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Abstract

Topological materials, characterized by their intrinsic topological invariants, exhibit in-
triguing response properties. While theoretical studies employing model computations
have successfully elucidated the response behavior of individual topological materials, a
comprehensive and universal understanding of these properties remains elusive. To ad-
dress this gap, we aim to explore and establish universal response properties of topological
materials through the framework of the effective field theory. The effective field theory
provides a powerful approach to simplifying complex many-body problems by focusing
only on the relevant degrees of freedom at a suitable energy scale. Its principal advan-
tage lies in its ability to capture universal characteristics that transcend the details of the
materials. In this thesis, we examine the universal response properties of the quantum
Hall systems and the Weyl semimetals as two prominent classes of topological materials.
The quantum Hall system is a relatively simple example of a topological material. Despite
its seemingly straightforward setup, it exhibits a variety of Hall responses, including the
Hall viscosity. Although numerous studies have explored individual quantum Hall states,
a comprehensive and unified framework remains elusive. On the other hand, the Weyl
semimetals offer an excellent platform for realizing relativistic physics in the context of
condensed matter systems since the low-energy physics of the Weyl semimetals is governed
by massless electrons. In particular, the axial anomaly emerges and gives rise to intriguing
response behaviors. Investigating these responses is valuable not only for enhancing our
understanding of the Weyl semimetals but also for deepening insights into other massless
electronic systems, such as the neutron stars, the quark-gluon plasmas, and so on.

In the first part of the thesis, we explore the quantum Hall systems with Galilean
invariance. To investigate all responses, including energy and momentum currents, we
introduce external fields conjugate to these currents by placing the system on a non-
relativistic curved spacetime, described by the Newton-Cartan geometry. This spacetime
features three metrics corresponding to external fields conjugate to energy current, mo-
mentum density, and stress tensor. Electrons on a Newton-Cartan spacetime exhibit
Milne symmetry in addition to the symmetries under U(1) gauge and general coordinate
transformations. We construct the effective action based on these symmetries, imposing
Milne invariance by dressing the external fields. Using a power counting scheme where
the electromagnetic fields are of order of unity, we investigate nonlinear responses. The
resulting action, up to next-to-next-to-leading order in the derivative expansion, includes
four terms, such as the dressed Chern-Simons and Wen-Zee terms. From this, we compute
the local currents induced by electromagnetic fields and identify the coefficients of these
terms as the Hall conductivity, Hall viscosity, energy density, and energy magnetization.
The dressing of external fields leads to universal relations between responses, with two
key results: one shows the Hall conductivity determining the longitudinal conductivity
at nonzero frequency, while the other shows the Hall viscosity contributing to nonlinear
electrothermal conductivity at nonzero wave number.



In the second part of the thesis, we examine the Weyl semimetals using the low-energy
effective field theory of massless Dirac fermions coupled to an axial gauge field, which
describes the separation of the Weyl nodes. We compute the charge current density in
linear order in both vector and axial gauge fields. Regularization via the Pauli-Villars
method, introducing a ghost field with infinite mass, allows for the proper definition of
superficially divergent integrals. The resulting current density contains terms dependent
on temperature and chemical potential as well as terms independent of these variables.
The latter is just the Chern-Simons current, whose correct form is obtained owing to the
regularization. In the static limit, the chiral magnetic current vanishes, which is consistent
with the vanishing of the chiral magnetic effect in equilibrium. In the uniform limit, a
dynamical chiral magnetic current emerges, with a coefficient 2/3 smaller in magnitude
and opposite in sign compared to the chiral magnetic current. We further investigate
the current density driven by a uniform but time-dependent magnetic field. Our analysis
shows that the total transported charge is independent of both temperature and chemical
potential. Additionally, we find that a pulsed magnetic field gives rise to a temporal
Friedel oscillation, whose amplitude is determined by the temperature and the chemical
potential.

Lastly, we compute the electromagnetic linear responses of the Weyl semimetals using
chiral kinetic theory under the relaxation time approximation that ensures local charge
conservation. The resulting current density, including the Chern-Simons current, agrees
with the result of the low-energy field theory in the long wavelength and low frequency
limit. We couple the current density with Maxwell’s equation to investigate the dispersion
relation of collective excitations. At the linear order in wave vector, the dispersion relation
is determined by the anomalous Hall, chiral magnetic, and Ohmic conductivities. Impor-
tantly, one dispersion relation exhibits a positive imaginary part, suggesting exponential
growing modes akin to the chiral plasma instability, with propagation oriented along or
opposite to the direction of the Weyl node separation.
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Chapter 1

Introduction

In condensed matter physics, understanding the response properties of systems is cru-
cial for unraveling the fundamental characteristics of materials. Among these, topological
materials [1] have garnered significant attention due to their intriguing response proper-
ties. These materials are characterized by the topology of their electronic band structures,
which fundamentally distinguishes them from conventional materials. The topological
materials have the robustness against perturbations, which arises from their protection
by topological invariants. Theoretical investigations using model computations have suc-
cessfully elucidated the response behaviors of individual topological materials. However,
a comprehensive and universal understanding of their response properties remains elusive
in prior studies. In order to address this gap, this thesis aims to explore and establish the
universal response properties of the topological materials.

To achieve this, we adopt an effective field theory approach [2], which aligns naturally
with our objectives. An effective field theory provides a simplified framework by focusing
on the relevant degrees of freedom within an appropriate energy scale, while abstract-
ing away unnecessary microscopic details. This approach excels at capturing the univer-
sal properties of a system, making it a particularly valuable tool for studying complex
many-body systems. A well-known example of an effective theory is hydrodynamics [3].
Hydrodynamics describes the dynamics of fluids at long wavelengths and low frequencies
compared with a mean free path and a relaxation time of microscopic particles. Despite
the diversity of fluids ranging from water to oil and other substances, they are all governed
by a single universal framework: the Navier-Stokes equation. This equation encapsulates
the essence of fluid dynamics, with the specific details of each system encoded in its pa-
rameters. Such universality is a hallmark of effective theories, demonstrating their ability
to unify seemingly disparate phenomena under a common framework.

In this thesis, we specifically apply the effective field theory framework to two promi-
nent examples of topological materials: quantum Hall systems [4] and Weyl semimetals [5].
These systems not only exhibit fascinating physical phenomena but also serve as worth-
while platforms for exploring the universal response properties. The quantum Hall systems
display a wide range of intriguing Hall responses despite their seemingly simple setups.
While extensive studies have been conducted on specific quantum Hall states, there re-
mains a need for a comprehensive and unified formalism that encapsulates their diverse
response behaviors within a single theoretical framework. On the other hand, the Weyl
semimetals represent a distinct class of topological materials where relativistic physics
emerges at low energy scales, such as the axial anomaly, as discussed later. Investigat-
ing their unique response properties will not only deepen our understanding of the Weyl
semimetals but also shed light on their connections to other systems governed by relativis-



CHAPTER 1. INTRODUCTION

tic principles. The following two sections of this chapter will delve into the details of these
systems.

1.1 Quantum Hall effect

1.1.1 History

In 1980, the Hall conductivity of MOSFETSs (metal-oxide-semiconductor field-effect tran-
sistors) was experimentally studied by von Klitzing et al. [6]. In the MOSFETS, the
electrons can effectively be considered to exist in two spatial dimensions. By measuring
the Hall conductivity at low temperatures under a strong magnetic field, they discovered
that the Hall conductivity is quantized,

621/

OH =5+, (1.1)
where v is an integer. This phenomenon is known as the integer quantum Hall effect.
The integer v, referred to as the filling factor, corresponds to the number of filled Landau
levels. Following this discovery, Tsui et al. observed the Hall conductivity of highly pure
GaAs-AlAs heterojunctions [7], which can also be considered as two-dimensional systems.
In this experiment, they observed that v takes specific rational values, for example, %, %,
and so on. This phenomenon is called the fractional quantum Hall effect.

The integer quantum Hall effect was first theoretically suggested by Ando et al. [§].
After the experimental observation of the integer quantum Hall effect, Laughlin provided
the explanation of the quantization in a cylindrical system [9]. It was also shown that
the filling number v is related to a topological invariant, the first Chern number [10,11].
Thus, the integer quantum Hall effect can be viewed as a simple example of topological
phases.

In contrast, the theoretical explanation of the fractional quantum Hall effect is more
challenging because the Coulomb interaction plays a crucial role. Laughlin successfully
described the quantum Hall state with a filling number v = 1/m (m € Z) by a trial wave-
function [12]. In addition to Laughlin’s theory, various theories have been developed, such
as the Chern-Simons theory (see, e.g., Refs. [13,14]), the composite fermion approach [15],
and so on. The fractional quantum Hall effect remains an active area of research.

1.1.2 Hall viscosity

In addition to the Hall conductivity, quantum Hall systems exhibit other Hall responses,
such as the thermal Hall effect [16]. Here, we focus on the Hall responses in a viscosity
tensor, known as the Hall viscosity [17,18]. First, we review the concept of the viscosity [3].
We introduce the stress tensor 7% and the displacement vector & = x, — x;. Using the
displacement vector, we also define the strain tensor u;; = 0;§; + 9;&;. The stress tensor
T% can be expanded with respect to U;j as

TV ~ P& — Nkl — ikl (1.2)
where P is the pressure, A\* denotes the elastic moduli, and n“** represents the viscosity
tensor. If the time-reversal symmetry is preserved, the viscosity tensor is symmetric
Nkt = pFii - On the other hand, if the time-reversal symmetry is broken, for instance, by

a magnetic field, the viscosity tensor acquires an antisymmetric part nfgkl = —niﬁj [17,18].
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In two spatial dimensions, the antisymmetric part takes the form:

i = _777H(6¢k5j1 + kil g (ko D). (1.3)

The coefficient ny is called the Hall viscosity or the odd viscosity.

The Hall viscosity has an intriguing property in quantum Hall systems. Specifically,
it is quantized as [19,20]
exB
8w’
where k takes specific values and is given by the product of the filling number v and the
Wen-Zee shift S [21]. The Wen-Zee shift is defined as follows. First, we virtually place

the system on a closed surface with genus g. Then, the relation between the total number
of the electrons N and the total number of the magnetic fluxes Ny is given by

Ny = (1.4)

N =v(N,+S(1—g)). (1.5)

For example, for the integer quantum Hall state with v = N, the shift is also given by
S = N, and for the Laughlin state with v = 1/m, the shift is given by S = m [22].

Since the Hall viscosity encodes topological information through the Wen-Zee shift,
it has attracted much interest [22]. In particular, it has been shown that the Hall vis-
cosity contributes to the Hall conductivity at nonzero wave number (originally derived in
Refs. [25,26], and subsequently derived by using various methods [27-30]). If we can ob-
serve the Hall viscosity, we can distinguish the different state with the same filling number.
For example, for the Pfaffian and anti-Pfaffian states, which are candidates for the 5/2
states, the Hall viscosity take the opposite sign [20]. Beyond the quantum Hall systems,
the Hall viscosity has been studied in other contexts, such as graphene systems [23] and
active matter systems [24].

1.2 Weyl semimetals

1.2.1 Overview

The semimetals are medium states between insulators and metals, in which the conduction
and valence bands slightly touch in the Brillouin zone. The semimetals whose band-
touching is point-like are classified as Dirac or Weyl semimetals [5]. The crossing points are
referred to as Dirac/Weyl nodes. The distinction between the Dirac and Weyl semimetals
lies in their symmetry. The Dirac semimetals have both the time-reversal and inversion
symmetries, leading to doubly degenerated crossing bands. In contrast, either the time-
reversal or inversion symmetry is absent in Weyl semimetals. As a result, the degeneracy is
lifted, and at least two Weyl nodes appear in the Brillouin zone [5]. The Weyl semimetal
phases are robust against small perturbations. The Weyl nodes are protected by the
topology of the band structure, with each node carrying a topological charge (the Chern
number) £1 [5].

In the vicinity of the Weyl nodes, the dispersion relation is linear. Therefore, the
low-energy physics of the Weyl semimetals is described by the Weyl fermions, whose
Hamiltonian reads

H=+4p-o (1.6)

with the sign +1 denoting the chirality of the Weyl particles. The chirality corresponds to
the topological charge of the Weyl nodes. According to the Nielsen-Ninomiya theorem [31,

3
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32], the total chirality is zero in periodic systems. Therefore, the Weyl nodes always appear
as pairs with the opposite chirality.

The Weyl semimetals were initially proposed as a gapless phase between trivial and
topological insulator phases [33]. The name “Weyl semimetal” was introduced in Ref. [34].
Various systems are theoretically proposed as the Weyl semimetals, such as a HgCraSey [35],
a heterostructure of topological and normal insulators [36], and a Hg;_,_,Cd,;Mn,Te
film [37]. In 2015, the inversion-breaking Weyl semimetal has been experimentally ob-
served in TaAs [38], where the distinctive band structure and surface state of the Weyl
semimetals have been observed.

1.2.2 Axial anomaly and chiral magnetic effect

The Weyl semimetals are excellent platforms for studying relativistic phenomena, such
as the axial anomaly [39]. The anomaly is a phenomenon where symmetries existing at
a classical level are broken by quantum effect. In (3+1)-dimensional massless electron
systems, the vector and axial U(1) symmetries exist classically, but the latter is broken.
This anomaly is called the axial anomaly. It results in a violation of the axial charge
conservation law when the electric and magnetic fields are applied in parallel,

3

(&

The axial anomaly can be computed by the diagrammatic calculation [40,41] or the Fu-
jikawa method [42,43]. Intuitively, it can also be understood through the relativistic
Landau level [44], as we will review. The axial anomaly induces the transport phenom-
ena, referred to as anomalous transport phenomena (see Refs. [45,46] for reviews). For
instance, the charge current is induced along the magnetic field in the presence of an
imbalance between the number of right-handed and left-handed fermions,

s
=—°B 1.
J =5 558 (1.8)

where ps is a difference of chemical potential between right-handed and left-handed fermions
and is called an axial chemical potential. This effect is called the chiral magnetic ef-
fect [47,48]. The coefficient 1/27? is completely determined by the anomaly coefficient [49].
The chiral magnetic effect was originally discussed in the context of the quark-gluon plas-
mas created by the heavy-ion collisions. It is now actively studied even in the condensed
matter physics [50].

The key to realizing the chiral magnetic effect is the axial chemical potential. Son
and Spivak proposed that the axial chemical potential is induced as ps x (B - E) in Weyl
semimetals if we apply the electric and magnetic field in parallel [51]. Under this condition,
the chiral magnetic conductivity exhibits a quadratic dependence on the magnetic field,
leading to a negative magnetoresistance. Experiments on Weyl semimetals [52, 53] have
indeed observed a large negative magnetoresistance, which is interpreted as a signature
of the chiral magnetic effect. It is also theoretically proposed that the chiral magnetic
effect can be induced in Weyl semimetals through alternative mechanisms, such as by
distorting a crystal with strain [54,55] or heating Weyl nodes unequally under a strong
electric field [56].

1.3 Outline of this thesis

In this thesis, we analyze the quantum Hall systems and Weyl semimetals by the effective
theories. For the quantum Hall systems, we construct a low-energy effective field theory

4



CHAPTER 1. INTRODUCTION

under the assumption of the Galilean invariance and investigate various responses, includ-
ing energy and nonlinear responses [Chapter 3]. For the Weyl semimetals, we begin with
the already known effective theories and analyze their electromagnetic linear responses
[Chapters 4 and 5].

