at the quasi-fixed point, the forward scattering amplitude
acquires a singular momentum profile near the hot spots. To extract the universal momentum profile
of the forward scattering amplitude that is scale invariant at the quasi-fixed point, we consider the
beta functional for the four-fermion coupling functions defined in the space of rescaled momentum,

(Nl Nz);(gl gz) V;(Nl N2>;(g_1 52)
Na Ni(l K; 3 Ns k]:r4k2 * 77 where K; = e’k;. The beta functionals for the four-fermion
1PH;(K4 Ka) IPH;(M k3)
coupling functions defined in the space of rescaled momentum is written as
9 9 0] (NMa)(5a2) AR5 8
— +K—+P A ots =—(1+ng +np)A"12 73
L% K " aP]IPH<KP> (e e) X, (B
<N1 N2>_(z71 a) A (]\71 N2>_ a 02) (2149)
+BK A N4 N3 )'\ B o3 TﬁaQ I Bp Tﬂlﬁ’ Ny N3 )\os B B SKPTﬂ02T61a5N15N2
2N; 1PH(L ) 7a¢ TNy cosTapH (1K) N2 oac’ Bos

where g = Nge-t, Bk = Bge-¢ and Sk p = SX@,Z’Pe,Z. We combine the four coupling functions
into a matrix as

(o) SLER SR
Mrn(R ) ;Eiij):;gii 55) g% 7122) (2.150)

29For example, the perturbation series in the four-fermion coupling is organized in terms of the ratio between the
four-fermion coupling and the Fermi velocity.
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to write the set of beta functionals as a matrix differential equation,

2+Ki+Pi X(gigg) :_(1+ﬁK+ﬁP)5\(giZ§)
ol oK oP| pH( LK) 1PH(EK)
B3 (50) w0 1) ¢ Brge (O )3l B) Sk g (10
2Nf IPH(KP) [epY e 1 0 2Nf aos 1 O 1PH(KP) N? o4’ Bog 0 1
(2.151)
In the PH channel, the spin tensor of the interaction can be decomposed as
T = YRR + Yy (2.152)
Here
010 1 g10 ]'
Ia’ig’i = ﬁ501035020’4? Xaigg = <60'10'450'20'3 - N50-10360-2g4) (2153)

project a spin state of a pair of particle and hole into the trivial representation and the adjoint
representation of the SU(N,) group, respectively, and

1 . 2
v =2 <Nc - Nc> LY -2 (2.154)

denotes the eigenvalue of Tf:? in each channel. Similarly, the matrix that controls the mixing in the
space of hot spots can be decomposed as

=12, + 142, (2.155)

where

Py = % (2.156)

project the four-fermion couplings into the s-wave and d-wave channels, respectively, and
1° =1, 19=-1 (2.157)

are the associated eigenvalues. Naturally, the coupling function is decomposed into four different
channels as

(G103) _ s oo NOIC T {@6) oo {@@) oo
MpPH{K:} = MPH{K} a0 P TN pH K i ‘gzd+)‘1PH{Ki}XGiU§'gzs TN PH{K )} Xoios Za. (2.158)

The beta functional for the coupling function in each channel becomes

D, g p 500
8£+K8K+P6P])\1P (B &)
oh . (2.159)
vy Y (1)) S.p
= (i = R [ Be] | ML - (V) R

Due to the momentum dilatation, the coupling functions at different momenta mix under the RG
flow. However, only the overall magnitude of external momenta is rescaled, and the relative magnitudes
do not change. To integrate the beta functional, it is convenient to introduce a polar coordinate for
the space of external momenta,

(K, P) = XQ, (2.160)
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where X = /K2 + P? represents the overall magnitude, and ) = (Qk, Qp) represents the unit vector
that specifies direction in the space of external momenta. At the fixed point, the coupling function
satisfies

s t)
0 (1(3) A DvSE e e 1) )
X5X>‘1PHXQ + | 1 +9xax +ixar — ToN, [BXQK + BXQP} )‘1P7H,X,§z
(2.161)
1 N7
+ N—? <Y1£,‘3)> Sxa=0.
The fixed point solution is readily obtained to be
t S
5 L) ko
+(6)(3) (D (x 1PH,Ag,Q 1 (Y dXx 1 .
A =¢ld — e Y8 —— S 5, 2.162
1PH,X,Q X) %/f(d)(l\o) N,% PH ny, X/ w(d)(X’) X',0 ( )
where
s Xax' (Dyls) -
q[)(d)(X) = EXp —/ X 1+ ﬁX/QK + ﬁX’QP — TPH(BX/QK —+ BX/QP) (2163)
A !

t S
and Ag is a reference scale at which the boundary condition is imposed for A ED H) (a ) . Since 1/1( )( X)

diverges in the small X limit, the solution that is regular at the hot spot is obtalned by choosing

Ao = 0%,
k(t s 5 / N
A (a)’(d) _ ngfl (a) (X) / dX 1 —— S o (2.164)

1PH,X,Q N? X’) ,

_In the small v limit, ’(/J(Z)(X ) is well approximated by A/X, and the anomalous dimension and the
B terms are sub-leading. At the fixed point, the coupling function takes the scale invariant form given
by

£y c|og K+9p Pla+c|K—Pla+A
() By [ Alog (Tl

1PH(I}2 IF(’) WQCNJ% /VF,KVF,P VF,K (|0 K +0pP|p + |K — P|p — 20k |K|A)

~9 cIﬁKK+ﬁPP|A+C|K—P‘A+A
gp.p AlOg ( 20pc[P[a+A

Vip c([0k K +9pP|a + |K — Pls — 20p|P|a)

(2.165)

+

to the leading order in v3'. Just as other coupling functions discussed in the previous section, the

forward scattering amplitude becomes independent of ¢ when the rescaled momenta K and P are
fixed. This implies that the scale invariance emerges when the forward scattering amplitude is probed
at momenta increasingly closer to the hot spots as the energy is lowered. If one of the electron is in
the hot region and the other is at momentum p far away from the hot region, the forward scattering
amplitude decays as 1/p with a logarithmic correction as

\ (4)°
1 vi()3) _ 909 Yei 1 (clpl) (2.166)
Ap” 1P (g ) 4w2c2N2\/va|pl

where p = Pe¢ represents the physical momentum. The momentum profile of the forward scattering
amplitude is shown in Fig. 2.18.

30The coupling functions are regular at all momenta including the hot spots at any non-zero energy scale.
31In the small v limit, we ignored the momentum dependence of the coupling functions and use the approximation
A+ c|K|p = A+ c|K|in Sk p.
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Figure 2.18: The forward scattering amplitude /\lPE;I(P 0) in Eq. (2.165) plotted in units of
0P

t 2
<g§70 YF(,I‘_’I) /c) as a function of P/A at K = 0 for ¢y = 50 (equivalently, 1/(voc) ~ 907). The
width of the shaded region is 2/(vgc).

2.6.3 Four-fermion coupling in group 2

UV/IR mixing

(328 (D) GDma) (195 R)
p —p ? P — ’ p —p 5 p —p

(% =%) (% %) (% =%) (% =%

functionals given by Egs. (2.115)- (2.118). The beta functionals are expressed as integrations over

q because of the significant mixing between operators that carry different momenta along the Fermi

surface. To simplify the system of beta functionals, we combine the four coupling functions into one
matrix,

In group 2, A form a closed set of beta

@) (D)
(7190 (x=0) (r27)
oaos) (2.167)
2PP<£ —g) (48)(01 02) (48),(01 02)
)\15_ 04 03 )\48_’0403
(X =%) (X =%)
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to rewrite Egs. (2.115)- (2.118) as

9 ,(5:53) ( () (9172)
=A== (1+43(z—1)+2n +2n<w>>,\o4ag_
ot 2pP(} 77) F r 2pp (PP
1 d 5 2T 2
“ i | amav Yo p),,, — —Du(piq) 5168
A | 2mpVi, 2PP(q_q) Ny 1 0 (2.168)
52 2T S
/\((74 g3/ 9493y (q; k)
2pp (121 Ny H 10

As in Eq. (2.145), we symmetrically normalize the four-fermion coupling in the unit of the Fermi
velocity by defining

2PP(3 %) /VepVrk 2PP(} 1)

vi(§5) _ 1 (5%) (2.169)

Its beta functional is given by

EINAC: < I Vi(gh 2)
oarr(y ) T e ()

L [ dg [ \vi(F ) 2T5a” Dulpig) (0 1

B E 2 2PP 5:2) Nf R /VFJ?VFH 1 0 (2170)

)\V;(Ufil gs) 72Tgfcr3 Dﬂ(q;k) 0 1
q
k

2PpP (] 7] Ny /VegdVer \1 0]’

where 7y, is defined in Eq. (2.147).

In the space of spin wavefunctions for two electrons, the four-fermion coupling can be decomposed
into the symmetric and anti-symmetric channels of SU(N,). For N, = 2, the symmetric and anti-
symmetric representations correspond to the spin triplet and spin singlet representations, respectively.
Combined with the wavefunction defined in the space of hot spot indices, the four-fermion coupling can
be decomposed into spin-symmetric s-wave (+, s), spin-symmetric d-wave (+, d), spin-anti-symmetric
s-wave (—, s) and spin-anti-symmetric d-wave (—, d) channels as

Vi(os a5) _ \Vi(H)(s) coro Vi(+)(d) coro Vi(=)(s) poro Vi(=)(d) poro
Moppit = Aappir)SmmasPs + AappingSorerPd + Aappin i Aries Ps + Aypping Avios Pa- (2.171)

Here &, and &, are defined in Eq. (2.156).

50'10'2 —

0403

g10 ]'
(5010460203 + 60’10350204) ’ Ao‘iag = 5 (5010450203 - 5010360204) (2172)

N

project a spin state of two particles into the SU(N,) symmetric and anti-symmetric representations.
The spin dependence in the interaction mediated by the spin fluctuations can be resolved into

T = YEESe + vip A (2.173)

with ) )
+ —
viD =2 (1 - Nc) . Y =2 (1 + NC) : (2.174)
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The beta functional for the coupling function in each channel is written as

where 1(d) is defined in Eq. (2.157).
What is interesting for the beta functionals in group 2 is the fact that the strength of mixing between
two low-energy operators defined near the Fermi surface but with a large difference in momentum is

controlled by high-energy bosons. Since D,,(g; k) decays as cIZ 77 at large |¢— k|, the contribution from
q far away from k can be important. The potential UV divergence associated with the ¢ integration in
Eq. (2.175) is cut off by either the momentum profile of the Yukawa coupling included in D, (g; k) at
large |[¢—k| in Eq. (2.109) or the irrelevant boson kinetic term32. The trouble is that whichever cuts off
the UV divergence is related to the dynamics of boson at large energy/momentum, which is not a part
of the universal low-energy data. This implies that the four-fermion coupling can not be determined
without including the high-energy physics. Namely, the one-particle irreducible (1PI) quartic vertex
function is not an observable that can be determined solely in terms of other low-energy observables.
What is then the low-energy observable that measures the strength of the two-body interaction?
To identify the right low-energy observable, we note that the four-point functions, which determine
physical susceptibilities, are determined by the sum of the 1PI four-point function and the tree-diagram
that involves the 1PI three-point functions and the boson propagator (see Fig. 1.6). Therefore, we
consider the net two-body interaction that combines the contributions of the four-fermion coupling
and the interaction mediated by the spin fluctuations,

N@(@) Vi) 2 .
epp(R %) Tepp(R 7)) Ny VVEpVEk

The net two-body interaction is what determines the pairing interaction as is shown in the complete
square term in Eq. (2.175)3%. The RG flow equation for the net two-body interaction reads

.(a)  _ ") (a) _i/ﬂ’(i)v(i) ') (a)
8£ 2PP(Z Py~ (1+77k+77p)>‘2pp(£:£) 4 27ru)\2PP(’q’:fl’)>\2PP(Z:Z)

(2.176)

) (2.177)
+ S
- NfYF(’P)l(d)r(p7k)a
where
0 D,(p; k)
r(k,p) = (—p + 14+ +mp | e 2.178
= (g e ) R (247

corresponds to the contribution of the spin fluctuations that arises between energy p and g — dup. The
spin fluctuations generate attractive interactions in the spin anti-symmetric d-wave channel and the
spin symmetric s-wave channel. Its magnitude is strongest near the hot spots. To the leading order
gk ,P H2

\/VF VP, P (,U,+C‘k P‘+C|Ukk+vpp\) :

net two-body interaction, it decays as 1/|k — p|? at large momentum, and its contribution becomes

in v, r(k,p) = Because r(k,p) is the low-energy contribution to the

32For instance, the scale associated with the crossover from high-energy ‘Gaussian physics’ to low-energy ‘critical
physics’ can act as a cutoff momentum for ¢ integration.
33The Wilsonian RG scheme is also naturally formulated in terms of the net two-body interaction[142].
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negligible at momentum much larger than p/(ve). Due to the fast decay of r(k,p) at large momenta,
the flow of the net two-body interaction is no longer sensitive to UV scales. Once the net two-body
interaction is known at a scale, within a power-law accuracy its value at a lower energy scale can be
determined from Eq. (2.177) without having to resort to UV physics.

Absence of Hermitian quasi-fixed point at non-zero nesting angle

To find a fixed point of the beta functional, we have to examine the flow equation for the four-fermion
coupling function defined in the space of rescaled momentum,

() "(£),(5)
2PP(£ :Ilz) o 2PP(£ :z)’ (2.179)
where K = ¢'k, P = e'p. The beta functionals for A becomes
9 ~(i)’(fl) 0 0 . R ~(i)’(fl)
A =— 1+ K—=+P— 2
oerr (ko) TRak T ap T R (1 2F) (2.180)
1 dQ ~(:|:),(2) ~(i),(§) 2 (i) (S)A :
~ 1 | A A - = v1laRp K
4w ) 27A 2PP(S :g) QPP(IQ{ :g) Ny PP (P, K),
where , i
; g A
R(K,P) = AgK,PA - - 29
ViicVip (A elK = Pl cloxk + opP)) -
A (V2 — Dk A

K 27T2CNCNfVF’K A+ 2cig |K‘ .

Here, the attractive interaction |A?(K , P) generated from the spin fluctuations tends to drive the sys-
tem to a superconducting state. On the other hand, 7k, that represents the momentum dependent
anomalous dimension, tends to suppress growth of the four-fermion coupling by making electrons in-
coherent. The fate of the theory is determined by the competition between the attractive interaction
that favours superconductivity and the pair-breaking effect caused by incoherence. If the pairing effect
dominates, the theory flows to a superconducting state, and quasi-fixed points arise only outside the
space of Hermitian theories. On the other hand, if the pair-breaking effect dominates, there can be
Hermitian quasi-fixed points. Once the theory is attracted to the quasi-fixed point with a non-zero v,
the theory would gradually flow to the true fixed point at v = 0 under the full RG flow. In the latter
case, a stable non-Fermi liquid state would be realized at zero temperature. This scenario is realized
near three space dimensions where the co-dimension of the Fermi surface is close to 2[123, 183]. Our
goal is to understand the fate of the system that results as an outcome of this competition in two space
dimensions.

In principle, there can be multiple quasi-fixed points. Here we focus on the one-parameter families
of quasi-fixed points that are continuously connected to the true fixed point at v = 0. It is difficult to
write down the momentum dependent coupling function explicitly at the quasi-fixed points. However,
we can understand the asymptotic form of A at large momenta. To the leading order in v, the last

term in Eq. (2.180) decays in a power-law as R(K, P) ~ (C|K*P|+C\/I\71K+17PPD2 at large |K| and |P|.

Since (1 + Ka% + Pa%) IA?(K, P) =~ fli(K, P), at large momenta the coupling function at the quasi
fixed-point can be determined from balancing the first and the last terms of the beta functional as

k(01 02 2 .
by (o4 o3) ~ R(K, P)To%2 (52, — ) 2.182
2pP( Zx) Ny K PToias(7s = 7a) (2152

Here A2 term and 775\ term can be ignored in the small v limit. This is a special solution of the fixed
point equation which can be augmented with a homogeneous solution of (1 + K9k + Pdp)A = 0. The
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»(a)

(£
homogeneous solution also vanishes as 1/K or 1/P at large momenta. This shows that /\( ( b _ P)
K —K
has to vanish in the limit that either K or P, or both are large at the quasi-fixed points.

We now prove that the quasi-fixed points have to be non-Hermitian at v # 0. To show this, we
rewrite Eq. (2.180) as a matrix equation,

- - - - - - 1 - -
9 5 Z _x00 _ A _ Xt g 3 - Lim3m 4 o mp, (2.183)
ol 47
Here, S\(n[){ = S\;T}ljp(g :g) with n = (+, ), (+,4d), (-, s), (—, d) represent the four-fermion coupling
functions written as matrices in the space of momentum. Lpx = 27APOpé(P — K), Hpx =

2rAfpd(P — K), Rpx = R(P,K) are also viewed as matrices, where the multiplication of matri-
ces is defined as (AB)pg = f %APQBQK. a™ denotes the parameter that determines the sign and
the strength of interaction in each channel,

4 1 4 1
(Jﬁs) _ 1 . (+7d) —_ 1 o
@ N, ( NC>’ @ N, ( NC>’

) 4 1 o A 1 (2.184)
o =Nf<1—|—Nc>7 ' :—Nf<1—|—NC).
The beta functionals can be written in the complete square form as
%XW = *% {X(”) + 4 (g + L+ H)] [Z\W + 4 (g + LT+ Hﬂ +DM), (2.185)
where D is the discriminant matrix given by
DM = o™R 4 4n <£+L+H> <;+LT+H>. (2.186)

I is the identity matrix with Ipx = 27A§(P — K). At the fixed point, the four-fermion coupling
function should satisfy

{%”) + 4 (g + L+ H)] [%") + 4 (g + L+ H)} — 47D = 0. (2.187)

It is noted that D™ and H are Hermitian matrices, but L is not. Even if [;\(”) + 47 (é + Lt + H)} is
not Hermitian, the polar decomposition theorem guarantees that there exists a unitary matrix U that
makes U [5\(") + 47 (é + LT+ H)} Hermitian. The solution to Eq. (2.187) is then written as

< I
A = _4g (2 + LT+ H) + (4m)V2Utet), (2.188)

where £(™) represents a matrix that satisfies [£(V]? = D)3,
To show that A(™ is non-Hermitian at the quasi-fixed point with v # 0, we consider a vector of the
form,

v,
Jk = (é) gf/‘\' I e (2189)

34For an N x N Hermitian matrix D(") there are 2(N=No) distinct solution for [£(")]2 = D) where Ny is the
number of zero eigenvalues.
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with a real function éx and a scale A’. For fx to be square integrable, éx has to be positive (negative)
in the limit that |K| is small (large). The expectation value of the both sides of Eq. (2.187) for fx is
written as

d dKd d
[ gayFicdic —amat [ % e — () [ S5 e — e Pl =0, (2190

where fre = [AENPL fp + dn(ix — éx)fx and fie = [SEANON fo 4 dn(fx — éx) fre. TE X is
Hermitian, fK = fK, and the first term in Eq. (2.190) is non-negative. The second term is strictly
positive for n = (—,d) and (+, s) because o™ is negative for these channels (see Eq. (2.184)), and
Rip, fi, fp are positive for all K and P. The third term is negative, but we can make it arbitrarily
small by tuning éx and A’ as far as 7k goes to zero in the large K limit. Let us choose éx to be

ni for |K| < A,
=4 1] (2.191)
-0 for |K|>AN

with § > 0. Since 7jx approaches zero in the large K limit, for any non-zero §, there exists a sufficiently
large A’ such that |fjx| < § for |K| > A’. In this case,

dK 2 g2 [T AE (N ® s
/2 A(nK—eK) |fr|® ~ 26 /A W<K =5 (2.192)

This can be made arbitrarily small by choosing § that is nonzero but small enough. On the other hand,
the second term in Eq. (2.190) remains strictly positive even in the limit in which § is small and A’
is large. This implies that there exist normalizable vectors for which the left hand side of Eq. (2.190)
is positive definite if A was Hermitian. This proves that A can not be Hermitian, and the quasi-fized
point must be non-Hermitian for v # 0[69).

Because the beta functionals have real coefficients, non-Hermitian quasi-fixed points arise in pairs
that are related to each other through the Hermitian conjugation. On the other hand, the true
Hermitian fixed point in Eq. (2.119) is at XA = 0 in the v — 0 limit. As v approaches zero, a pair of
non-Hermitian quasi-fixed points should merge into the true Hermitian-fixed point due to continuity.
This implies that at least one pair of non-Hermitian fixed points are close to the space of Hermitian
theories for a small v. This is illustrated in Fig. 1.5.

Collision of projected quasi-fixed points

Given that the RG flow is defined in the infinite dimensional space of coupling functions, it is not
easy to visualize it. However, one can have a glimpse of the RG flow by projecting it onto a finite
dimensional subspace of coupling functions. For this, we view the space of coupling functions as a
vector space and decompose the four-fermion coupling function as an infinite sum of orthonormal
basis,

() =" cn i (DA (2.193)

Here ;\[é]}( represents the j-th basis of the coupling function that obeys the orthonormality condition,

Ik (;;/‘\”3 AR y /\[P}K = 0i;. Cn,;(¢) denotes the strength of the coupling function projected to the j-th

basis functlon in channel n. The space of coupling function is viewed as the infinite dimensional space
of the coupling constants, {c,_;(¢)}, and the full beta functional can be written as a coupled differential
equations for ¢, ;j(¢). Within the infinite dimensional space of coupling constants, let us consider a
subspace spanned by one basis coupling,

Np(0) = fxcfp, (2.194)
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Figure 2.19: The full RG flow defined in the infinite dimensional space of coupling functions can be
projected onto a finite dimensional subspace by restricting the flow vector to the tangent space of the
subspace.

where fx denotes a wavefunction defined in the space of relative momentum of a Cooper pair with
zero center of mass momentum. The corresponding coupling, denoted as ¢, o(¢) = ¢(£), measures the
strength of the interaction in that specific pairing channel. For Hermitian theories, ¢(¢) is real, but here
we allow it to be complex to accommodate non-Hermitian quasi-fixed points. We choose the Cooper
pair wavefunction to be of the form,

fK :A1/|I/;|®(|K| —€)0(A — |K)), (2.195)

where A = [% log (%)} is the normalization constant 2°. Here ¢ and A correspond to the small
and large momentum cutoffs for the wavefunction, respectively. Since the norm of the wavefunction
diverges both in the small € and the large A limits, one has to consider finite A/e. With decreasing e,
the wavefunction has more weight for electrons near the hot spots. In contrast, a larger A puts more
weight on cold electrons away from the hot spots. The nature of the projected RG flow depends on
the relative weight between hot and cold electrons.

Even if one starts with a theory within the subspace in Eq. (2.194), the theory in general flows out
of the subspace because the beta functions for other coupling constants are not generally zero within
the subspace. Here, we consider the RG flow that is projected onto the subspace (see Fig. 2.19). The
projected beta function[111] is defined as

1
2

AL ()

o Ao (2.196)

o

ot(l) [ dKdP
/ (27A)2

] cn,0=t, cn, jz0=0

35The rest of the basis coupling functions can be chosen to be orthogonal to Eq. (2.195).
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From Egs. (2.183) and (2.194), the projected beta function can be written as

o) dPdK i 0 . .\ ()

éM__{/( INE fP( 8K+Pap+77K+"7P))‘PKfK 197
1 dPdQdK n " dPdK '
[ o Ak i - o [ S R R i

where the momentum dilatation on the first line only act on 5\5?}{ The resulting projected beta

function is written as a differential equation for ¢ only,

an()

o =~ |2t + 2710 a1 (2.195)

47

where (f|T|f) = [ dzif\f)g fiTrpfp. The fixed points of the projected beta function arise at

t, = —Ax(f|n|f) + 27 \/d,, (2.199)

where d, = 4(f|n|f)?+ o™ “— (f|R|f) is the discriminant. (f|n|f) is the contribution from the anomalous
dimension of electrons, and (f|R|f) is from the interaction generated from the spin fluctuations. The
anomalous dimension makes electrons incoherent and tends to suppress pairing instability. On the
other hand, the attractive interaction promotes superconductivity in the channels with (™ < 0.
While (f|n|f) contributes to the discriminant with the higher power than (f|R|f), for a non-zero w,
the discriminant can be dominated by either one of the two depending on the choice of € and A. In
channels in which the pair breaking effect (attractive interaction) dominates over the other, d, > 0
(ds < 0) and the quasi-fixed points are Hermitian (non-Hermitian).

Let us examine the discriminant in the limit that ¢/A < 1/c and A/A > 1/(vc). In this case,
(fInlf) and (f|R|f) can be computed analytically,

1

(N2 —1) log (21)05)’ (fIR|f) = fwlog (2> m (2.200)

) = N, " hog 15

Here, KOk fx = —3fx + AVeAsgn(K)d(|K| —€) — AVAAsgn(K)§(A — |K|) is used and w = v/c
with v = vg and ¢ = ¢(vg). In the spin anti-symmetric d-wave channel, the discriminant becomes

1 (N2 -1)2 ,log®(z2) 2 1 2
d = log (£) 4772N2N2 log (£) - 7N (1 * NC> wlog (v) ' (2201)

A
The relative magnitude between the two terms in Eq. (2.201) is controlled by % If we take

the small /A limit for a fixed A/A, the wavefunction has a large weight for incoherent electrons close
to the hot spots. While the attractive interaction is also strong near the hot spots, the interaction
is not singular enough to overcome the pair breaking effect. In those channels with small /A, the
discriminant is positive and the projected RG flow supports two fixed points on the real axis of the
coupling. One is a stable fixed point and the other is an unstable fixed point. Near the stable fixed
point, the pairing interaction does not grow due to the pair breaking effect. Alternatively, if we take the
large A/A limit for a fixed /A, the wavefunction has a large weight for cold electrons. Since electrons
away from the hot spots are largely coherent, they are more susceptible to pairing instability. While
the attractive interaction is also weak away from the hot spots, the pairing effect prevails over the pair
breaking effect in these channels because (f|n|f)? goes to zero faster than {f|R|f) with increasing A/A.
As a result, the discriminant is negative in the channels with large A/A%¢, and the fixed points arise

36However, dy eventually approaches zero in the A/A — oo limit because the attractive interaction becomes vanishingly
small for electrons that are very far from the hot spots. Therefore, there exists an optimal choice of € and A at which
the discriminant is most negative.
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Figure 2.20: The RG flow projected onto the subspace of one complex four-fermion coupling in the
spin anti-symmetric d-wave pairing channel with Cooper-pair wave function given in Eq. (2.195) for
v = 0.000476257, N, = 2 and Ny = 1. Here A/A = 1000/(vc) ~ 1.39 x 10® and /A is chosen to
be exp (—10%) with a = 6, 4, 3.8, 3.73, 3.721826341, 3.71, 3.7, 3.6 and 3.4 from the top left panel to
the bottom right. The quasi-fixed points are marked as (red) stars. For small values of /A, the pair
breaking effect for hot electrons dominates, resulting in the quasi-fixed points on the real axis. At
the (approximate) critical value e/A = exp(—103-721826341) "the stable and unstable quasi-fixed points
collide. For larger values of /A, the pair forming effect dominates, and the quasi-fixed points move
away from the real axis, resulting in a runaway flow for Hermitian theories on the real axis.

away from the real axis. This corresponds to a non-Hermitian fixed point for the projected RG flow.
On the real axis, the couplings in those channels exhibit run-away flows toward the strong coupling
regime with large attractive interactions, signifying a superconducting instability. These two different
behaviours are separated by critical wavefunctions at which the discriminant vanishes and two fixed
points collide on the real axis[92]. Here, the collision of fixed points arises within one theory as the
plane onto which the RG flow is projected is rotated in the space of coupling functions. The evolution
of the projected RG flow with different values of £/A and A/A is shown in Fig. 2.20.
A small perturbation around the projected quasi-fixed point evolves under the linearized beta
function given by
OO _ 2y a0, (2.202)
where 6t(¢) = t(f) — t,. The eigenvalues F+/d, are real at the Hermitian fixed points and purely
imaginary at the non-Hermitian quasi-fixed points. The RG flow in the vicinity of the real quasi-fixed
points exhibits the usual converging or diverging behaviour depending on whether the fixed point
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Figure 2.21: The RG flow projected onto the subspace of one complex four-fermion coupling in the
spin anti-symmetric d-wave pairing channel with Cooper-pair wave function given in Eq. (2.195) for
N, =2, Ny =1, A/A = 10% and /A = 10719 with ¢, = 103,10%,105,10° from top left to bottom
right. With increasing ¢y (decreasing vo(0)), the pair of complex quasi-fixed points approach to the
real axis, creating a bottleneck region in the real axis.

is stable or unstable, respectively. Near the non-Hermitian fixed points, the RG flow is rotational,
exhibiting limit cycles[212, 67, 105, 66, 45].