We start with a review of effective theories of the quantum Hall systems and the Weyl
semimetals in Chapter 2. We first review the effective actions, which describe the Hall
effect and the Hall viscosity. We also review the derivation of the low-energy effective
action of the Weyl semimetals. Additionally, we review the chiral kinetic theory, which
incorporates the axial anomaly and serves as an alternative framework describing the Weyl
semimetals.

In Chapter 3, we focus on the quantum Hall systems with the Galilean invariance.
We construct the most general effective action which allows us to compute all responses,
including energy responses and all orders in an electric field. From the obtained effective
action, we compute electromagnetic nonlinear responses and reveal universal relations
between different types of responses.

In Chapters 4 and 5, we turn our attention to the Weyl semimetals and investigate
their electromagnetic linear responses. In Chapter 4, starting from the low-energy effective
action of the Weyl semimetals reviewed in Chapter 2, we compute the charge current
diagrammatically. We also employ the chiral kinetic theory with the relaxation time
approximation in Chapter 5. Furthermore, we investigate the collective excitations by
coupling the derived charge current with the Maxwell equations.

In Chapter 6, we summarize the findings of this thesis and provide an outlook on future
research directions.

We set b = kp = q(= —|e|]) = 1. The Minkowski metric is chosen with the mostly
negative convention. In Chapter 3, where we deals with (241)-dimensional systems, Greek
indices such as u, v, ... are valued at ¢, x,y, whereas Latin a, b, ... and ¢, j, ... are valued at
x,y. In Chapters 4 and 5, which address (341)-dimensional systems, Greek indices such as
W, v, ... are valued at t,z,y, z, whereas Latin ¢, j,... are valued at z,y, 2. We implicitly
sum a pair of repeated indices regardless of their positions. The totally antisymmetric
symbols are denoted as e*H” | M and €2 with /%% = €@ = ¢*¥ = 1. The round (square)
brackets enclosing two indices indicate their (anti-)symmetrization, such as C,,) = Cpw +
Cyy and C’[ Cuw — Cup.

p] =



Chapter 2

Review of low-energy effective
theories

In this chapter, we review four topics regarding effective theories. We first introduce
the Chern-Simons and Wen-Zee terms, both of which play crucial roles in quantum Hall
systems, in Sec. 2.1. Next, we review the derivation of the low-energy effective field theory
of Weyl semimetals from a lattice model in Sec 2.2. In Sec. 2.3, we discuss the anomaly
inherent in the effective action of Weyl semimetals. As an alternative way to describe the
Weyl semimetals, we also review the kinetic theory for Weyl fermions (the chiral kinetic
theory) in Sec. 2.4.

2.1 Chern-Simons and Wen-Zee terms

2.1.1 Low-energy effective action

To begin, we define the effective action. In a quantum field theory, physical quantities are
computed from the partition function defined by

Z[A] = / DS Al (2.1)

where ¥ and A denote dynamical degrees of freedom and background fields, respectively.
The effective action is then defined by

Set|A] = —iIn Z[A]. (2.2)

We now introduce a current J, which is conjugate to the external field A, via

58 = / d3zJSA. (2.3)
It follows that J is obtained from
0Ses[A]
= ) 2.4
J SA (2.4)

For instance, if we introduce a U(1) gauge field A4,,, which couples to the current density
J#, then we have
_ 0.Sesi[Ay]

Ji = S (2.5)
"
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Alternatively, if we couple a spatial metric h;;, which couples to the stress tensor T i we
have

_ 2 0Sealhij]

T = :
Vh  Ohij

(2.6)
where h = det h;;.

Therefore, to compute physical quantities in principle, one needs to obtain the effective
action by integrating out the dynamical degrees of freedom. However, performing the path
integral explicitly is generally impractical. Instead, an effective action is often constructed
using symmetry principles [57]. This approach rests on the idea that the effective action
should respect the same symmetries as the original action, allowing one to write down
all possible terms consistent with those symmetries. Because there are infinitely many
such terms, an additional organization scheme, such as a derivative expansion, is usually
introduced to systematically constrain the form of the effective action.

2.1.2 Chern-Simons term

We derive the effective action that describes quantum Hall systems. To this end, we
consider a free electronic system in two spatial dimensions, couples to an external U(1)
gauge field. The microscopic action for this setup is given by

S[w, v A,] = /dtd% B\w(ﬁt\p — ;—mDi\yTDj\y : (2.7)

where we define the covariant derivative D, as D,V = (9, — iA4,)¥, D;¥! = (9, +
=

iA,)VT, and T D, ¥ = ¥ID, ¥ — (D,¥")¥. This action is invariant under the U(1)

gauge transformation,

U — X, A, — A, + X (2.8)
This action is also invariant under the spatial rotation,

cosfl —sin 9)

sinf cos@ (2.9)

' = Rx, R= (
The effective action Seg = Ser[A,] is given by the functional of A,. Then, we write down
terms consistent with the U(1) gauge and rotational invariances by using A,. We can
write a term as
v

ScslAu] = gy

/ dtd®ze" A0, Ay. (2.10)
This term is called the Chern-Simons term [4]. At first glance, the presence of the gauge
field in the Chern-Simons term seems to break U(1) gauge invariance. However, this term
is actually gauge-invariant up to a total surface term, thereby preserving the underlying
gauge symmetry overall:

Scs[Au] = Scs[A,] + / dtd?ze 8,0, Ay

= Scs[A,] + / dtd*z0, (" xd, Ay). (2.11)
From this effective action, we can derive the following expression for the charge current:
. v o .
J'= —€eYE. 2.12
5 (2.12)

Hence, the Chern-Simons term encapsulates the quantum Hall effect described by Eq. (1.1).

7



CHAPTER 2. REVIEW OF LOW-ENERGY EFFECTIVE THEORIES

2.1.3 Wen-Zee term

There is another Chern-Simons-like term responsible for the Hall viscosity. Since the Hall
viscosity appears as a coefficient in the stress tensor, we can extract it by computing the
stress tensor. To do this, we introduce a spatial metric h;;. A microscopic action of free
electrons with a metric h;; is

R

2m

Sol®, ¥T; A, hyjl :/dtd%\/ﬁ[;\lﬁﬁt\ﬁ— D;UTD;W|. (2.13)

If we take the flat space limit h;; — d;;, this action reduces to Eq. (2.7).
Before constructing the effective action, we introduce a vielbein for our convenience.
The vielbein e is defined as

hl] = eaieaj, (214)

where indices a = x, y refer to a local orthogonal coordinate. This definition of the vielbein
is not unique, because the metric remains invariant if we rotate the vielbein in the a space:

% +ie?, — e (e +ie?,). (2.15)

Such rotation is is known as an SO(2) local rotation. If we define the spin connection w,
as [25]

1 ,

wp = 5eabeaﬂate”j, (2.16)
1 A

w; = 5e“be‘wviebj, (2.17)

they acts as an Abelian gauge field under the SO(2) local rotation w, — w, + 9,0.
Using the spin connection and U(1) gauge field, we can construct the following term:

SWZ = ;/dtd2l’ﬁuy>\w#ayf4)\a (218)

which is invariant under the SO(2) transformation up to a surface term. This term is
known as the Wen-Zee term [21]. Following Ref. [25], we observe that the coefficient x is
related to the Wen-Zee shift [21]. By performing integration by parts, one finds that the
Wen-Zee term contains

ﬁeﬂ%uayAA - %x/ﬁAtR T (2.19)

where R is the scalar curvature, defined by

2 ..
R= ﬁewaiwj. (2.20)

Combined with the contribution from the Chern-Simons term, the total charge @) is given
by

3Seit[ Ay, i
0= /d%\/ﬁjt _ /d%sfng’iﬂ] - /d2m/ﬁ(2”7TB+ 8’;1%), (2.21)

where B = €79;A;/vh is the magnetic field. On a closed surface where electrons reside,
the spatial integral of the scalar curvature is proportional to the Euler characteristic:

/ d*xzvVhR = 4ry. (2.22)
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Hence, the total charge can be written as
Q=vNy+ /{% =UNy + k(1 —g), (2.23)

where Ny is the total number of magnetic fluxes and g is the genus. Compared with the
definition of the Wen-Zee shift [21], we conclude k = vS. Moreover, the Wen-Zee term
gives rise to the Hall viscosity [25]. From the Wen-Zee term, one can compute the stress
tensor as

g B . . .
T = _%(a’faﬂ + %6 dhy + O (h?). (2.24)
s
In a curved spacetime, the strain rate tensor «;; is defined by [58]
. 1 . .
tij = 5[Vity + Vi + Oehij]. (2.25)

Thus, the coefficient of 0,hg; in Eq. (2.24) is identified as the viscosity tensor, leading to
the Hall viscosity ny = xB/8n. Hence, the Wen-Zee term describes the Hall viscosity.
The Wen-Zee term also plays an important role as well as the Chern-Simons term in our
study.

2.2 Effective field theory of Weyl semimetals

2.2.1 Lattice model of Weyl semimetals

In this section, we review how to derive the low-energy effective action for Weyl semimetals,
starting from a microscopic lattice model that hosts precisely two Weyl nodes. Such
a Weyl semimetal phase has been proposed to occur in transition-metal-doped BisSes
family [59]. Consequently, we begin our analysis with an effective lattice Hamiltonian
originally introduced to describe three-dimensional topological insulators in the BisSes
family [60,61],

Hy = % >_ v (@ + aj)(ita —rB)(@) + % > W@ (m+3r) B¢ () + (h.c.),  (2.26)

where ¢,7, and m are the hopping parameters, and a; with j = x,y, 2 is the lattice basis
vector. Here, a’ and 3 are the 4 x 4 matrices defined as

o 0 o 0 oy 0 0 o~*
_ z xr __ y_ zZ __
= (5 2) e = (T )= (T 8) e =(5) e

where ¢ are the Pauli matrices. These matrices satisfy the following relations,
B? =Ty, {ou, 05} = 2655, {B,u} =0. (2.28)

This model is also known as the Wilson fermion in the lattice QCD [62]. The Hamilto-
nian Hy respects both time-reversal and inversion symmetries. Performing the Fourier
transformation ¢ (z) = Y, 1(k)e?*®, we obtain

Hy =Y i(k)(tsin(kja)o! — rcos(kja)B)¢(k) + > i (k)(m+3r)By(k),  (2.29)
k.j k
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Figure 2.1: The energy dispersion relation in k. direction, where the vertical axis is E/r
and the horizontal axis is k.a € [—m, 7|. For simplicity, we set ¢/r = 1. In the left panel,
m/r = 0, and the gap closes, indicating a Dirac semimetal phase. In contrast, the right
panel, with m/r = 1, is gapped, corresponding to an insulator phase.

where a is a lattice constant. The Hamiltonian has two pairs of doubly degenerate en-
ergy eigenvalues, a degeneracy arising from the inversion and time-reversal symmetries of
the Hamiltonian. Figure 2.1 illustrates the energy dispersion along the k. direction at
(kz,ky) = (0,0). When m/r = —2 or 0, a single Dirac cone appears in the Brillouin zone.
Otherwise, the system becomes gapped, indicating an insulating phase.

To realize the Weyl semimetal phase, one must break at least one of the time-reversal or
inversion symmetries [5]. We therefore add terms that explicitly break these symmetries.
A term that breaks the time-reversal symmetry can be written as [63-65]

H,, —Zw* )bjal a4 () (2.30)

with

o’ = G; %) : (2.31)

This term encapsulates the effect of doped magnetic impurities [36,59]. Additionally, we
break inversion symmetry by adding [54, 63]

Z ) (@)boa’ (). (2.32)

We plot the band structure of H = Ho+ Hy; + Hp, when (kz,ky) = (0,0) and b = (0,0,b,)
in Fig. 2.2. Consequently, a pair of Weyl nodes emerges, giving rise to a Weyl semimetal
phase.

2.2.2 Low-energy effective action of Weyl semimetals

We now derive the low-energy effective action from the Hamiltonian H by following [54,
64, 65]. In matrix form, the Hamiltonian is given by

vpl - o+ (b, + m(k))o* vp,o* + boly ) (2.33)

Hlk) = < vp,0* + byl vpL - o + (b: — m(k))o

10
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Figure 2.2: The energy dispersion relation of the Hamiltonian H with (k, ky) = (0,0) and
b=(0,0,b,). As in the previous figure, the vertical axis is F/r, and the horizontal axis is
k.a € [—m,w]. We choose m/r =0, t/r =1, bg/r =1, and b,/r = 1.5.

where we define p; = sin(k;a)/a, p1. = (pz,py), v = ta, and m(k) = m~+3r—r Zj cos(kja).
This Hamiltonian acts on the four-component spinor ¥ (k) = (¢1(k), 2 (k))T.

We denote the position of the Weyl nodes as (0,0, A\+) and assume they lie close to the
origin of the Brillouin zone,

D] < g (2.34)
Expanding the Hamiltonian around k = (0, 0,0), we obtain
_ (vkL o+ (b, +m)o? vk,o% + boly
H(k) o ( 'Ukzdz + bO]IQ UkJ_ -0+ (bz - m)UZ (2'35)

with k| = (ks, ky). We further assume that the energy scale that we focus on is sufficiently
smaller than b, + m,

E<b,+m. (2.36)
In this limit, we have
UkZ]IQ + boUZ
k)~ ———=—— " (k). 2.37
i) =~ ) (237
Consequently, the low-energy effective Hamiltonian becomes
1 20k, b
— Ii 2 2 2 212\ =z 200
Heff—§?l)2(k) |:Ukj_-0'—|—bz+m(bz—b0—m —v k‘z)O' — bz+mH2 1/12(]{3) (2.38)

The positions of the Weyl nodes denoted by (0,0, A\+) are found by solving

b2 — b2 —m? — %k =0, (2.39)
whose solutions are
Ay = £, (2.40)
> _ 12 _ .2
A= g YEZ b mm (2.41)
v

11
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The energies at the Weyl nodes are
b2 —p2 —m?2
E1(0,0,4£)\) = F2pp+—=2—0 2.42
4(0,0,2) = F20 Y50 (2.42)
Expanding around the two Weyl nodes k, = £+ + dk., we obtain

2’0)\50
b, +m

Hyi(ky,0k,) ~vk, - o +0(0k, £ N)o* + Iy (2.43)

with

2 b2 — p2 —m?2
UVOE T T (2.44)

b, +m

D=

Introducing the axial gauge field AL = (gjif;;,o,o, —)) and the velocity matrix V =
diag(v,v, £0), we can write

Ha(k) = Vij(k' — AL)o? + AD. (2.45)

This Hamiltonian describes the Weyl fermions with the anisotropic velocities [55,66] in the
presence of an axial gauge field. In the isotropic limit (V' = diag(v,v,v) or —diag(v,v,v)),
the Hamiltonian simplifies to

My (k) = xv(k — As) - o + X A3, (2.46)

where x = =41 is the chirality of the Weyl fermions. By combining both chiralities,
Hweyt = H4 ®H_, we see that the effective Hamiltonian for Weyl semimetals is equivalent
to that of massless Dirac fermions coupled to an axial gauge field. Hence, the effective
action for the Weyl semimetal can be written as

Stweyt = / I (2.47)

where ¢ = v*a,,, and v* are the gamma matrices. If we additionally include a U(1) gauge
field, the effective action becomes

SVVeyl = /d4fm;(2@ - A - ‘A5’75)¢7 (248)

which is analogous to a Lorentz-violating QED action [67-69]. One can also derive this
effective action from a lattice model composed of alternating layers of topological and
normal insulators [67,70]. We note if we distort the Weyl semimetal described by H with
the strain, we make the axial gauge fields space-dependent [54,64].

2.3 Axial anomaly

2.3.1 Axial anomaly from Landau levels

The action in Eq. (2.48) exhibits the axial anomaly. Before providing a formal derivation,
we offer an intuitive explanation based on Landau levels [44].

The axial anomaly arises when both electric and magnetic fields are present. For
simplicity, we choose AZ = (0,0,0,b,) with constant b, , and adopt the Landau gauge
A, = B.z. In this setup, relativistic Landau levels form

Ey = xp2, (2.49)

En=+Vp2+2Bn (n=1,2.), (2.50)

12
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'Pz/\/g

i N

Figure 2.3: The relativistic Landau levels for x = +1. The vertical and horizontal axises
are E,,/ VB and p, / VB, respectively. The gray area is the Dirac sea, where the particles
are occupied. The red lines express the occupied states.

where y is the chirality of the electrons and p, = k, — xb,. The spectrum is shown in
Fig. 2.3. Since we choose the Landau gauge, each Landau level degenerates along the y
direction, and the degeneracy per area is B,/2w. In addition to the magnetic field, we
apply the electric field in the z direction. In the zeroth Landau level Ej, the state above
the Dirac sea is initially empty, allowing electrons from the Dirac sea to be promoted by
the electric field. This corresponds to particle creation by the electric field. By contrast,
electrons in the negative-index Landau levels (E, with n < —1) cannot undergo such
particle creation because all those states are already filled.

Let us calculate the rate of creation of these particles. The density of the states is
given by dn = dk,/(2m). Meanwhile, the electric field changes the momentum at a rate
k,=E.,. Including the degeneracy of each Landau levels, we obtain

E.B,
= 2.51
nt A2 ( )
which can be generalized as
E-B
vy = ———. 2.52

This derivation applies to electrons with chirality x = +1. For x = —1, the electrons are
annihilated instead of being created. Hence, the axial charge conservation law takes the
form

FE-B
o2’

fis = Ty — 1 = (2.53)

which is precisely the axial anomaly Eq. (1.7).

2.3.2 Axial anomaly from Feynman diagrams

The axial anomaly can also be derived through a diagrammatic computation (originally
established in Refs. [40,41]). We begin by decomposing the action Swey1 into its right-

13
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Figure 2.4: The Feynman diagrams corresponding to T#"?(p,q, k). The solid and wavy
lines express the fermion and the external gauge field, respectively.

handed and left-handed parts:

SWeyl = Z Sxy (2.54)
x==
S, = / a1 — Ay )by, (2.55)
where we define

wx = Px¢a (2.56)

AX = Ay + XA, (2.57)

1 5
P, = +2X'Y . (2.58)

We consider the three-point function defined as

Bz,

THVP -
) = AT 0 AR

(2.59)

which is expressed by the Feynman diagrams as Fig. 2.4. Here Z, = [ DD exp[iSy]
is the partition function. In terms of the current density J{ = —i(d1n Z,/JA)), the
three-point function can be written as

T = (T ()T (@) (R)) (2.60)

where T is the time-ordering operator. Thus, one might naively expect the following Ward
identities to hold:

puTH"P = g, TP = k, TP 0. (2.61)

We will see, however, that a subtlety arises in regularizing the loop integral, which leads
to the axial anomaly.

To check whether the Ward identities are satisfied, let us compute the three-point
function explicitly. By the Feynman rules, we obtain

, d*l 1 1, 1 1+x9°
TP (p, g, k) = _/ " [’Y”’Y” o +(wpevg.  (262)
X @m)t =9 1 T +d 2

14



CHAPTER 2. REVIEW OF LOW-ENERGY EFFECTIVE THEORIES

After evaluating the trace, one obtains

d [, —p)e 1,0 -
(2m)4 [ZQEZ _];))2 - ZQEZ__::Z;2 + (4, p < v,q). (2.63)

Taking into account the Lorentz invariance, the first (second) term in the square brack-
ets should be proportional to p,ps (¢,¢-), and thus vanish upon contraction with the
antisymmetric tensor. As a result, we have

kT (p, q, k) = 0. (2.64)
Next, we examine the other Ward identities. One finds similarly

- d*l l l— +

P o) =20 [ | - ST v, (269
The first term again vanishes by the same argument. For the second term, a shift of the
integration variable | — [ + p, suggests that the integrand would also vanish if we can
freely shift the loop momentum. But because the integral is linearly divergent, we must
be more careful about how we regulate it.

As discussed in Refs. [39,45,71], the final result of the integration depends on how one
chooses the internal loop momentum [. Concretely, if we replace [ by | — [+ ¢(p — q) +
d(p+q) with ¢, d being arbitrary real numbers, the Ward identities take the form [39,45,71]

ZPMT;:VP(Pa q,k) = X@(l — )" gk, (2.66)

i, TP (p, g, k) = XS?(l — )" T pykr, (2.67)
1

ik, TP (p,q, k) = XWQCGMWTPUQT- (2.68)

The ambiguity of the Ward identity corresponds to how we choose the regularization
scheme. Because no single value of ¢ can make all of Egs. (2.66)-(2.68) vanish simultane-
ously, at least one of the Ward identities must be broken. This breakdown of the classical
Ward identities is the axial anomaly.

2.3.3 Consistent anomaly

One natural choice of ¢ is ¢ = 1/3, where we treat three identities equally. In this choice,
the conservation law in terms of the current density and the gauge field becomes

X Vpo
(9,“7; - 96?6’[]4 p FEL(V‘FZ(U (269)

with F, = 9, A¥ — 9, AY. This anomaly is referred to as the consistent anomaly [45]. We
rewrite these conservation laws in terms of the vector and axial currents as

]' vVpo
0T+ = me*‘ P? Py Fry, (2.70)
Ou Tt = — P (o + F2,F2) (2.71)
nYs5 T 4871'2 puv = po puv* pol .
where
Jht=J¢+ T8 T =T - TJ". (2.72)

15
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The lack of vector charge conservation is problematic. By following Ref. [72], we can
remedy this by adding a local counterterm to the effective action:

Seff[A, A5] — Seff[A, A5] + /d4$6“VpJAHAngg. (2.73)

1272
With this addition, the conservation laws become

9 I =0, (2.74)

1 1
({“)#Jg = Wﬁuupg <Fﬂ1}Fpo + 3F5VF§U> . (275)

The modified currents J# and JE are called the consistent currents.
The term “consistent” reflects that this anomaly satisfies the Wess-Zumino consistency
condition [45,73]. Following Ref. [45], we introduce the gauge transformation operator,

J
_ 4
oy = /d xaﬂ)\é " (2.76)

The effective action is not gauge invariant because of the anomaly,
SxSeti[A] = A,. (2.77)
The gauge transformation operators with different parameters obey the gauge algebra,
[0x, 0] = 0. (2.78)
Then the anomaly A should fulfill
OzAy — do A\ = [0, 05]Set = 0, (2.79)

which is the Wess-Zumino consistency condition. Here, by replacing the parameter A with
a Grassmann number ¢, we introduce the BRST operator,

0
s = /d4$a“0%, (280)

which satisfies s> = 0. Then, the anomaly can be expressed as
5Seq[A] = A. (2.81)

This is analogous to the differential form, where the field strength F' is the exterior deriva-
tive F' = dA. The Wess-Zumino consistency condition requires that the anomaly A is a
“closed one-form,”

sA =0, (2.82)

The consistent anomaly is not gauge-invariant since the gauge transformation of the con-
sistent current is

o

w_ 9 4
sy 5AMA X24772

P7 O, ek, . (2.83)

This reflects the fact that under a gauge transformation, the consistent current itself shifts
in a way that encodes the anomaly.

16
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2.3.4 Covariant anomaly

Let us go back to the Ward identities Eqs. (2.66)-(2.68). We have another choice to push
anomaly on the one vertex, i.e. ¢ = 1. In this case, the conservation law is given by

. X
8;,,];; = @E’uypangFZ(o.. (284)

which is called the covariant anomaly [45]. The covariant current is gauge-invariant,
sj%t = 0. The conservation laws for the covariant current are given by

1

8Mj# — 8?EMVPUFMVFEW (2.85)
P 1 nvpo 5 15
Ouds = 12" FuvFpo + FiiFyg). (2.86)

The covariant currents are related to the consistent current by

1
JH = j'u - RG#VPUAing, (287)
. 1 -
JE =g — = AFD . (2.88)

The difference between the consistent and covariant currents §j* = J# — j# given by

1
0 = = 5" A o (2.89)
is called the Bardeen-Zumino polynomial [74] or the Chern-Simons current [45,75]. In
Weyl semimetals, the Chern-Simons current plays a pivotal role in describing transport
properties. From the perspective of Landau levels, one can regard the Chern-Simons

current as the flow that emerges at the bottom of the Dirac sea, i.e., below a momentum
cutoff A [45].

2.4 Chiral kinetic theory

The kinetic theory is a macroscopic, low-energy effective framework that describes non-
equilibrium dynamics in a semiclassical manner. Because it is inherently semiclassical,
quantum effects such as the axial anomaly are absent. In what follows, we review how
to incorporate these anomalous effects and thereby construct a kinetic theory suitable for
Weyl semimetals.

2.4.1 Kinetic equation with Berry curvature

In this section, we review the derivation of the chiral kinetic theory based on Refs. [76-78],
(see also Ref. [79] for an alternative derivation). We begin with the Hamiltonian of the
right-handed Weyl fermion in the presence of an external electromagnetic field,

H=0c-(p—A)+0. (2.90)
Here, o - p can be diagonalized by a suitable unitary matrix Vj, as

Vga -pVp = |p|os. (2.91)

17
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We denote the eigenvector corresponding to the positive energy by uy,
(o - p)up = |p|up. (2.92)

We consider the transition amplitude between the two states ¢ and f. The transition
matrix element can be written as a path integral,

. tr
(fleEr=td |3y = / DxDpP exp [z / (p-de—o-(p— A)dt — ddt)|, (2.93)
ti

where P is the path-ordering operator. We insert the identity matrix I = VPVJ into each
step of the path integral, and then o - p is diagonalized,
TH(te—ti) |\ — 13 ip- Az —i|plo. At—i® Aty T io- AAL
(e )iy = Jim / Hdw(t)dp(t)e ¢ ViewAdy o (2.94)
with Ap =p — p' = p(t) — p(t — At). We now assume there is no transition between the
particle and antiparticle states and neglect the off-diagonal component. We focus on the
amplitude between the positive energy states. Then, we should evaluate

VI ARV, aplis = ube™ A%y, np. (2.95)

Here, we have the Gordon-like identity [80],

wl

Louy = [—iuL(Ap x puy + (p+ p’)u;r,up/}. (2.96)

bl + [p'|
By using this identity, we find

. 1
uhe' A8y = uf exp [,[(Ap xp')-A+i(p+p)- A]N} Upy
Ip| + |P'|
— whuy exp | 2P X )
PP 2|p|

where p = p/|p|. The second term in the square brackets in Eq. (2.97) combined with
e~ IPIAL in Eq. (2.94) becomes e~IP~AIAL gince |p— A ~p—pH- A up to O (A?). We can
rewrite the first term in the square brackets in Eq. (2.97) as

ANt +ip - AAt] + 0 (Ap?), (2.97)

p-B
exp zAt]. 2.98
[ 2|p| (298)

Lastly, we define the Berry connection A as uI,upr = ¢~ "AAP [8]], which can be regarded
as a “vector potential” in momentum space. The field strength of the Berry connection is
called the Berry curvature, whose concrete form is given by

A

p
=V, xA=_—"-. 2.99
P A P (299

This formula shows the presence of the monopole at p = 0 in momentum space,
Vp - Q2 =271(p). (2.100)
If we introduce the gauge-invariant momentum P = p — A, we find

uhuy = (1+ Q- B)e A4P, (2.101)
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This factor VG = (1+9- B) acts like the determinant of the metric. Indeed, the invariant
measure of the phase space with Berry curvature is given by vVGd3xd®>P/(27) [82].
The total effective action for a particle can be written as

S_/dt[(P+A)~a'c—(e,,+<I>)—.A-p], (2.102)
where the dispersion relation is
ep = |p|(1 — B - Q). (2.103)

The dispersion relation is modified by the magnetic moment coupling (the Zeeman ef-
fect). This modification is crucial for maintaining Lorentz invariance in the chiral kinetic
theory [77,78].

From this action, one can derive the equations of motion,
T=vp+pxQ, (2.104)
p=FE+ix B, (2.105)
where v, = Oep/0p is the quasiparticle velocity, and E=E- Vep. If the Berry curvature

is absent, they reduce to the usual equations of motion. By substituting Eq. (2.105) into
(2.104), we obtain

VGi =v,+ ExQ+ B(vy,-Q), (2.106)
VGp=E+v,x B+Q(E-B). (2.107)

Once the equations of motion are known, one can formulate a kinetic equation by in-
troducing the distribution function f(¢,«,p). The Boltzmann equation for right-handed
particles takes the form

Ofr 1 -
Ofr

+\/1§[E+UPXB+Q(E-B)] -%_C[fR], (2.108)

where C[fg] is the collision term. For left-handed particles, we should flip the sign of the

Berry curvature, 2 — —€2. For antiparticles, we should replace A, — —A, and 2 — —

in addition to the flip of the chemical potential in the distribution function p, — —pu,.
The charge and current densities are given by [77,83]

3
Py = ;/(if;g,\/@fx, (2.109)

u:;/

where Zp, ., denotes the summation over the contribution of the particles and antiparticles.
For antiparticles, we should change the total sign of the integrand in addition to the above
replacement. By applying the collisionless Boltzmann equation and using the definitions
of the charge and current densities, we obtain the continuity equations for the electric and
axial currents,

afr

3
(;fﬂl)?g [(vp + (vp - Q)B + E x Q) fy + V x frepf2], (2.110)

op )
V- -7=0 2.111
5 TV I=0, (2.111)
ap5 . 1
—+4+V . -j5=——FE-B 2.112
5 TV I= 55 : ( )

thereby reproducing the axial anomaly in the kinetic theory framework.
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2.4.2 Consistent chiral kinetic theory

We consider the situation in which an axial gauge field AZ(x) is present. Although such
a field does not exist as a fundamental gauge field in high-energy physics, it can arise
naturally in Weyl semimetals. In particular, the separation of the Weyl nodes can be
represented by a constant axial gauge field, and a spacetime-dependent axial gauge field
can emerge from strain [54,64].