The existence of channels in which the quasi-fixed points arise away from the real axis suggests
that a Hermitian theory eventually flows toward a superconducting fixed point at low energies. When
the nesting angle is small, we expect a weaker superconducting instability as the pairing interaction
generated from the spin fluctuations is weak. Indeed, the non-Hermitian quasi-fixed points get closer
to the space of Hermitian theories as v decreases. In Fig. 2.21, we plot the projected RG flow around
the non-Hermitian quasi fixed point in the spin anti-symmetric d-wave channel for different values of
v. With decreasing v, the quasi-fixed points approach the real axis, creating a bottleneck in the RG
flow of Hermitian theories. The bottleneck creates a large window of length scale in which the theory
exhibits an approximate scale invariance before the system eventually becomes superconducting in the
low energy limit.

Our next task is to understand how Hermitian theories undergo superconducting instabilities at low
energies. We can not use Eq. (2.198) to describe the actual superconducting instability because the
full RG flow does not stay within the one-dimensional subspace spanned by Eq. (2.194). The RG flow
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that is projected to a fixed channel does not capture how the Cooper pair wavefunction evolves under
the RG flow. In particular, the dilatation term in the beta functional continuously push electrons from
the hot region to the cold region under the RG flow, which broadens the width of the pair wavefunction
relative to the width of the hot spot region3”. Therefore, we go back to the full beta functional to
address superconducting instability.

2.7 Superconducting instability

In this section, we study superconducting instability by solving the beta functional for the four-fermion
coupling function in the pairing channel with a fixed nesting angle. This is justified because the theory
undergoes a superconducting instability before the nesting angle changes appreciably in the small v
limit, as will be shown later. Since we already know that there is no Hermitian fixed point with v # 0,
for the purpose of understanding superconductivity, it is simpler to use the beta functional for the
coupling function defined in the space of physical momentum. The way superconductivity emerges at

low energies can be understood from the solution of the beta functional for the four-fermion coupling

function. Since /\V;(ié’zg d_)p

k —k
body interaction function defined in Eq. (2.176) can be determined within the low-energy effective
field theory. Nonetheless, we can still understand superconducting instabilities by solving Eq. (2.175)

for )\V;(i)’(d)

p —p
2PP(} 2}

) is sensitive to the boson propagator at large momenta, only the net two-

), assuming that the boson propagator takes the form of Eq. (2.109) at all momenta.

p—p
k —k
reliable at large momenta, the combination in Eq. (2.176) is insensitive to the unknown UV physics.
In particular, if the net two-body interaction diverges due to a superconducting instability, so does
Vi#).(3)
2pp (P 7P
(2.175). The manner superconductivity arises crucially depends on whether the bare coupling function
has any channel with attractive interaction which is stronger than the interaction mediated by the

spin fluctuations or not [96]. Therefore, discussion on superconductivity is divided into two parts.

. s
Although D, (¢; k) in Eq. (2.109) and A;};(;[)’(d) obtained from Eq. (2.175) are not individually

) because Eq. (2.109) is regular. Therefore, we directly solve the beta functional in Eq.

2.7.1 Attractive bare interaction

If the bare interaction is attractive in any channel with its strength greater than w = v/c, Eq. (2.175)
is dominated by the BCS term that is quadratic in the four-fermion coupling. In this case, Eq. (2.175)
is well approximated by

O\ v (@)  _ _yvid(g) 1 [ dg i (q) viei(q) (2.203)
ot 2PP(Z :z) 2PP(£ :z) 4 | 27 2PP(Z:§) 2PP(g:Z)' ’

The first term on the right hand side reflects the fact that the four-fermion coupling is irrelevant by
power-counting under the scaling in which all components of momentum are scaled. The flip side of
the scaling is the scale dependent measure ;7[1 in the second term. It describes the BCS process in
which Cooper pairs are scattered to intermediate states on the Fermi surface. The volume of the phase
space for virtual Cooper pairs measured in the unit of the running energy scale p = Ae~* increases
with decreasing energy. The enhancement from the phase space volume compensates the suppression
from the power-counting, effectively promoting the four-fermion coupling to a marginal coupling as

expected. This can be easily seen by absorbing a factor of e’ into the coupling to write the beta

37This reflects the fact that more and more electrons are decoupled from spin fluctuations as the low-energy limit is
taken.
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functional as

O [ e\ vi=(2) ,_i/ﬂ 0\ Vi)(3) e\ Vi) (q)
or <6 )\QPP(i oY) Am ) 2@A 6/\2PP(p ) eAQPP(Z:g> ' (2.204)

Its solution is given by

AV () = e~ AV (0) [1 N 4€ \Vi (i)»(i)(o)} _1. (2.205)

Here \Vi):(a) is viewed as a matrix defined in the space of momentum. In this expression, the matrix
multiplications are defined with the measure (AB), = [ 5 dg_ K Apg Bk It /\V( ) has any channel with
negative eigenvalue, the four-fermion couphng blows up around scale (. ~ & ”‘, where F < 0 is the
most negative eigenvalue of the bare coupling[165]. For |E| > w, . < 1/w < £y, and the flow of
v is negligible between ¢ = 0 and /.. When the bare interaction is attractive and stronger than w,
the superconducting transition temperature and the pairing wavefunction are sensitive to the bare
four-fermion coupling. In this case, gapless spin fluctuations have little effect on superconductivity,
and the manner in which superconductivity emerges is not universal.

2.7.2 Repulsive bare interaction

Theories in which the bare coupling is not strongly attractive in any channel are more interesting in
that the emergence of superconductivity is governed by the universal physics associated with the nearby
non-Fermi liquid fixed point. This is because those theories necessarily flow through the bottleneck
region where the RG flow is constricted. To see this, we view A\Jpp in Eq. (2.169) as a matrix and
decompose it as A\ypp = >, Ai|i)(i|. Here, the channel indices ((£), (7)) are dropped to avoid clutter
in notation. |i)’s ({i|’s) represent normalized column (row) eigenvectors that diagonalize the four
fermion coupling function, and \;’s represent the eigenvalues. Eigenvalues and eigenvectors obey the
flow equations given by

O\ o Lo
SN == A= 2l — Il
g RO ) a(m)? 2.
oy e it A (Ul = 201DV 1) + 261 (DY) i (2200
o0 Y )

J#i

Here, (i|C|j), = [ (ijff)’? JixCrpfjp With f; ) representing the i-th eigenvector written in the momen-

p—p
g~
DX,C = Duh)  gince n and (\)? are non-negative matrices, %% < 0 for A; > 0. This means that

VVFpVFk ’ dé

theories with repulsive couplings flow toward A; = 0 at low energies. In the small v limit, theories
with bare repulsive couplings flow to the fixed point at A\; = 0. For v # 0, A\; = 0 is no longer a fixed
point. Since ‘”1 < 0 for \; > 0, all theories with v # 0 develop at least one channel with attractive
interactions at sufﬁc1ently low energles38. Although A = 0 is not a fixed point, it still acts as an
approximate focal point in the space of theories because at A = 0 the beta functional is proportional
to Di whose eigenvalues are order of w?. In the small v limit, the slow RG speed near A = 0 creates a
bottleneck region in which a theory spends a long RG ‘time’. Consequently, bare theories with O(1)
repulsive interactions are naturally attracted to the region with |)\;| < w at scale £* ~ w™! before they
become negative. For v # 0, there is no perfect focusing of the RG flow. Nonetheless, theories spend
longer RG time in the bottleneck region as v decreases. This makes the theory within the bottleneck an

tum space. 7 is a diagonal matrix with n, , = 27ud(p — k)np. )\((i);( d)) is defined in Eq. (2.176) and

38This is expected from the absence of Hermitian quasi-fixed points with v # 0.
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approximate attractor of UV theories[234, 216]. Once theories are attracted to the bottleneck region,
the superconducting transition temperature is determined by the RG time that is needed for theories
to pass through it. In this section, we examine how superconductivity emerges in a theory that is
within the bottleneck region with A ~ 0 at a scale £*.

To remove the explicit scale dependence in the measure of the momentum integration of the beta
functional, we consider

Vi@ (3)  _ vi®(a)
2PP(’];:£) =e ZPP(i :g> (2.207)
Its beta functional reads
o vin(y) {($):(2)
50 %rr(p gy = I N ()
1 [ dg [<vien(3) (91(3)€ ‘Dac—t(p;9)
_ A 7—Y Nd) —————=
i / 2rh | app(? 1) TN, SVinVra (2.208)

V(5 2 ) (5) € Dace (@i k)
l/\QPP(Z oh) Ny Yerl VVEqVrk

Here, D, (q; k) is defined in Eq. (2.109). A theory that is at the bottleneck point at scale £* corresponds
to the ‘initial’ condition

. S
/\ZP(:E]S )p)(z*) ~0.
k —k
In the following, we focus on the d-wave and spin anti-symmetric sector in which the attractive in-
teraction is strongest[177, 165]. At energy scales that are not too smaller than A* = Ae=?", we can
ignore )\2 pp on the right hand side of Eq. (2.208). As the energy scale is lowered, the spin fluctua-

tions generate attractive interaction which, in turn, accelerates the flow of A}, 3%, At sufficiently low
: ; “es 2 () €Dy —e(Pia) :
energies, the magnitude of A}, surpasses that of —N—fYPP 1(4 )# in Eq. (2.208). As the

F,pVF,q
four-fermion coupling becomes stronger than the attractive interaction generated by spin fluctuations
at low energies, the further growth of the four-fermion coupling is dominated by the BCS process. We
denote this crossover scale as ¢;. Since the beta function is dominated by different terms below and
above the crossover scales, we write the approximate solution of the beta functional as

(2.209)

_ A for £ < ¢
Nop=4{ o (2.210)
AT for ¢ > 44

For ¢ < /1, the RG flow is approximated by
9 1 (2v\" 7 dg eDaui(piq) €Daus(q: k
7)\ =),(d) ~ PP / q € Upe "'(pa q) € Upe f(qv ) (2211)
3 (i ) 47T Nj 2'/TA \/VF,pVF,q \/VF,qVF,k

It describes the process in which the four-fermion coupling is generated from gapless spin fluctuations.
The contribution of the anomalous dimension can be also ignored because A\Ypp is small. The solution
of Eq. (2.211) is written as

-) ¢
I, Z_i) 471' Nf 0* VF,pVF“IC
y / dq 95090 kA
27Vrg [u’ +clp—al, +clopp+ quw {u’ +clg— k|, +clvgg + vkklﬂ/]

(2.212)

39This follows from the fact that the largest eigenvalue of D, is positive and Ylg;)l( d) =2 <1 + NL> > 0.
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where p' = Ae’zl, and all coupling functions on the right hand side of the equation are evaluated at
scale ¢'. Let us denote the most negative eigenvalue and the associated eigenvector of \;(£) as Fy(¢)
and Fj(¢), respectively. The crossover scale ¢; is determined from the condition that Ey(¢) becomes
comparable to the spin fluctuation-induced interaction projected onto Fy(¢),

2 -y [ efrDy - ik
Eo<el>~NfYép)<Ae L >> , (2213)
F

v/ VEpVEk

£ H e —
where <W>F =/ (57]:% \;)‘/;; K‘l/g;k Ey(€1)Fg(f1). To the leading order in v, the four-

fermion coupling function generated by the Yukawa coupling in Eq. (2.212) decays as 1/|p — k| at
large momenta up to a logarithmic correction. The slow decay of the large-angle scatterings give rise
to inter-patch couplings that invalidates the patch description.

XM

%k
crossover scale using a simple Ansatz. At energy scale A*, electrons within the range of momentum

|k] < A*/(ve) are strongly coupled with spin fluctuations. Therefore, we consider a Cooper pair
wavefunction whose width is order of A*/(ve) in the momentum space,

2rve\ 1 welk|
fk_( = ) @(2— © > (2.214)

The expectation value of F F for this Ansatz is written as

e'D, _/ dkdp — gip(6)® A £ O £,(0), 2.215
Ve Ve ] ) @aA? Ve (Ve (0) Ae L +clk—pl+cvlk+p| * (2.215)

where

Since it is difficult to analytically compute the eigenvector of )(é), we first estimate the

M (£o) M (£o0)/2
910t0) =00 (i memmery) 0~ (e )

(2.216)
with = Ae™¢ and ag, o defined in Eq. (2.140). To simplify the computation of Eq. (2.215), we first
use a few assumptions, and later justify them from the solution. First, we assume that the Yukawa
coupling function does not change significantly as a function of ¢ for £* < ¢ < {7 :

gk,p(gl)
Ir,p(L*)

where £* is the scale at which the theory is in the bottleneck region and ¢ is the crossover scale. If Eq.
(2.217) is satisfied, the scale dependence of Vi (¢) can be also ignored in £* < £ < {1 because o < ayp
in the small v limit. Second, we assume that the coupling functions are almost constant within the
support of fi :

~1, (2.217)

VEp(O) = 1, grep(l) = go(€) (2.218)

for |k| < A*/(ve) and €* < £ < {;. Finally, we assume that the crossover occurs at an energy that is
much smaller than A*,
0> 0. (2.219)

These assumptions allow us to approximate (2.215) as

e‘D,, N 2 dkdp A .
<m> ~ 90(E) /(27TA)ZC|/€—p|+cv|k+p|fk(£)fp(€) (2.220)




2.7. SUPERCONDUCTING INSTABILITY 91

for /* < ¢ < ¢;. The direct integrations over the momenta gives

(o) = e (o) =5 e (3): (2:221)

Eq. (2.221) is largely independent of £4°. On the other hand, Ey(¢) grows linearly in £ as

2
1 ) < e'D,, > 1 ) 2 2(1>
Ey(£) ~ — Y, =0 ——=) ~——= Y] 0= )wlog” | = ). (2.222)
Inserting Egs. (2.221)-(2.222) to Eq. (2.213), we obtain the crossover scale to be
27TNf 1
log(1/v)’
(1 + NL) wlog(1/v)

and the strength of the four-fermion coupling at the crossover scale is

Eo(ty) ~ ]\2[]0 (1 + ]\1[> wlog (i) . (2.224)

The consistency of the assumptions used in Egs. (2.217) -(2.219) can be checked*.

We confirm this estimation of the crossover scale by numerically diagonalizing Eq. (2.212). Fig.

A I ()p( a )p) (¢) and the expectation

k —k

b~ + (2.223)

2.22a shows the numerical results for the most negative eigenvalue of

D, .—¢ (pik)

V' VFpVF K

increases more or less linearly in ¢ — £*, the expectation value of the latter is largely constant, as
expected. This results in the crossover at a scale 1. At the crossover scale, the eigenvector shown
in Fig. 2.22b is peaked at the hot spot but its support is extended to A*/(vc). As is expected, the
crossover scale increases with decreasing v (or increasing £;) as is shown in Fig. 2.22c.

For ¢ > ¢1, the magnitude of AV exceeds the contribution of 2 Y(i) (d )wy;\/%(q,k) in Eq. (2.208)

F,qVF,k
at least in the channel with the most negative eigenvalue. The growth of the eigenvalue in that channel
is then mostly driven by AV itself. This marks the start of the second stage. In the small v limit,
Ey(41) > f SR il fr(€1)]?, and we can further ignore the contribution of the anomalous dimension in
Eq. (2.208) to write the beta functional as

value of < evaluated for the corresponding eigenvector. While the magnitude of the former

9 5(=)(a) 1 / dg 5(-)(a) ()
AVD 0~ —— A DN 2.225
o (7 )\~ "ir | ank H(p )N (170) (2.225)
with the matching condition, )\( )(d) 12 == )(d . The solution to Eq. (2.225) is given by
(7 %) na
k k —k

_ (=), (d)
Ag;)a d)(é) — A (£1)

~—vta— and the renormalized four-fermion coupling blows up around the
1+ (Z El))\ ’ (Zl)

scale, £, ~ £1 + TEo ()] E e = =0+ %. The superconducting transition temperature is given by
_ 47\'Nf
T, ~ A%e (Fnz)wros(s). (2.226)

40While L(p) at the hot spot = k = 0) increases without a bound with increasing ¢, its eigenvalues remain
N pot (p ) g g

kp dp rkr

bounded at all . In particular, f; m [ is finite for all square integrable functions fy.

—kp 27A J—kp 27rA
4 Eq. (2.219) directly follows from Eq. (2.223). With ag and ¢ expressed in terms of v as ag(v) = Vvloall/v)

VEr /NNy’
* _ 1
c(v) = \/sniw; 108 (3), Ba. (2:217) becomes Z2GL ~ e=e0lto)(t1=t)  ¢TFNAD ~ 1 For Ne = 2,Ny = 1,

gax (€1) _
g(£1)/g9(€*) ~ 0.846482. Eq. (2.218) for the diagonal Yukawa coupling can be checked from Sy ™ (1\61\7*51)0‘0 =

e=o(t1—=€") . Similarly, Eq. (2.218) for the off-diagonal Yukawa coupling and Vg j follow.
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Figure 2.22: Numerical results for the crossover scale and the Cooper pair wavefunction. (a) The solid
and dashed lines denote the most negative eigenvalue of Eq. (2.212) (Ey(¢)) and the expectation value
of D, (k,p) in Eq. (2.215) for the associated eigenvector, respectively, plotted as functions of £ — ¢* for
£y = 100, N, = 2 and Ny = 1. The eigenvalue and the expectation value cross at scale £ ~ £* 4 0.6.
(b) The normalized eigenvector associated with the most negative eigenvalue of Eq. (2.212) at the
crossover scale. (c) The £y dependence of the crossover scale. The solid line represents the analytic
estimation for the crossover scale obtained in Eq. (2.223) with a multiplicative factor determined from
a fit of the numerical crossover scales denoted as dots. The uncertainty in the numerical data is due
to the grid size of ¢ — ¢*, which is taken to be 0.05.

In the second stage of the RG flow, the eigenvector with the most negative eigenvalue is more or
less frozen, and the eigenvectors of 5\5_);3( d_)p) (¢1) (Fig. 2.22b) determines the channel that becomes
superconducting. It is noted that the pairin]é wavefunction is extended far beyond the hot spot region
defined at scale £.. This shows the importance of large-angle scatterings beyond the hot spot region.
Therefore, the hot spot theory can not capture the superconducting instability properly. Since £,—£* ~
1/ (wlog(1/v)) < 1/v in the small v limit, the nesting angle does not change much between the scale
where the theory is in the bottleneck and the scale at which the superconductivity sets in. This justifies
our analysis in which the flow of the nesting angle is ignored.

For the superconductivity, the physics of non-Fermi liquid and the Fermi liquid play important
roles in different length scales. When the theory is within the bottleneck region say at energy scale
A*, the gapless spin fluctuations generate an attractive interaction for electrons within the range
of momentum |k| < /7}7 from the hot spots. The spin fluctuations also make those same electrons
incoherent, causing a ‘pair-breaking’ effect. At lower energy scale, the momentum region where the
spin fluctuations generate attractive interaction becomes increasingly localized near the hot spots as
more and more electrons are decoupled from spin fluctuations. At the same time, the pair breaking
effect caused by the spin fluctuations subsides except for the small region near the hot spots. At low
energies, what remains away from the hot spots is the heavy but largely coherent electrons that are
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subject to the attractive four-fermion interaction that has been accumulated at high energies. The spin
fluctuations continue to add more attractive interaction near the hot spots. But, once the accumulated
four-fermion coupling becomes comparable to the interaction mediated by the spin fluctuations, the
further growth of the four-fermion coupling is mainly driven by those more abundant cold electrons
through the BCS scatterings®?. The RG time that is needed to reach the crossover scale (£; — £*) is
comparable to the RG time that is further needed for the BCS process to finally drive the instability
from the crossover (¢.—¢1). Interestingly, the residual attractive interaction that is left for the coherent
electrons at low energies is only dependent on the bare nesting angle and so is the superconducting
transition temperature.

2.8 Summary

In this chapter, a field-theoretic functional renormalization group formalism is developed for full low-
energy effective field theories of non-Fermi liquids that include all gapless modes around the Fermi
surface. The formalism, which is beyond the traditional patch description, captures the universal low-
energy physics of the entire Fermi surface in the minimal way through renormalizable field theories.
Due to the Fermi momentum that does not generally decouple from the low-energy physics, the usual
notions of renormalizable field theories and scale invariance need to be generalized. We use this
functional renormalization group formalism to understand the non-Fermi liquid state realized at the
2+1 dimensional antiferromagnetic quantum critical point and the pathway from the non-Fermi liquid
to superconductivity.

The low-energy effective field theory of the antiferromagnetic quantum critical metal is charac-
terized by couplings that are functions of momentum along the Fermi surface. The full functional
renormalization group flow, which is controlled in the limit that the bare nesting angle is small allows
us to identify the non-Fermi liquid fixed point in the space of coupling functions and extract universal
low-energy physics controlled by the fixed point. At low energies, the renormalized coupling functions
acquire universal profiles as functions of momentum along the Fermi surface. Those coupling func-
tions, in turn, fix physical observables that depend on momentum along the Fermi surface such as
the shape of the renormalized Fermi surface, the Fermi velocity, the quasiparticle weight, the single-
electron decay rate and the superconducting instability. When the bare four-fermion coupling is weak,
the superconducting instability is controlled by the universal attractive interaction generated by the
gapless spin fluctuations. Below the superconducting transition temperature, which is exponentially
suppressed in the limit that the nesting angle is small, the non-Fermi liquid state becomes unstable
against the spin-singlet d-wave pairing instability. The pairing wavefunction includes significant weight
of electrons away from the hot spot region defined at the scale of the superconducting transition tem-
perature. Therefore, the hot spot theory cannot capture the superconducting instability that involves
large-angle scatterings.

42This is in contrast to the cases in which the Fermi surface is coupled with a critical bosonic mode centered at zero
momentum. In those cases, the entire Fermi surface remains strongly renormalized down to the zero energy, and the
pairing must arise out of hot fermions.



94

CHAPTER 2. FIELD-THEORETIC FUNCTIONAL RENORMALIZATION GROUP



Chapter 3

Emergence of Curved
Momentum-Spacetime and its
Effect on Cyclotron Motion in the
Antiferromagnetic Quantum
Critical metal

3.1 Introduction

The semi-classical equations of motion of electrons in a metal present a position-momentum dual-
ity similar to that of the electric-magnetic duality of Maxwell’s equations [86]. In this analogy, the
momentum-dependent quasiparticle energy and the Berry curvature associated with the Bloch wave-
functions play the roles of the position-dependent potential in real space and magnetic field in momen-
tum space, respectively [229]. Can this symmetry be further expended to spacetime geometry [44, 98,
106, 20, 49]? Examples of both real space curvature and momentum space curvature in lattices have
been explored in the past [12, 221, 157, 134, 214, 43, 223, 178, 145, 198, 82]. However, in both types of
examples, the origin of the momentum space curvature can be traced to the underlying lattice [135].
In this work, we point out that curved momentum-spacetimes can also arise from anisotropic quantum
corrections and even a momentum-space black hole horizon can emerge if quantum corrections are
strongly singular in momentum space.

In Chapter 2, we saw that strongly momentum-dependent quantum corrections arise in metals close
to quantum critical points associated with order parameters carrying non-zero momenta. At spin or
charge density-wave critical points, electrons residing on hot manifolds, sub-manifolds of Fermi surface
that can be connected by the ordering wave vectors, are more strongly scattered by critical fluctuations
than electrons away from the hot manifolds. This leads to a momentum-dependent renormalization of
electron. In particular, the Fermi velocity can acquire a strong dependence on momentum along the
Fermi surface as electrons become significantly heavier near the hot manifold. Interestingly, a strongly
momentum-dependent Fermi velocity arises as a consequence of momentum-dependent red shift even
without a direct renormalization of the band dispersion energy. Namely, the Fermi velocity can acquire
momentum-dependence through a momentum-dependent dilatation of frequency. This momentum-
dependent red shift is indeed the primary mechanism by which the Fermi velocity acquires a strong
momentum dependence in the antiferromagnetic quantum critical metal in two space dimensions (Sec.
2.6.1).

Here is the outline of the chapter. In Sec. 3.2, we cast the theory of the fully renormalized
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Figure 3.1: For simplicity, we have omitted the superscript B in all the quantities in this figure. (a)
The full Fermi surface divided into eight segments (separated by the red bars.) Segment 1 is bounded
by k; and ks, and other segments are related to it through the Cy and reflection symmetries. FEach
segment contains one hot spot denoted as red dots on the Fermi surface. The hot spots are connected
by the antiferromagnetic ordering wave vector, Qap. & (9) is chosen to be perpendicular (parallel) to
QAF at hot spot 1. (b) The Fermi surface in segment 1 is at vy, k, + ky, = 0. Here, vy, k, represents
the displacement of the Fermi surface from what the perfectly nested Fermi surface would have been.

quasiparticles away from the hot spots into a theory of spinors propagating in a curved momentum-
spacetime. In Sec. 3.3, we compute the cyclotron period of electron and the attribute its non-trivial
dependence on the bare nesting angle of the Fermi surface to a curved momentum-spacetime geometry
generated by the critical spin fluctuations. We conclude with a summary in Sec. 3.4.