In this case, we should replace the electromagnetic fields in the Boltzmann equation
and in the definition of the charge and current densities by the effective electromagnetic
fields,

B — B, = B+ xB:s, (2.113)
E — E, = E + \Es. (2.114)

Then, the continuity equations are modified as [84]

op 1

—+V.j=—(E-Bs+ E5-B 2.115
8t+ J 271'2( 5 + Lis )a ( )
ap5 . 1
— +V . -js5=—(E -B+ E5- Bs). 2.116
5 TV 5 %Q( + E5 - Bs) ( )

These equations coincide with the covariant conservation laws in Eq. (2.85) and (2.86),
where the charge current is no longer conserved. Since the conserved consistent current is
physical, we should add the Chern-Simons current [45, 75],

1
St = _?EWPAEFA,J. (2.117)

The formulation of chiral kinetic theory that incorporates this prescription (i.e., adding
the Chern-Simons current) is known as the consistent chiral kinetic theory [84].

2.4.3 Chiral magnetic effect
Chiral magnetic effect

Even in the absence of any spacetime dependence of the axial gauge field (so that total
charge remains conserved), the Chern-Simons current still plays an essential role [45]. To
illustrate this, let us compute the charge current in equilibrium under a small constant
magnetic field. The distribution function for particles with the chirality x is

fx =nr(Blep — 1y)) = np(B(Ipl — 1x)) — [PI(B - @) (B(IP| — 1)) (2.118)

with np(x) = 1/(e® + 1) being the Fermi-Dirac distribution function. The quasiparticle
velocity is given by

v, =p+2p(B- Q) —B(p-Q). (2.119)

Up to O (Bz), the current density of particle is given by

= [ sl (nr(6p1 = 1)~ B B0l - ) )

L 2p(B-9) — B(p- )nr(B(lp| — uy) + (b~ 2)Bnp(3(p| - ux»}

3
_ / (;ijjgzza(B Q) (B(p| - ). (2.120)

20



CHAPTER 2. REVIEW OF LOW-ENERGY EFFECTIVE THEORIES

Figure 2.5: Two Weyl cones in equilibrium. This figure is cited from T. Amitani and
Y. Nishida, “Dynamical chiral magnetic current and instability in Weyl semimetals,” Phys.
Rev. B 107, 014302 (2023), (C) 2023 American Physical Society.

By performing the angular integration, we obtain

. B [~
Ixp = 4712/0 dpnr(B(p — py))- (2.121)
Therefore, the total charge current is
B e.9]
=13 ; dp[np(B(p — py)) = ne(B(p + py)) — ne(Blp — p-)) + nr(Blp + p-))]
— M5
= 27123’ (2.122)

where ps = (u4 — p—)/2 is the axial chemical potential. This result is known as the chiral
magnetic effect [48].

In Weyl semimetals in equilibrium where ps = —Ag (see Fig. 2.5), the chiral magnetic
current is given by

A3
272
Hence, the chiral magnetic current is present even in equilibrium. However, such an
equilibrium current is problematic, and the chiral magnetic current must vanish in equi-
librium [45, 63, 85]. The resolution is to consider the consistent current rather than the

covariant current [45]. The consistent current is obtained by adding the Chern-Simons
current,

Jj= (2.123)

A A9
J=—"5B+5B=0. 2.124
272 + 272 ( )
N——
j 53

Thus, the Chern-Simons current precisely cancels with the covariant current, causing
the consistent chiral magnetic current to vanish in equilibrium. Therefore, including the
Chern-Simons current is indispensable for a complete description of Weyl semimetals. The
Chern-Simons current also contains the contribution of the anomalous Hall current [36,86]
in Weyl semimetals,

1

which does not appear in conventional chiral kinetic theory without the Chern-Simons
current.
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Chiral plasma instability

We also review the chiral plasma instability [87], which is a phenomenon closely related to
the chiral magnetic effect, by following Ref. [88]. We couple the chiral magnetic current
Eq. (2.122) with Maxwell’s equation and investigate the behavior of the plasma. The
Ampere’s law with the chiral magnetic current is

K5 OFE

VxB=—-B+—. 2.126
% 272 + ot ( )

By taking the curl on both sides and using the Faraday’s law, we find

s 9’°B
V x(VxB)= Q—WQ(V x B) — R (2.127)
For simplicity, we consider the following helical modes:
B = Bo(& + iAg)e T, (2.128)

where A = =£1 is the helicity of the mode. These modes are the eigenstates of the curl
operator:

V x B)\,k = )\ICB,\,]C. (2.129)

By substituting these helical modes in Eq. (2.127) and solving the equation, we obtain the
two solutions:

w=+4/k (k - )\%) (2.130)

We find one of the solutions with the helicity A = sign(us) and small wave vector k < 2“752
is a positive imaginary number. This solution implies the existence of the exponentially
growing mode, which is called the chiral plasma instability or the chiral magnetic insta-
bility. The chiral plasma instability can intuitively understood as follows. Initially, the
presence of an axial chemical potential allows a magnetic field to induce a chiral magnetic
current. In turn, this chiral magnetic current generates an additional magnetic field via
Ampere’s law. This induced magnetic field further enhances the chiral magnetic current,
establishing a feedback loop that leads to exponential growth of the magnetic field. As the
instability develops, it consumes the axial imbalance, thereby reducing ps [88]. Eventually,

once the axial chemical potential is depleted, the system stabilizes.

2.5 Summary

In this Chapter, we reviewed four topics related to our study. In Sec. 2.1, we reviewed
the low-energy effective action of the quantum Hall effect. The Chern-Simons term was
introduced, and we checked that it describes the Hall effect. We also introduced the Wen-
Zee term by considering the system on a curved space. The Wen-Zee term describes the
Hall viscosity, and its coefficient is related to the Wen-Zee shift. The Chern-Simons and
Wen-Zee terms play an important role in our study of the quantum Hall effect (Chap-
ter 3). In Sec. 2.2, we derived the low-energy effective action from the lattice model. The
Weyl semimetal is realized by the topological insulator without time-reversal and inversion
symmetries. The resulting action is the Weyl fermion with the axial gauge field. We also
discussed the anomaly of the Weyl fermion with the axial gauge field in Sec. 2.3. There
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are covariant and consistent anomalies, and the conserved consistent current is physical.
The difference between the covariant and consistent current is called the Chern-Simons
current. We will discuss responses derived from the effective action in Chapter 4. Lastly,
we reviewed the derivation of the chiral kinetic theory, which is a kinetic theory with the
axial anomaly. By introducing the Berry curvature, we reproduced the covariant anomaly.
Therefore, we should add the Chern-Simons current to the conventional chiral kinetic
theory to obtain the physical current. We also checked that the Chern-Simons current
is essential for the chiral magnetic current to vanish in equilibrium. We will employ the
chiral kinetic theory in Chapter 5.
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Chapter 3

Quantum Hall systems

In this chapter, we focus on the quantum Hall systems with the Galilean invariance.
Starting from the microscopic action, we will construct the general effective action based
on symmetries and compute various responses of the system. While similar attempts can
be found in previous works [25,27,29] (see also Refs. [89,90] for cases without Galilean
invariance), we will extend these effort to allow for computation of an energy current and
nonlinear responses to full orders in an electric field.

3.1 Microscopic action

We begin with two spatial dimensional electrons under an external electromagnetic field,
whose microscopic action is given by

S = Sy + Sint (3.1)
with
D, ¥tD,¥ B
So = /dt & (W'D w - 2T 97 gty (3.2)
2m 4dm

and \Iﬁﬁuqf = [VI(D,¥) — (D,¥1)W¥]/2. Here, D,V = (9, —iA,)¥ and D,V =
(0, +iA,) ¥ are covariant derivatives, ¢ = —A; and A; are scalar and vector potentials,
respectively, and g is the g-factor. The interaction term Sjy is arbitrary as long as it
is invariant under symmetries discussed in Sec. 3.4. We will discuss possible interaction
terms in Sec. 3.5.

Since this action couple with the U(1) gauge field, we can compute the charge current
by differentiating the action with respect to A, as we explained in Sec. 2.1. Additionally,
we are interested in energy and momentum currents. Therefore, we need to couple the
system with their external sources. For relativistic systems, this is achieved by placing
the system on a curved spacetime, where a Riemann metric acts as an external source of
the energy-momentum tensor. Similarly, for nonrelativistic systems, we should place the
system on a nonrelativistic curved spacetime, which is described by the Newton-Cartan
geometry. It is also possible to couple external fields conjugate to energy and momentum
currents without relying on the Newton-Cartan geometry [91,92]. However, the Newton-
Cartan geometry provides the advantage of treating currents in a covariant manner [28].
Importantly, the choice of method for incorporating external fields does not affect our
results in flat spacetime.
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3.2 Newton-Cartan geometry

In this section, we review the Newton-Cartan geometry following Ref. [28,30,93,94].

A Newton-Cartan spacetime is described by three metrics: a clock covector n,, a
spatial metric h*, and a velocity vector v*, which are not independent. The clock covector
n, is a zero eigenvector of h*”:

h*“n, =0, (3.3)
and the velocity vector v# is normalized by n,:
nyot = 1. (3.4)

Since the spatial metric A*” does not have its inverse, we cannot define a spatial metric
with lower indices h, as in the Riemann geometry. Instead, h,, is defined to satisfy the
following conditions,

h*hy, = P* (3.5)
hyv” =0,
where P4, = 6", — v#n, is the spatial projector.
A

We introduce a covariant derivative V,, with a connection I'",,,
as follows [93]. At first, we require the metric compatibility conditions:

which is determined

VAhM =0, (3.7)
V,n, = 0. (3.8)

Additionally, we impose the following condition,
haaT,, =0, (3.9)

where T, = F“[W] is a torsion tensor. This condition expresses that the spatial compo-
nents of the torsion are zero. The connection is decomposed into components in parallel
and perpendicular to n,:

I, =v'Ty, + Tk (3.10)

Then, the condition Eq. (3.9) reduces to

Ty = oA, (3.11)

where A, is an arbitrary antisymmetric tensor, A(,,) = 0. From Egs. (3.7) and (3.8), we
find

FZLLO‘ + PZ,LLp = 8uhpa + anau + naBp,“ (3.12)
FZV = OpNy, (313)

where B, is an arbitrary tensor. By cycling the indices of Eq. (3.12), we have

_FZpa - ng,u = _(aphau + nO'B;,Lp + nuBa'p)7 (3.14)
L+ T = Oohyp + 1uBpo + 1y By (3.15)
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By summing up Egs. (3.12), (3.14), and (3.15) and using Eq (3.11), we obtain

Th = by + Oyhyp — Dol

+ an(W,) + n,u(Apzz + B[py]) + nu(Ap,u + B[PM})’ (3.16)

h
p(pv)

which leads to

1
hoo_ h h
Lo = §(FP(W) + FP[W])

1
= i(auhpv + &/hup - 8phuu)

1 1 1
+ inp (A,W + B(Ml,)) + inu (Apy + B[pl,]) + iny (APM + B[p#}) . (3.17)

From Egs. (3.13) and (3.17), we obtain the explicit form of the connection,

1 1
I, = v 9un, + ihkf’(aﬂhpy + Oyhyp — Ophy) + §Wn(“ forp (3.18)
where f,,, = —(Au + By)) is an antisymmetric tensor.

In general, we have degrees of freedom to add an arbitrary tensor to a connection. In
this case, the combination of the first and second terms in Eq. (3.18) acts as a connection,?
while the third term is a tensor. Here, we employ the minimal connection?

1
D = 0y + S0 @b + Do = by (3.23)

This connection has a nontrivial torsion,
A A
T,uzx =v 8[#”1/]7 (324)
which is called a temporal torsion since its spatial components are zero hp,\T/)W =0. We
also introduce a torsionless connection by subtracting the torsion tensor,

o 1 1
I, = 51;*8(“711,) + 5W(auh,),, + Oyhyp — Ophy). (3.25)

!Under the general coordinate transformation z* — y*(z), the first and second terms transform as

A oy* 9z 9P
v Oum = oz Oy+ 8y"v Gams + oz Byuay"v

A «@ B A 2 .«
A . dy” Oz Oz vy +ho¢,3h765ﬂ58i 0°x
787 oz Oy~ dyv |a B oz dyrdy”
A a B A 2« A 2 .«
_ Oy 0x" 0w [y | Oy” 0wt Oy Ot L (3.20)
Ox7 Oy+ Oyv o B Oz OyrdyY  Ox" Oyrdyv

X 92 8
Oy” _Ox” v, (3.19)

where we define

A 1
{M y} = ih P(Ouhpy + Ovhpp — Ophyy). (3.21)
Therefore, these combination transforms as a connection,

o oy> dx™ 9xP - oy 9%

- — . 22
w T B Ayr Ay~ B dxe dyrdyY (3.22)

2The ambiguity of the connection does not affect our final result because they can be absorbed into
arbitrary coefficients in Eq. (3.93).
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The covariant derivative with I has the following properties [28,30]:

V,.hA =0, (3.26)
V,n, =0, (3.27)
1
Vuhzx)\ = —57'“(,/71)\), (328)
1

V¥ = imh”, (3.29)
vV 0" =0, (3.30)
Vil = 0, (3.31)

where we define 7, = U)‘G,\hw, =+ h,\,,auv)‘ + hMa,,UA and V¥ = h**V,,.

3.3 Microscopic action on a Newton-Cartan spacetime

We now couple the action with Newton-Cartan metrics [28,93,94]. The microscopic action
incorporating the Newton-Cartan metric should be constructed in a covariant manner,
ensuring that all indices are fully contracted by other indices. Moreover, the action should
reduce to its original form in the flat spacetime limit. A minimal action satisfying these
conditions is given by

= h* g MYy
So = /d%ﬁ {v“\lﬁzDu\I’ — (2m + 4m> DM\I”LD,,\IJ]. (3.32)
Here the volume element is provided by \ﬁd?’aj with
v = det(yw), Vv = NNy + Iy, (3.33)

where v, has an inverse (y~1)* = vHv” + h*”| and the totally antisymmetric tensor
reads eMV = MW/ V7. To recover the flat spacetime action Eq. (3.2), we should set
ny, =v* = (1,0,0) and hy, = " = diag(0,1,1).

To confirm the Newton-Cartan metrics serve as external sources of energy and mo-
mentum currents, we vary the action with respect to the external fields (A, ny, v*, ).
Here we should be careful that we cannot vary the external fields arbitrary because of
the constraints Eqs. (3.3) and (3.4). If we choose 64, and dn, to be arbitrary, the other
variations are given by [28,93,94]

ot = —vkv¥én, + PHODY, (3.34)
S = —v R ony + P PYShP, (3.35)
Shuw = —n ()00 = hyphyedh?”, (3.36)

where 0A,,, on,, 6v*, and Sh* are independent®. We now introduce currents conjugate
to the external fields as

68 = / d*e\/y (j“éAu — EMony, — PLovt — ;mahﬂy) : (3.37)

3We can choose dv* or Sh*” to be arbitrary. In Appendix A, we examine that our computations are
not affected if we choose dv* arbitrarily.
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where J#, ¥, P, and T, are to be identified as the electric current, energy current,
momentum density, and stress tensor, respectively. Differentiations of Sy in Eq. (3.32) are
given by

v s Apv
g* = vty — o whiD w4 QETM&,(\I'T\P), (3.38)
HRYA (Vh)\)},c SRS 75N
gn=" 5 Y DU DU+ Y p wiD,w, (3.39)
m m
Red
Pu=-P/U4iD,V, (3.40)
— heo POP?
Tow = (mu D\¥ — 2mDp\IITDg\IJ> + #D(pqﬁpo)\y. (3.41)

These expressions in a flat spacetime reduce to familiar forms of the currents (see, e.g.,
Ref. [95]) under the equations of motion for ¥ and W'. This confirms that the Newton-
Cartan metrics serve as external fields conjugate to the energy and momentum currents.
We note ¢y in ny, = (1+ ¢,,0,0) and v* = ((1 + ¢,)~1,0,0) corresponds to Luttinger’s
gravitational potential conjugate to the energy density [96].

3.4 Symmetries

3.4.1 Milne boost

We now investigate the symmetries of the action Eq. (3.32). This action is invariant under
both the U(1) gauge transformation,

T — XU, A, — A, + X, (3.42)
and the general coordinate transformation,
at — 2t = 2P (z), (3.43)

where the fields with upper (lower) indices transform contravariantly (covariantly).
The constrains Egs. (3.3) and (3.4) are preserved under a boost of the velocity vector:

v — ot + W, (3.44)
Py = By = 1 PYUN + 1m hP7 b (3.45)
Under these transformations combined with

m
Ay = Ay mPLby = T b s + 0,70, (ny PRy, (3.46)

the action Eq. (3.32) is invariant. This set of the transformations is called Milne boost [93,
94]. We note that v is invariant under the Milne boost.*

4This invariance can be demonstrated for an infinitesimal Milne boost. Under the infinitesimal Milne
boost, the inverse of v,, transforms as

(—y*l)ﬁ“// _ (771);”/ +v(uhu)k¢)\7 (347)
which leads to
—1\pr
% = >, (3.48)
A
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The transformation laws of the fields under the infinitesimal transformations are given
as follows. For the infinitesimal U(1) transformation parameterized by x, we have

oyn, =0, 0h" =0, 60" =0, 6bhu =0,

3.50
Ay =0ux, 0,V =ixV. ( )
For the infinitesimal general coordinate transformation z# — x* 4 £#(x), we have
deny = =& 0y — 1y, 0uE",
Seht = —E2O\hM 4+ WV ONEM + 0N,
OgvH = —£Y0,v* + vV, EH,
¢ gA v Ve R R (3.51)
5§h,uu = _5 8)\h,uu - h)\ua,u§ - huA&/& )
b Ay = —E"0,A, — A0,
0¥ = =10, .
For the infinitesimal Milne boost parametrized by v, we have
Oyny =0, Gpht" =0, oyv" = W'Yy,
Syhuy = —(nu P’ + 1y, P )ba,
. 9 e A (3.52)
dp Ay =mP uw” + Znus Oy (npPsby),
Oy = 0.
The Galilean boost is a special case of these transformations in a flat spacetime:
. . . 1 .
Y=V &=V, X:?m%—mWﬂ, (3.53)

where V7 is the boost velocity. Therefore, the Milne boost can be understood as the local
extension of the Galilean boost. While the Milne symmetry remains hidden in a Galilean-
invariant flat spacetime, it becomes explicitly manifest in a Newton-Cartan spacetime.
However, as we will see later, the constraints imposed by the Milne symmetry persist even
in a flat spacetime, leading to nontrivial consequences. We also note the nonrelativis-
tic general coordinate transformation [98] can also be reproduced by the combination of
specific cases of the general coordinate and Milne transformations [93].

3.4.2 Ward identities

The symmetries of the action lead to the Ward identities (the conservation laws). The
Ward identities can be derived by requiring 65 = 0 under the transformations Egs. (3.50)-
(3.52), combined with the equations of motion for ¥ and ¥f. The U(1) gauge invariance
implies the charge conservation law [28,93,94],

(Vu+B,)J" =0, (3.54)

This implies

0 o)™
- =, =0. 3.49
8w/\ ’Yu a/w}\ ( )

Thus, v is invariant under the infinitesimal Milne boost, 9y, " = 0.
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where B, = Ti‘i)\. The general coordinate invariance leads to the energy and momentum
conservation laws [28,93,94],

1
(Vi BU)EH = Fup " = G = 2 (VH0 + Vo) PP T, (3.55)
(VY0H) P2 P, + Vu(0H PYP?) + (Y + B (P2 P Toy) = —F,V T+ G7EX, (3.56)

where F),, = 0,A4,) and Gy, = 9n,). The Milne invariance establishes a relationship
between the charge current and the momentum density [93,94],

mP);LjM B %Eypaav(junu)npp)} = hu/\Pu- (3.57)
In a flat spacetime, these conservation laws reduce to the familiar forms,

9uT" =0,
ap,gu == jiF:ita
0/Pi + 0;Tij = TV Fyy,
Py =mJ' — %eifajjt.

3.5 Interaction

The various interaction can be incorporated into the theory while preserving the U(1)
gauge, general coordinate, and Milne invariance. For instance, the Coulomb interaction,
which propagates in three spatial dimensions, can be introduced via an auxiliary field
agn [22],

Sint = /d?’:c\ﬁao\IJT\I' + 27eg / d>xdz /AW Oyandyan + (9za0)?, (3.62)

where ¢ is the dielectric constant. The interaction by the power law potentials can
similarly be introducing by employing auxiliary fields that live in higher dimensions [97].
As another example, an attractive interaction of range m;l can be incorporated as [22,98],

2
Sipt = / NG (A\Iﬁ Ve — %h‘”’augbaygb — 72%2) . (3.63)

Therefore, the above discussion on symmetries in Sec. 3.4 remains valid for interacting
electrons. This ensures that our framework is available for the fractional quantum Hall
states.

3.6 Preparation to construct effective action

In this section, we make some preparations to construct the effective action of quantum
Hall systems which respects the U(1) gauge, general coordinate, and Milne invariance.

3.6.1 Power counting scheme

To systematically construct the effective action, we introduce a power counting scheme
based on the assumption that external fields vary slowly over spacetime. This allows
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us to perform a derivative expansion, treating spacetime derivatives as small expansion
parameters compared with the energy gap:

9, ~0(d). (3.64)

In the quantum Hall systems, the energy gap is characterized by the cyclotron frequency,
we = B/m. If we assume the magnetic field is B ~ 1T and use the mass of electrons in
vacuum, the cyclotron frequency is of the order of 10! s~!. Therefore, our theory remains
valid in the regime, where w < w, ~ 1011 s71.

The electromagnetic and Newton-Cartan fields are assumed to be order of unity,

Fuy, ny, v, B* ~O(1). (3.65)

Since the electromagnetic field F},,, involves derivatives of the gauge field, the U(1) gauge
field is regarded as

A, ~0(07h). (3.66)

3.6.2 Spin connection

To facilitate our calculations, we introduce the vielbein and spin connection, as outlined
in Sec. 2.1.3. The vielbein is define as

' = e e, nue™ = 0. (3.67)
The spatial metric is invariant under the SO(2) rotation,
e eIt — e (e £ eVt (3.68)

The spin connection is defined as

1
Wy = §e“bh)\l,ea)‘vueb”, (3.69)
where V, is the covariant derivative with the connection Eq. (3.23). Under a local SO(2)
rotation of the vielbein, the spin connection transforms as an Abelian gauge field:

Wy — wy, + 0,0. (3.70)

3.6.3 Milne invariant objects

To construct the Milne invariant effective action, it is inconvenient that the external fields
v, by, A, transform under the Milne boost. Then, we modify the external fields to be
invariant under the Milne boost. To achieve this, we introduce a Milne invariant vector
u#, which is normalized as n,u* = 1. The corresponding covector u, = hy,,u” and the
scalar product u? = hywutu” are not Milne invariant:

ut — u, (3.71)
Uy =y — P B (s — why), (3.72)
u? = u? 4 W (P, — 2u,,). (3.73)

Using u,, and u?, we construct Milne invariant objects [94],

iLW =y — gy + nun,,u2, (3.74)
A, = A, +mu, — %nuu2 + %nual’p"&,(npua). (3.75)
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The connection and spin connection are also not Milne invariant. To make them invariant,
we should replace (v¥, hy,,) with (u*, hy,),

- 1 - - -
F)\/w = udmy + §h>\p(auhpv + Oyhyp — Ophyu), (3.76)
1 - .
G = Qeabhwe“vueby, (3.77)

where @u is the covariant derivative with I )‘W.
The properties pf the Newton-Cartan geometry remain valid when replacing (A", n,, v,V )
with (h*,n,,u*, V) [94]:

nyut =1, (3.78)

B’ =0, (3.79)

hunh = P4, = 6", — u'ny,, (3.80)

VahH =0, (3.81)

Von, =0, (3.82)

Vahuw = —F(um), (3.83)

Vout = %%,,aha“, (3.84)

uVyut =0, (3.85)

Vit = 0. (3.86)

We note ¥ = v and f/\uk = F/\/M‘
We construct u* order by order in derivative expansion,

ut = ué‘o) + “?1) +ee (3.87)

where u’{n) ~ O (0"). The leading term is uniquely determined by the symmetries and is

given by

2N
ully = %, (3.88)
with B = e"*n,0,Ay. Under the Milne boost, the U(1) gauge field transforms as A, —
A, + O (1), which leads to 9,4, — 9,4, + O (9). Thus, u’(‘()) is Milne invariant up to
O (9). The vector u?o) corresponds to the drift velocity of the quantum Hall systems in a
flat spacetime. The drift velocity also appeared in Refs. [29,99,100] to serve similar roles.
Although we cannot determine the next-to-leading term u’(il) uniquely, it does not

appear in our effective action as we will show later.

3.7 Construction of effective action

We construct the effective action up to O (62) based on the symmetries. We sum-
marize available data for constructing effective action in Table. 3.1, where we define
B = 6“”)‘71“81,[1,\, G = Opny), GV = e A9y, G = 5“”)‘71“8,,71)\, and B# = u)‘G,M.
From these data, scalars up to O (82) can be constructed as in Table. 3.2. This table
contains scalars that are not independent or are zero up to O (82). By the evaluation
presented in Appendix B, Table. 3.2 is simplified as Table. 3.3. In this table, we have not

32



CHAPTER 3. QUANTUM HALL SYSTEMS

Leading order Data
ot A,
90 Fo, h*, BW, Ny, U, ghvA
Ll V., @py By Gy G*, G

Table 3.1: Available data for constructing effective action.

Leading order Scalar

9° B, Fy F* | by, ,et" A F e T F,,

(VM NVEyy, e NV, Fyy), e F,00,B,
h"”(@ M) Fyy, h’“’uA(@ E), thAFM(?MB,
o' W (7 Y hn, W (Y gl ), BP0y 0, B
V., utd, B, B, F,\, h*urB,F,y,
B, G 97, G2 By, GF o, G

Table 3.2: Scalars constructed from the data.

yet considered total derivative terms, which are the surface term in the action. In general,
a total derivative term is written as

8#(\5‘/“) = \ﬁ(vu + BN)V“ = \F’Y(@u + BM)VM7 (3.89)

where V* is a vector. Using this formula, we find that @uu“ and u“@uB are not indepen-
dent because they differ by a total derivative term:

(surface) = /7(V, + B,)(f(B)u")
= VAL (B)u"8,B + /A f(B)V, ' + /7 f(B)u'B,
= 1B )u”@uB—f—\F}’f(B) Lt (3.90)

where we use u/B,, = 0. Moreover, we observe that u*0,B itself is a surface term:

(surface) = 9, (v/7f(B )Bu“)
= 0u(VAf(B)Bufy) + O (9%)
= du(f(B )eWaVAA) +0(9%)
= 9,420, f(B) + O (9%)
= VABF (B)ujy0,B + O (8)
= VABf (B)u'9,B + O (9%). (3.91)
We also have the Chern-Simons and Wen-Zee terms as we reviewed in Chapter 2. They

should be modified to be Milne invariant as EMVAAN&,AA and E’W)‘(I}ua,,fi)\.

From the above evaluation, we finally find that the scalars we can use in the effective
action are

5“”)‘]1“8”121)\, E“Z’Ad)u&,fi,\, B, st“”nué)yn,\. (3.92)
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Leading order Scalar
o° B
ot @#u“, u“@ué, G

Table 3.3: Non-vanishing and independent scalars constructed from the data.

Therefore, the effective action which respects U(1) gauge, general coordinate, and Milne
invariance up to O (82) is given by

Set = / &/ [4”7?5””21“3”& + %6“”’\@#&,121)\ — £(B) — M(B)Mn\dum, + 0(0?)],
(3.93)

where v and & are arbitrary constants, and £(B) and M(B) are arbitrary functions of B.
Their physical meanings implied already by their symbols will be identified later, whose
expressions for free fermions are also presented in Appendix C.

Since the Chern-Simons term is O (8*1) at its leading order, u’{l) could potentially

contribute to the effective action at O (9). Its contribution is proportional to
m(ull) — ugl)ufo)n”)s"”’\&,fl,\ = mB(uE}) — ugl)u’()o)n#)ufo) =0. (3.94)

Thus, v/ 1) does not contribute to the effective action.
The Wen-Zee term is expressed in terms of the vielbein rather than the spatial metric.
Here, the variation of the vielbein constrained by Eq. (3.67) is provided by

Je = —vte®on, + Phoe™, (3.95)

where §& relates to dhH” = e*§g®). The stress tensor is then obtained from
hy ye 0Soft

Vo e’
which is guaranteed to be symmetric in u <> v by the invariance of the effective action
under the local rotation in Eq. (3.68). We note that the Wen-Zee action can also be

expressed with the spatial metric as shown in Appendix D, although its gauge invariance
up to a surface term is obscured.

Tow = -

(3.96)

3.8 Responses

We can compute the charge, energy, and momentum currents straightforwardly by dif-
ferentiating the effective action (3.93) according to Egs. (3.37) and (3.96) and using for-
mulae presented in Appendix E. Below, we present their expressions in flat spacetime
for two cases: equilibrium and out-of-equilibrium. General expressions are available in
Appendix F.

In the equilibrium case, there is no electric field F; = J;A; = 0, and a static and
inhomogeneous magnetic field B = J, A, is applied. The charge current is given by

Y]
Tt = Y B + 8, {mS"(B) + vy _ i} 0B +0 (83) (3.97)
27 ’ 8 8&rJ B ’
Jt=—19,E'(B) + 0 (8%). (3.98)
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The energy current is

E'=&EB)+0 (9%, (3.99)
E' = €70;M(B) + 0 (9?). (3.100)

The stress tensor is
Tij = 0(BE'(B) = £(B)] + 0 (%) . (3.101)

The momentum density is provided by Eq. (3.61). From Eq. (3.99), £(B) is identified as
the energy density. We also identify M(B) as the energy magnetization from Eq. (3.100),
whereas —&'(B) is identified as the charge magnetization from Eq. (3.98). We find the
internal pressure (the diagonal elements of the stress tensor) is given by P(B) = BE'(B) —
E(B), which is consistent with the formula in Refs. [26,101]. Since k represents the Hall
viscosity as we will show later, the formula Eq. (3.97) provides the relationship between
the charge density and the Hall viscosity. A similar formula is found in Ref. [30].