3.2 Emergence of a curved momentum-spacetime

Before we start, let us list up the necessary ingredients to carry out the calculations of this chapter.
First, focusing on the renormalized shape of the Fermi surface and the Fermi velocity that control the
dynamics of low-energy quasiparticles, we consider the renormalized low-energy effective field theory
from Eq. (2.36) that includes all gapless modes on the Fermi surface,

N, Ny

oYY /dkww ) {ikf + Ve en (k% o1} 08, 5 (6P

N=1lo=1j=1

\/j Z Z/ddeq ng_;’_ ZBV kB wNa' j(kB +q )(I)E/G<q8)w]%,o,j(k5)

loo'=1j=1 (31)
1 8 N Ny (%1 %2)(01 02)
04 O3
1 Z Z > /Hdk Oyzral e
Ni=1} foi=1} (i=1) (4 k?@i)

X le o1 ]1( )d)Ng o2, _]2( 28)1/}18\/370'3,j2 (kg)/ll[}JB\M,o";,jl (kE)

Here, we consider a Fermi surface with the Cy and reflection symmetries that supports eight hot spots
labelled by N = 1,2,...,8 as is shown in Fig. 3.1a. The Fermi surface is divided into eight disjoint
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segments whose union covers the entire Fermi surface. All quantities with superscript B are bare ones

in terms of Which the microscopic theory is written (see Eq. (2.37)). The full Fermi velocity vector in
( )

term of VF ke M) and vy is given by
81}58(1
B;(1 B;(1 B;(1)
) =Ver | —gpeh toa ) | E+ Vi s, (3.2)

where N =1 (See Fig. 3.1b).
Our second ingredient is the crossover scale is given by (see Eq. (2.126)) E](fL) = Ae= %" where

A
20 _ 1, < ) 3.3

denotes the logarithmic length scale associated with the crossover. Let us recall that this crossover
occurs because electrons away from hot spots can not interact with with critical spin fluctuations with
zero energy while staying on the Fermi surface due to a lack of the perfect nesting for v, # 0. Here, we
emphasize that vy is small but non-zero in the non-perturbative solution. This momentum dependent
crossover creates two momentum scales, k.(£) and kp(¢) determined from é and €(2L) =/,
respectively. They divide the momentum space into three regions at a ﬁmte length scale E To the
leading order in vy, these momentum scales can be approximated as k. ~ m and kj, ~ (0) In the
‘cold’ region with k > k., electrons are too far away from the hot spot to receive signiﬁcant quantum
correction at energies below A. In the ‘lukewarm’ region with kj,(¢) < k < k., electrons receive non-
trivial quantum corrections between A and E,(fL). But, the electrons in the lukewarm region are largely
decoupled from spin fluctuations at energy scale £. In the ‘hot’ region with k < kj, (), electrons remain
strongly coupled with critical spin fluctuations at scale £. This gives rise to the following momentum
profiles for the renormalized nesting angle vy and Fermi velocity Vg at scale ¢ (Egs. (2.128) and
(2.130)),

@ﬁ%%%ﬁﬁdm 0<k<kp
Uk = Y @05 20) tog(ePE 1 20) vo(0) kn <k <ke, (3.4)
vo(0) ke <k
1 0<k<ky
Vi =< exp (/N2 —1(Ei(log v + o) — Ei(log \/ B4 49) )) kp <k <ke. (3.5)
exp (/N2 —1(Ei(log v+ lo) — Ei(log v/70) )) ke <k

Here, Ei(z) is the exponential integral function and

72N Ny 1
2(NZ 1) vo(0) log(1/v0(0))

represents the logarithmic length scale below which the flow of the nesting angle is negligible. The
nesting angle is unchanged for k > k. because the Fermi surface is not renormalized far away from the
hot spots.

As / increases, the size of hot region shrinks as more electrons become decoupled from spin fluctua-
tions. In the strict zero temperature limit, the theory develops superconducting instabilities due to the
run-away flow of the four-fermion coupling function (Sec. 2.6.3). However, the normal state remains
stable down to an energy scale that is exponentially small in 1/4/v9(0) in the limit that vo(0) is small
and the bare four-fermion coupling is weak. Here, we study the dynamics of electrons at energies low
enough that electrons are decoupled from the critical spin fluctuations almost everywhere on the Fermi

0y = (3.6)
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surface except for the immediate vicinity of the hot spots but high enough that the superconducting
instability is absent. As a first step, we consider the dynamics of quasiparticles at zero temperature,
ignoring the superconducting instability. Later, we consider the thermal effect that arises above the
superconducting transition temperature.

At zero energy (¢ = 00) the Fermi velocity away from the hot spots becomes infinite. This represents
the fact that electrons at the hot spots becomes infinitely slower than the rest of electrons. While the
choice of the renormalized frequency is convenient for describing the scaling behaviour of electrons
at the hot spots and the critical spin fluctuations[182], it is not useful for describing the dynamics of
electrons away from the hot spots. What really happens is that electrons in the the hot region are
slowed down by spin fluctuations while electrons in the cold region are not. For electrons away from
hot spots, it is more convenient to use the bare clock with respect to which the velocity of the cold
electrons is fixed to be 1. We can go back to the bare unit of frequency by undoing the rescaling the

frequency as
-1

Vi, Vir ) .
ko = (V(}V;> w, ’(/)N,U,j(k) = (V(}\S) wN,a,j(w7k)a (37)
F0 F0

where we use w = kf for simplicity of notation, and the normalization of the field is chosen to keep
the canonical form of the quantum effective action,

N. Ny

Tin = Z 3 Z/ duod? fz/;N o5 @) {iw + VI en [Bsofh)] } dnos( B (39)

N=1lo=1j =1

v
For the rest of the chapter, we will use the bare frequency. Here, VI(;A,?N = (Vf o ) V;JZJ)V denotes the
) ™ :

Fermi velocity measured in the bare time.

In the low-energy limit, k;, approaches zero and the hot region shrinks to points. This implies that
quasiparticles are well defined everywhere on the Fermi surface except at the hot spots. The dynamics
of the fully renormalized quasiparticles is described by the quadratic action! in Eq. (3.8) with nesting

angle vy and Fermi velocity (along Qa r) Vi given by

2N, Ny :

vp = 4 2N 7 (e<“’+eo)log(l(2”+4 y Osk<k ’
00(0) sk

and
| . | (3.9)
m/@(‘El(log V/e2P) 140)+Ei(log \/e*(,)) 0<k<k"
Vi = k) " ’
F.k (kf) vk

1 ke <k

respectively, where k* = 2507(20) is the momentum scale below which the flow of the nesting angle is

appreciable and is determined from ¢y = E(EL) (see Fig. 2.16). It is noted that the renormalized nesting
angle in Eq. (3.4) can be well approximated to be vg(0) for k£ > k* in the limit that vy(0) is small
(equivalently £o > 1).

N.—1
\/To log 4o
is the critical exponent of the Fermi velocity. As expected in Eq. (3.9), Vg = 1 for k > k. and
vanishes at the hot spots. There are two noteworthy features in Eq. (3.9). First, in k* < k < ke,

a1 = (310)

I Besides the quadratic action, there also exists the four-fermion coupling that has been generated by the critical spin
fluctuations. However, their effects on the quasiparticle motion is sub-leading compared to the quantum corrections that
have been already incorporated into v, and Vg j in the limit that the nesting angle is small.
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Figure 3.2: The spinor composed of the electrons in segments 1 and 5 is defined in the hybrid spacetime
(t,r, k), where t is time, r is space conjugate to k, and k = k,. At fixed k, electrons at hot spots 1
and 5 have the same dynamics due to the time-reversal symmetry, and can be naturally described by
the two-component spinor ¥ in Eq. (3.11).

Vr 1 scales with k algebraically while vy, is almost constant. This is because the quantum correction
that renormalizes Vg, is stronger than what renormalizes vy (Sec. 2.5.1). As a result, vy, is almost
momentum-independent except in the vicinity of the hot spot within & < k*, as expressed in Eq. (3.9)
for vg. Second, with virtually k-independent vy in k > k*, both  and y components of Fermi velocity
are renormalized in the same fashion although there is no symmetry that protects the direction of
the Fermi velocity. This peculiarity arises because the dominant renormalization of Fermi velocity is
from the quantum correction to the frequency-dependent (ikg) term of the action in Eq. (3.1). In
other words, the momentum dependence of Vg, arises because the strength of the quantum correction
that dilates frequency depends on momentum along the Fermi surface. In the scheme that uses
one global clock for the entire system, we are forced to transfer the momentum dependence of the
quantum correction to the field renormalization and Fermi velocity. While this is a perfectly legitimate
picture, what the theory is really suggesting is to view the momentum-dependent Fermi velocity as a
consequence of non-uniform temporal metric on the Fermi surface. Here, we adopt this perspective
in which electrons have momentum-independent Fermi velocity in k* < k < k. once the velocity is
measured with a proper time defined with respect to a momentum-dependent metric.

We formulate this geometric description by casting Eq. (3.8) into a theory of quasiparticles prop-
agating in a curved spacetime that incorporates the momentum-dependent metric. For a brief review
of the fermionic action defined in curved spacetime, see Appendix E. For our particular case, we view
the Fermi surface as a collection of 1 + 1-dimensional Dirac fermions stacked along the direction of
Fermi surface, and combine a pair of chiral fermions at anti-podal points of the Fermi surface into a
two-component Dirac spinor[48]. Let us focus on segments 1 and 5 in this representation. Electrons in
these anti-podal hot spots can be naturally paired since they have the same dynamics (See Fig. 3.1.)
The two-component spinor is given by the Fourier transform

%ei(wt—i-kyr) wl’U,j (wv kz» ky)

Vo j(t,r,ky) = / ) Ve ) (3.11)

Here, the hot spot index is dropped as we focus on N =1 and 5 (it is straightforward to write down
the theory for other segments.) The theory is written in the hybrid spacetime of (¢, r, k)[205], where ¢
is time, r is the conjugate variable of k,, and k = k, labels points on the Fermi surface in segments
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Figure 3.3: The vielbein ¢’ (k) that depends on momentum along the Fermi surface determines the
rate at which the proper time lapses at momentum k per unit proper time of cold electrons far away
from the hot spots. The vielbein that vanishes at the hot spots represents the fact that the motion
of electrons at the hot spots become infinitely slowed down compared to cold electrons. (Left) The
momentum-dependent vielbein ¢% for (a) a; ~ 0.663, (b) a1 ~ 1 and (c¢) a; ~ 2.169. The choice
in (b) corresponds to the critical nesting angle at which the cyclotron period exhibits a logarithmic
dependence on momentum (see Eq. (3.19)). (Right) The ¢ — k slice of the hybrid spacetime for fixed
r. For the purpose of illustrating the momentum-dependence of the vielbein, the temporal coordinate
has been compactified so that the size of the circumference at each k represents the proper time lapsed
at that momentum for every unit proper time of cold electrons. The circumference pinches off at the
hot spots due to the infinitely large red shift at those points.

1 and 5 (See Fig. 3.2.) From Eq. (3.11), it is straightforward to write the action in Eq. (3.8) for
segments 1 and 5 in the hybrid space of ¢, 7, k,. The resulting action in terms of the spinors is

N. Ny
ri®) — ZZ/g—k/dtdrM U, (t, k) {70! Dy + 7 ey D, } Uy (8,1, k), (3.12)
™

o=1j=1

where U = ¥in0 where 10 = oy, ¥' = 04, 7 = 0, denote 2 x 2 gamma matrices that furnish
the two-dimensional spinor representation. e/ is the inverse of the vielbein ¢, with a = 0,1,2
and u = t,r,k. The vielbein determines the metric in the 2 4+ 1-dimensional spacetime through
Juv = Zi:o e, ¢%,. In general, the vielbein is a function of ¢,r, k, but in our case it depends only on
k:e%(k) = Vpn, ¢' (k) = ¢?, (k) = 1 with all other elements being zero. |e| is the determinant of ¢%,.
D,=0,+ %wﬂyabEab +4A,, denotes the covariant derivative, where w,, 4 is the spin connection with
30 = Ly 4] and A, is the U(1) gauge field. Eq. (3.12) becomes equivalent to Eq. (3.8) for the
trivial spin connection w, o, = 0 and the gauge field given by A; = 0, A, = vk, Ar = 0. The gauge
field A, gives a k -dependent shift of momentum in the r direction so that quasiparticles have zero
energy at ky, = —vg, kz.

Eq. (3.12) describes quasiparticles moving in a curved hybrid spacetime with a non-trivial torsion.
It expresses the fact that the Fermi velocity along the direction of Cj Ar is 1 everywhere on the Fermi
surface if the momentum-dependent proper time interval dr = ¢’ (k)dt is used in measuring velocity
at momentum k. The ‘apparent’ variation of Fermi velocity along the Fermi surface arises only when
one chooses to probe the dynamics of quasiparticles in one fixed clock. For an external lab observer
whose clock ticks once for every unit proper time defined in k > k., quasiparticles appear to slow down
near hot spots due to the momentum-dependent red-shift in the same way that a free falling object
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Figure 3.4: The non-zero component of torsion shown as a function of momentum along the Fermi
surface near the hot spots. The torsion, as a gauge-invariant geometric quantity, represents how much
the momentum-spacetime in which quasiparticles propagate has been distorted from the flat one that

. . . . . de?
arises in the absence of momentum-dependent quantum corrections. The plot is obtained from e% dek‘
t

by substituting Eq. (3.9) into ¢%, and with the help of Egs. (3.3), (3.6), and (3.10). The solid
blue, dashed red and dotted black curves correspond to vy(0) ~ 0.04, v(0) ~ 0.13 and vo(0) ~ 1.13,
respectively. This shows that the spacetime is more strongly distorted near the hot spots and for larger
bare nesting angles.

appears to undergo a slower time evolution near the surface of a massive object with respect to the
far observer due to the gravitational red shift.

The t-k slice of the momentum-spacetime is illustrated in Fig. 3.3 for the case in which the temporal
direction is compact. In k& > k., the proper length of the temporal direction remains equal to the
periodicity of ¢ since ¢, = 1. In k* < k < k., the proper length scales with k algebraically with
exponent a; (e% ~ k). Hence, the proper time lapses slower as the hot spot is approached. In
k < k*, the power-law decay is replaced with a slower decay due to a flow of the nesting angle as is
shown in Eq.(3.9).

With the vielbein and spin connection fully fixed by the renormalized coupling functions, Cartan’s

0
structure equation determines the torsion of the spacetime to be T = c% ddekt dkndt, T" =T* = 0.

The torsion measures the failure of closure when each of two vector is parallel transported along the
other vector. The non-zero component of the torsion indicates a non-trivial structure of the hybrid
spacetime. For the present hybrid spacetime, the torsion diverges in the kK — 0 limit as is shown in
Fig. 3.4. In principle, the torsion can be measured from the rate at which the red shift varies along
the Fermi surface. However, it is not clear how the momentum-dependent torsion can be directly
measured from an experimental probe that is local in momentum space. Here, we consider a physical
observable that probes the global aspect of the distorted momentum-spacetime, which is sensitive to
the torsion yet much easier to measure experimentally.
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Figure 3.5: Initial setup of the quasiparticle wavepacket. The initial wavepacket of a quasiparticle is
placed at the boundary between segments 1 and 8 (k;). In the presence of magnetic field applied in
the z direction, the wavepacket moves along the Fermi surface towards hot spot 1. As it approaches
hot spot 1, it slows down due to the momentum-dependent red shift.

3.3 Cyclotron motion of quasiparticles in the curved momentum-
spacetime

In this section, we examine how the curved momentum-spacetime affects the dynamics of quasiparticles
by computing the cyclotron period of electron in the presence of magnetic field[199, 191]. Due to the Cy
symmetry and the reflection symmetry around the boundary between segments, the cyclotron period
at bare nesting angle vy? is eight times the time it takes for a quasiparticle to traverse segment 1 :
T(vo) = 8T (ki, 0;v0) +T(0, ky; vo)], where T'(k;, 0; vo) denotes the time that it takes for a quasiparticle
to traverse from the boundary between segments 1 and 8 to hot spot 1, and T'(0, k¢; vp), from hot spot
1 to the Brillouin zone boundary between segments 1 and 6 (see Fig. 3.1). The setup is depicted in Fig.
3.5. For simplicity, we assume T'(0,kf;vo) = T'(ki, 0;v9) and focus on the computation of T'(k;,0;vo)
here?.

In the zero temperature limit, well-defined quasiparticles exist away from the hot spots and we
can use the semi-classical description of their dynamics. Strictly speaking, electrons right at the hot
spots are not described by quasiparticle even at zero temperature. However, the hot spots are a set of
measure zero on the Fermi surface and do not affect the cyclotron period. For a quasiparticle localized
at momentum E, its time evolution is entirely determined by the kinetic action at that momentum.
According to Eq. (3.12), the quasiparticle has Fermi velocity given by

)
Tp(k) = <k£ n vk> F49 (3.13)

when the Fermi velocity is measured with respect to the proper time 7 defined at that momentum
through dr = ¢%dt, where t represents the time associated with the bare frequency w. Since the
equation of quasiparticle at momentum k is entirely determined from the Fermi velocity and the proper

time defined at that momentum, the equation of motion for the the wavepacket of a quasiparticle is
given by the standard equation of motion[19],

= Ur(k), % = —e Up(k) x B, (3.14)

dr
dr

2In this section, we use vy and vg(0) interchangeably for the momentum-independent bare nesting angle.

3In general, T'(0, kf;vo) # T(k;,0;v0) because there is no reflection symmetry around the hot spots. However, the
computation of T'(0,k¢;vo) is exactly parallel to that of T'(k;,0;v0). This is because the singular part of the quantum
corrections are symmetric around the hot spots[30].
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Figure 3.6: The time that it takes for a quasiparticle to traverse from k. to k* plotted in the unit of
k;/(eByp) as a function of the bare nesting angle from vy &~ 0.04 to vy =~ 11 for the choice k;/A = 6.
The solid vertical line denotes the nesting angle (vy ~ 1.13) at which «; = 1. The dashed lines mark
the minimum of T'(k., k;;v0). The non-monotonic behaviour of T'(k., k;; vg) arises from the interplay
between two effects : with increasing nesting angle, the size of the lukewarm region shrinks but the
intensity of the red shift induced by quantum corrections is increased.

when written in terms of the local proper time coordinate 7, where B = By?Z is the magnetic field
applied along the Z direction. By is assumed to be weak so that it does not affect the renormalized
coupling functions. To measure the cyclotron period in the lab frame, however, we need to recast the
equations of motion in the bare time ¢,

1 dr 61}k n R 1d n ka N
—— = k= —— = —eB — | k—— 1
KT (k: ok +vk> &+, eBy [ﬂc (k‘ +Uk> y], (3.15)

where the effects of the curved spacetime are captured by the vielbein ¢%,. We consider quasiparticles
on the Fermi surface, which allows us to focus on the equation of motion for the momentum along the
Fermi surface.

Now let us proceed with the solutions. For k. < k; (k; > ﬁ% there exists a region of Fermi surface
near the zone boundary where the renormalization from spin fluctuations is negligible at energies
below UV cutoff A. In this case, T'(k;, 0; vg) can be written as the sum of three intervals, T'(k;, 0;vg) =
T(ki, ke;v0) +T (ke, k™5 v0) +T(K*,0;v0). T(k;, ke; vo) denotes the time that the quasiparticle spends in
the region where the quantum correction from spin fluctuations is negligible and the hybrid spacetime is
almost flat. T'(k., k*;vg) arises from the region with algebraically decaying ¢% (k). Finally, T'(k*,0;v0)
denotes the time that the quasiparticle spends in the very vicinity of the hot spot where the flow of the
nesting angle modifies the spacetime geometry from the algebraic form. In the following, we compute
each time interval one by one.

In the cold region with k. < k < k;, ¢ ~ 1 (see the third line for Vpy in Eq. (3.9)). From

45 = v9(0) + 9, ‘i—’f = —eBy (T — v(0)7), one readily obtains

ki — ke

T(ki,kcﬂ)o) = €B0

(3.16)

In k* < k < k., the nesting angle can be still regarded as momentum-independent while the vielbein
decays as ¢ = (k/k.)™*, following the second line in Eq. (3.9), where the exponent a; is determined
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from the bare nesting angle through Egs. (3.6) and (3.10). The equations of motion become

T (D) s+, & _n, (B2)" s~ ), (3.17)

dt \ ke dt ke
7 oo dR() k() ) ™ *
where k(t) denotes the z-component of k(t). Integrating =3~ = —eBo . from k. to k*, we
obtain 1
ko ke dr’ k. k* —an
T(ke, k*;v9) = —& = l1-(= . 3.18
( v) = Tho / ko1~ (1—an)eBo <k> (3.18)

T(k.,k*;vp) is plotted as a function of vy(0) in Fig. 3.6. This plot is obtained by substituting
the expressions in Eqgs. (3.10) and (3.6) in Eq. (3.18). For small nesting angle, T'(k., k*;v9) rapidly
decreases with increasing v (0). This is because the range of lukewarm region decreases with increasing
nesting angle for a fixed A (see Egs. (2.97), (2.98) and Fig. 2.16). Furthermore, at larger nesting angles,
even those electrons in the lukewarm region decouple from spin fluctuations at higher energy scales.
Remarkably, T'(k., k*;vg) bounces back as vo(0) increases further. This non-monotonic behaviour is
due to a competing effect that an increasing nesting angle has. At larger nesting angles, a reduction in
the density of states of low-energy particle-hole excitations weakens the screening of interaction[182].
This makes the quantum-correction-induced red shift stronger for electrons close to the hot spots.

As the nesting angle increases, the portion of Fermi surface affected by spin fluctuations shrinks
while electrons close to the hot spots are more significantly renormalized. The disparity in the strength
of quantum correction in different parts of Fermi surface causes a more strongly curved spacetime at a
large nesting angle. This is also reflected in the torsion that increases with increasing nesting angle as
is shown in Fig. 3.4. The metric that becomes more singular at the hot spots with increasing nesting
angle creates a possibility of realizing an analogous black hole horizon in momentum space. As ag
approaches 1, the prefactor O_fm in Eq. (3.18) diverges and T'(k, k*; vp) becomes

k k
allir_r}l T(ke,k*;v9) = eBco log (é) . (3.19)
The leading small-angle expansion predicts that o becomes 1 at vg ~ 1.13 for N, = 2 and Ny = 1.
Even though the small vy expansion is not valid for theories with vy ~ 1, here we proceed with the
assumption that the qualitative feature of the theory remains unchanged even at nesting angles that
are not so small[122]. In this case, there may well be a critical nesting angle at which «; becomes 1
even if the actual critical value of vy differs from what is predicted from the small-vg expansion. The
way the time interval depends on k* in Eq. (3.19) is reminiscent of the logarithmic divergence in the
time needed for a free-falling object to reach the horizon of the Schwarzschild black hole as measured
by an asymptotic observer. This behaviour is analogous; nevertheless, it is not a coincidence. It is a
consequence of the fact that at &; = 1 the metric of a ¢ and & slice of the hybrid spacetime in k& > k* is
conformally equivalent to that of the Schwazschild black hole outside the horizon. For a review of the
Schwarzchild metric and the time needed for a free-falling object to reach the horizon, see Appendix F.
If k* was zero, the cyclotron period would diverge and a quasiparticle would not be able to go through
the hot spot for a; > 1. In our case, the divergence is cut off by k* because the momentum-spacetime
geometry is modified from that of the Schwarschild horizon for k¥ < k* due to the flow of the nesting
angle 4.

For 0 < k < k*, the electrons stay coupled with spin fluctuations at energy scales that are low
enough that one has to consider the flow of the nesting angle. This modifies the temporal viel-
bein from the algebraic form to a ‘super-logarithmic’ form® in the first line of Eq. (3.9), ¢ =~

4Tor this reason, the geometry that emerges in the a; = 1 limit is more a fuzzball[136] or a firewall[9] than a horizon
with no ‘drama’. The fact that the horizon is a special place is also seen from the fact that the torsion diverges at the
hot spots (see Fig. 3.4). Another difference from the Schwarzschild horizon is that there is no interior of the black hole
in our analogous horizon.

5For this, we use Ei (X) =~ % for X > 1.
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Figure 3.7: The solid curve represents T'(k*, 0; vg) plotted as a function of vg(0). Two dashed lines that
sandwich the solid curve are upper and lower bounds whose expressions can be obtained analytically
(see text), which shows that T'(k*,0;v9) is finite at all values of vy(0). The vertical line marks the
nesting angle at which o = 1.
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(0] €XP ( /N 1log m), where v(£y) = exp (—+/N2 — 1Ei (logv/4y) ). Because the nest

ing angle decreases in the vicinity of the hot spot, the quantum correction becomes weaker. As k ap-
proaches 0, ¢% decreases to zero only as e~V log1/ kwhich is slower than any power-law. This results in

v ) Ve +t
the time interval that remains finite even for a; > 1, T(k*, 0;v9) = e(]g‘;) fok exp (w/NC2 -V 0

log \/£7") +o
Substitution s = \/6( Dy Ly yields

A v(lp)elo [
T(k*,0;v9) = vltoe / s exp <52 +/N2— 1s> ds. (3.20)
200(0) eBy Valo ’ log s

It is hard to evaluate Eq. (3.20) exactly. But, we can bound it as TW(k* 0;v9) < T(k*,0;v9) <
T™ (k*,0;vg), where the lower bound is obtained by dropping s/ log s in the exponent on the integrand
of Eq. (3.20),

v(o) .«

T (k*,0;v9) = Vi
ebo

(3.21)

and the upper bound is obtained by using log s ~ log v/2/g,

1+ erf ( \/26

. 2_
o) A0 | T [T b
o eBy € 4 ¢ log\/%

(3.22)

Here, erf(z) = %fo e~tdt is the error function. Fig. 3.7 shows T(k*,0;vo), T (k*,0;v0) and
M (k*,0;v9) as functions of v(0). The upper and lower bounds are direct plots of Eqs. (3.21) and
(3.22). The solid line is obtained by numerically evaluating Eq. (3.20). This shows that T'(k*,0,vo)
is finite even for vy with ey > 1. T'(k*,0,v0) decreases with decreasing nesting angle. Especially,
the sharp drop of T(k*,0,v9) in the small vy limit is due to the decrease of k* = % with de-
creasing vy (see Eq. (3.6)). The cyclotron period given by the sum of time lapse in each segment,
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Figure 3.8: The cyclotron period T'(vg) plotted as a function of the bare nesting angle for k;/A = 6.
This plot is obtained by adding the times computed for Figs. 3.6 and 3.7. The solid vertical line
denotes the nesting angle with oy = 1, and the dashed lines mark the minimum of T'(vg).

T(vo) = 16 [T'(ki, ke;vo) + T'(ke, k*;v0) + T(k*,0;v0)]. T'(vo) is plotted in Fig. 3.8. The non-monotonic
behaviour of T'(vg) as a function of vy is attributed to the non-monotonicity of T'(k., k*;vg) created
by the increasing disparity in the strength of red shift across the Fermi surface with increasing vg.

So far, we have consider the zero-temperature limit in which the entire Fermi surface supports co-
herent quasiparticles except at the hot spots. Since electrons are decoupled from spin fluctuations away
from the hot spots and all quantum effects that renormalize electrons have been fully incorporated into
the renormalized couplings, the semi-classical description is valid at zero temperature. The hot spots,
which is a set of measure zero, does not affect the cyclotron period of electrons. At non-zero tem-
peratures, the hot spots become hot regions with a non-zero width proportional to temperature (Sec.
2.6.1), and the contribution from the incoherent electrons can not be completely ignored. Nonetheless,
at low temperatures, their contribution remains sub-leading for the cyclotron period compared to the
contribution away from the segments of Fermi surface outside the hot regions. In particular, our con-
clusion on the non-monotonic behaviour of the cyclotron period as a function of the bare nesting angle,
which originates from outside the hot region, remains robust as far as the size of hot regions remain
much smaller than the remaining segments of Fermi surface. However, for completeness, we consider
the effect of finite temperatures below based on the scaling analysis. We defer the more detailed study
of the finite temperature correction from incoherent electrons to a future work.

In reality, the superconducting instability is inevitable in theories with non-zero bare nesting angle
(Secs. 2.6.3, 2.7), and we have to consider a non-zero temperature to be in the normal state. In order to
understand the transport in the hot region, one can not use the quasiparticle picture. At temperature
T (we have changed the notation of the temperature here in order to avoid confusion with the period T')
that is higher than the energy scale below which the nesting angle flows (7 > Ae %)%, the expression
for the cyclotron period should be revised to T'(vg) = 16 [T(/fi7 ke;vo) + T(ke, k%5 v0) + T(k#,O;UO)].
Here T'(k;, kc; vo) in Eq. (3.16) is unchanged because we are still too far away from the hot spot (k > k..)
T(ke, k%;v9) is still given by Eq. (3.18) except that k% ~ 7 /v now represents the momentum cut-
off scale associated with temperature 7 (7 /4vg > Ae~% /4vy = k*.) Finally, T'(k*,0;v,) represents
the time that it takes for an incoherent electron pass through the hot region. In the small vy limit,
the quasiparticle is only marginally destroyed and T'(k%,0;vo) can be estimated to be T(k%,0;vg) ~

— a
6In the small v limit, the superconducting temperature is given by T ~ Ae Vv01°81/v0 which is is higher than the

- b
energy scale below which the nesting angle flows significantly, Ae ©vo°(1/v0) ' where a and b are constants independent
of vg (Eq. (2.226)).
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%. Here, the Fermi velocity has the form (k% /k.)®* because the dynamics of the hot region
at temperature 7 now replaces the zero-temperarture dynamics that previously contained the nesting
angle profile (k% > k*.)

In the zero-temperature superconducting state, one has to include the effect of the pair condensate
to describe the dynamics of the Bogoliubov quasiparticles. Suppose that the ground state has the
d-wave pairing[177] with a momentum-dependent pairing wavefunction Ay. For the physical case with

N, =2 and Ny =1, we need to add the following action for quasiparticles in segments 1 and 5,

dwd®k [ . ) I 3
510 = 5 [ o (oA v B B AL (B 623)
o,0'="1,{

where AZ"I = Ao with e = . The derivation of this equation can be found in Appendix
-1 0

G. Egs. (3.8) and (3.23) can be combined into an action of a spinor field that represents Bogoliubov

quasiparticles in the superconducting state,

dwd®k g o [ , , -
Sud+ 910 = / W\y(w, k) {iwl® + iVp g (vpke + ky )T — iAT? } W(w, k), (3.24)

where S&i’i are the terms of the kinematic action corresponding to electrons in hot spots 1 and 5, and

YT (. k) = (1/)17¢(w,E),w17¢(w,1%'),wg7¢(—w, —k), 5 1 (—w, —E)) is a 4-component spinor. W(w, k) =

Wi(w, F)I0 with T° = 0, @ 15, I = 0, @ 13, I = 0, © 15 being 4 x 4 gamma matrices, where the first
Pauli matrices act on the Nambu spinor basis and the second Pauli matrices act on the spin space.
Using the same transform as in Eq. (3.11) for the Dirac spinor ¥ in the hybrid momentum-spacetime
(t,r, k), Eq. (3.24) can be written as

dk -
SLP 4 51 — / o /dtdr le| W(t,r, k) {T%y Dy + Tey" D, p W(t, 7, k). (3.25)

Here, the vielbein and the U(1) gauge field are unchanged, but the pairing term gives rise to a complex
spin connection, w2 = 4iAg. It will be of interest to find geometric interpretation of physical
observables in the superconducting state.

3.4 Summary

In this chapter, we show that the momentum-dependent quantum correction that dilates frequency
of electron anisotropically on the Fermi surface gives rise to a curved momentum-spacetime for low-
energy quasiparticles in the 241 dimensional antiferromagnetic quantum critical metal. The non-trivial
dependence of the emergent geometry on the shape of the Fermi surface causes a non-monotonic
dependence of the cyclotron frequency on the bare nesting angle of the Fermi surface. With increasing
nesting angle, the stronger disparity in the strength of quantum correction in different parts of Fermi
surface makes the momentum-dependent red shift more singular at the hot spots. This creates a
possibility of realizing an analogous black hole horizon at the hot spots where the motion of the
quasiparticle tend to freeze beyond a critical bare nesting angle of the Fermi surface. However, an
analogous horizon is not fully realized because the metric in the vicinity of the hot spots is modified by
thermal effects above the superconducting transition temperature. Our prediction can be in principle
tested through a measurement of the cyclotron frequency as a function of the nesting angle near the
hot spots.
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Chapter 4

Ultraviolet-Infrared Mixing-Driven
Suppression of Kondo Screening in

the Antiferromagnetic Quantum
Critical Metal

4.1 Introduction

The interaction between local magnetic moments and conduction electrons continue to attract consid-
erable attention in condensed matter physics [14, 97, 151, 51, 80, 201, 113, 195, 152, 192, 193, 52, 196,
37, 61, 187, 158, 156]. In the classic Kondo problem, a magnetic impurity put in Fermi liquid metals
is screened into a spin singlet due to the quantum effect that is akin to what causes the confinement of
quarks [97, 17]. Recent discoveries of correlated compounds that can be tuned across quantum phase
transitions have opened opportunities for exploring new cooperative magnetism facilitated by critical
fluctuations [104, 126, 127, 8, 149, 46]. However, the current theoretical understanding remains limited
because quantum critical metals are usually described by strongly interacting theories [112].

In this chapter, we study a single magnetic impurity immersed in the two-dimensional AFQCM
[3, 141] based on the non-perturbative understanding of the strongly coupled theory in Chapter 2
[182]. This problem has been studied in Ref. [127], but we find that strong coupling effects make a
qualitative difference for the behaviour of the impurity. In AFQCM, itinerant electrons and critical
spin fluctuations compete to get entangled with the impurity spin. One may naively expect that critical
fluctuations, described by bosonic fields, is no match for itinerant electrons with an extensive Fermi
surface. However, critical spin fluctuations turn out to be almost on the par with the Fermi surface in
the competition. Through the strong electron-boson coupling, the boson ‘recruits’ low-energy particle-
hole excitations with a wide range of momenta to enhance its density of states and suppress Kondo
screening at low energies. While Kondo coupling still becomes strong at long distances, it only happens
at a much larger distance scale compared to Fermi liquids when the Fermi surface connected by the
antiferromagnetic wavevector is close to nesting.

109
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—kp + 0kp

Figure 4.1: In AFQCM, the hot spots (red dots) connected by the antiferromagnetic wave-vector Cj AF
are strongly coupled with the boson that represents critical spin fluctuations. vg, which represents the

nesting angle between the pairs of hot spots connected by Q AF, determines the low-energy dynamics
of the clean AFQCM.

4.2 Kondo Interaction in the AFQCM

We start with the low-energy theory for the clean AFQCM in two space dimensions in Eq. (2.14),
restricted to N, = 2, Ny =1,

3> [ il 00 {iko+ v ex [l ] i)

N=1lo=1,]

+

Moo

/ dkdq gffxlw b VN (K + Tty , (K) - 6(q) (4.1)

2
Il

1

3
Ni}i{o:
2 030 [Tk ARG 6l ok, (ke ) (1 + e = ).

Fivyion? =t

For N. = 2,Ny = 1, O(3) symmetric critical spin fluctuations are described by a three-component
bosonic field qi?(q) In each segment, the momentum component ky perpendicular to Q AF is used to
label points on the Fermi surface within —(kp — 0kp) < kn < kp + 0kp, where 2kp is the linear size
of a segment, as depicted in Fig. 4.1. We choose the scale of frequency so that Vg o = 1, just as in
Chapter 2.

Now, we add a magnetic impurity to this critical metal. We represent the impurity spin as §imp =

Zaﬁ f;ﬁ“TB fa, where f, is a pseudo-fermion field with spin a. The dynamics of the impurity is
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Figure 4.2: (a) The electron-impurity coupling (J) and boson-impurity coupling (gs) cause the impurity
spin to flip by creating a particle-hole excitation and a boson, respectively, while the latter two are
strongly mixed through the electron-boson coupling (g). (b) The Kondo temperature vanishes in the
small vy limit due to the dressing of the impurity by the critical spin fluctuations subject to strong
UV/IR mixing.

described by

/2i (zp +zﬁ) F3(po) fa(po)

; )9 / ([ S sion % 0+ a0 w2
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The imaginary chemical potential projects out states with f f, = 0,2, where 8 = 1/T becomes infinity

at zero temperature [164]. J,ENQ{) is the Kondo coupling function that describes the scattering of

electrons from (N, kfy.) to (N, kN) through interaction with the impurity. gy represents the boson-
impurity coupling (see Fig. 4.2a). At the impurity-free fixed point, the fields have scaling dimensions
[W(k)] = [#(k)] = —2 with respect to the transformation that rescales both components of momentum
with dimension [k] = 1. Under this scale transformation, the dimensionless size of Fermi surface (kg),
measured in the unit of the floating energy scale (1) that is sent to zero in the low-energy limit, grows,
playing the role of a relevant parameter [30, 99]. gy and J have dimensions 0 and —1, respectively.
Accordingly, the power of 1 has been factored out in each coupling. It is noted that gy is marginal due
to the large anomalous dimension of the boson generated at the strongly coupled clean fixed point.
Without it, g5 would be strictly relevant [127].
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4.3 Suppression of the Kondo screening in the AFQCM

While the Kondo coupling has the negative scaling dimension, we have to keep it within the low-energy
theory, as it gives rise to a logarithmic divergence. Due to scatterings that involve large momentum
transfer, quantum corrections are proportional to kg, which alters the relevancy of a coupling from
what is expected from its scaling dimension. Kondo coupling is particularly prone to this large-
momentum/low-energy (in short, UV/IR) mixing [133, 231, 30, 99] because the phase space available
for low-energy electrons becomes even greater without the momentum conservation'. To understand
this, let us first consider the beta functional of the Kondo coupling in the absence of critical boson:

dJéJZIN ) (N N') q (N M) (M,N’ )
- 4, - ’ ’ 4
d¢ Tewr T Z 2m /k 27 uVi,q o/ (43)

The interaction that scatters an electron from &’ to k is renormalized by a virtual electron that can
be placed anywhere on the Fermi surface (hence, ¢ and M are integrated and summed over). As
the volume of the phase space is controlled by the relevant parameter kp, the expansion is actually
controlled by a dimensionless parameter J ~ [ dgJ ~ kpJ, which is marginally relevant for J > 0 [97].

In the AFQCM, the beta function is modified by critical spin fluctuations, and is augmented with
the beta function for the boson-impurity coupling. To the leading order in v, J and gf, the beta
functions become (see Appendices H and I for details)

dJ(N,/N/)

kdké (2= 2 +ny) JIEN’“'N Z 2m / 27qup (N M)Jé]\k/[’N )’ (44)
8gf _ (®)
o ——(77f+77 )gfa (4.5)

where z =1+ %%" is the dynamical critical exponent corrected from 1 by the non-zero nesting angle

P 2
and ny = %f with gy = i—é. Both g; and J have the common component of anomalous dimension
n¢, which arises from the self-energy and vertex correction of pseudo-fermion. The flow of g is also

affected by the finite v-correction to the anomalous dimension of the boson, n(®) = L% Jog < = [182].

Acting on top of the anomalous dimension 1 of the boson at the v = 0 fixed point, 77(‘1>) makes the
boson-impurity coupling slightly irrelevant at a small but non-zero nesting angle. The self-energy and
vertex correction for itinerant electrons would generate additional contributions to the beta functional
of J. However, those corrections have been dropped. They are not important at low energies because
critical spin fluctuations renormalize itinerant electrons only within patches of size p/(voc) around the
hot spots at energy scale p [30]. This can be understood as follows. An electron on the Fermi surface at
momentum ky away from hot spot N must interact with a boson with minimum momentum g ~ vokn
(and energy ~ cvpky) to be scattered onto the Fermi surface in segment N due to an imperfect nesting
for vy # 0. So, electrons with ky > p/(voc) decouple from spin fluctuations at energies lower than pu.
Since the size of the ‘hot patches’ shrinks linearly in u, those quantum corrections do not affect J, éJZ,N )
for most k, k. Therefore, quantum corrections to those hot electrons are suppressed by u/kg for the
s-wave Kondo coupling. On the contrary, the pseudo-fermion self-energy and the vertex correction for
N')

the impurity-boson coupling gives rise to the anomalous dimension 7y for J, ,S]Z, regardless of k£ and

k'. Remarkably, ny = g¢¢/m depends on ¢ = log A/u explicitly. This unusual sensitivity on the UV
cutoff is traced back to the propagator of the boson at the impurity site,

D) = [ 5D

! {2A1 (1+ A )+| [1 (1+ A ) I <1+A>]}
= — o r— o ——— | —lo — .
m2c? 5 A+ |qol ol o8 A+ [qo 5 |qo]

1 Another such coupling is the four-fermion coupling

(4.6)
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The UV divergence in the term —|qo]log (1 + ‘é\—o‘) ~ —|qol| log (ﬁ), which is non-analytic in g,
implies that short-wavelength bosons significantly contribute to the long-time correlation. Namely,
short-wavelength spin textures whose wave-vectors deviate significantly from Q ar still fluctuate slowly
temporally. This is caused by the strong mixing of the boson with low-energy particle-hole excitations
that carry large momenta. The low-energy spectral weight enhanced by large-momentum modes also
gives rise to a logarithmically divergent specific heat coefficient from the boson[182]. This UV/IR
mizing plays the crucial role in determining the fate of the Kondo coupling at low energies. Egs. (4.4)
and (4.5) are valid for ¢ > ¢; ~ O(1) where this UV /IR-driven contribution is dominant over terms
that are O(£°) in ny.
To simplify the task of solving the beta functional, we focus on the ‘s-wave’ channel of the form

2
N,N’ ™ W N N') 5
T >:74 " VIV TV, (4.7)

where J, ,EJZ’,N ) is momentum-independent modulo the factor of Fermi velocity. Fermi velocity outside

the hot patches increases as a‘g’;’“ = (z — 1)Vpy, relative to Vg, which is set to be 1, because only

electrons within the hot patches are renormalized by spin fluctuations (Sec. 2.6.1). The s-wave Kondo
coupling JV, which includes the effect of growing phase space kr/u, satisfies a simple beta function,

. S
WA~ i o+ (Mw) (18)

where ny = i—’;ﬁ. In this problem, there are three parameters that are marginal up to logarithmic
corrections: the nesting angle at the hot spots (vg), Kondo coupling (JY), and the boson-impurity
coupling (gs). Let vo; ~ 1/({ylogty), le and gy ; denote the nesting angle, Kondo coupling and
boson-impurity coupling, respectively, defined at short-distance cutoff scale ¢; ~ O(1). Our main
goal is to understand how the critical spin fluctuations affect the behaviour of Kondo coupling. In
particular, we would like to extract how the Kondo scale, the scale at which jV(g) becomes large,
depends on vy ; and §r; in the small jZV limit. Our calculation is controlled in the limit that vy 4, JV
and gy are small without a particular order among them.

We first solve Eq. (4.5). Since 771@) and gy ;¢ set the rates at which gy decays with increasing ¢,
we define the following characteristic scales: 1 /771@) ~ 4y and ¢; ~ 1/ \/§f71 Naturally, the RG flow
exhibits different behaviours, depending on the relative magnitude of 1/¢y and gy ;.

If G;; < 1/4p, the effect of the boson-impurity coupling is weak compared to the quantum correction
that arises from a non-zero nesting angle. Since 1(® plays the dominant role over gf in determining
the flow of §s, one can ignore §; in Eq. (4.5) to obtain

_ Ve —/To+ e
V3 9f,i- (49)

In this case, the boson-impurity coupling decays to zero exponentially at large £ due to the relatively
large correction to the anomalous dimension of the boson, and gy remains negligible for the flow of gy
at all scales. With small g, one essentially recovers the Kondo effect in Fermi liquids: ¢x ~ 1/ le
with a small correction.

A qualitatively new behaviour emerges for gs; > 1/{y. In this case, the bare boson-impurity
coupling is strong enough that 7(®) is negligible in Eq. (4.5) at short distance scales. The gr-dominated
flow gives

gr(l) =e

_ 37‘(’3_&]0,2'(44’50)

- 37T3(£0 + &) + gf’i [263 + 3024y — f?(gfo + 2&)] ’
This slowly decaying g; gives rise to a relatively large anomalous dimension, which suppresses the
Kondo coupling significantly. To understand this quantitatively (see Appendix J for details), we note

that gp¢/m® ~ 1/ within length scale {1 < ¢ < {, and Eq. (4.8) becomes aéjzv =—JV/e+ (JV)2

gr(f)

(4.10)
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Figure 4.3: Logarithmic Kondo scale of the AFQCM relative to that of the Fermi liquid with the
same electronic density of state and bare Kondo coupling plotted as a function of the bare boson-

impurity coupling, gy; for three different bare nesting angles vp;. The dashed lines represent the
numerical solutions of Eqs. (4.5) and (4.8) obtained with .JY = 1078, and the solid lines are % =

9f,i . _ 863/4
worToa(iymy With A= 3~

Its solution is given by JV(£)~! ~ ¢ [m —log #|. According to this, Kondo coupling only

grows as a logarithm of ¢, and the Kondo scale becomes £ = Elef‘/(;l)fl. This implies that the
Kondo temperature T = Ae % is suppressed by an exponential of an exponential of 1 / JV (41). In a
sense, the critical boson demotes Kondo coupling from a marginally relevant coupling to a ‘marginally
marginally relevant’ coupling. However, this rapid increase of ¢ with decreasing jl_v is cut off once {x
becomes large enough that one can not drop 7(®) in Eq. (4.5) anymore. Because ny = gpl/m> ~1/¢
decays faster than n(®) ~ 1/(¢ + £5)*/2, gy exhibits a crossover from the gp-dominated flow to the
n(®)-dominated flow around l¢ ~ \/ly. For £ > (, the flow of g; is dominated by n(® and decays
exponentially. As the anomalous dimension for JV becomes exponentially small for ¢ > ¢ t, the flow
of Kondo coupling is reduced to that of the Fermi liquids. Consequently, the Kondo scale is given
by lx ~ lf + ——, where J (£f) ~ jlth/v‘” is the Kondo coupling at scale . In the small

- JV (Zf) ’ gf
JY limit,

> {; and the Kondo scale becomes fx ~ 910

1 . .
?m to the leadlng order in

1
JV(ey)

jiV. At small vg;, ¢k is enhanced by the factor of 915

V0,4 log 1/1}0@
(0EL ~1/JY) with the same density of state (see Fig. 4.2b). This is confirmed through solving the
beta functions numerically as is shown in Fig. 4.3. Given that the superconducting instability arises
at Lgc ~ 1/+/vo,ilog1/vg,; [30], Kondo screening won'’t be observable in AFQCM at sufficiently small

compared to that of Fermi liquid
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nesting angles.

4.4 Summary

In summary, the Kondo screening is greatly suppressed in AFQCM through a UV/IR mixing when
the hot spots on the Fermi surface are well nested. Our analysis fully takes into account the strong
electron-boson coupling in the limit that the nesting angle is small. In the future, it is of great interest
to understand the regime with the strong Kondo coupling non-perturbatively[226, 15, 16, 6, 7].
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Chapter 5

Conclusion

In this thesis, we studied the functional renormalization group flow of the four-fermion coupling for un-
derstanding the superconducting instability, the emergence of singular momentum-spacetime geometry
on the Fermi surface, and the anomalous suppression of the Kondo screening in the 241 dimensional
antiferromagnetic quantum critical metal.

In Chapter 2, we present the field-theoretic functional renormalization group formalism for non-
Fermi liquids. We apply it to the low-energy effective field theory for the non-Fermi liquid realized
at the onset of an antiferromagnetic quantum phase transition in two space dimensions. We find that
the notions of renormalizable field theory and scale invariance must be generalized by incorporating
the existence of the Fermi momentum. This generalized formalism is a necessity in the theoretical
treatment of metals that is born out the fact that the Fermi momentum is an intrinsic scale of the
system. With the implementation of the functional renormalization group formalism, we identify
the non-Fermi liquid fixed point in the space of coupling functions and extract the universal low-
energy physics from the critical point. Crucially, we are able to uncover the dual role that critical
spin fluctuations play for superconductivity: while spin fluctuations make electrons incoherent at the
hot spots, they also provide the “glue” for Cooper pairing. Despite the inevitable superconducting
instability, systems with small bare nesting angles must pass through a region of slow RG flow when
the bare four-fermion interaction is repulsive or weakly attractive due to the proximity of the theory
to the fixed point. This “bottleneck” region controls the scaling behaviours of the normal state and
the quasi-universal pathway from the non-Fermi liquid to superconductivity.

In Chapter 3, we show that a curved momentum-spacetime arises at the antiferromagnetic quantum
critical metal as the critical spin fluctuations generate red shift that dilates frequency of electron
unevenly on the Fermi surface. The momentum-spacetime geometry that emerges at low energies
depends on the bare nesting angle of the Fermi surface and is encoded in the Fermi velocity. With
increasing nesting angle, the region in which electron motion is slowed down by critical spin fluctuations
shrinks. On the other hand, the increasing nesting angle makes the red shift stronger near the hot
spots due to the weakened screening of the interaction. These competing effects result in a non-
monotonic dependence of the cyclotron frequency of electron on the nesting angle of the Fermi surface.
This geometric approach can expose interesting alternative picture on the origin of cyclotron mass
enhancement in strongly correlated materials where electrons become incoherent in hot manifolds of
the Fermi surface [166, 47, 189, 188, 114, 68, 50, 197, 21, 70, 94].

In Chapter 4, we present the effects of an isolated magnetic impurity added to the antiferromag-
netic quantum critical metal. Since critical spin fluctuations are present in the low energy theory, the
impurity not only interacts with the itinerant electrons, but also with the collective mode through the
spin-spin interactions. We use the beta functions of both interactions to describe how the itinerant
electrons compete with the spin fluctuations to couple with the impurity. Naively, one would expect
the bosonic spin fluctuation to be no match of the extensive Fermi surface that supports infinitely
many gapless modes. However, critical spin fluctuations turn out to be almost on the par with the
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Fermi surface in the competition. Through the strong electron-boson coupling, the boson ‘recruits’
low-energy particle-hole excitations with a wide range of momenta to enhance its density of states
and suppress Kondo screening at low energies. While Kondo coupling still becomes strong at long
distances, it only happens at a much larger distance scale compared to Fermi liquids when the Fermi
surface connected by the antiferromagnetic wavevector is close to nesting.

We conclude with some outlook, future directions and open questions.

e Beyond the small nesting angle: We can not exclude the possibility of new strongly interacting
fixed points in the region where the nesting angle is not small. It will be of great interest to
understand the fate of the theories with general nesting angles in more detail. In particular, the
results for the cyclotron period show the metric becomes more singular when the nesting angle
becomes O(1).

e Momentum-spacetime geometry near cold spots: In the Ising-nematic quantum critical metal
in two dimensions, the Fermi surface has cold spots at which the Yukawa coupling vanishes.
Therefore, the entire Fermi surface is ‘hot’ except for a discrete set of cold spots. It would be
interesting to understand the dynamics of incoherent electrons in the Ising-nematic quantum
critical metal in terms of the emergent momentum-space geometry. One expects to have an
enhanced blue-shift of electrons near the cold spots where quantum corrections vanish.

e Stable non-Fermi liquids: In AFQCM, critical spin fluctuations create a strong pair-breaking
effect on electrons at the hot spots by making them in coherent. Nonetheless, superconducting
instabilities are unavoidable due to the lukewarm electrons that are subject to strong pairing
interaction yet coherent enough to be susceptible to pairing instability. It will also be of great
interest to examine a possibility in which the pair breaking effect due to incoherence prevents
superconductivity even at zero temperature for hot Fermi surfaces. Recent progress in the study
of effective field theories of hot Fermi surfaces has revealed metallic fixed points to be defined only
modulo a rescaling of Fermi momentum [99]. In this study it was revealed that near the upper
critical dimension, two exactly marginal coupling functions span the space of stable projective
fixed points: one specifies the shape of the Fermi surface and the other sets the angle-dependent
Fermi velocity.

e Non-perturbative Kondo coupling: The Kondo problem in this thesis was solved in the limit
where the impurity-boson and the impurity-electron couplings are weak. In the future, it is of
great interest to extend the study to the non-perturbative regime [226, 15, 16, 6, 7].

e Kondo lattice and heavy fermions: Another interesting direction of extending the result of Chap-
ter 4 is to consider the Kondo lattice problem in the presence of critical spin fluctuations [51, 80,
201, 113, 195, 152, 192, 193, 52, 196, 37, 61, 187, 158, 156]. It is of great interest to tackle the
quantum critical points associated with Fermi surface reconstruction through the field-theoretic
functional renormalization group scheme.



Appendix A

Quantum corrections for the two
and three-point functions

In this appendix, we compute the quantum corrections for the fermion two-point function and the
Yukawa vertex. In this computation, we assume that all coupling functions satisfy the adiabaticity
condition in Eq. (2.83). In this case, the singular parts of the quantum corrections for the two and
three-point functions can be computed by replacing the coupling functions with the values at which
the integrand is peaked. Later we will verify that the coupling functions that arise from the beta
functionals obtained under the assumption of adiabaticity at a UV energy scale satisfy the adiabaticity
at all energy scales.