In the out-of-equilibrium case, a spacetime-dependent electric field and a constant
magnetic field are applied. First, the stress tensor is

vm | R ELE, OnE , BO,Ej) — se)lo, E?
- _ ntm (ik J) T 2 g9 o
Tij el <1 +m o2 ) + me\"" E}, 3 —4m5”8kEk
- —8'; [0 Ej) — 6i0cEx] + 6i5|BE (B) — £(B) — £"(BYmdpEy) + O (0%) . (3.102)

The second term (the term with x) comes from the Wen-Zee term and can be expressed
as

wz kBl
T = "5

where u’ = € E; /B is the drift velocity. From the definition of the Hall viscosity Eq. (1.3),
we find

(€69t 1+ eI* 5t 4 (k < 1)]0puy, (3.103)

B
nH = =2 (3.104)
87
The charge current is
19 2
t 14 0; F; 2 EGZE —EiajEj 3
j_%[B—m%’erai( 55 +0(9°), (3.105)
A iy — L9 E? 900, E
T _ L i BatEZ 26 J Qe j Yk Lk
=g | m B2 i B
€I BO,E; + $0,E? — E;0;E, . ' BO,E, + 30, E* — ELO,E
—m23t< it QB; i +m26”6j Ej d 2B4
K eijajﬁkEk y eij(?j@kEk 3
- Bym——— . 1
& B +&"(B)m = + 0 (9°) (3.106)
The linear response in the charge current is
oo
J o <e j+m I mi—ps
'J0; 0k B,
£"(B) + 22 - | == 0 (E?) + 0 (9° 3.107
s [mermy+ - ST o () v 0 (@), (a0n)
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The second line of Eq. (3.107) shows the Hall viscosity contributing to the Hall conductivity
at nonzero wave number [25-30].
The first term in the first line allows us to identify /27 as the Hall conductivity,
v
= —. 3.108
oH =5 (3.108)
The second and third terms in the first line show that the Hall conductivity contributes
to other responses, such as the longitudinal response at nonzero frequency. This can be
understood as follows. We consider the equation of motion for a single electron under a
dynamical but homogeneous electric field and a constant magnetic field,

mi' = B; + ¢7u! B. (3.109)
This equation can be solved as
i 1 ij
U= 2 (BeY Ej + moy E;)
1 .. m2
= — IR, +3 8tE + 53 S€IOLE; + 0 (87) . (3.110)

B
The charge current is obtained by multiplying the charge density vB/2m,

i _ VB,
J ——QWU
815 26 8t
ij
27T< Ej+m—p= —m’——5 +0 (7)), (3.111)

which is consistent with the first line of Eq. (3.107). Although this discussion is for free
electrons, our result is also applicable to interacting electrons, which is consistent with
Kohn’s theorem [102]. The same result is reported in Ref [26], which is derived by the
Kubo formula.

The energy current is found to be

1] 1 2 1
¢ vm E? _ ZjBatEj + ia,E — §EiajEj o 0; E; 9
&= o <2B mkE; [P +&(B) - & (B)m I (0%),
(3.112)
1 2
. vm |IE; [ E? " BOE + 00 E* — EO,E; g
- — = mE — 2L O.FE
& =515 \ag b B3 Ok B

GJEkakE + elk E; OLE;
8w B

L™ e BOE - €119, B2
2 B

N BO,E; — 269, E? UE;OLE
+£&'(B) <6”Ej+m ! Bge ! )-5"(B)m63‘9’“’“+0(a2). (3.113)

B

The second term in the second line (the term with x) of £ shows that the Hall viscosity
contributes to the nonlinear electrothermal response at nonzero wave number. This is a
main result of our work.

36



CHAPTER 3. QUANTUM HALL SYSTEMS

We note that the terms without derivatives in the currents are consistent with the
ideal hydrodynamics (see, e.g., Ref. [95]), where

jﬁydro = jtui7 (

Enyaro = E(B) + %J%ﬂ (3.115

glilydro = [P(B) + gt]ui’ (
h;dro = P(B)6Y + mJ ! (

hold. We also note that the terms with « arising from the Wen-Zee term are consistent
with the parity-violating hydrodynamics in two dimensions [94, 103, 104],

Eivg = Tl (3.118)

3.9 Summary

Let us summarize this chapter. We studied quantum Hall systems with Galilean invariance
and their charge, energy, and momentum currents induced by electromagnetic fields with
an effective field theory rooted entirely in symmetries. The resulting local currents are
completely determined by the Hall conductivity and viscosity and the energy density
£(B) and magnetization M(B) up to the next-to-next-to-leading orders in the derivative
expansion. We found universal relations among distinct kinds of responses.

To highlight our key findings, we consider the case when an electric field is applied in x
direction under a constant magnetic field. Then, the longitudinal conductivity at nonzero
frequency is determined by the Hall conductivity according to

Tlowr) = %8@0 —MaE,. (3.119)
We
If we assume an electric field with a frequency of a few hertz, this frequency is significantly
smaller than the cyclotron frequency, w, ~ 10" Hz. Therefore, this effect cannot be
observed in such a situation.

Furthermore, the Hall viscosity contributes not only to the Hall conductivity at nonzero

wave number as

O’E
TNo@2E) = — [mg"(B) + %UH - %H} IB =, (3.120)
but also to the nonlinear electrothermal conductivity at nonzero wave number as
2
Y _ mé&'(B) " g9 NH 0 E;
& o@omr?) [ 5 TmE(B)+ jon+ | S (3.121)

The result Eq. (3.121) can be anticipated from Eq. (3.120) and the conservation law
Eq. (3.59) except for the first term m&’(B)/B.
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Chapter 4

Weyl semimetals from low-energy
effective field theory

In this chapter, we investigate the electromagnetic linear responses of Weyl semimetals.
Starting from the low-energy effective action Eq. (2.48), we will compute the expectation
value of the current density at the linear order both in electromagnetic and axial gauge
fields in Sec. 4.1. In Sec. 4.2, we will investigate the property of the current density driven
by time-dependent magnetic fields. We will summarize this chapter in Sec. 4.3.

4.1 Current density from field-theoretical computation

As we reviewed in Sec. 2.2, the effective action of the Weyl semimetals is given by [67,70]

Syt = / B ()i — Aw) — Asy?)(a) (4.1)

with A, = (¢/v,—A) and As, = (¢5/v,—As). As discussed in Chap. 2, this effective
theory is valid in the regime w < 7, where a is the lattice constant. In general, the lattice
constant of a Weyl semimetal is several angstroms, and the Fermi velocity is of the order
of 10°m/s [6]. This gives w < 10571 ~ 102 meV.

Starting from this effective action, we compute the current density in the absence of
the axial imbalance, us = —¢s, as illustrated in Fig. 2.5. Moreover, we do not consider
the effect of the collision. The current density is expressed as

JH(z) = (@) ()
= — lim tr[y*G(z — 2')], (4.2)

' —x
where G(z — 2') is the full Green function under the vector and axial gauge fields:
i) — Alx) — As7°

We are interested in the linear order both in A, and As,. Then, we expand the current
density as

Gz — ') (x — ). (4.3)

1 xi r—a 1 xi L r—a
A g0 o)+ 5 A ) 5 A5 ol —a)

1
JH(x) ~ —i lim tr [y* = Asy°
' —x Z@

(4.4)
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As)

"= + Ay

Figure 4.1: Feynman diagrams contributing to the current density in Eq. (4.4). This
figure is cited from T. Amitani and Y. Nishida, “Dynamical chiral magnetic current and
instability in Weyl semimetals,” Phys. Rev. B 107, 014302 (2023), (© 2023 American
Physical Society.

In terms of the Feynman diagram, the current density is represented as shown in Fig. 4.1.
We perform the Fourier transformation of the delta function and the gauge field as

JH(z) = —i lim [ tr [7”,1,/1575,141(@@“”.16“'( ) gL g L g
Lk i) i)

z—z’ Za @ @ @

, 1 11 1,1, 51 i
:Z/z tr[ y+;ﬂ”y+;ﬂi+wy+¢ sty A, (k)Asne™ ", (4.5)

7

where fl = g 54 Since the l-integral is linearly divergent at first glance, we should
regularize the 11[1teg1ral.1 We now employ the Pauli-Villars regularization, where a ghost
field with infinite mass is introduced [105]. In this regularization, we replace the integral

as

1 11 1,1, 51
& MWWHW P TR T V]
1

—>/tr[v“ i e O
! Y BT Y Sl TR By il et M ] teg
(4.6)
with
JUrtim = tim 1700 - 0520, (7)
l = J]

where the limit is taken after the integration [39]. Then, the regularized current density
in Fourier spacetime is given by

== /t{ y+; m”yﬂél R, A

Intuitively, the Pauli-Villars contribution corresponds to the contribution from the bottom
of the band, where the right-handed and left-handed bands merge. Indeed, in the presence
of Pauli-Villars regularization, the right-handed and left-handed contributions cannot be
computed separately.

In fact, the integral is not divergent, but the regularization is essential, as will be shown later.
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In order to obtain the current density at finite temperature and density, we employ
the imaginary time formalism [106] by replacing

lo = vy, + p, (4.9)
ko — iwn, (4.10)

dlo ZTZ (4.11)

where v, = (2n + 1)7T and w, = 2n7T are the fermionic and bosonic Matsubara fre-
quencies, respectively. After the frequency summation, w, is analytically continued into
iwn, — wT =w+i0t.

After the trace computation, Matsubara frequency summation, and angular integration
(see Appendix. G for details), we find

TH(k) = — s e Asyik, A, (k) + 5 / de N (e) f-(w?, |k|)o" 65 B (k) (4.12)

S on
with

Ni(e) = np(B(e — 1)) + nr(Ble + 1)), (4.13)
W= (vk)? [w (w + vk)?[(w — vk)? — 4€?] 2e w? — (vk — 2¢)?

O TEAE [vk ln<(w — 0k)2[(w + vk)2 — 452]> ok ln<w2 — (vk + 25)2>] '

(4.14)

While the massless Dirac fermion contributes to both terms on the right-hand side of
Eq. (4.12), the Pauli-Villars ghost contributes only to the first term. The first term is
just the Chern-Simons current (Bardeen-Zumino polynomial), which we introduced in
Sec. 2.3. Its correct form is unavailable without the regularization, which is consistent
with the observation in a lattice model of Weyl semimetals [107].

4.2 Dynamical chiral magnetic current

The limits w — 0 and & — 0 of f.(w, k) do not commute as observed in Refs. [108,109].
First, we take the static limit, where k£ — 0 is taken after w — 0:

€ (vk + 2¢)?
lim 1 c(w, k) =1lm —In| ——F=5
R U (=)

=1, (4.15)
which leads to
1
Jstatic — _277_‘_2145 x E. (416)

In this case, only the anomalous Hall current survives, and the chiral magnetic current
vanishes in equilibrium.
Next, we take the uniform limit, where w — 0 is taken after k — 0:

4e?(4e? — 3w?)
lim 1 =lm ————5~
Sy Je ) = 0y S oy

1

=3 (4.17)
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which leads to

1 1
A E+ —o¢5B. 4.18
sx B+ o ®s5 (4.18)

Juniform = - o2

In this case, the current density along the magnetic field is driven. This current is referred
to as the dynamical chiral magnetic current or the gyrotropic magnetic current [110,
111]. Compared with the chiral magnetic current Eq. (2.122), the coefficient is smaller in
magnitude by 2/3 and opposite in sign for us = —¢s5. In this effect, a dynamical magnetic
field is applied, and then the system is driven out of equilibrium. In contrast, a static
magnetic field is applied to non-equilibrium systems with ps # 0 and ¢5 = 0 in the chiral
magnetic effect. We emphasize that the dynamical chiral magnetic effect occurs even when
s = 0 if ¢5 is finite, while the static chiral magnetic effect requires the axial chemical
poteintial. This indicate that the mechanism driving the generation of the dynamical
chiral magnetic current differs from that of the static chiral magnetic current. We note
that the dynamical chiral magnetic current is also reported in cubic noncentrosymmetric
superconductors, and it leads the negative refractive index [112].

We further analyze the dynamical chiral magnetic current. We now apply a uniform
but time-dependent magnetic field B(t). In this case, the current density is given by

1 00 4 2 4 2 _ 3 +2
J(w) = 5 5¢B(w) [1+/0 de N/, (¢) ;(i;_wgp) 7 (4.19)

in addition to the anomalous Hall current. The total transported charge density is

/ T g = ;’% / T B, (4.20)

oo T )

which is independent of both temperature and chemical potential. In particular, we apply
the pulsed magnetic field B = bj(t). The resulting current density is

J(t) = #%b [5(t)—|— /0 OodeN;(s)%E[sin(zst)+stcos(2gt)]@(t) . (4.21)

We show the time evolution of the current density for various values of u/T in Fig. 4.2.
We find the temporal Friedel oscillation. Roughly speaking, the oscillation frequency
is determined by the typical energy scale e ~ max(u,T). The integral ft>0 dtJ(t) =
—p5b/(672) is independent of T' and p.

Lastly, we estimate a magnitude of this dynamical chiral magnetic current as |J| ~
e3¢5|B|/(2n%h%). Here, e¢s typically has a magnitude of the order of 1meV [54]. If
we assume |B| ~ 1T, the estimated current density is approximately of the order of
107 A-m~2,

4.3 Summary

In this chapter, we field-theoretically computed the current density, which is linear both
in A, and As,. To properly define the divergent integrals encountered in the calculation,
we employed the Pauli-Villars regularization. This is the novelty of this study. The
regularization is essential to obtain the correct form of the Chern-Simons current. The
w — 0 and k — 0 limits of the resulting current density does not commute. In the static
limit, we confirmed that the chiral magnetic current is absent, which is consistent with
the vanishing of the chiral magnetic effect in equilibrium. By taking the uniform limit,
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Figure 4.2: J(t) = b- J(t) at ¢ > 0 resulting from Eq. (4.21). In the top panel, J(t) is
shown in units of Jy = ¢5bT/(27%) as a function of Tt for u/T = 0,1,...,5. In this case,
the amplitude increases as p/7 increases. In the bottom panel, J(¢) is shown in units of
J1 = ¢sbu/(272) as a function of ut for u/T =1,...,5.

we showed the existence of the dynamical chiral magnetic current, which is driven by a
time-dependent magnetic field in its direction. The dynamical chiral magnetic current
is driven even when us = 0, and its mechanism differs from that of the static chiral
magnetic current. We analyzed the properties of the dynamical chiral magnetic current.
In particular, we found that the total transported charge is universal for a uniform field
in the sense of its independence from temperature and chemical potential. Moreover, the
temporal Friedel oscillation is observed when we apply the pulsed magnetic field.
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Chapter 5

Weyl semimetals from chiral
kinetic theory

In this chapter, we analyze the electromagnetic linear responses of the Weyl semimetals
using the framework of the chiral kinetic theory. In Sec. 5.1, we discuss the relaxation
time approximation that ensures the charge conservation. Using this approximation, we
compute the charge and current densities in Sec. 5.2. In Sec. 5.3, we couple the resulting
current with Maxwell’s equation and investigate the collective excitations. Finally, we
summarize this chapter in Sec. 5.4.

5.1 Relaxation time approximation

We recall the chiral kinetic equation reviewed in Sec. 2.4 [76,79]:

afpx [vp+EXQ+B(vp~Q)] '3fp,X
ox
{ + ><B+Q(E-B)]-afp’x—0 [fones fan (5.1)
p ap - pxlp,x» Ja,xl» :
where the subscript p (a) denotes the (anti)particles. We expand the distribution function
as
f)\,x(ta wap) = nF(B(GP - )‘MX)) + (Sf)\%(t, {I:vp)7 (52)
6f)\,x(t7 Z, p) = _h)\,x(tv Z, p)n/F(ﬁ(Up - AMX))? (53)

where 0 fy,(t,z,p) is the perturbation at the linear order in the electromagnetic field:
dfrx(t,z,p) ~ O (E,B). We now employ the relaxation time approximation. The mini-
mal approximation

5f/\,x(ta $7p)
T

C/\,X[fp7x= fa»c] - (5.4)

violates the local charge conservation [113,114]. Instead, we adopt the modified collision
term:

C/\7x[fp x> Ja x] 1”F(B(Up - )\Nx))(hA,x(ta x,p) — Aou(t,x)), (5.5)
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where 0p(t, x) is a local shift of the chemical potential. We determine du(¢, ) to ensure the
charge conservation [113]. At the linear order in the electromagnetic field, the Boltzmann
equation is simplified to

o 1 0 d Aopu(t, )
=|E-p— —p(B-N —_—. .
(5 + 5400 o Jiaaltzn) = (Bop— S5 -)) + 220 (5:6)
By the Fourier transformation, we find
E -p+ (iw)p(B- Q)+ XNou(w, k) /T
h k, . .
x(w, k,p) = —iw+1/T+ivp -k (5.7)
The condition for the local charge conservation requires [113,114]
[ VE(Conlfys fan) = Conllas fnd) =0 6.9
p

which leads to the expression for ou(w, k) as

5”((‘)7 k) = % / \/é[hP,X<W7 k7p)n/F(B(Up - IL['X)) - ha,x(wa k7p>an(ﬂ(vp + MX))] (59)

with

py o T?
27;‘ + 5 (5.10)

X —
By substituting h,\’x(w, k,w), we obtain

E -p+oulw,k)/T
—iw+1/7+ivp -k

B i
/ : Py, (5.12)
P

5 —iw+1/T+ivp -k

k)=~ [ | (nlp(B(op — ) + me(Bup + )|, (511

where we use

which can be shown by using ik - B = 0 and Eq. (H.4). By performing p-integration, we
finally obtain the expression of du(w, k):

1 wwE - k
Sp(w, k) = (w0, Gl ) — 2]k, (5.13)
1- 2Tv|k\ G(wr, |K|) 2|k’2
where w; = w + i/7 and
w+ vk
Gw, k) =1 . 5.14
(@) =t (220) (5.14)
5.2 Charge and current densities
As reviewed in Sec. 2.4, the charge and current densities are given by [77,83]
d®p
pX = Z/ (271')3 \/afxv (515)
p,a
d3p -
= P (vp+ (vp- QB +E x Q)f, + V x frep€|. (5.16)
p,a

44



CHAPTER 5. WEYL SEMIMETALS FROM CHIRAL KINETIC THEORY

In the previous section, we computed the distribution function under the relaxation time

approximation:

E-p+ (iw)p(B- Q)+ Xou(w, k) /T o
—iw+1/7+ivp -k

Pax(w, k,p) = np(Blep — AMty)) — F(B(vp — Apy)).

(5.17)
By using the integration formulae presented in Appendix H, we find the charge density is
given by
p(wak) :P0+P1(w7k)a (518>
72T2 + i + 342
pO - 37T2'U3 Y (519)
1 E - k
pr(w, k) = 3o ; (91(% kl) — g3(wr, |K[)), (5.20)
T 2rvk (wT’ ‘k|)

and the current density is

jw, k) =

27T }ika

w v |2 w
=B k) —B+ |5 5 |k[)—
o DB + |2+ onon )

3€ Q2 E k- E
¢ Jo [gl<wﬁ|k|>—gg<wﬁk\><>]
Wr 1Wr
3092 v?k(k - E) 1
a ) ' 7 |kl) — g3(wr, [K])). 5.21
2 2wl 1o, Gl ) M IR T asten R 621

Here, Q2 = (72T?/3 + p? + p2)/(372€ov) is the plasma frequency, and we define

w [nw? — (vk)? nw
n(w, k) = 7G k . 5.22
ol k) = 22| " O Gy - 2 (5.22)
We can check the charge and current densities satisfy the conservation law:
—twp1(w, k) +ik - j(w, k) = 0. (5.23)

By following the prescription of the consistent chiral kinetic theory, we should add the
Chern-Simons current dj#, which is given by

1
op=—5A5-B 5.24
p=5345 B, (5.24)
.1 Ps
6j = ~53 45 x E+ S 5B. (5.25)

Unlike in Chapter. 4, J# = j* 4+ §j# includes the contribution of collisions through the
relaxation time 7 and a finite axial imbalance, where us 4+ ¢5 # 0.

We compare the results of Chapters 4 and 5. In Chapter 4, we computed the current
density at the linear order both in A, and As,:

J(k) = —$A5 E+ ﬁB - i /Oods N (o) fe(w™ K)ésB.  (5.26)

The corresponding result from the consistent chiral kinetic theory is

5 + 15
272

w

T

1
J(k)|oaas) = —ﬁAs x E +
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To evaluate the consistency of these two results, we recall the kinetic theory is valid when
the external fields vary sufficiently slowly compared to u, T. The particles and antiparticles
have the typical energy ¢ ~ T, . Therefore, the kinetic theory assumes w,v|k| < . In
equilibrium ps = —¢5 and the collisionless regime 1/7 = 07, the current density Eq. (5.26)
reduces to Eq. (5.27) since

sli{go fe(w k) =1+ g1(w, k) (5.28)

holds. Therefore, our two approaches are indeed consistent.

In the next section, we will investigate the collective excitation in long wavelengths
regime. As its preparation, we examine the uniform limit, k& — 0. In this limit, the current
density simplifies to

U5 WT 1

1i = —oyAs x E — = B E 2
Py J(k) THAS X BTN T g T +1 oL +i (5:29)
where we use
lim g, (w, k) = n-s + O ((vk/w)?) (5.30)
k-0 ’ 3 ’

and o = |As|/(272), om = (¢5 + ps)/(27%), and o = Q27 are the anomalous Hall,
chiral magnetic, and Ohmic conductivities, respectively. The Ohmic conductivity takes
the Drude form. The chiral magnetic conductivity remains finite only out of equilibrium
¢5 # —ps. The anomalous Hall conductivity is independent of the relaxation time. The
dynamical chiral magnetic current is found to be valid for wr > 1 but suppressed by the
dissipation for wr < 1.

5.3 Chiral magnetic instability

The dynamics of the electromagnetic field is governed by Maxwell’s equation,

OE(x
V x B(a;) — Hp€o 855 ) = ;L()J(CIZ), (531)
which is coupled with the current density in Eq. (5.29). We now adopt the temporal gauge
¢(x) = 0 and assume a plane wave A(z) = Ae”“Hik® The left-hand side is the second
order in derivative with respect to A(x), while the right-hand side is the first order. Thus,

the right-hand side must vanish by itself at O (w, k):

J(w, k) = 0. (5.32)
At |w|, v|k|,< 1/7, this equation can be written as
—iwAs X A+ oyik X A+ ogiwA = 0. (5.33)

The characteristic equation is given by

WOE wopAs, — k.o —(waHfl5y — kyonr)
det | —(wogAs, — k,on) WOE wogAse — kzop =0, (5.34)
woyAsy — kyom —(wogAse — ko) WOE

which is simplified to

op(0% + 04)w® — 245 - kopopw? + k> opo2w = 0. (5.35)
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Ky

1.0¢

Re[w] <0

1o

Figure 5.1: Directional dependence of real and imaginary parts of w(k_, k||) resulting from

Eq. (5.36) for ops > 0 and oy = 30 . Their magnitudes in units of wy = on|k|/y/ 0% + 0%
are represented by distances from the origin in the direction of (k, k). This figure is cited

from T. Amitani and Y. Nishida, “Dynamical chiral magnetic current and instability in
Weyl semimetals,” Phys. Rev. B 107, 014302 (2023), (©) 2023 American Physical Society.

There are two nontrivial solutions:

O'HUM]{?H + Z'UM\/U%/{TQ + (O’%{ + U%)ki
“ (5.36)

w =

2 2
oy t+og

with k| = k- Aj and k2 = |k|? — k:ﬁ The dispersion relations are determined by the
conductivities. Importantly, one of them has a positive imaginary part. The positive
imaginary part implies the exponential growth of electromagnetic fields.

The imaginary part shows the anisotropy, which depends on the direction of k relative
to Aj as illustrated in Fig. 5.1. The imaginary part is maximal when k| = 0, where the
real part vanishes. In this case, the unstable modes do not propagate. When k| # 0, these
modes become propagating waves. Notably, when k; = 0, where the imaginary part is
minimal, the unstable modes are circularly polarized. The sign of the real part depends
on oprk) so that the propagation of unstable modes is toward +k for +onky > 0 and thus
oriented to the direction of ops A5. Both chiral magnetic and anomalous Hall conductivities
are essential for the propagating wave. This instability of the electromagnetic fields is
analogous to the chiral plasma instability [87]. However, there are differences between
our instability and the chiral plasma instability: the latter was predicted at w ~ k? in
the absence of dissipation. The resulting exponential growth of electromagnetic fields is
considered to reduce Weyl node populations toward equilibrium ps — —¢s5 [87,115,116],
so as to gradually attenuate our chiral magnetic instability. We note that the collective
excitations are diffusive in pus = —¢s, i.e., no instability occurs in this case since the chiral
plasma instability requires the axial imbalance for its growth [87,115,116].!

"'We also note that the instability by the dynamical chiral magnetic current can be predicted even when
us = —¢s if we use an incorrect dispersion relation €, = |p|. Therefore, the correction to the energy
dispersion relation —p(B - ) is essential.
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CHAPTER 5. WEYL SEMIMETALS FROM CHIRAL KINETIC THEORY

5.4 Summary

We first investigate the electromagnetic linear responses in Weyl semimetals from the
framework of the consistent chiral kinetic theory. To consider the effect of the collision, we
employ the modified relaxation time approximation, which ensure the charge conservation.
The resulting current density is consistent with that obtained from the field-theoretical
computation. We also studied dispersion relations of collective excitations coupled with
Maxwell electromagnetic fields at low frequencies and long wavelengths. The dispersion
relations are determined only by electric, chiral magnetic, and anomalous Hall conductivi-
ties, which predict unstable modes when Weyl node populations deviate from equilibrium.
If the wave vectors are perpendicular to the direction of Weyl node separation, the unstable
modes are nonpropagating and otherwise become propagating waves. Their propagation
is not radial but oriented to or opposite to the direction of Weyl node separation, depend-
ing on the sign of the chiral magnetic conductivity. Therefore, whereas the instability is
caused by the chiral magnetic effect, the anomalous Hall effect causes propagation. As an
observable signature of the instability, the anomalous reflectance of the surface of the Weyl
semimetal was proposed [117]. It was found that the reflectance of the Weyl semimetal
with pumped axial charge can exceed unity. However, the practical observation of this
phenomenon remains challenging. Therefore, future work is needed to propose alternative
setups to observe this instability.
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Chapter 6

Summary and outlook

Summary

In this thesis, we applied the effective field theory approach to the quantum Hall systems
and the Weyl semimetals. The effective field theory captures the universal properties of a
system while abstracting away unnecessary details. To investigate the universal nature of
these materials, we analyzed their electromagnetic responses.

In Chapter 2, we reviewed four topics related to effective field theory. First, we dis-
cussed the Chern-Simons and Wen-Zee terms in the quantum Hall systems. The former
relates to the Hall conductivity, while the latter relates to the Hall viscosity. Next, we de-
rived the low-energy effective action of the Weyl semimetals starting from a lattice model.
The derived action corresponds to that of a massless Dirac fermion coupled to an axial
gauge field. We then explained how such systems exhibit the axial anomaly. Additionally,
we reviewed the consistent chiral kinetic theory, an alternative framework for describing
the Weyl semimetals.

In Chapter 3 with Appendix A-F, we constructed the effective action of the quantum
Hall systems with the Galilean invariance base on symmetries. To compute all currents
including the energy current, we consider the system on a Newton-Cartan spacetime. This
framework introduces three metrics corresponding to the external fields conjugate to the
energy current density, momentum density, and stress tensor. The quantum Hall sys-
tem on a Newton-Cartan spacetime has the U(1) gauge, general coordinate, and Milne
invariance, the last of which can be regarded as the generalization of the Galilean invari-
ance. To enforce the Milne invariance, we dressed the external fields. The resulting action
is Eq. (3.93), which contains four unknown coefficients. Using this effective action, we
computed the electromagnetic responses. We first identified four coeflicients from the ob-
tained current densities: the Hall conductivity, Hall viscosity, energy density, and energy
magnetization. We also provided explicit expressions for the energy density and energy
magnetization in the case of free electrons. We then found the relations among differ-
ent kinds of the responses. Notably, two key findings emerged. First, the longitudinal
conductivity at nonzero frequency is determined by the Hall conductivity [Eq. (3.120)],
which is consistent with the result from the equation of motion of a single electron and
Kohn’s theorem. Second, the Hall viscosity contributes to the nonlinear electrothermal
conductivity at nonzero wave number [Eq. (3.121)]. This result aligns with the energy
conservation law and the parity-violating hydrodynamics in two spatial dimensions.

In Chapter 4 with Appendix G, we investigated the electromagnetic linear responses
of the Weyl semimetals by using the low-energy effective action Eq. (4.1). We employed
the Pauli-Villars regularization to define the superficially divergent integral. The result-
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ing current density [Eq. (4.12)] comprises terms dependent on temperature and chemical
potential as well as terms independent of these variables. The latter is consistent with the
Chern-Simons current. We confirmed that the chiral magnetic current vanishes in equilib-
rium by taking the static limit of the current density. On the other hand, in the uniform
limit, we found the dynamic magnetic field drives the current density in its direction (the
dynamical chiral magnetic current). We analyzed the properties of the dynamical chiral
magnetic current under the uniform magnetic field. In particular, we applied the pulsed
magnetic field and observed the temporal Friedel oscillation.

In Chapter 5 with Appendix H, we computed the electromagnetic linear responses
by using the consistent chiral kinetic theory. We adopted the modified relaxation time
approximation to ensure the local charge conservation. The resulting charge and cur-
rent densities [Eqs. (5.18) and (5.21)] are consistent with those obtained from the field-
theoretical computation in Chapter 4. By coupling the resulting current with Maxwell’s
equation, we investigated the collective excitations. In the long wavelength regime, the
plasmon dispersion relation is determined only by the chiral magnetic, anomalous Hall,
and Ohmic conductivities [Eq. (5.36)]. The dispersion relation has a positive imaginary
part, indicating the existence of the exponentially growing modes. It is an analogy of
the chiral plasma instability although there are some differences. If the wave vectors are
perpendicular to the direction of the Weyl node separation, the modes do not propagate.
Otherwise, the modes become propagating waves. The propagation of the unstable modes
is anisotropic, and the direction is parallel or antiparallel to the Weyl node separation.
The growth of these modes requires an axial imbalance, which subsequently reduces the
Weyl node populations toward equilibrium (us — —¢s), eventually stabilizing the system.