A.1 Fermion self-energy

A.1.1 One-loop
The real and imaginary part of the one-loop self-energy in Eq. (2.67) reads

o [ (1)] = 2g,iN’g§V NN2 - 1) / i (o + o) 1 |
s (ko + 0)2 + (V) 2ex [k + @ ol™)2 1ol + legz] + leqy |
(A1)
Re [ (k)] = _2g;§N)9}i\I:)]£[N3 -1 /d Vil enlk + @ o) 1
Ny (ko + 0)2 + (V) 2ex [k + @ of™)2 1ol + legz] + leqy |
(A.2)

Without loss of generality, we can consider the quantum correction for N = 1. The self-energy at other
hot spots can be obtained from this through a Cy-transformation.

Imaginary part Im [E}\%(k)]

We first compute the imaginary part,

292(N2 —1)
Im [21F (k)| = ZHE—< /dq
[ 1 } NcNf

(ko + qo) 1
(Ko + q0)% + V2, (vkda — gy + ea[k, vi])? 10| + [edz| + |cgy |

(A.3)

where Eq. (2.17) is used to express coupling functions in terms of the generic coupling functions. We
shift the internal momentum as g, — g, + V¢ + ealk, vi] so that the internal fermion has zero energy
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at gy = 0. The integration over g, is convergent even if we drop the cgy term in the boson propagator
in the small v limit. We further simply the expression by replacing |cq.| 4 |cvrqs. + ceslk, vg]| with
clgz| + |cealk, vg]| in the small v limit,

2g2(N2 — 1)
Im [21 (k)] = ¢ /dq
(=2 )] NNy

(ko +q0)* + Vi a5 [qo| + |egu] + |A(K;vx)] |

where A(E; VE) = cey [E, vg]. The integration over g, leads to

2 _ AJc

A5
VFkN Nf —AJe 27T ( )

g0l + legz| + |A(F; vy

sgn(ko + qo) ] .

Here A is a UV energy cutoff, which is translated to the momentum cutoff for the boson, A/c. The
subsequent integrations over ¢g and ¢, yield

2 Nz—l) 1 A
Im [Z1E (k)] = M—k I _ . A6
m[ 1 ( )] VF,chNf 2 0 10g |A(k;vk)|—|—|k‘0| + reg., ( )

where reg. represents terms that are regular in the large A limit. To remove the singular part of
oIm[%1" (k)]

I in the small p limit, the counter-term is chosen to be

k=(p,kz,~viks)

‘ N2-1 g2 A
AWL(py = ¢ k] A7
(k) 2NNy Vi g 08 A+ 2upclk] )’ (A7)

where we use A(l;; vg) = 2vick when the external fermion is on the Fermi surface.

Real part Re [S1F (k)]
We rewrite the real part of the self-energy in Eq. (A.2) by shifting g, to g, + 64[E, Vg) + ke,
Re [21"(k)]

_ 2¢(NE 1) /d
N.N;

VF,ka
(ko +q0)* + V7,42

1 (A.8)
o] + |equ| + |eqy + A(k;vp) + copgal |
where A(E; V) = cey [E, vg]. As in the calculation of the imaginary part, we can neglect cvig, in the

boson propagator since the leading ¢, dependence comes from |cg,|. However, cg, can not be ignored
as the integration vanishes without it. Therefore, we consider

292(N% -1
Re [Z%L(k)] = 7’“5\/_ N )/dq

VF,ka
(ko +qo0)? + V3,42

lqo] + lcgz| + |cqy + A(k; vr)|

o 1 (A.9)

For the imaginary part of the self-energy, the full self-energy has been obtained at general frequency
and momentum. For the real part, we focus on the asymptotic limits: (i) |ko| > |A(k;vx)| and (i4)
ol < |AGF; ).

For |ko| > |A(k;vg)|, we rescale the internal momentum as gy — kogo and § — kog/c to rewrite
Eq. (A.9) as

292(N2 — 1)k q 1
Re [ZH(k)] = =< /d Y , A.10
=00] = =om N, ) T wr @) nl el e T i) (4.10)
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where b(k; v,) = A(k; ) /ko and ¢, = ¢/Vr . One has to be careful in taking the small ¢ and small
h(k;vy) limits in this expression. On the one hand, the integration over g, vanishes if h(k;v;) = 0. On
the other hand, setting ¢, = 0 inside the integrand makes the integration logarithmically divergent.
These imply that the quantum correction is proportional to h(k, vx) and diverges logarithmically in
¢, < 1. After the integration over g, is done for general ¢, and h(k; vy), the leading order contribution
in h(k;vg) is given by

Re [21%(k)]

_ 2g5(NVZ _1)A(E§Uk)/ dgo / dg, <Ci(1+qO)2+(|qO| +1421)* = mexlgo + (x| + lgo)

meVeseN; ) @) ) (@) F (T +a0)? + (a0l + [ar]7P

(1 +0)° = (ol +lgz)* | ((Iqo + Iqm|)2>) _

1
2 (1+q0)% + (|g0] + |gz])2]? 2(1+qo)?

(A.11)
The integration over ¢, can be done exactly and is given by
2R(NZ— DAFw) log(¢2(1 + qo)? /2 1
Re [21% (k)] = 9i(Ne — DA(K; vk) / 90 |q0| log(ci( erqo)z/qo) - 7r;k| + ol (A12)
wcVp NNy (2m) 27m(q5 + ;. (1 4+ q0)?)
—A/|kol
where the cutoff for the rescaled frequency becomes A/|kg|. The frequency integration gives
202(N2? — 1)A(K; 1% A
Re [21"(k)] = — 9i(Ne = DAGK; vy) log —2E log —— + reg., (A.13)

7T3CVF,kNCNf |k0|

where reg. represents terms that are regular in the large A/ko limit. For [A(k;vg)| > |kol, A(k;vr)
cuts off the IR singularity, and the self-energy becomes

297(NZ2 = 1) <VFk> < A
Re [2H(k)] = - =k« lo =) Ak o) log | ——=—— | +reg., A.14
(21 (k)] A (k; vy log Ao g (A.14)

where reg. represents terms that are regular in the large A/A limit. Using Eqs. (A.13) and (A.14),
we can write the real part of the one-loop fermion self-energy as

292(N2 - ].) Vpk g A
Re [SE(k)] = - =2k < lo =~ | eq|k; v] log = + reg.. A.15
[ 1 ( )] WgVF,chNf c alk; g ] (Ko, cealks vx]) ( )
Here, 7 (x,y) is a crossover function that satisfies 74 (x,y) ~ max(|z|, |y|) if |z| > |y| or |y| > |z|.
1L 1L
Counter terms that remove IR divergent parts of %ﬁm(k)] and w
k=(t,ks,—viks) v k=(,ka,—vike)
in the small p limit are given by
. 292(N2 - 1) Vi k A .
ARIIE () = =k 1 =1 A (& A.16
W= Zsvzvn, ) Gaana ) T A ) (410
. 292(N2 — 1) VFk A .
ABKIL () = - ke 1 =) log | | + AP (K A7
(k) 7r3V1?7chNf o8 c o8 4 (1, 2uk.ck) +Areg k), ( )

where Ag)ﬁlL(k) and A&ii{“(k) represent terms that are regular in the large m limit.
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A.1.2 Two-loop

The two-loop fermion self-energy reads

(N)y2 (N)
2210 = 20 ) (fvg ¥ / da [ dpD(p)D(@)G s+ )G (i p+ )Gy (k +a). (A.18)

With the shifts ¢, — ¢, + vrge + 64[E; vg] and py — py + vips + 64[E; vg], Eq. (A.18) for N =1 is
written as

st (i) = e~ 1) / / : NG
NZN? lqo| + clgz| + legy + vicqs + A(K; vg)]

1 1
|Po| + clps| + |cpy + vpepe + A(K; v L(ko +p0) — VErpy i(ko + q0) — VEray

1
i(ko + po + q0) + (Verpy + Viray + Very(k;vn) + 206 Vek (pe + ¢2)) } ’
where A(K; vg,) = ces[k;vi] and v(k;vk) = 2esk; vx] + e1[k; vg]. In the small v limit, the cqy and cpy
terms can be dropped in the boson propagators as the integrations of ¢, and p, are convergent without
them. Furthermore, we drop vicqg, and vicp, as the IR singular term is unaffected by them to the

leading order in v. With the rescaling of internal momentum as (p,, ¢.) = (p=/¢, gz /c), the integration
over p, and g, yields

(A.19)

X

St (k)
_4g;‘§(N3—1)/ dgo /( 0 / dqm/dpm {[9(po+2qo+2ko)—9(—ko—po)]

VR NENG ] 2m) ol + [ga| + [A(F; vi)| (A.20)

. 100 + a0 + ko) = O(=ko — go)] 20k (pz + ) + (ks vr)] — i [2(po + o) + 3ko] }
po| + |pa| + |A(K; vy (3ko + 2p0 + 240)? + 20k (px + q2) + 7(k; v1,)]?

where wy, = vy /¢, W, = Vi pwy, ﬁ(l;:', vg) = Vp7k’y(l_c'; vg) and ©(x) denotes the Heaviside function. Since
only the real part of the two-loop self-energy is of the same order as the one-loop self-energy|[182], we
only compute the real part of the self-energy.

The real part of the two-loop fermion self-energy reads

Re [23"(k)]

_493(N3—1)/ dqo/dpo / dqx/dpz [©(po + 20 + 2ko) — O(—ko — po)]
AVERNENG ) (2m) ) (2m) ) (2m) ) (2m) g0l + laz| + [A(E; o) (A.21)

. 00+ 90+ ko) — O~k — qo)] 20 (e + ¢) +7 (R o)) }
(F; 02

pol + pe| + [AGK;v)]| (ko + 2po + 290)2 + 2Tk (pe + ¢2) + 7
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Let us make a change of variables as a = (p, +¢.)/2 and b = (p, — ¢..)/2. The integration over b gives
Re [23"(k)]
_ Agp(NZ - 1) / dgo / dpo / da O (ko; po, q0) [4Tka + 7 (k; vi)]
(

WCQV}«%,chQN]% J (2m) J (2m) J 2m) (3ko + 2po + 2q0)? + [Awra + ?(l_c’, vg)]?
2\a\+|po|+|§(1€;vk)|) (2|a|+|qo\+|§<1¥;vk>\)
o (e 8\ o A En) (A.22)
2|al + |po| — lqol 2|al + |go| — |pol

log ((2\a\+|po|+\§(l§;vk)l)(2|a|+\goIjIA(E;vk)\))
(Ipol+1A(k;vx)]) (g0 +]A(ksvr)[)

2lal + |po| + |go| + 2|A(K; vy

)

where @(ko;po,_qo) = [O(po + 2q0 + 2ko) — O(—ko — po)] [O(Po + qo + ko) — O(—ko — qo)]- Besides ko,
(k;vx) and A(k; vg) enter as additional energy scales associated with the external momentum k. If the
external fermion is close to the Fermi surface, |J(k; v)| ~ 4Ve xvk|ka| > |A(K; vk)| ~ 20kc|ky|. There-
fore, the crossover is determined by the competition between ko and 3 (k; vy,). In the [3(k;vg)/ko| < 1
limit, the integration over a, gy and py gives

4} (N2 = DF(E, vy,) log” @, e A

og —. (A.23)

Re [23"(k)] =
e [Z1 ()] mc2Vi  NEN? 83 ko

In the opposite limit with |k0/§(l§, vg)| < 1, the IR divergence is cutoff by ﬁ(l;, v) instead of ko,

Agl(N2 = 1)7(k, vy) log” Wy, log A

Re [224(k)] = g —.
[ 1 ( )] WCZVF%kNCZN? {73 ?(kavk)

(A.24)

Collecting the results of Eq. (A.23) and Eq. (A.24), we conclude that the logarithmically divergent
contribution to the real part of the two-loop fermion self-energy is given by

4072
g (N(' — 1) n 7
Re [S09) = = 5 icaya e Vo (e o + 2ealfs
' (A.25)
2 Vpkvk A
x log : log = = .
¢ Hi(ko, Vi (2ealk, vi] + ex[k, vi]))
The two-loop counterterms are given by
. 394(]\/? - 1) VF KUk A .
A@:2L(py — _29k\Ne log? [ “ZEE Y log [ —— ) + A@2L(g A.26
(k) 2mi2VE NeN? 8\ T e )\ DA Vi) ) T (), (A.26)
HNZ2-1) VE kv A
AB®RL (LY — _ g (Ne log? [ ZEEYE Y - - ABG)K2L (L A 27
*) 2t 2VE, NZN? O ¢\ Sz aVigoky ) T Ares B (A2T)

where A&i@,?%(k) and Aii)g‘“(k) represent the terms that are regular in the large m limit.

A.2 Fermion-boson vertex correction

The one-loop vertex function is given by:

) )
K k) = gy 9 g0 g /qu(q)GN(k’ +a)Gy(k+q). (A.28)
oIV
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Without loss of generality, we consider the contribution to interaction vertex for the N = 1 hot spot,

IV k)

_ _29k9w 9k k[ dqo dg. dgy 1
NcNf% 2m 2m 27 [qo| + |eqa| + leayl i(kf) + qo) + Vi (ealk’, vp] + virge — qy)  (A.29)
1

X

i(ko + o) + Vg (ex[k, vi] + vrgs + @)

Let us integrate over g, using a contour integration. To do this, we use [cg,| = cy/q2 + 0T with
the branch cuts located at [Im g,| > 07. Across the branch cut, the square root is discontinuous :
¢y /g2 + 0T = csgn(Re(gy))qy- To ensure a symmetric expression, we close the contours in both the

upper and lower-half planes and taking the average of these two expressions. In each case, we will
consider a semicircular contour with a dip along the imaginary axis that avoids the branch cuts. The
contour integral of Eq. (A.29) results in

I k) =

L9LGk' Gk b dqo dg, 1 sgn (ko + qo)
3 P =
NNE (Vi + Vi) ) 27 20 WA + o) + R 247 0\ o] + |ga| + clea(K vpr)]

sgn(ko + qo) )

i A.30
lgo| + |qz| + clex(k, vi)| ( )
_ 29k9k 9 k€ @%/%@ ||
NcNf% 21 27 J_ 27 c2x? + (|qo| + |egz])?
1 1

X - N 3 . )
i(ky +qo) + Ve (ea(K, v ) + vprqe — i) i(ko + qo) + Vrr(e1(k, vk) + vrge + i)

where . = (Vi bk + Vipko)/ (Vi + Vih): s = 2(ea(k’ vp) + ex(k,vr))/ (Vi g + Vip) and
W = (v + vk/)/(CVE;/ + CVE;). The first term is the contribution from the residues of the poles of
the fermion propagators. The second term comes from the branch cut. In the small v limit, the first
contribution dominates. The remaining integrand over qo and ¢, leads to

-1 -1
_ Ik 9k’ Gk’ k log <C(VF,k + VF,k’))
- 3

ﬂ.QC(VF,k + VRk,)NCNf? Vg + Vg

(2,1),1L 1y /
I (k' k) K = (2p, k., —v kL)

k = (II’7 kf(lv Uk}k:T)

(A.31)
x |1 A +1 A
0og 0og
4u, k' +4vk 4u, k' +4vk
V7 [M, 7§§;w§1 ,2cvkkz] F |:p, 753,1,+vg,1  2cvp k,}

to the leading order in ¢. % (x,y, 2) is a crossover function that satisfies % (x, y, z) ~ max(|z|, |y|, |2])

if |z| > |yl,|zl, ly] > |=|,|2| or |z| > |z],|y|*. Because ¢ < 1, g ik | 2cvg |k, 2cvps|K'| for
VFYk/J’»VF,k
most k£ and k'. w% becomes smaller than 2cvg|k| or 2cvy |k’ only in a small wedge near
i TV R

1For the future convenience, P 1 is chosen as the crossover scale although f%k’,k/Q is what appears in Eq. (A.30).
This is a freedom associated with the choice of the crossover function that only affects the finite part of the counter
term.
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vpk! + vk = 0. Since v k'| & |ugk| within the wedge, we can combine the two crossover functions
into one as

1 A +1 A
o} o}
g % 4’Uk/k7’+4vkk 2C'U k g % 4’L)k/k'+4vkk 2CU /k/
o (ST e o A R (A.32)
’ ’ ’ ‘ .32
A
= 2log ,

K +4vyk
I {,u, %, 2cvik, 2cvk/k’]
where % (w, x,y, z) is a crossover function that satisfies % (w, x,y, z) ~ max(|wl, |z|, |y|, |z]). There-

fore, we write the counter term as

29k 9k
AWK k) = —
( ) ch(VF,k + VF,k/)NCNf

(A.33)

(c(VFj; + Vi) A
x log | —————

g
v + Vg > dv,, K +Av,k
o |, KAk o0 K 20 k!
Vp~k'+VF,k
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Appendix B

Quantum corrections for the
four-point function

In this appendix, we compute the quantum corrections for the four-fermion vertex. We denote the
fermionic four-point vertex function evaluated at external momenta on the Fermi surface as
N1 N
! 2)’(04 03)(1‘1 k2> . (Bl)

N1 Na .
rig g =R
kq ks k;=k?

Here the external frequencies are chosen as in Eq. (2.31). k; labels the component of l;i that is
parallel to the Fermi surface near hot spot IV; in the small v limit. The other component of the spatial
momentum is chosen so that external electrons are on the Fermi surface.

(01 02

B.1 Generation of the primary couplings from spin fluctua-
tions

We first consider the quantum corrections through which the primary four-fermion coupling are gen-
erated.

B.1.1 Group 1

In group 1, the diagram in Fig. 2.7a exhibits an IR singularity only when all external fermions are
at the hot spots. In our minimal subtraction scheme, we don’t need to add a counter term for it.
Therefore, we focus on the diagram in Fig. 2.7b. Its contribution to the quantum effective action is
given by Eq. (2.72),

o1 o oy TO1C (1) 4) (1) (4)
I‘(% D3 oi)(kﬂ p,l) _ L / q Ikt k+qIk+q,kIp—1,p—1+qIp—i+q,p "
(O)PH kop 2N} (lgo| + clgz| + clay|) (Iq0 — lo| + €lge — lu| + clgy — Ly])
1 1
. 4 e — 4 . 4 — I — 4 :
i(ko + qo) + V}S‘,k)u,_qeél[k +q U;iﬁq] i(po —lo + qo) + Vlg;_lﬂ@zx[ﬁ —l+q v](j_)Hq}

(B.2)
Since it is possible to put all external fermions on the Fermi surface for k41 = p, we focus on the
quantum correction in the vicinity of the plane with k + [ = p. Near the plane, we can replace k + [
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with p inside coupling functions. Shifting g, — ¢, + Vi1 ¢z + A1 41,1}/¢, we obtain

(1135 53) (k+l pfl) _ TR / dgq Thti ka9 tak
(0)PH k p 2N2 VFkﬂ{ (|qo|—|—c|qz|—|—c|qy+vk+qqx+A1 {1, 1}/c|)
! X
(lgo = lo| + ¢laz — le| + clay — Uy + Vksqdz + A1 g1,1y/c])
1 1
i(ko+q0)/Viktq — qy + Ag 1,1} i(po—lo+q0)/Viktq — qy — Ag q1,1) ’

(B.3)
where Ay 11y = Ay 1,1y (a5 k, p—10) = e(ealks vp ) Jreali—E ol ))/2 and Ao 11y = A 11y (a5 5, p—
I;v) = (ealk; v,(:i)q] —eq[p—1I; vl() )l+q])/2. We can drop cg, from the two boson propagators in the small
v limit because the integration is convergent without it. Using the RG condition for the frequencies
(ko =, po =, lo = 2u) and doing the ¢, integration, we obtain

1—\(% Dot a2) _ T?ZéTZé?/ dgodg, it g9t a
(0)PH; (k+l ppl) 2N? 872 VF ktq (|QO| + clgo + A 1, 1}/C|)
1 i(sgn(qo + 1) —sgn(qo — p))
(Igo = 2ul + clge = Lol + €] = ly + Vkiqde + A1 1.1y /¢]) 2VirqDa (11} + Q(W | '
B.4

We now construct a local counter term for this quantum correction. There are two crucial conditions
that counter terms must satisfy : 1) counter terms must remove the IR divergence of quantum cor-
rections in the small p limit, and 2) counter terms should be analytic in external momenta as they
are parts of the local action. Eq. (B.4) can not be directly used for the counter term because it is a
non-analytic function of external momentum. We can construct analytic counter terms by making the
momentum dependence smooth around k = 0 and p = 0 with energy scale . This smearing can be

implemented by replacing
2l = Va7 + 12 (B.5)

. The modification only introduces a finite correction. The counter term can be
further simplified by replacing |qo| and |go — 2| with p inside the boson propagators in Eq. (B.4).
The latter procedure only affects the finite part of the quantum correction because gop-integration is
bounded by —u and p. The resulting counter term at energy scale p is written as

for momentum z. !

f(% D)5 o2) _ T T o / dgodg, Gtttk +qTotak
CT;(O)PH;(k-k&-l p;l) 2N? 872 VE ktq (1t + €|qaly + clvitqte + A1 q1.13/clu )
1 i(sgn(qo + p) — sgn(qo — 1))
(14 clge — lalp + ¢ = Iy + Vigg@e + A1 11,13 /¢ln) 2VirqDo 1,1y + 2ip '

(B.6)

As expected, the counter term removes the IR singularity of the quantum correction in the plane
=k + (2. The log 1+ derivative of the counter term that determines the beta functional is given by

1Such smearing naturally would arise in the exact boson propagator evaluated at a finite frequency .
2The sum of the quantum correction and the counter term in the region away from the hot-spot (\k\, Ip| > ﬁ) is
given by

Bog o1 2 2 (C|kz—Pm|+C’U|kz‘)(C|kz—PT|+C”|Pm|))
pU)(E ) p(G1)(E88) | TeidToog 1 gpudiw | 2ulos ( o2 ks [pa]
(O)PH;(iz f)) CT;(O)PH;(i ’;) QN? 872 cVig c2(|kz — pa| + v|ka| + v|pa)?

2u(|k
vlke||pz|(|kz — pe| + vlkz| + v|pa|)

In order to arrive at the above expression, we use momentum independent nesting angle.
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D)

dlog u~ CT;(0)PH; ( kzl p—l )

P
T, / dgs in  VerrdBo
7TN2 21uVE kg i+ VEktqQ2, 1,1} (it + Vi k+qD2 (1,1})
« gl%Jrq,k H gl%+l,k+q H
(,LL + C|Qx|u + C‘”k-‘qu;E + Al,{l,l}/du) (/.L + ClQm - lwlu + C| - ly + Vk4qqz + Al,{l,l}/du)
N Iisqp I it g W
(1 + elael + lvntade + Argray/elu) (4 clge — Lol + e = Uy + Vhigte + Ar g1y /i)’
91%+q,k p? gl%+l,k+q K
P (p+dge = loly + ¢ = 1y +v +A /ely)
(104 gl + clvitrqte + A1 1y /cly)” W HClde — laly y T Vktqla 1,{1,1}/€lu

(B.8)
In the plane with p'= E—H_Z we have Ay 11} = ce4[IZ; v,(ﬁq] and Ag 11} = 0. Denoting ¢, p, and k,
as ¢, p and k, respectively, Eq. (B.8) is written as

o1 0 Boa TO1CX 2 2
(% %) (Ul 02) T‘74D‘T503 / D#(p; q) D;A(% k)
Tr 48 =—— [ d D,.(¢; k) —/——— +D,(p;q) ——— B.9
ualogM CT;(0)PH; (p k) 71.N2 p(q) #(q’ ) %’q + H(pa Q) g’k ) ( )
where ¢ is shifted to ¢ — k and
I dg
u+c(|p—k|#+|vpp+vkk|u) TUVF,q

represent the interaction mediated by gapless spin fluctuations and the phase space integration mea-
sure, respectively.

B.1.2 Group 2

In group 2, the diagram in Fig. 2.7a gives rise to a singular quantum correction to the couplings given
by Eq. (2.79) in which the total momentum of the electron pair is zero. Eq. (2.71) for the quantum
correction reads

ToLo2 af

F(1g);(gig§)(k;1p—l):_m/ a 1 1
0)PP 5 : —— ' —
©) P 2N? i(ko + qo) + Vil gealk + @ ol ] ilpo — o) + Vi) _jesli— G007,

@ ® (1) (5)
Ik1q,k9p—q,p9k+1,k+q9p-"1,p—q

(I9o] + €lga| + clgy]) (Iq0 — lo| + clgz — la] + clgy — 1))

(B.11)
In the vicinity of the plane with p'+ k= 0, we can replace p, with —k, in the coupling functions.
Shifting g, — gy + Vk4qqz + A1 {1,51/¢, We obtain

I T T o [ Ghstkrolhsok
PP k op aN? ) VR, Iqo|+c|qz|+c\qy+vk+qqm+ﬁl{15}/0‘)

X
(lg0 — lo| + clgz — | + C|Qy — by + Viktqle + D1, (1,51 /)
1 1

i(ko+ q0)/VEk+q — @y + Do 15y 1(Po —q0)/Vigktq — dy — Do ji5)
(B.12)
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where A1,{1,5} = Al,{1,5}(fI;/€ap;U) = 6(64[E; Ul(:zq] + es[p; Uz()g—)q])ﬂ and Az,{l,s} = A2,{1,5}((13 k,p;v) =
(ealR; U](:i)q] —es[p} vﬁfi)q])/z To the leading order in v, one can perform the g, integration with dropping

cgy in the boson propagator to obtain

s e) T Tk, / dgodgs  sen(go + ) +senlgo — )
©pPpy(MHP) 2N7? 872 Vrktq 2(q0 — iVFr1qQ2 (1,5})

2 2
gk+q,kgk+l,k+q
(Ig0] + cla| + clvrrads + Ar g5y /el) (100 = 2011 + €lgz = Lol + ¢ = by + Vrgte + Dr sy /cl)
(B.13)
Since the support of go-integration is (—oo, —pu) J(p, 00), the IR divergent part of the quantum correc-
tion is not affected by dropping 2u from |gg — 2p| in the second boson propagator. We further smear
the non-analyticity in external momenta to write the counter term as

pl13):(5553) Tas " Tolo, / dgodg,  sgn(go + 1) +sen(go —p)

CT;(O)PP;(k+l p;l) - QN; 87T2VF’k+q 2(QO — iVF’k+qA2’{175})

F (B.14)

2 2
k+q,kIk+1,k+q
(lgo] + €lgaly + clvrtqte + Av 151/¢lu) (Ig0] + €lge — Lol + | = by + Vrsq@e + A1 1,53 /¢ly)

The counter term removes the IR singularity of the quantum correction in the p'= —k plane®. Inte-
grating go and taking the log pu derivative of the counter term, we obtain

X

01045 5) T TS / dg %

K olog 1 cripp; (RPN TN} 20 uVisrq (02 + VR A3 1 5y)

p

) , (B.16)
Iktqk H k41, k+q M

(,U' + C|Qw|u + C|Uk+qu + Al,{l,S}/du) (,UJ =+ C|Qw - l¢|u + C| - ly + Vk+q9z + Al,{l,S}/du) .

Away from the plane with 4+ k # 0, Ag 151 # 0 and the counter term vanishes in the low-energy
limit. Non-vanishing contribution to the beta functional arises only for A 1 53 < p. Within the space
of IR singularity, Eq. (B.16) becomes
p O pli5)(a o) _ T T [ 40(@) Dt Dk + 150) (B.17)
dlog p CT;(O)PP;(kXZ *f];l) WNJ% A T

where D, (p; k) and dp(q) are defined in Eq. (B.10).

B.2 Linear mixing

Once the primary couplings are generated from the spin fluctuations, the secondary couplings are
further generated through the linear mixing. When external fermions are on the Fermi surface, Egs.
(2.74) and (2.75) that describe mixing of the four-fermion couplings can be written as the sum of

3The sum of the quantum correction and the counter term in the region away from the hot-spot (|k|7 k41> Uﬂc) is
given by

B 2 2
p(18):(5i53) #(12):(5i%3) 15 Tosos 1 Gk w9tk A B.15
kel k1 T ) (kL —k—1\ ™ IN2 2 k 1 k 1 (B.15)
(O)PP,( PR ) CT,(O)PP,( PR ) 7 872 Vi  cvlke + lo|(cvlkz| + clls])

where we use momentum independent nesting angle for the estimation.
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contributions from different parts of the Fermi surface as

N; N. o1 o N1 N> 01 02
N<11 N§>;(‘7411 Ug) — 1 dq (N4) (N3) ]C(PP ( . k )\(N4 N3>’ )TQB
(UPP'(k;:l P—l) 4,Usz o1 Ik+q,kIp—a.p VN N3\ D5 B Hs p (ll€€+l p— l) 0403
’ P +q p—q
B.18
(V) (N2) (PP) (N w2 )il o
N N. PP 010 o4 03
F Gttt i+q9p—tp—i—q Ky N, (6310, —vaH’p_l)TalBQ/\(ka;p b-a)
k p

and

NN 1 qd o (a2)
Ffliv;,ff”()m 1) T Iy / qlﬁ?wﬁi’k“ﬂ NN, 0330, 1, b1 ) TG “Eﬁ‘zf;zz> 3
(5

oy (MR 2)

(N3) (N2) (PH) (.
; ] K (a_MaM,P L ) o33 (k+lp l+q)

+ Ip+q, ng l,p—l+q "V N3, N3 \d

p+q
(Na) (V) (PH) (M) &)
+ Ik Ip—Lp-ta Kng, N, (4 =1 11D — T?ZE/\(kﬁz p- ha)
k+q P
(Ng) (V) (PH) (3 %) %)
ao 04 @
+ GptrapInrihricq KNy N, (G 30 1 K+ l,p)TG3é)‘( k-ﬁé—‘r; p-1
pt+q
(B.19)
Here,
dg. dg
]Cg\fplsz (qv ka 05 kb,Oa kav kb) = / (;;_‘_)20 D(q)GNa (ka + q)GNb (kb - q) (B20)

is the kernel that determines the strength of mixing between a particle-particle pair with momenta
(ka, kp) in hot spots (N, Np) with a particle-particle pair with momenta (k, + ¢, k» — ¢) in hot spots
(N4, Np). kq and ky, are the external momenta along the Fermi surface. kq,0 and kp o are the external
frequencies. ¢ (g1 ) denotes the internal momentum that becomes parallel (perpendicular) to the Fermi
surface in the small v limit. Similarly,

dg.d
KR oo R ) = [ 2 PG, (ka +a)Gy, (ko +a) (B.21)

determines the strength of mixing between a particle-hole pair with momenta (k,, k) in hot spots
(N, Np) with a particle-hole pair with momenta (k, + ¢, ky + ¢) in hot spots (N,, Np).

B.2.1 Group 1

In group 1, the primary couplings generated from the spin fluctuations takes the form of Eq. (2.78).
The vertex correction that generates the secondary couplings exhibits IR singularity within the ex-

tended space of IR singularity only in the PH channel. In particular, only the last two terms in Eq.
11 11

(B.19) exhibit IR singularity for {)\((tg 11;) , )\((% 12) } at general k. This is because the primary coupling
has zero total momentum only in two of the four PH channels at general k. While we only need
q; ka0, kb0, k,p) at p = k for the last two terms in Eq. .19), let us compute it for genera
K (45 Kooy, koo, K k for the 1 in Eq. (B.19), 1 it f 1k
and p to see how the vertex correction dies out at low energies when &k deviates from p. In this case,

¢ = ¢z and ¢ = gqy. The kernel associated with a particle-hole pair at momenta k and p reads (see
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Figs. 2.8¢-2.8f)

bR (2m)% lqol + c(lal + lar]) i(qo + 3p) + VF(%,erq(v,(ﬁqq —qu1 + eqlk; U](:zq])

1

i(qo + 1) + V}g'flg-t,-q(v;z(:—lgqq —qu1 +eqlp; U;((;—lqu

X

(B.22)
From Eq. (2.17), we can write V}f*g = Vp,p and vz(fl) = vp. Since we are interested in the kernel near
the space of IR singularity with p = k, we set Vr1q = VFptq and vp4q = vp44 in the integrand. We
shift the internal momenta as go — qo — 2, ¢1. — g1 + Vk4qq + % (64 [E, v,(ﬁq] + eq[p; vl(,i)q]) and drop

cq, from the boson propagator. The ¢, integration gives

1P (4: 3, 1, ke p) :/@ 1 sgn(qo + 1) — sgn(go — p) 1
1,1 ’ P 27T 4VF7k+q |CI0 — 2,U/| —|— C |q| + |C’Uk+qq + Al,{1,1}| m— iVF7]€+qA27{171} ’
(B.23)
where
c -~ L (4 1 > (4 _,
Al,{l,l}((I;k,PW) = 5 (64[79;111224] + 64[?9; U,Q,;]) s AQ,{l,l}(Q% k,p; 7)) = 5 (64[k;vg(€42q] - 64[10; Uz(;i)q]) .
(B.24)
The integration over the frequency results in
log <1 + 2 )
ptcll+|cvrrqaq+As (1,1 ]
1S5 (g 341, 1, e, p) = : (B.25)

AV jrq (B — 1VEktrqD2 {1,1})

The subsequent integration over momentum ¢q along the Fermi surface would give rise to a logarithmic
IR divergence at k = p = 0. A simple local counter term that removes the IR divergent part of the
quantum correction can be obtained by regulating the non-analyticity in the external momenta and
replacing go with p inside the boson propagator in Eq. (B.23) as

1 " 1
20V kg 1t — Vi kDo 1,1} 1+ € lql,, + ¢ |vksqq + 101 11y |u7

K5 (g; k. p) (B.26)

where |q|M = \/¢? + p? smears the non-analyticity of the boson propagator. One can explicitly check

that Eq. (B.26) removes all IR singularity of the quantum correction *. The contribution to the beta
functional is given by the derivative of Eq. (B.26) with respect to log u°,

oK™ (q; k. p) 1 p [M2 +i82 (1,13 Vit (c lal,, + ¢ |vrsqq + 2A1 (11 \M)]

- S (B.28)

a1 27V . 2
og 1 TVF k+q (u — ZA2,{1,1}VF,k+q) (M +c ‘q|lt +c ’vk+qq + %Al,{l,l} |M)

Eq. (B.28) vanishes in the small y limit unless g, Ay 1113 and Ay gq 4y all vanish. This implies that
(1) the vertex correction is non-zero only when the pair of external fermions scattered by the critical

4To the leading order in the small v limit, the difference between Eq. (B.25) and Eq. (B.26) is given by

N
2H+|A1,{1,1}|
2em2VEy (10— 2 11,13V k)

w— (3u+ |A1’{171} |)arctanh <

dg PH ~(PH
/g (’Ch )(4;3p, 1, Ky p) — RS )(q;k,p)) = ; (B.27)

where the momentum dependence of the coupling functions are ignored, and cvgq is dropped in the boson propagator.
5In principle, the log u derivative affects the |q\u terms, but these result in sub leading contributions, which we ignore.



B.2. LINEAR MIXING 133

boson through quantum fluctuations are at the hot spots and (2) the non-zero vertex correction arises
from the boson with small momenta near ¢ = 0. We can use Egs. (B.27) and (B.28) for the counter
terms that cancel singular parts of quantum corrections with different choices of frequencies that are
order of p in Eq. (B.19).

The vertex correction in the particle-hole channel in Fig. 2.8 is given by the last two terms of Eq.
(B.19). From Eq. (B.26), we can directly write the counter term,

f\(}%)(gi ggk)-i-l ey =— 1 /dp(Q) Dlt(lﬁq)-l—aog)\(ill) ((leaﬁs +MTE1Q>\(%%€)’(€1%)
. o + g ’
cTs( 1)PH;( k kH) 8TNy Iz 4 q kil) K ° (Zq)
(B.29)

where we have shifted ¢, — ¢, — k; and ¢, — ¢, — k. — [, respectively. The contribution to the beta

functional is given by the log u derivative of the counter term®,

mogu CT; (I)PH (“F' ) 2Ny Gan T s wh) . e (1 2)
(B.30)

B.2.2 Group 2

In group 2, the primary couplings generated from the spin fluctuations are given by Eq. (2.79). The
vertex correction that is linear in the four-fermion coupling further generates the secondary couplings
in the PP channel through Figs. 2.8a- 2.8b. The relevant expression for the quantum correction is in
Eq. (B.18). The kernel that goes into the quantum correction in the PP channel is written as

R (2m)% lqol + c(lql + | ) i(qo+3u)+Vlg§2+q(v,ﬁqq—qj_+e4[k Uélq])
1

i(—a0 = ) + Vi) (0800 — au + eslpiog? )
(B.31)
Shifting go by —2p and g1 by vk14q + A141,5)(¢; k, p;v)/c, and dropping cqy in the boson propagator
in the small ¢ limit leads to

’C(PP)(q, 3, —pu, k., p) :/dQOdQL 1 1 %
Lo AR (2m)2 |qo — 2u| + clg| + |cvirqq + A1 g1,51] (0 + 1) + VErtq(—qL + Do (15))
1
i(—qo + 1) + Vi, —ptq((V—ptq — Vktq)q — q1 — A2,{1,5})’
(B.32)
where
c > L o(8 1 e L o(8
Ay 15y (gs ks piv) = B (64[k;v,(€+)q] + es[p; vf,_)q]) s Ao sy (gk prv) = 3 (64[k;vf€+)q] — es[p; vf,_)q]) :
(B.33)
Integrating ¢, gives
qu 1
K82 (5 3, — ke, p) = /
b 2m |QO—2M\ +clq| + ’CUk+qCI+A1 11, 5}’ (B.34)
3 (sgn(qo + 1) + sgn(go — 1)) '
(VEk+q + VE—ptra)t0o — (VEktq = VE—pta)tt — iVFk4qVE—ptq(Vktq — V—ptq)q + 282 (15})
Near the space of IR singularity with £k = —p, we can set Vpjirq = Vi —ptq and vp4q = v_piq to

simplify the above expression. To construct a simple local and analytic counter term that removes

6To the leading order, fixing Ap is equivalent to fixing A\/p under the log u derivative.
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the IR divergence, we can drop 2u in the boson propagator and regularize the non-analyticity in the
external momenta as

KPP (q: k) = / dgo 1 3 (sgn(go + ) +sgn(go — 1))

- - . B.35
2m |QO| +c |Q|# +c ‘vk+qq + %Al,{l,f’)}’H 2VF k+q%0 — QZVFQ,Hqﬁz,{Ls} ( )

Since IC(p P’ differs from IC(p 2 only by non-singular terms’,

After qq mtegratlon, the kernel becomes

we can use Eq. (B.35) in the counter term.

AQ;{1,5}VF,k+q>

2A9,(1,5) VF k+q arctan (
I

2 2
e+ (Ag1,5) VE ks
— (C’karqu +A1’{1’5}/C’H+C‘qz|u) ]og ( {1,5} q) .
~ s v o o1

K (a5 k,p) = 5 ;
ATVE ktq {(C |q\u +c |vk+qq + A17{1’5}/C|H) + (AQ;{175}VF7k+q) :|

(B.38)

The contribution to the beta functional is given by the derivative of the kernel with respect to log p,

(WC(PP)(q; k’,p) B 1 M2 1 (B 39)
dlog p 27VE ktq (AQ,{175}prk+q)2 +u2ptclg,+e |Uk+qq + Al,{l,S}/C|u .

In the small x4 limit, Eq. (B.39) remains non-zero as far as Ay 153 = 0. This implies that (1) the
vertex corrections in the pairing channel remains important at low energies irrespective of the relative
momentum of Cooper pairs, and (2) the singular vertex correction arises from bosons with all momenta.
In particular, even a high-energy boson creates a singular vertex correction by scatterings Cooper pairs
along the Fermi surface with large momentum transfers.

Using Eq. (B.38), we can directly write the counter term for the quantum correction in Eq. (B.18).
From (B.39), the contribution to the beta functional is obtained to be

o (15)(01 02) 1 (48))(04 B) (15)}(01%2

]_'\15 04 03 _ /d D, (k l; T0'10'2)\15 o3 D 'k)\4>8 «

K ologp cr: Wppy(HH k) Tor p(q) |Du(k+1;0) T =) + Dulg; k) (k==

(B.40)

where we have shifted ¢, — ¢, — k; — I, and ¢, — ¢, — k; in the respective terms.

"To the leading order in v, the difference is given by
(27 (@330, —p k) — KD (a3 K, 9))

_ / dqo 2(Iq0] — lgo — 2ul) (sgn(qo + ) + sgn(qo — 1)) (B.36)

2m { [(VEktq + VE—pra)20 — 2iVE ko VE, —prala,{1,5}] } '
x(lqo = 2u] + ¢ gl + |cvk4qq + A1 11,51 ) (0] + cla| + |cvrtqq + A1 g1,51])

Here Ag only makes the magnitude of the integrand strictly larger, thus we can set Ay = 0. For coupling functions that
are weakly momentum dependent, one can perform the g integration by dropping cvg4qq for v < ¢ < 1 to obtain

1—log4 M 2 —
/ dq( ) (53, —p, k,p) — K57 (g k,p)) = w2Vt Vi —p) [A1 11,5 O for A1 #0,42=0
2 7% —3(21og?(2)+Li2(1/4)) for Ay =0,Ap =0

12¢m2(Vp k- +Ve, —p)
(B.37)
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B.3 BCS processes

The vertex corrections quadratic in the four-fermion coupling (Egs. (2.76) - (2.77) for Fig. 2.9) can
be written as

(M) 1 (PP) aai ) (5 D) (N N )4 3y)
F(Q);PE’H‘[F N TR QMle(q s 15 5 )A EHpely A(k:q pi—jq) R (B4
and
(MN)s@me) _ 1 <m ) | (M an)i(@B), (ar a2 )(832)
(2);]{;3(1@-,:1 p;l) 82 s (6 —21,0,—1,0) —Nf)\(kfz qu) )\(qiz p;:l)
Ny M1\, (01 & Ms Ns . B oo Ny M1\ .[01 « Moy No B os
+>\ng_lﬂ,ﬁz))(a4 5))\%5/}5)—1\{[;) (03 06) +)‘E£/{ﬁl]qvil))( ‘-74))\ J\{Zl g;?)(a US))
k q pq—l qa k qg—l p
Ny M\.[01 « Mz N2\ .( B o2
+ QN (¢ =241,0,p — 1 — k,o)AEgjﬁl f;;ﬁ_ﬁ_ﬂk;%g;% 15_2 (‘34 « )],
q p k q+p—Il—k
(B.42)
where
dgod
Qg\}fjif)z (q7 ka 0 kb,07 kav kb) = / (qQOﬂ_)QL GN1( + q)GNz (kb - q)? (B43a)
dgod
Q%%@Hmm&mww:/gﬁﬁcm<+qmmmﬁn> (B.43b)

are the kernels that determine the strength of the operator mixing in which two four-fermion oper-
ators ’fuse’ into one four-fermion operator as a function of momentum along the Fermi surface and
frequencies. For a generic shape of Fermi surface, the only kernel that produces an IR singularity in
an extended space of external momenta is in the PP channel,

Q') (q; i, i, K, p)

_ / 1 das dgo (B.44)
[0+ 00) + VL yer [ + @ o 1] [0 = a0) + VIE)_jesli— G of2,)] 27 27
This is singular when the center of mass momentum is zero. For p'= —E, the kernel becomes
PP (e by k) = — log &
Q15 (qa My Ly Ry ) 27TVF,k+q 0og L . (B45)

It is noted that this is IR divergent irrespective of k as far as p = —k.
Using the expressions above, we write down the quantum corrections that are quadratic in A
explicitly. With the help of Eq. (B.45) we obtain the counter term,

F2:(5152) —_— 11%@>P Nmﬂ%%“”@

N

Leor, @pey (M) 82 ) 2mamVe, (7 2 (B.46)
5 o1 02 48).( B « |
+)\((k+l) { ° S ))‘((ES)qg(m v 1 ’
P k —k

where the internal momentum is shifted by —k. The contribution to the beta functional becomes
(195 52) C L [ WD ), G858
Dlog i’ crrr (b 41 T i GO RE)

o (B.47)
<Mfg<lﬂAﬁ<£%W-

k+l1 - (q —q

qa —q k —k
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Appendix C

RG Flow of the nesting angle,
Fermi velocity and Yukawa coupling
functions

C.1 Diagonal Coupling functions

We can solve the beta functionals for the diagonal couplings, {vk, V. k, gk = gk, } because Egs. (2.101)-
(2.103) do not depend on the off-diagonal elements of g, with k' # k. The momentum dependent

flow of the diagonal coupling functions is controlled by three length scales €;2L), E,(:L), 61211];)~ defined
through Eq. (2.125). The length scales satisfy é;fL) = Egﬁ) < KQL). Since these logarithmic length
scales depend on the scale dependent coupling functions, they need to be solved along with the beta
functionals. To be concrete, we consider a UV theory which has momentum dependent coupling
functions at scale A as is shown in Eq. (2.120).
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C.1.1 Short-distance Regime

At length scales shorter than all crossover scales (¢ < K;ZL), 6;”‘), 6;:,?)), the beta functionals become

dup(l) 4(N2—1) gp(0)? Ve (£)
a0~ O] = NN, Ven(0? 28\ (o)
(C.1)
C2NZ-1) g(0)* log? (VF,k(g)'Uk(g))
7T4N§N]% c(0)2Vp i (0)? c(f) ’
Vrr(l) _ 2(NZ - 1) gr(0)? Vi (0) NZ—1  gu(0)?
———2 =Vri(¥) log —
o ’ NNy Vi ()2 c(f) T2NNy c(£)VE,(£)
3 N2-1 1 N2 -1
n (N2 -1 gn(0)* loo? Vi (£)vk(£)
2mINZN? (02 Va2 ° (0) ’
dgr(f) 1 1 N2 -1 N2 -1 1
o~ 9O gy wo@les | o |+ arnw, o) — ey, O les | 5
(C.3)
__(NE-Dae(0? gk (£)* log ( c(f) )
WQNCNfC(E)VF)k(f) WQNCNfVRk(E)C(f) VF,k(OUk(g)
The solution to the beta functional reproduces the results of the hot spot theory[182],
7T2NCNf 1
o) = 2(N2 —1) (£ + £o) log(£ + €o)’ (©4)
Ver(l) =1, (C.5)
m3N.Ny 1
) = . C.6
9 (6) \/4(1\73 —1) (£ + o) log(£ + £o) (C6)
The speed of the collective mode is given by Eq. (2.4),
™ 1
0) = . C.7
O= v —virs ©1

Here /¢y is the parameter that sets the nesting angle at the UV scale £ = 0. In the limit that the nesting
angle is small, £y > 1.

C.1.2 The crossover scales

As the length scale increases, the theory encounters the first crossover at E,(fL). Eq. (2.125) that
determines the crossover scale reads

A
IR — (C.8)
g NG

For 4o > 1, log 1/vo(€) =~ log(¢ + ¢p), and Eq. (C.8) can be written as

A 0o + 1)
02D o (2 ) 4log [ 2Tk ) .
k 8 41)0 (O)k‘ + o8 (o (C 9)
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To the leading order in the small v limit, its solution is obtained to be

by +log (| Dt
) + log <4v°(0)k> . (C.10)

é](fL) = log ( %

4'1)0 (O)k

As ( increases further, the theory encounters the second crossover length scale at

ESL) _

= log (C.11)

205, (68 )e (e )k

It turns out that KSL) — EECQL) is not large enough to generate any significant flow of coupling functions
within this window of length scales. To see this, let us first assume that the logarithmic change of the
coupling functions is negligible between the two length scales,

1647 = |log J (£ —1og J (12| < 1 (C.12)

for all couplings J = {gk, vk, Vr i }. The self-consistent equation in Eq. (C.11) can be written as

é,(clL) - E,(fL) = —log c(gl(fL)) — 51(:19) — 5](:) +log 2 ~ log — ), (C.13)
()
for ¢ < 1. Since all beta functionals goes to zero in powers of w as
1 8vk(€) ’ 1 8Vpk(€)
< O(wvlog(1/c)), ———= 1 < O(w),
1 8gk Kk’ (ﬁ) ‘ < '
—— = S O(wlog(1/w)),
o | S Ootwlos(1/u)
the change of the coupling that occurs in E;zL) <l< KI(CM) is at most
Ty — gt
(b ") ) ~ O(wlog(1/w)log(l/c)) <« 1 (C.15)
T2

for all couplings. This justifies the assumption made in Eq. (C.12). Therefore, the change of couplings
is negligible between Kfch) and é,(clL), and we can set

J(0) = J(k: 6Py for 020 <0< /00, (C.16)

C.1.3 Low Energy Regime

In the long distance limit with ¢ > Z,(CIL), the beta functionals become

5 =0 (C.17)
ov ézé;-lL)
8VF1€(€) N2 -1
ot =Vrr(0) | 5y w0 C.18
A PR Fk(l) 27rNCNFw0( ) (C.18)
CETICT [ B
Ol |ymgom © 27 N.N; ° (€) log (F Rl (£)) (C.19)

to the leading order in v. With the quantum corrections turned off, the flow of v; freezes out. Vg
that represents the Fermi velocity measured in the unit of the Fermi velocity at the hot spots increases
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with increasing length scale. This is because the dynamical critical exponent is chosen to keep Vg =1
at the hot spot. Cold electrons which are decoupled from spin fluctuations at low energies appear to
be moving increasingly faster when the speed is measured with the sluggish clock that is tuned to keep
the speed of hot electrons to be 1. Since the deviation of the dynamical critical exponent from 1 is
order of w, the flow of Vg, is controlled by w. On the contrary, the Yukawa coupling decays to zero
away from the hot spots in the low energy limit. This is because the vertex correction, which tends
to strengthen the coupling through the anti-screening effect, turns off at low energies. With the anti-
screening effect gone, the large anomalous dimension of the boson, which is 1 + O(wlog1/w), forces
the Yukawa coupling to decrease rapidly. Since the Yukawa coupling is marginal when the anomalous
dimension is 1, the flow of the Yukawa coupling is proportional to wlog1/w. From wq(£) = vg(£)/c(f),
the solutions are readily obtained to be

m N Nf 1
(€2 () = ,
2(NZ = 1) (M) 4 69) log (¢ + 1)
V(0 > 68y = &6, 00, (C.20)

™
a0 2 677) = /5ot (6,

where

SQ(X, Y) =e€

) (_\/X iy \/Y+€0> | (1)

N2 -1

(&

£1(X,Y) = exp (\/ﬁ (Ei(log VX + o) — Fi(log M))) . (C.22)

Because vk(é,(cm)) ~ vk(él(fL)), 50(£,(€1L),£§€2L)) ~1, & (KSL),E,(CZL)) ~ 1, the scale dependent diagonal
couplings can be written in terms of only one crossover as

vk (€) () b= EI(SL)
k = 'UO(ESL)) 0> EI(C2L)

1 <D
Vik(l) = _ ok
F i (€) {51(& EéZL)) 0> gézL) (C.23)
(0) { muo(£)/2 (<2t
ge\t) = .
oo (LN E (4, 427y 0> 2P
C.2 Off-diagonal Yukawa Coupling
The crossover scale for the off-diagonal Yukawa vertex correction is given by
o) = min (600, 01, (C.24)

where E,(Jer) LOD) (k. k', E,(;,'er)) is the crossover scale associated with the vertex correction. Inside

Eq. (C.24), we can use the expression for ﬁ(ver that is valid for Ek‘,’er < (L) E(lL)l Therefore, we

ver

can set Vi = Vi = 1 and vk(é(ver)) Vg (E,(c‘,’e,?) = vo(ﬁg?) to estimate €k,

. In this case, Ek‘,’er

satisfies E,(:,ek) = log <2(e(ve/‘\>)k+k:'|> Since this is of the same form as Eq. (C.8) for Efc except

11f Z](;,’CZ) is greater than fl(clL) Z(IL) f(vcr) drops out from Eq. (C.24) anyway.
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that k is replaced with |k + k'|/2, 81(;,‘31? = €Eii)k,) /o From this, we can write the crossover scale for the
off-diagonal Yukawa coupling as

1L . 2L 1L 1L
El(c’,k) = mm(fgﬂ)k/)/z’ﬁé ),éé, ))- (C.25)

For ¢ < E,(Cl,Lk), Eq. (2.103) takes the same form as the beta functional for the diagonal Yukawa coupling
at high energy in Eq. (C.3), and the solution is given by

™

Ik (£) = 51)0(3)- (C.26)
For ¢ > 521,53, the off-diagonal Yukawa coupling decreases as
Agr: 1 (£) 1 1
7 = ’ — 1 . 2
5 = o0~y w0 1og o (c21)

All other terms in the beta function are sub-leading. Integrating this differential equation, we obtain

g(k' K 0) = gm(m)go(z, i) (C.28)

for £ > f,ng) Combining Eqgs. (C.26) and (C.28) we arrive at

e,k (£) V2200 f<his (C.29)
k,k’ == .
NG N (A R v
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Appendix D

Additional beta functionals in the
presence of the particle-hole
symmetry

If the PH symmetry is present, there exists a perfect nesting for the 2kg scatterings both in the PP
and PH channels'. In this case, there are additional channels with extended spaces of IR singularity.
In group 1, one needs to include the interaction that describes pairings between electrons with total
momentum 2kg as is shown in Eq. (2.80). In group 2, the 2kp scatterings of particle-hole pairs in
Eq. (2.81) should be included. Below, we derive the beta functionals for those additional coupling
functions and discuss they affect the flow of the couplings considered in the main text. In the presence

of the PH symmetry, the coupling functions obey Eq. (2.21). Therefore, we can simply write ’U](CN) =

Vi, VF(’]Z) = Vg and g,(cj,vlz = gi’ .k, where vy = v_j, and Vg = Vp_j;. This implies that the fermion

propagator satisfies
Gn(a) = —Gn(-q). (D.1)

From this, we can derive relations between the vertex corrections in the PP and PH channels. The ver-
tex correction that is independent of the four-fermion coupling in Egs. (2.71) and (2.72) is determined
by the kernels,

koo k) = [ D@D - )G, (k+ )G (0~ @) (D.2)
N R koo ko) = [ EEED@DA- G, (k+ @)Gx.(p—1+a). (D)

Due to Eq. (D.1), vj(vljﬁ\)b and fy](\,ljﬁé obey
71(\71?5\;2 (3 ko, po, lo, k. p, 1) = —VJ(VFE\)@ (¢s ko, —po + los Lo, ky, —p + 1, 1). (D4)

Similarly, the kernels that determines the linear mixing in Eqgs. (B.20) and (B.21) satisfy

lC%Z% (45 ka0, k05 Kas Kb) = —]Cg\i?fb (@5 ka0, —kb,0s Kay —kb).- (D.5)

IThe time-reversal and parity symmetries guarantee that Véj\iTk)eNT [—k; vil\]iT)] = VPSIZ)eN [k; v,(CN)} for Ny = [N+4]s.

This makes it possible to put two electrons with zero center of mass momentum on the Fermi surface in antipodal patches
irrespective of their relative momentum. In the presence of the PH symmetry, we also have V}g]\i)keN [—E; v&Nk)} =

—Véjz)eN[E; vliN)]. This further makes it possible for a pair of electrons or an electron-hole pair with total momentum

ZIZF to stay on the Fermi surface irrespective of their relative momentum.
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Finally, the kernels for the quantum corrections quadratic in the four fermion coupling in Eqs. (B.43a)
and (B.43b) are related to each other through

QS\;HMb (Q7 a,0 kb,07 ka7 kb) QS\/IIDPMb ((L a,0 kb,07 kav _kb) (D6)

From these relations, we can readily compute the beta functions for the 2kp scatterings using Eq.
(2.106).

D.1 Group 1

D.1.1 Beta functional for the 2k pairing
(11)
Let us first consider A1 (p —p

k —k
with respect to the momentum of two electrons located at hot spot 1) in the PP channel. The beta
functional for the coupling is

), where the total momentum of two electrons is 2kr (0 when measured

)\;11;2132 11;5152
5(13)(—;1)1)( 4 3):(1+3(Z*1)+2n](7¢)+27]l(c¢)))‘(%)1—)p( 4 3)
k —k) (k —k)
D k)2 11;‘71‘72 D . )\2 44;(3;3
v [apta | 2R VDN D) gy Dulpia (00
2n Ny 9i. 4 (q —q> 2mN195.q (k —k)
~ Du(p;@)Dyu(g: k) Toiea Tl D,.(q; k) N Du(pia) \ |
WNZ i gc?,k gqu
Performing the ¢ integration in the adiabatic limit, we obtain
(11\.( 0102 11 g1 02
6()\1)),(7;1)7(64 US) — (1+3(Z—1)+2771(,¢) +2,,7](€1/’)> )\(%017)1’)(04 03)
(k 7k) (k 7](7)
2 o2
gk,k‘ M A é]i 4]i ( B )Taﬁ + gp,p H —I—a'lo'z)\(iL %)’(0%1 17'53) (D 8)
212NV, o+ 2vclk],” (7 2F) 7493 = 2m2eN Ve, i+ 2velpl,  *° (227
_ TalagTaﬁ Dﬂ(p; k) ﬂgk,k /’Lgf),p
af  "o4os WQCNJ% Ver(p +2ueclk|,)  Vep(p+ 2vpelply)

11 44 11 44
Since the coupling )\( 1) mixes with )\( 1 1), )\(4 4), )\(4 4), we need to compute the beta functionals

for those couplings as well to have a closed set of beta functionals. The beta functionals for the rest
of the couplings are obtained to be

gV D@ 5) @) \(11)(5: %)
By = (13 - k2 2 X
gk7k K A(i 3);(01 UQ)TG([? gp,p H To'10'2>\(} %)’(;‘4 03)
2m2eN¢ Vi 1o+ 2vgclkl|, (Z :Z) 7493 © 22N Ve, p+ 2vpclpl, P (2’ :i)
(D.9)
0:(3 3):(54 53) @) 4o (@) \(44):(5553)
Br~ = (143 = 1) + 200 + 20 )A(p_p)
Kk k—k
gk,k M (% %)’ 0041 ?)Taﬂ + gp,p 1% 0'1(72>\(i jll)’(o(')i; 0@3)
2n2eN Ve p+ 2ugclk|, (i :i) 7498 272Ny Ve, u+ 2v,clpl, P (Z :Z)
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)\;44;5132 44;5152
6(13(;1)31)( 4 3) _ (1+3(z_1)+2n;¢)+2n](€¢)) )\((4;4)1)() 4 3)

k —k k —k

2 o1 O

Y 1 )\(‘1“1*);(& 5 ) ras N o 1 Tmaz/\(ii);(i &)

2m2eN§ Vi 1o+ 2vgclk|, (z :z) 7495 2m2eN Vi, o+ 2upcpl, of (IIZ :2)
_ TG’10’2TO¢6 Du(p; k) /'Lgi,k /’Lg§7p

ap oo 7T20Nf2 Vik(p+ 2vkclkly) - Vep(p+ 2vpclply)

(D.11)

44 11
For A(11) and A(3 4)7 there is no source term to the leading order in v.

D.1.2 Solution of the beta functional for the 2kr pairing

In the space of the rescaled momentum, the set of four beta functionals in Eqs. (D.8)- (D.11) can be
written as

0 0 50 5(Ma)(EE) _ s ays e (G S
|:86+KM+PM):|A(§4_£) —*(1+77K+77P))\(£4:I1§)
B BK X(JN\?; %z>((;1 ?)Ta[g B BP TUI‘WS\(%‘I‘ %ﬁ)(ﬁ 053) + SK’PT‘”‘”TO‘ﬁ 51\/15N27 (D.12)
2Nf <Ilz :;I_{)> 0403 2Nf af ([Iz :2) N]% af 04037 Ny ” N3

(MR (BN (5
whereA(g:Né) = Uivé(f?:z)” with K = ke!, P = pef for (N! ¥2) in
HEL {0 DD, (.4 h}- (D.13)

By and S'K,p are defined in Eq. (2.144) and Eq. (2.148). We combine the four coupling functions
into a matrix as

IR INNE T e
(0'102) (PfP) (PfP)
O STl B hor CLE Wt Pyt B (019
K —-K A(pr)él 3 A(P,P)AL 3
K —-K K -K
to write the set of beta functionals in a compact form as
0 L0, 0]5(ne) @)
7+K7+P7>\040’3 _ :_(1+77K+77P) o4 O3 B
o 0K OP 1PP(§ %) 1PP(§ %)
Br (1% 0 1 B 0 1\ (272 S 10
RSNV ~ 2P 7o sae) |y Sceqony
oNp (g Zi) 7\ o) 2Ny P \1 o) TweR(RZR) S Np P 1
(D.15)

The matrix coupling function can be decomposed into the spin-symmetric s-wave (+, s), spin-symmetric
d-wave (+, d), spin-anti-symmetric s-wave (—, s) and spin-anti-symmetric d-wave (—, d) channels as

(55 03) EENESIO) o102 S (H)(@) o102 $(=)(s) o102 L(-)(d) o102
)\IPP(IP( :IF()) - )‘1PP<IF() :113)50'40395“{‘)\11313(; :£)504J3<@d+)\1pp(§ :IP())AU4O'3<@5+)\1PP<£ :IF;>AU4U3<@¢1.

(D.16)
where S and A defined in Eq. (2.172) represent the operators that project spin wavefunctions to
the symmetric and anti-symmetric channels, respectively. &, and &, defined in Eq. (2.156) are the
operators that project hot spot wavefunctions to the s and d wave channels, respectively. In each
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channel, the beta functional becomes

[a Ny A Pa] P

or 0K opr 1PP(K e D7)
1y A NGU) ()2 Sk.p '
=~ |1k i+ = B+ Be| A o+ Y, 2
< 2Ny wp(R ) PP NG
At the quasi-fixed points, the coupling function is given by
A 12 . clox K+0p Platc|K—Pla+A
)(5) _ bk Vi G Alog ( BT e )
PP i) |wer m2eN3\ VeV p | Veac 0B+ 0pPla+ [K = Pl =20k |K]) -

.9 le)KK—‘r’lAJpPlA—‘rC‘K—P‘A—‘rA
9p,p Alog ( 20pc|Pa+A

Vp.p c(loxK +0pP|s + [K — P|y — 20p|P|3)

+

D.2 Group 2

In group 2, the space of IR singularity consists of two intersecting manifolds in the presence of the PH
symmetry. The first manifold is the PP-plane in which the center of mass momentum of two incoming
particles is zero. The second manifold is the PH-plane in which a particle-hole pair with momentum
2k is formed across anti-podal patches. (when the momentum is measured with respect to each hot
spot the particle-hole pair has zero center of mass momentum). This space can be divided into three
disjoint manifolds. The first is the PP-plane that excludes the intersecting line with the PH-plane.
The second is the PH-plane that excludes the intersecting line with the PP-plane. The third is the

15
intersecting line. Written as a function of three general external momenta as )\( 13) , the
<p+q/2 fp+q/2>

k+q/2 —k+q/2
space of IR singularity can be divided into four disjoint sub-spaces as (see Fig. D.1)

1)g=0,p+k#0, 2)q#0,p+k=0, 3)¢g=0,p+k=0. (D.19)

The beta functional in the PP-plane is computed in Sec. 2.5.2. In this section, we present the beta
functionals for the couplings in the PH-plane and the intersecting line.

D.2.1 Beta functional for the 2k PH interaction

Within the PH plane, the coupling function describes the processes in which a pair of electron and hole
fluctuate between different antipodal patches (1, 5 and 4, 8 patches) and different relative momenta.
The derivation of the beta functional is parallel to the ones for the PP channel. The beta functional

15).(01 02
for )\( 18)i(ei o3) in the PH plane but away from the intersecting line is obtained to be

(4
1
) 71T 2wNp (¢

) Qo3

D . 1§ : o1 « D ) 5 : o oo
+/dp(Q) Mx\(%g)(’@ 03)T5”2+M)\ Sk) (04 ﬁ)—ralg
2rNy “(qp ‘

1 (D.QO)
_ WTﬂoz TalaD#(p; Q)DM((]; k)

s fog
12 %), (5 8,
be) (15) (4

k q
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q=0;p+k=0 (Il

15
Figure D.1: The space of IR singularity for A((lpi?z /2 —pta)2
k+q/2 —k+q/2
of external momenta at which the vertex correction is singular in the PP (PH) channel. On line III,
where the two planes intersect, the vertex corrections from both channels contribute. As one deviates
from the intersecting line but staying within plane I (IT), the quantum corrections from plane IT (I)
dynamically turn off as the deviation of the momentum from the intersecting line is greater than u/v.
Since the volume of the intersecting ‘line’ vanishes in the small p limit, one can ignore the contribution
of the couplings in the intersecting line to the flow of the couplings within plane I or II far away from
the intersecting line.

). Plane I (plane IT) represents the set

15).(01 02
Here )\((}05,“)) (o3 53) describes the interaction in which an electron with momentum k in hot spot 1
kp
and a hole with —k in hot spot 5 are scattered to electron with p in hot spot 1 and hole with —p in
hot spot 5. Since the momentum is measured with respect to the hot spots, the pair of electron and
hole in this channel actually carry a non-zero momentum, 2kr. The physical origin of each term in
Eq. (D.20) can be understood in the same way as in Eq. (2.115). The beta functionals for the other

couplings that form a closed set of flow equations in the PH-plane are given by

(45). (01 02 45).(01 02
B((A;’;El siloras) (143 = 1)+ 20 + 2n) A((i,i))’(‘” )
kp kp
1 (48)’(? :3) o2 (15)’(: ?) o1
—I-/dP(Q) ZWNfD“(q;k))\(Z’%) Tgwﬁ-2 N H(p,q))\(%?D R (D.21)
L GR(% e) (A28 %) G8(F o) (1R):(L %)
A D) 4 A D) 4
w G oy ) |
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+/dp(q) MA(ig);(?é)TgaéJr D (p‘Q)/\(i
- Co (D.23)
_ 7Tﬂ02T01aD ( )DH(Q5k)

o1 fog

1 A(%zr Bo) A4 ) \UD(% o), (A w)\ |
an \ (5 5) b (57) 7k

D.2.2 Beta functional in the intersection between the PP and PH planes

Within the PP-plane with k 4+ p # 0, an operator mixes with other operators only within the plane.
Similarly, an operator at generic momenta within the PH-plane only mixes with other operators within
the PH-plane. However, an operator at the intersection of the two planes can mix with operators in
both planes. Within the one-dimensional manifold in which the PP and PH planes meet, the coupling
15).(01 02
function is parameterized by one variable as /\((1_2)15 ")4 o)
kE —k
complicated form in the line, the underlying physics of each term is not different from the ones that

determine the beta functionals in each of the PP and PH planes. The beta functional for the couplings
at a generic momentum point (k # 0) on this line is
5((”2(% )%g);(;',z o3 )

k —k

. While the beta functional takes a more

P, N, 3, N: N. (Nl N2);(gl gz)
:<1+3(Z—1)—|—77( )+771(c 2)+n( 3)_|_77(¢ 4)))‘(in]\;¢3) 403
k —k

D) [ s (MR (2 2) (NN )5 F) 0

- fat =25 T e fo
Dk [((MR(ED) L, (RN)(F ),
27TNf (7}7C k) 0403 (*k q ) o400

q —q q —k

1 g10 « g oo
v [ d0ta) [T25 52, D~ ks Dl ) — T TEZAD, (ki )D(a: )] 3303

F L Lot | (ALY D (AL G (5 )| (337 ) (4 %)
(&%) kok) o+ %) (ta)
(D.24)
Here ( ]IE %z) represents any of the elements in the set of
nihs ={(19, 101D, 4. 4D 4D ) (D.25)

M and M’ are summed over hot spot indices for which the four-fermion couplings are in h1515 If
k = 0, the four-fermion operator mixes with an even larger set of operators. However, we don’t
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need to introduce counter terms for the operators right at the hot spots because the IR singularity is
localized within the measure zero set in the low-energy limit.
How does Eq. (D.24) change to Egs. (2.115)- (2.118) or Egs. (D.20)- (D.23) as one moves away
from the intersecting line staying either within the PP or PH plane? To answer this question, let us
15).(01 02
examine how the contribution of the PP diagram to )\( ;5,6) (53 53)

kp
away from the intersecting line. Away from the intersecting line but within the PH plane, the total

momentum of the electron pair is non-zero, which makes it impossible to put both internal electrons
on the Fermi surface within the loop: if a pair of electrons with momenta k and p on the Fermi surface
near hot spots 1 and 5 are scattered to hot spots 4 and 8, the minimum energy that the virtual electron
pair must carry is order of v,p + vik. This cuts off the IR divergence in the PP diagram in the low
(12):(5353)
(%)
k p
p < |vpp + vik|. This is confirmed through an explicit calculation in Appendix B. Similarly, the
(12):(5553)
Kk
that Eq. (D.24) crossovers to Egs. (2.115)- (2.118) or Egs. (D.20)- (D.23) as the momentum deviates
more than p/v away from the intersecting line in each plane.

decays as p + k becomes non-zero

energy limit. Therefore, the contribution of the PP diagram to A becomes negligible for

contribution of the PH diagram to A becomes negligible for p < |vpp + vik|. This implies

D.2.3 Decoupling between the PP and PH-planes

The full beta functionals that describe the coupling functions defined in this space are given by Egs.

(2.115)-(2.118), Egs. (D.20)-(D.23) and Eq. (D.24). The couplings in the PP plane are coupled with

the couplings in the PH plane through the intersection. However, a simplification arises at low energies.

In the low-energy limit, the phase space of the intersection becomes vanishingly small compared to the

phase space of the PP and PH planes. To see this in more detail, let us consider the beta functional of
15).(01 02

)\((1,5_)1;(;4 o) for p and k far away from the intersecting line, that is |vgk+vpp| > p. The g integration
kE—k

in Eq. (2.115) can be broken into the contribution that depends on the couplings in the intersecting

line and the remaining contribution that does not depend on the couplings in the intersecting line as

/\;15;;‘;1?’2 15 glg2
B(p)(_%);)( 4 3) _ <1+3(2_1)+2771()w)+277£¢)> A((lpS—)p( 4 3)
k —k k —k (D.26)
W1 8)i(5 o3) Wi(12)i(55 o3) '
+ dp(a) V, 1, + dp(a) V, i, :
Ck,;" I/c,p
where
O DR E) - Pulli@) oo (15)(8 7)) Dulash) \ (AW F) qap
Pk 2rNy % (171 2rNy “(P2P) 7478
1
o102 T . .
+ 7TNf2 Talﬁ 2TU4(73 D,U(pa q)D/L((L k) <D27)
L GR(F )\ GR(A ) |\ GR(F ), (5 5)
A (p —P) (q—Q) (P —I)) (q—Q) ’
q —q k —k q —q k —k
. {a]l S ukl >u}
Crhp =19 | |vqq+vik| > p & |vgq +vpp| > 0§,
P ! oo (D.28)

Chp =(Crp)t.
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o1 02
of Cy p, represents the set of ¢ at which at least one coupling function in Vp( 5(13):(e 53) is in
the intersection of the PP and PH planes and satisfy Eq. (D.24). In the small u limit, the phase
space of C,’C’p vanishes linearly in p. Consequently, the contribution of C’k’p to the beta functions

15).(01 02

of )\((%52()@ 63)
contributions of the intersection to the beta functional of the couplings in the PH plane away from the
intersection are negligible in the low-energy limit. Therefore, one can ignore the intersection for the
purpose of understanding the RG flow of the coupling functions in the PP and PH planes away from
the intersecting line. As a result, the couplings in the PP plane and the couplings in the PH plane
become effectively decoupled in the low-energy limit, and we can study Eqs. (2.115)-(2.118) and Egs.
(D.20)-(D.23), separately. The solution of the beta function in the PP-plane is discussed in Sec. 2.6.3.
Here, we present the solution of the beta function for the couplings defined in the PH-plane.

away from the intersection becomes negligible in the small g limit. Similarly, the

D.2.4 Solution of the beta functional for the 2k PH interaction
15).(01 02 18).(01 02 45).(01 02 4 8).(01 02

The closed set of beta functionals for )\(;‘1)7(04 73 ), )\(‘25,6)’(”4 03), /\( ;Sk)’(” 03), )\(‘;8,37(04 o) that
(kp> (krp> (k_’p) kp)

describe four-fermion couplings in the PH channel with momentum 2kpr are given by Egs. (D.20)-

(D.23). With

L) (%)
\(512) (3, (Fp D.929
(2 = | (e (e | (D-29)
(%5 (%)
kp kp
the set of beta functionals can be combined into
9 \(5:53) (®) (5i03)
el =1 —1)+2 2 ) AL 7
ol 2PH(£I;) +3(z = 1)+ 2+ 2, 2PH(1]:];)
La [y e
4w | 2npVe, | "2PH(G5) Ny 1 0 (D.30)
B o2 2T502
NS R Y
2PH(Z q) Ny
To make the analysis parallel with that of the PH channel, we define
N(a ﬁ) 1 o 5) 9 af 0 1
A0 = |[-A\? + 222D, (p; k) (D.31)
2PH( o ) VVEpVFE kK 2PH(ZZ) Ny 1 0
with P = pef, K = ke’ to rewrite the beta functional as
05(5 %) O p 0 o )R
— 1948 1+ K—+P— AL 7493
unp =~ (1455 +Pap it NEEL o
5 .32
1 [dQ - (5;;) faz) 2T7192
ALoE TP R(K, P)(Ps — Py),
C4r ) 27A 2PH(S?,> 2PH<§S)+ Ny (K, P)( )

where R(K, P) and 7k, are defined in Egs. (2.181). The coupling function is decomposed into four
different channels as
g1 02

$(6103) _506)  joue OGN (a)(s) o (a)(d) -
)‘2Pi'—[{?l)( 1 /\QPH{K }Iafmiﬂ + >‘2PH{K }loiai Pa+ )‘2PH{K }Xml;aigz + )‘2PH{K }Xml;oi Z4, (D.33)
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where 17192 and x3172 are defined in Eq. (2.153). Each of the four channels are SU(N.)-trivial s-

wave, SU(N,)-trivial d-wave, SU(N,)-adjoint s-wave and SU(N,)-adjoint d-wave channels. The beta
functional in each channel becomes

ds(e)(a) 9 9 .V s()(2)
T (%I}g)_—(1+K+P+ +np)A ;

oK " op K 2PH( 1 ) (D.34)
L[dQ (00 (O L2 (D) |
“ir | et ) S ) * ¥, Yo 1R )

where 1(@) is defined in Eq. (2.157).

Eq. (D.34) has the same form as Eq. (2.180). The only difference is the change in the spin
wavefunction and the associated eigenvalue determined from the representations of two fermions in the
PP and PH channels. The spin symmetric and anti-symmetric representations in the PP channel with
eigenvalues Y]%)) in the last term of Eq. (2.180) are replaced with the trivial and adjoint representations

t
in the PH channel with eigenvalues YIS;;) in Eq. (2.154) 2. All discussions on Xopp straightforwardly
generalize to ;\2 pr- In the PH channel, the spin fluctuations gives rise to an attractive interaction in
the SU(NV.)-adjoint s-wave channel and the SU(N,.)-trivial d-wave channel with the SU(N,)-trivial d-
wave channel being the stronger. The other two channels, SU(N,)-adjoint d-wave and SU(N,)-trivial
s-wave, are repulsive. Therefore, S\gt])g(lfl[) and Xg‘g};) become non-Hermitian (complex) at quasi-fixed
point.

2For N. = 2, even that difference goes away because the fundamental and anti-fundamental representations are
identical for SU(2).
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Appendix E

Spinors in curved spacetime

In this appendix, we review the background material for the theory of spinor in curved spacetimes. For
concreteness, we consider four-dimensional spacetimes, but the discussion can be generalized to any
dimension (for more details, see Ref. [27] for example). Suppose manifold M is endowed with metric
guv- One can define a set of orthonormal basis that spans the space of one-forms through which the
metric two-form can be written as

guda! ® da¥ = Napd® @ 6°, (E.1)

where % = ¢, dz* is the orthonormal basis, ¢%, is the vielbein and 7, = diag(—1, +1,+1, +1)L. One
can also introduce a set of vectors that is dual to {#*} through the relation (4%, é,) = §%, where
éq = ¢,'0,,. The bases {é,} and {62} are called the non-coordinate bases. There is clearly the freedom
to rotate the orthonormal basis through the local Lorentz transformations. A relativistic fermion forms
a spinor representation under this local Lorentz transformation. From the requirement that the action
should be invariant under the local Lorentz transformation, the action for a Dirac spinor with mass m
coupled to a gauge field A, (x) is written as

P = [ Vit denfes (9 Aua) + S +m) v(o) (E.2)

Here, \/]g| = |e| with ¢ = det ¢,. 1) = ¢14°, where the gamma matrices y* satisfy the Clifford algebra
{72,4%*} = 279 that furnishes the spinor representation of local Lorentz transformation. X =
4 [y%,9"] is the generator of the local Lorentz transformations. The matrix-valued one form with
elements wy, qp = (Wap), 1s the spin connection that acts as the gauge connection for the local Lorentz
transformation. The connection one-form and the vielbein completely determines the torsion and
curvature of the spacetime through the Cartan structure equations,

do® + w A 0° =T°, (E.3a)
dwab + wac A wcb :Rab, (E3b)

where d is the exterior derivative, A is the wedge product, T is the torsion two-form and R is the
curvature two-form. 7% and R% are gauge covariant measures that characterize the geometry of the
manifold M. The torsion measures the screw or twist on a frame when parallel transported along two
directions in the manifold M. The curvature is a measure of the holonomy (gauge flux) acquired by a
vector transported parallely around a loop.

IFor Euclidean signature, the Minkowskian metric 7, is replaced with 64, = diag(+1, 41, +1,+1). In the following
two paragraphs, we use the Einstein convention for the Greek and Latin indices.
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Appendix F

Schwarzschild Geodesics

In this appendix, we briefly review the Schwarzschild spacetime that describes a black hole and the
motion of a free falling object (for a more complete review, see [215] for example). The Schwarzschild
metric is an exact solution to Einstein field equations, which describes the spacetime outside a static,
neutral and spherically symmetric compact object. In the spherical coordinate, the line element for
the Schwarzschild metric can be written as

dr?

r
ds* = (1 - —S) c2dt* — -~ r2d6? — r? sin? 0d¢?, (F.1)
r —_ =S
I
where M is the mass and c is the sped of light. ¢ is the time coordinate that describes the proper time
of an asymptotic observer who is at r = 0o, where r is the radial coordinate.

_2GM

- (F.2)

Ts

c

is the Schwarzschild radius, where G is the gravitational constant. When the radius of the compact

object is smaller than r, it describes a black hole with an event horizon at r = r, inside of which the

future light cone always points toward r» = 0, and thus no escape. As the free falling object approaches

the horizon from the outside, the lapse of its proper time is infinitely slowed down as compared to that

of the proper time of an asymptotic observer. This gives rise to a critical slowdown of the motion of

the free falling object as observed by the asymptotic observer. For an object that falls radially to the
black hole at a fixed angle (say § = 7/2 and ¢ = 0), the geodesic equation of motion gives

tr g | L (F.3)
Cc a—
\/ 7s
near the horizon. As r approaches r, t diverges logarithmically. This implies that the asymptotic
observer will never see the passing of the free falling object across the horizon.
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Appendix G

The pairing term for Bogoliubov
quasiparticles

In this appendix we derive Eq. (3.23). We begin by writing the pairing interaction between electrons
in segments 1 and 5 (See Fig. 3.1),

13) dw dwkdw d?p d%k d?q , Wg o T\ . w L q
s 4ﬂ2/ o Wi, (@ SEF+ 3 ) Vi, (—wo+ S+ 3

(15):(5373) we g 4 wg 3,
X/\<P+q*p+%>¢5703 —wi+ o5kt o e, (w5 EE S )

k+4d —k+3

(G.1)
Here, ) is the four fermion coupling function generated from the critical spin fluctuations. The specific
momentum-dependence of the coupling function is not important for us. The functional renormaliza-
tion group analysis shows that the strongest attractive interaction is generated in the spin-singlet and
d-wave channel, and the significant pairing interaction is generated not only for the electrons at the
hot spots but also for electrons that are far away from the hot spots [30]. We are using the frequency
defined in Eq. (3.7). Performing a Hubbard-Stratonovich transformation on the quartic interaction
yields

(13) dwy @21\ [ « S X

—S , A T0'10'2 _ 0102;0304 R R 0304

af /DADA exp Z/ _ k 7_[_)3 A (wp,Piwq,q) [ )\] (Wp,PrwqsT;wi k,wyr,q") A(wk,l;;wq/,q_;)
=p,q,k,q’

o.) B wg g—' _y]o1020804 _ A0304

_ AT _y|ioeivacs R wo g, 4
A (wpvﬁ%quff)[ A](wp,p,wq’q,w,kuw,q ¢5J“‘< Wiy + 2’ k+ 2 Vrow (W F 2 okt 2

15).(0 <(7 2)
. . $10102;030 2 §(wp—w 6(2)4 (s o2
where we use the matrix notation [A]'727%7% .. = o = (2m)*3(wp T 2)0 (4 ))\(1 5)q(‘74 adq)
(wp,Pywq,Tswh k,wyr,q") m p+4 —pt+i
’
k% —k+4

1. Writing the static component of the order parameter with zero center of mass momentum as

IThe matrix elements of XA can be written as Apn, where m = (0102; wp, P, wq, §) and n = (0304; W, l;, wfz, q_;)
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AC102

(o g = (27r)35(wq)5(2)((j')5‘(7:}:% and making a further transformation through

1 5)‘(01 02)
)\ ;5 1;)04 a3
(7 o dwkdzk k :k A O30
N B (©3)
0304

we obtain the pairing term for the Bogoliubov quasiparticles,

(13) dw d2 dwy, d%k oL e
S . p UJk 0102 -1 (a o ) 0304
. /DADA exp Z/ s —— AT (6 ](5 zg) ()

01,02

dw,, d? {9103
_ Z / (E;pﬂ-) p |:7/}1 o1 (va 4) AU10'25)¢)5 o2 ( Wp, *ﬁ) + 7;[}570'1 (*wpa ﬁ A (wp,P) 1/)1 oo (wp,ﬁ)} }

(G.4)
-1 (gigi) 3 @ (0 -1 (%g)(gigg) :
where [& ](p 230 = 4p(2m)36(0)6@(0) [-A1 L 1) . Once the momentum-dependent pair-
k- k —k

ing amplitude is determmed from the saddle-point equation, it together with the vielbein sets the
background spacetime on which the Bogoliubov quasiparticles propagate



Appendix H

Field-theoretic functional RG
scheme for the Kondo problem

In this appendix, we describe the functional renormalization group (RG) scheme, closely following
Ref. [30]. Let I'®™2%0 be the vertex function for 2m itinerant electrons, 2n pseudo fermions and
[ bosons. The normalization of the pseudo-fermion field, and the Kondo coupling function and the
impurity-boson coupling are defined through the vertex function so that (see Fig. H.1)

;-9 020 (po) =1+ %, (H.1)
8p0 Po=H
1
129 (pg, qo) =-(9r +71), (H.2)
po=qo/2=p 2

’ ]_ ’ ’
(2,2,0);(N,N") ! _ (N,N") (N,N")
' o) po/2=kh=—ko=p Cdp [JkN7k§v/ t Parn, ] (H3)

en[k; v,(cN)] =en [k?;v,(cj/v/)] =0

Here, %, % are scheme-dependent terms that are regular in the y — 0 1im/it. For the Kondo coupling,
2Ny
in p at each external momentum but also its integral done along the Fermi surface with the measure
d—f should be regular [30]. This stricter condition is necessary to capture an IR divergence that may
arise for a momentum-integrated dimensionless coupling such as the one in the s-wave Kondo coupling
~ [ dkTNJkva}\]/ while Jy ks, at each momentum is regular.

which is a function of momentum along the Fermi surface, not only is required to be regular

To impose these RG conditions, a local counter term action is added to as Eq. (4.2),

d .
§CT. :/%’Af,ﬂpofl(po)fa(m)

—

7_"0.701 Ta,
T (@) f (o + 40) 57 f(po + ho)

1 dpo ,(v,N") (N.N') ¢
=+ ; Z /dkdqﬁAf,Q (kN7qN/)JkN,qN/¢N,J(k)

N,N’

dp Do s(a
+ 9y Z /qu;Afol(po+%)$f/3(po),
a,f="T,| ( )
H.A4

where @, g = (; - T, For the RG conditions of the coupling functions that appear in Eq. (4.1) and
their counter terms, we refer the reader to Ref. [30]. Adding Eq. (H.4) to Eq. (4.2), we obtain the
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Po + ko
Po + qo N

Po-->-- ->---Po

h Po Po + ko ’
(a) (b) (c)

Figure H.1: (a) The inverse propagator of the pseudo-fermion. (b) The boson-impurity vertex. (¢) The
electron-impurity vertex. Here, the double wiggly lines, the dashed lines, and the solid lines represent
the boson propagators, the pseudo-fermion propagators and the electron propagators, respectively.

renormalized action for the impurity,

d
SRen:/ 2p0 pofBT(pO)fS(pE)

—

dp? B(v,N') B To,o! Ta
B ;..B9Po , t 1.By 7o, B By . Bt/ B B\ 7a,8 (B, B B
‘*‘%//dk dgq o szvaqBN 1/’N,g(k )72 ¢N’,a/(q ) fa (Po +QO) B fﬁ (po "‘ko) (H.5)

o po B (Bt B q)oBz,ﬁ(qB) B/ B
+ Z gff (6 ""_QO)Tfﬁ(pO)'
a,B=T,{

Here,
kS = Z ko, KB =k,

VR o (k%) =/ ZON (k)N o (K), ®5,(a°) = VZD o0 (q), fa(p5) =V ZU) falpo),

(H.6)
N,N’
Z0N(

B(N,N')
J =
Mot 23720 \/Z@0N) (kn) 20N (g

kEn,an') _1 7(N,N") B £.3
Tevans 9= g Jgm !

are bare frequency, fields and couplings expressed in terms of the renormalized ones. Z, is the dynam-
ical critical exponent. /Z%N)(ky) and vV Z(®) are renormalization of the fermion and boson fields,
respectively[30]. Z (f) = ZZ2 is the field renormalization of the pseudo-fermion. The renormalization

factors are given by Zy1 =1+ Ay, Z}’Q’ )(k;N,qN/) =1+ A(NN )(kN,qN/) and Zs3 =1+ Ag 3.
The beta functions capture how the renormalized couplings, Wthh represent the vertex functions at
energy scale u, runs as p is lowered for fixed bare couplings,

dlog Z
(97) — 2z — 1) + 29D (@) _ 2954F3 H7
B 9f< (z—=1)+2n) +19 Tlog i ) (H.7)
. dlog Z{5™ (ke k)

(J);(N,N") J(NN) 143(z-1 ) f) (¥,N) ("/’N) H.S

kK Kok +3(z — 1)+ 20" 41, + My dlog s ) (H.8)
where

sz 1dlogZ0N@E) gy LdlgZ® ) 1dlogZ0)
dlogp = * 2 dlog p ’ 2 dlogp ’ 2 dlogp

(H.9)
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In the small vy, limit, the dynamical critical exponent and the anomalous dimensions are given by [182,
30]

(N) 2
1 1 3
@) = ~wlog —, n(w’N) = Gy ) b —(z-1), (H.10)
w

3
z=1+-—uw, n —
47 kn 47T2CVF(‘]X3V "+ QCUI(CJIX) |kn]

472

where w = vo/c(vo) with c(vo) = 4/ 15 log ( L )

vo
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Appendix 1

Quantum corrections for the Kondo
problem

In this appendix, we present the one-loop quantum corrections that renormalize the pseudo-fermion
self-energy, the boson-impurity coupling and the electron-impurity (Kondo) coupling. The diagrams
that are relevant to the boson-impurity coupling and the Kondo coupling are shown in Fig. I.1. For
the quantum corrections for the impurity-free theory, we refer the readers to Refs. [182, 30].

I.1 Pseudo-fermion self-energy

The one-loop self-energy in Fig. I.1a gives

(F)iIL 397 397 [ dqo -
SV (po) = — 1 dqD(q)Gy(po + qo) = | 2 D(q0)Gs(po + q0)s (L1)
where
= _ dg.dgy

(1.2)
1 ) o s (10 ) e (1 )|
= 2¢cAy lo 1+ — ) + lo 1+ —— ) —1lo 1+ —
w{ bg( cky+ 1o ) Tl los {1 T ) e U g

is the local boson propagator at the impurity site. Here, A; is the momentum cutoff below which
the self-energy of the boson generated from the particle-hole excitation TI(q) = [|go| + ¢(|gz| + lgy)] ™"
becomes dominant over the bare boson propagator dropped in this calculation. The logarithmic UV
divergence log Ay/qo in the coefficient of |go| arises because the bosons with large momenta up to Ay
have a significant spectral weight at low energies[182]. While the precise value of Ay is not important,
it is crucial that Ap is a fixed UV momentum cutoff. From now on, we set Ay, = A/c, where A is an
energy cutoff. The frequency integration gy results in

397 log? (ﬁ) ‘ 397 log(2) log (ﬁ) , 397 log (ﬁ)

()L ~ _
(po) = ipo ) tPo 132 + 2po 132

(1.3)

to the leading order in small py. With the renormalization conditions (H.1), the counter term in the
small p limit is chosen to be

o 39120 log(2) log (%) 3g]2c log? (%)

;= 473c2 B 8m3c2 (I.4)

163



164 APPENDIX I. QUANTUM CORRECTIONS FOR THE KONDO PROBLEM
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Figure I.1: The one-loop diagrams that renormalize the pseudo-fermion, the boson-impurity coupling
and the Kondo coupling. (a) The pseudo-fermion self energy. (b) The boson-impurity vertex correction.
(c-e) The vertex correction for the Kondo coupling. The boson propagator is non-perturbatively dressed
by particle-hole excitations. Here, the double wiggly lines, the dashed lines, and the solid lines represent
the boson propagators, the pseudo-fermion propagators and the electron propagators, respectively (See
Fig. H.1). The coiled line represents the Kondo interaction.

1.2 Boson-impurity vertex correction

The one-loop boson-impurity vertex correction in Fig. I.1b reads

3 3
g g dko =
" (po, qo) = —gf /de(k)Gf(po+/€o)Gf(po+qO+/€0) = —gf T;D(ko)Gf(po+k0)Gf(Po+qO+/€0)-
(I.5)
Integrating kg results in the quantum correction at external frequency p,
Fn )  gleg’ (%) X g3(log(108) — 2) log (%) o
P02 40 Tpo=go /221 = T 1673¢2 16732 '
upto terms that are regular in p. The corresponding counter term is
9 (<) 43005(108) — 2)10g (<) -
53— 832 832 ' '
I.3 Kondo coupling vertex corrections
The diagrams in Figs. I.1c and 1.1d, originally computed by Kondo, give
(NN (3 g )s(1D) L a2 p(NN(L)
FL(PP);(kJN,k;V,,pO) = (3500’5O¢ﬁ - 27—0'0'/ . Taﬁ) FFL(PP)§(]€N,IC§V/7PU)’ (18)
NN (G g )s1L) L L pMNYaD)
FL(PH);(kn k., ,p0) — (305670ap + 2T60" * Tap) I‘FL(PH);(kN,k;V,,pO)’ (1.9)



I.3. KONDO COUPLING VERTEX CORRECTIONS 165

where
(N’M)J(MJ\[’)
T P ) = = 2 / dq’”’qj’ﬁ—:;””“wam)Gf(po +ko+kp—qo),  (L10)
Y (N,M) 7(M,N")
DO sy == 2 [ A4 G ()G o + ). (L11)
M

At the external frequencies, k{, = —ko = po/2 = u set by the RG condition, (I1.10) gives rise to

JN.M) (N

(N,N");(1L) dgar Tinane T K, A
LrLpP)ih ) Z/ 32w2V(M>N log <u - (112)

The ¢ps integral is left undone because we do not know the explicit form of the Kondo coupling a priori.
(N,M) 7(M,N")

The corresponding counter term becomes I‘(CT Fz((})?,)) (o kY =>u dgf Wl g( )
M
The evaluation of Eq. (I.11) is similar and the resulting counter term is given by V. NDi(L)

CT:FL(PH);(kn k)
I‘(CA; 1; 2((1131;3)) ()" In the net counter term, the density-density interaction cancels, leading to

(NM) (M,N")

(N,N"); ( ) (1L) /qu kN,QM qm k', A
r = —Too! - Tap ~log [ — ). (1.13)
CT;FL; (lcN,leN/) Z 871-}1'2‘/15‘7]\;1\)4 L

It contributes to the IR beta functional as

Ty R
4 o = Tror * Ta A M 1.14
K Odlog = Toor - T ﬂZ/ 2r (I.14)

FQM
JB

where the derivative with respect to log p is done with fixed bare Kondo coupling, which is J BN.M) _

kn,am
J,EJZ:NQ/M to the leading order.

In AFQCM, Fig. I.1le gives rise to an additional vertex correction to Kondo coupling. Since the
critical boson renormalizes the Kondo coupling in the exact same way as it renormalizes the boson-
impurity vertex through (I.5), the multiplicative renormalization factor is identical to that of Eq.
(L7),

N,N’
(N.N(IL) _ Jékaﬁvi gj log” (%) g (log(108) — 2) log (%)
LorineL 45 2 332 (I.15)
For the beta function, the term that is proportional to log? A/p dominates and gives
(N.NDi( g o )i(1L) (N,
4 aFCTvNFE ) T 7J’“””€N/ log (& (1.16)
a Olog oo el Ty s, ' ’
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Appendix J

The solution of the beta functions
for g; and J

In this appendix, we compute Kondo scale {x as a function of the bare parameters jiV’ gy,; and £y
defined at the short-distance cutoff scale ¢; by solving Eqs. (4.4) and (4.5). In the small J} limit,
the flow of JV can be understood in two steps. At short distance scales smaller than a crossover scale

denoted by leross, J¥ undergoes a suppression due to the anomalous dimension generated from the
Vv ~ ~

boson-impurity coupling. Its flow is described by BJTE(D = —ns(0)JV(¢). Then, JV at the crossover

scale becomes JV (Leross) ~ jive_"Y with v = ff”"ss dl'ng(l"). For £ > loross, the flow of JV can be

~ - 2 -
approximated by % = (J v (E)) as is in Fermi liquids, and J" becomes strong at Kondo scale

b ~ loross + e’Y/JNZ-V. This is illustrated in Fig. J.1. Since f...ss is largely independent of jiV in the
small jZV limit, £ is mainly determined by the renormalized Kondo coupling at £c;oss-

In order to compute this suppression factor of the Kondo coupling (e77) at £coss, we first need to
know how 7; evolves as a function of ¢ by solving the beta function of g¢. The flow of g exhibits
different behaviours depending on the relative magnitude between 1/¢y and §; = g]% /c* at ¢;. Three
different cases are illustrated in Fig. J.2. Below, we discuss each case one by one.

J.1 gf,l < 1/60

In this case, the boson-impurity coupling is weak, and its flow is mainly controlled by the anomalous

dimension of the boson 7(®). In particular, gy can be dropped in Eq. (4.5) in the beta function of

I 8955(2) = —Lwlog (%) gs(¢), where w = v/c. The finite w-correction to the anomalous dimension

of the boson makes the boson-impurity coupling irrelevant and flow to zero at large distance scales.
TG/t T
From w(¢) determined from Eq. (2.8), one obtains g;(¢) = e V3 gr.i, and the effective

boson-impurity coupling gy = g]% /c? becomes

by + ¢ _2(\/@*\/%) ~

gr(0)

where subscript ¢ denote the coupling defined at initial length scale ¢; ~ O(1). As ¢ increases n; =
(gp¢/m>) reaches its maximum gy ;4/fo around scale /7 before it decays exponentially. Since 7(®) only
decays as 1//¢ + g, n(®) remains dominant over ny at all scales. Therefore, Eq. (J.1) is valid at all £.

We can now solve Eq. (4.8) using Eq. (J.1). If the Kondo coupling is weak at £;, —n;J" dominates

over (JY)? at short distance scales. This allows us to use % = —n;(0)JV (£) to find JY (¢) before
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JV(0)

14

Ceross e’
o f(:ross + =
JV

(2

Figure J.1: A schematic RG flow of Kondo coupling JV in the small sz limit. At short distances

below a crossover scale £qoss, J ¥ is suppressed by the anomalous dimension nf. Beyond the crossover
scale, the anomalous dimension becomes negligible, and .JV is enhanced as in Fermi liquids. Therefore,

the scale at which JV becomes O(1) is given by g ~ leross + W

(JV)? becomes dominant: JV (£) = J e~ with

AV/3(ly — 15) (£ + £9)>? — 4V/3(0 + £4)>/? = 30(£ + £4)?

2( /20 ¥ —/TF )
F18(Ly — 15)(£ + L) + 18v/3(ly — 15)\/T + Cg + 27(Lo — 15)} e Vi

—4V/3(Ly — 15) (Lo 4 £5)3/% + 4V/3(Lo + £;)%/% + 30(Lo + £5) — 18(Lo — 15) (Lo + £;)

. —18V3(by — 15)\/ 4o + £; — 27(fy — 15)
7l =05 43 (Lo + €;)

(J.2)
At short distance scales, Kondo coupling is exponentially suppressed due to gs. For £ > /¢y, however,
gy becomes exponentially small, slowing down the decay of JV. Therefore, a crossover from the ngJV -
dominated flow to the (J V)Q—dominated flow occurs at the crossover scale {co55,1 Which is determined

by N (leross1) = J) (Ceross,1). We note that Leross,1 > /o in the small JV limit. At scale greater than
Vo, Eq. (J.2) saturates to

33¢.i%0

JV (0> \t) =JYe =5, (J.3)
and Legoss 1 satisfies \/Toromt + fo — Vo — § log ((écmss,lzio)écmsm) _ @ log (ég) n % n
§ log (j%) To the leading in JV, the crossover scale is given by
2
3 9.
3v/3Gs.02 o R W o
lerosst = L0+ V3/lg log (Wi’:ﬂ) + pp (7.4)

- . 2
For £ > 18,1, the flow of the Kondo coupling is governed by % = (J v (E)) , and its solution is
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0 [y
j
(@)
() T]
N ~__
¢ 0 7R 0 6 7 —
(a) (b) (c)

Figure J.2: The renormalization group flow of the boson-impurity coupling (gs) is controlled by
n(®)(¢), the correction to the anomalous dimension of the boson at non-zero nesting angle, and
n(0) = gs(€)¢/m3, the anomalous dimension generated from gy itself. gy exhibits different behaviours,
depending on the relative magnitudes of 77 ~ 1/y/€y and \/gfil ) In this case, gy, is small enough
that 7; remains negligible compared to n(‘b) at all scales (Appendix C J.1). (b) In this case, gy is
dominant over n(®) from the UV scale all the way to a crossover scale ¢ 7 ~ /€y (Appendix C J.2 a).
(c) This is similar to case (b) except that there is an additional window of scale ¢; < £ < £y, in which
n(®) is larger than n¢ (Appendix C J.2 b).

TV _ 1 fa < L3 <
I (0> leross,1) = (07 o)) = tom)” This results in the Kondo scale,
339¢,i%
e n3
EK = gcros&l _i_ JV (J5)

i

39f 1@0

In the small JV limit, {5 is given by ¢ to the leading order. Compared to the Fermi liquid with

1
3gf’1€0

the same electronic density of states, ¢k is larger by factor of e =3

J.2 1/€0<<§f,i

In this case, the boson-impurity coupling plays the dominant role, and the behaviour of Kondo coupling
exhibits a strong departure from that of Fermi liquids. Below, we present the solution of the beta
function for two sub-cases separately: (a) 1/v/Zy < gs, (b) 1/0o < g < 1//1p.

J.2.1 1/l < Gy

In this case, gy is dominant so that one can ignore n(®) in the beta function of gr at short distance
Bard) _ 9O ity | ~ n 7 ?lgs.i]

scale. gy obeys L3> with its solution gs(£) = \/ T ioa] (263600t To0)) Then, gf
becomes 5 (0420
~ 3mgy,i(L + Lo

0 = ’ . J.6

gf( ) 371'3([0 + Zz) + gf,i(2€3 + 332&) — 65(360 + 2&)) ( )

3
While g¢(¢) =~ gy, at short distance scales, it takes a universal form, g¢(¢) ~ g%:% at long distance

scales. This crossover occurs around
by | = i < o, (J.7)

According to Eq. (J.6), gs¢ decays faster than n(® with increasing ¢. Therefore, there must be a
crossover scale £¢ above which G¢¢ becomes smaller than n®). Equating n(®) (¢ £) and gslp/m3 gives
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E? — 24/30pls + 02 = 0 whose only positive solution is

0 = /3y + /300 — 02 ~ 2/30,. (1.8)

For €y > 1, we have a hierarchy ¢; < ¢y < {y. For ¢ > {4, the beta function for gy is given by
agaf(g) 1 Vitlo—y/totly W
0 4m

wlog (%) g¢(€) whose solution is given by g;(¢ > {y) = e ]
g¢(£) that decays exponentially,

gy (€y). This gives

w1+ 0) T VOT)

Gre> ) = 2o tE)
2= 2+ 1)

(J.9)

With gy, we can now understand how Kondo scale {x depends on jiV. As j,V decreases, ¢ continu-
ously increases such that it passes three crossover scales £;. Therefore, we consider the following two
limiting cases: 1) {x < ¢y, and 1) {; < lk.

lg < fy In this case, the flow of gy is dominated by 7 at all scales up to £x. Using the large g

Gram

expression of Eq. (J.6), §(¢) = T

we obtain the solution for Eq. (4.8) is

) o JY
JV () = ik . (J.10)

3 +0;
3 3 = afa "
JE -2\ [ET log | ——=— | +1
fii fii o+ /57} - +é2_é?

With ¢; ~ O(1), the Kondo length scale is given by
3 gri 1
(= frlsinh< gf’%). (J.11)

For jiV /~/9#,i > 1, the bare Kondo coupling is relatively strong that the boson-impurity coupling plays
only a minimal role, and ff is essentially reduced to that of Fermi liquids with a small correction,

lg =~ jiv (1 + (M) For JZV/,/gfyi < 1, on the other hand, the boson-impurity coupling

significantly suppresses Kondo coupling, and fx becomes much larger than that of Fermi liquids,

. 9ri 1 -
lg ~ % g’f_ =* 77 Remarkably, the logarithmic Kondo scale fx grows exponentially as JY
decreases.

(; < lr  Inthe small JY limit, £ becomes greater than £;. In this case, one has to solve the beta
function for the Kondo coupling in multiple steps. At short distance scales, the beta function can be

approximated as % = —%iv(@. Its solution is JY (¢) = JY e~ 2() with
72(0) =
4V3(ly — 15)(£+ €0)>/? — 4V/3(L 4 £0)>/? — 30(£ 4 £o)* + 18(Ly — 15)(£ + £o) + 18V/3(£y — 15)\/€ + Lo

(VT VTR
+27(0y — 15)] e VB —4V/3(0y — 15) (Lo + £5)3/% +4V/3(lo + €)%/ + 1240 (Lo + L)

+30€ 5 (Lo + £5) + 270(Lo + L) — 18V3(Ly — 15)\/bo + €5 — 274y + 405

465 (by + L)
(J.12)
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This JV -linear beta function is valid up to a crossover scale £cross,2 above which (j V)2 term dominates.
At the crossover scale, Eq. (J.12) saturates to

JV (Uerossz) = e 1 J.13
eomsa) =€ 59\ 3300 013
for sufficiently small jiV. From 7¢ ({eross,2) = j}/Ib(ﬁcrossyg), we obtain the crossover scale,
2
3 / 3§f§3f0 3 /3§f1371£0
EcrossA =——1lo u = + = +\/§ 14 + 2 34y 1o ul =
SRS Sl WYRTAENE T A O AV G0ty + 2v/300) 1Y
3
+ Z\/§ lo + 24/30 + 24/30,.

(J.14)

1
=1

For £ > {40552, the Kondo coupling runs as in Fermi liquids, j}/lb(ﬁ > leross,2) = ,

(j}/la(écrossﬂ)) _(e_écross,Z)

2¢i 33+.:o
Lrc =Leross = — J.15
K 2+ v - (J.15)

1 gf,i

j1v ’U(),i 10g 1/1}0,1

For fixed J) and g;;, the Kondo length scale diverges as the bare nesting angle vg; approaches zero.

The vy ; and g5,; dependences of £k are confirmed through the numerical solution of the beta functions,

as is shown in Fig. 4.3. There is a discrepancy in the prefactor A for {x = %vo,lxﬁ between
8e3/4

vS. Apumeric &~ N This is

and the Kondo scale is given by

To the leading order in 1/jiv7 the Kondo scale becomes £ ~ , where vg ; ~ 1/({glog €o).

8ed/4

the analytic estimation and the numerical solution: Aanaiytic =

because Eq. (J.15) does not accurately account for the ¢-dependent anomalous dimension around the
crossovers from the ny-dominated flow to the the n(®)-dominated flow. Since we only keep only one
dominant term between n(®) and ny for the flow of gy, our analytic result overestimates gy. This, in
turn, makes s larger, causing an underestimaion of J V' and hence ¢ K,analytic > LK numeric. However,
this does not affect how {x depends on g7, and vg ;.

J.2.2 10 < g <1/

In this case, 77@)

,  is larger than gr; at the UV cut off scale ¢;, but is not large enough to stay dominant
over gy at all scales. Since n¢(¢) initially grows as a function of ¢, there is a crossover £y 1, where the
term ¢/ in the beta function of g; dominates over n(®) at crossover scale set by 7(®) (¢4 1) = n;(£;1).

The crossover scale is given by
3

T
[ — (J.16)
T 2 /Blg .
7\'3 ~.
At this crossover scale, the Kondo coupling becomes JY e *%7:% in the small Jl-v limit. The flow in
¢ > (7 is then identical to the previous case discussed in Sec. J.2. If {; < £g, JV (£) is given by Eq.

3
(J.10) with the replacement of ¢; — ¢4 and JY — JYe 2%s:% . This gives the Kondo scale that is
analogous to Eq. (J.11),

7l'3 7l'3
3 Gr . 2435 %0 3 Ge . 2435 %0
EKz#cosh \/gf;ef + ZT sinh \/gfélef ) (J.17)
2v/300G5.i ™ le 9f.i T sz
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3

On the other hand, if {5 > ¢, the Kondo scale is given by Eq. (J.15) with jzv — jz-ve_ 710

3 =~ _7\'73
2T gy (YRR ) s
= — —_ - O — —_
7T3/2JZ-V 4 s 6JZ-V€o(€0 + 24/ gfo) 4

2

Uk

(J.18)

/3§f,§foeﬁ 3
+ V31 £y + 21/30 log il +Z\/§ o + 24/300 + 24/30,

6.7Y 0o(Lo + 2v/300)

to the leading order.
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