Outlook

There are several intriguing prospects for extending our studies. In Chapter 3, we derived
the effective action of the quantum Hall systems with Galilean invariance, grounded in the
symmetries of the microscopic action. An exciting avenue for future exploration would be
to determine whether the same effective action can emerge from the non-relativistic limit
of the effective action of relativistic quantum Hall systems. The relativistic counterpart
has already been constructed in Ref. [118], providing a strong foundation for such an
investigation. However, the process of taking the non-relativistic limit is nuanced, as there
are multiple formalisms available, such as those proposed in Refs. [99,119]. Identifying the
most appropriate framework for reproducing the non-relativistic action is far from trivial.
If we succeed in identifying a suitable limiting procedure, the implications would extend
beyond the quantum Hall systems. For instance, the methodology could be applied to
derive non-relativistic hydrodynamics from its relativistic counterpart, thereby broadening
our understanding of fluid dynamics in non-relativistic regimes.

Another direction worth pursuing is the extension of our studies in Chapters 4 and
5, where we focused on the electromagnetic responses of the Weyl semimetals, to include
responses induced by other types of external fields. For example, as discussed in Sec.2.2,
strain in the Weyl semimetals generates a spacetime-dependent axial gauge field. Further-
more, it has been established that a constant axial magnetic field By can induce a current
density: j o uBs [120]. Extending this framework to the case of a spacetime-dependent
Bs; would provide new insights into the interplay between strain-induced gauge fields and
electromagnetic responses in the Weyl semimetals. The strain in the Weyl semimetals
induces not only charge currents but also stress, leading to intriguing phenomena such
as the anomalous Hall viscosity [64]. However, existing evaluations of this viscosity lack
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rigor, necessitating a precise computation. To address this, a field-theoretical calculation
of the stress tensor under axial gauge fields is essential. Such an approach would deepen
our understanding of the stress-strain responses in the Weyl semimetals, including the
anomalous Hall viscosity.

In Sec.5.4, we highlighted the need for future work to propose experimental setups
capable of observing signatures of the chiral magnetic instability. As an initial step, a
promising approach would involve numerical simulations to study the growth of electro-
magnetic fields by solving the set of Maxwell’s equations and the kinetic equations, similar
to the methodologies used in the context of supernovae [121]. Beyond the chiral magnetic
instability, exploring other potential instabilities in the Weyl semimetals offers a rich field
of inquiry. For instance, the anomalous Hall instability [122], which is the instability of
Alfvén waves in the presence of chiral magnetic and anomalous Hall currents, could be
particularly relevant. This instability is predicted under conditions analogous to those we
study, suggesting its occurrence in the Weyl semimetals is plausible. Another interesting
possibility is the chiral magnetovortical instability [123], a plasma instability driven by the
interplay of chiral magnetic and vortical currents. While the realization of this instability
in the Weyl semimetals might be challenging due to the need for a vorticity, a detailed
evaluation of its feasibility in such systems is worthwhile. Understanding these instabilities
deepens our comprehension of the dynamical properties of the Weyl semimetals.

Lastly, we will be able to integrate our understanding of the quantum Hall systems
and the Weyl semimetals to explore the quantum Hall effect in the Weyl semimetals. The
quantum Hall effective action for two-dimensional Dirac semimetals has been constructed
based on symmetries [124]. Building on this, we could similarly derive the quantum Hall
effective action for the Weyl semimetals. This effective action is expected to include terms
that describe the anomalous Hall viscosity. Thus, this approach would enable the inves-
tigation of the universal properties of the anomalous Hall viscosity, advancing theoretical
understanding. Moreover, extending this analysis from two to three dimensions would
provide deeper insights.

In conclusion, this thesis has uncovered universal physical phenomena in both the
quantum Hall systems and the Weyl semimetals. Thanks to the universality inherent in
the effective field theory approach, these findings are broadly applicable, extending be-
yond specific material details. Notably, the formalism employed for the quantum Hall
systems relies entirely on symmetries, suggesting that this methodology can be extended
to other topological materials. While the approach employed for the Weyl semimetals is
somewhat more restricted, the Weyl semimetals themselves offer potential applications. As
mentioned in Chapter. 1, the Weyl semimetals serve as excellent platforms for realizing rel-
ativistic effects that are challenging to achieve in high-energy physics experiments. Conse-
quently, further exploration of universal phenomena in the Weyl semimetals is worthwhile,
and achieving their experimental detection is an important objective for future research.
We hope that this thesis will not only foster a more comprehensive understanding of the
topological materials, but also provide deeper insights into the high-energy physics.
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Appendix A

Another choice of variation

In this appendix, we choose dv* to be arbitrary instead of dn,. The other variations are

given by
ony = —nun,6v” + Pjon,, (A.1)
ShH = —v R 5hy + PHPYShP, (A.2)
Shyw = =1 a0V — hyphyedh?, (A.3)

where 67, 0v*, and Sh* are independent. We introduce the current densities conjugate
to the external fields as

1 _
68 = / d%ﬁ(j’”&l# — E™ny, — P, ot — 27;W<Sh‘“’>, (A.4)
where the action is given by

= R g eMVny
So = /d%ﬁ [Uﬂqﬁmu\p — (2m + 4m) DM\IITD,,\IJ]. (A.5)

We now compute £ and P’ . The volume element varies as
p 7

oV = g(v‘l)“”é’mu

1 _
S [nuév“ + 2@,,5/1’“’} . (A.6)
Then, we obtain
105
V7 0y
(ppolm ;
v 2h D! D + L PN D0 D, (A7)
m m
and
P = _L@
K NaELL
hpro s _ApO
— —P'uliD, ¥, <2mDp\1ﬁDU\IJ += n)\Dp\I]TDJ\II)~ (A.8)



APPENDIX A. ANOTHER CHOICE OF VARIATION

Compared with the expressions in Eqs. (3.39) and (3.40), we find the energy current
density is given by

EF = &M —ptyV Pl (A.9)
and the momentum density is given by
Pu=PUP,,. (A.10)

Therefore, £* and ’P;L themselves are not the energy current and momentum densities,
respectively. Thus, the choice in this appendix is not efficient since we should compute
both £* and P, to obtain the energy current density.
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Appendix B

Evaluation of scalars to construct
effective action

This appendix summarizes the steps to simplify Table 3.2 into Table 3.3 by examining the
dependence and order of scalars.

e Dependence of B and F qu By,

- 1~ -
B? = §FWFW. (B.1)

e Higher-order nature of B#pgﬂ’”\ﬁ,, \EPITE,
hyupe" N E \eP Fypr
= h{De" A Fre?"  For + hi)e" Fy e  Fyp + 200)e"  F e FY 4 O (07)
2 27 (1 v 0 o7 (1 2
= 4B2h{g)ulgy ufy) + AB*h{)ulg ufy) + ABh{Q)uly e TFLD + O (9°)
=0(9%), (B.2)

where we define

0
h(o) = hu — n(uufj)) + nunyu%o), (B.3)
h(l) —n(,u (Vl)) + 2nunyu§)0)u€1), (B.4)
F) = 0,47, (B.5)
m
AO) uft) — 5 Mg, (B.6)

and use h( Ju ( ) = hgw)u( 0) ’(’0) =0.
e Vanishing of (V,e"*)F, = 0: since V,&"** = 0, this term is identically zero.
e Dependence of e"A(V,F,), "0, B, and V ,u:
FB)E NV, Fin) = F(B)E NV, Fon) + O (27)

= F(B)Vu(e" Fp) + O (97)
= 2f(B)Vu(Bufy,) + O (5%
= 2f(B)ul, 8, B + 2B (B)Vuy, + O (9%)
= 2f(B)u"0,B + 2Bf(B)V,ut + O (9?), (B.7)

where f is an arbitrary function.
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APPENDIX B. EVALUATION OF SCALARS TO CONSTRUCT EFFECTIVE
ACTION

e Dependence of e’“’/\ﬁy,\aﬂé and u“@uéz
" Fy\0,B = " F,,0,B + O (0%)
2
= 2Buj(0,B + O ()
= 2Bu"9,B + 0 (%) .
e Vanishing of h*(V,u*)F,: since V4 = 0, this term vanishes.
e Higher-order nature of h**u*(V,F,y):
WUV ) = By (VuFo) + O (67)
= 1N u(ulyy Fon) — W (V) By + O (9°)
=0 (0%,
A _
where we use u(O)Fy,\ =0.
e Higher-order nature of h’“’u)‘ﬁ’,,,\ﬁué :
h“”u/\ﬁ’w\aué = h“yui‘o)Fl,)\({)uB + O (82)
=0 (07,
A _
where we use u(o)Fw\ = 0.
e Dependence of h“”(@uu’\)fzm and V ut:
R (V yut by = PV )
= V" — utnyV u
= ?Mu“ + u“u)‘@,m)\
= @uu“.
e Dependence of h‘“’u/\(@#ﬁl,,\) and @“u“:
h'uyu/\(@“il,,)\) = u)\(@#hlwﬁy)\)
= _UA(@;L”AU“)
= —@uu“.
e Vanishing of h*“’u)‘izmaué . since uMhy,y = 0, this term is identically zero.
e Dependence of E“VABMFV)\ and Bjut:
E“VABMFI,A = 5’“’/\BMFV,\ + 0O (82)
= 2
= QBU?O)B# + 0O (8 )
— 2Bu'B, + 0 (6?) .
e Higher-order nature of h*¥ uAB#FZ,/\:
WU BLFyy = W uly BuFoy + O (9°) = 0(9),

where we use UE\O)FW\ =0.
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APPENDIX B. EVALUATION OF SCALARS TO CONSTRUCT EFFECTIVE
ACTION

e Vanishing of Buu“ = u’Gu”: this term is identically zero since G, is anti-
symmetric under y < v.

e Dependence of GW,F " and G-
1 S
BG = §GWF . (B.15)
e Higher-order nature of G“u”FW:
G*u Fy = Grufy Fy + 0 (0%) = 0 (97) (B.16)
where we use u'(’O)FW =0.

e Vanishing of G“u”fLW: this term vanishes since u” BW = 0.
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Appendix C

Free electrons

We compute functional forms of £(B) and M(B) in this appendix. The effective action
Eq. (3.93) contains four unknown coefficients: v, x, £&(B), and M(B). While v and &
are constants and independent of interactions, £(B) and M(B) depends on interactions.
Although the functional forms of £(B) and M (B) are not universal, we can compute them
for free electrons (the integer quantum Hall systems).

We consider an electron under a constant magnetic field B and nontrivial metrics

n, = (1,-Cy), (C.1)
c? G,
w i
o (S, s
vt = (1,0,0), (C.3)
hy, = diag(0,1,1). (C4)

In this setup, the energy density is given by
E=n,E" = E(B) —2M(B)€“9,Cj + O (9?) . (C.5)

Then, we employ the perturbation theory in C; and compute the energy eigenvalue up
to O (02, 820). The free Hamiltonian under the same background fields is given by

H=Hy+H +0(n}), (C.6)
D;¥'D, ¥  ¢B
_ 2 7 I gt
H, /d m[m Pyty|, ©7)
Hy = — / d*zC;E", (C.8)

where

D(t\I/TDi)\If ig eij

E=—
2m 4m

D v D;w (C.9)

is the energy current density. We expand the field operators as

U(x) = Pnp(@)ank, (C.10)
Ui(z) = v (el (C.11)
n,k
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(T)

where o, is the annihilation (creation) operator of electrons with the (n, k) state, which
satisfy
{0 s @) 0} = O O (C.12)
The expansion coefficient 9, () is the one-body wavefunction,
Un(x) = (x|n, k) , (C.13)

where n and k are the Landau level and intra-Landau quantum numbers, respectively. We
now introduce the complex coordinates,

z=x+1y, Z2=2—1y, (C.14)
1 1
0, = 5(8;3 —10y), 0z = 7(635 +10y), (C.15)
A, = Ay +1Ay, As = Ay —iAy, (C.16)
C,=Cry+1iCy, C; =Cp —1Cy. (C.17)
The ladder operators between Landau levels can be written as
t = iValgD, = ~1p(Dy — iD C.18
a' =1 2 e — 1Dy), .
1
a=iV2lpD; = —=lp(Dy +iDy). C.19
The ladder operators intra Landau levels are
b = —iV2pDs + —— 2, C.20
b \/QZB (C.20)
= —iV2IgD, — (C.21)
\f I
These operators satisfy the commutation relations [a, a!] = [b,b] = 1. In this coordinates,
the Hamiltonian can be written as
B
Hy = /d% [1(DZ\I/TD5\II+D5\I/TDZ\I/) Z iy, (C.22)
m

H, = —/d% ¢ (D, V' (D.D; + D:D,)¥) C: (D;Y"(D.D; 4+ D:D.)¥) (C.23)
2m2i 2m2q

222 ((D:Ds + D:D:)¥'D. W) — ff ((D.Ds + D:D,)¥! D7) (C.24)
chz (D-9"(D.D: + D:D:)¥) + ZfCQ (D:V"(D.Ds + D:D.)¥) (C.25)
- chg ((D:D:+ D:D.)¥'D.w) + Zgrf ((D.D: + D:D,)¥! D, 0) (C.26)
+ ggljg (D.U'0 — w1 D, W) + 9830 (D:UTW — WD, W) (C.27)
- %CZ(DZ\IJW + 9D, ) + 1277?2 C.(D:9M 0 + Ut Dw) | (C.28)

where we also use the equations of motion for ¥ and ¥T. Here, C.(z) is expanded as

C, =C%+20.C% + z0:CY, (C.29)
Cs; = C% + 20.CY + z0:CY, (C.30)
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where the subscript 0 means we substitute (z,zZ) = (0,0) after the differentiation.
Using the ladder operators, we compute the covariant derivatives of the wavefunctions
as

i

Dzd}n,k(m) =——F=—Vn+ 1¢n+1,k(m)> (0'31)
V2lp
i
Dz () = ——— /N1 (). C.32
V() = 2V k() (€:32)
We also find
2n g = —iV20p(Vntn_1k + VE + Ty i), (C.33)
2P g = iV 25V + Wns g + Vn g-1). (C.34)
Then, the zeroth-order Hamiltonian Hy is written as
Ho=) — 571 nk> C.35
0 nzk:m<n+2 4> Qy, 1 On k ( )

while the first-order Hamiltonian H; is

= B 2, 9B BN\ o 0 a0yt
Hy = nzkj K — @t D) (2 1) — g )i(9:00 — 0:C9) o, o
+ (off-diagonal part). (C.36)

Here the off-diagonal part expresses the terms proportional to O‘L/ wOn ke with (n, k) #
(n/, k). These terms do not contribute to the final computation of énergy eigenvalues in
the first-order perturbation theory as shown later.

We now employ the perturbation theory for a one-body state |n, k). The zeroth-order
energy eigenvalue for the n-th Landau level is given by

EO) = (n, k| Hy |n, k)

n

= (vac| amngaL?k |vac)

:ﬁ<n+;—i). (C.37)

Since the system is degenerated, the first-order correction of the energy eigenvalue for the
n-th Landau level is obtained by diagonalizing the matrix

Viskike = (0, k1| Hy [n, ka) - (C.38)

First, we show the off-diagonal part does not contribute to this matrix:

(n, k1| HY n, ko) o (vac]| O‘n,hajn,kam’,k’aj%@ |vac)
= <VaC’ 5n,m5k,k15n,m’5k’,k2 |vac) (0.39)
=0, (C.40)
where we use Eq. (C.12), ay,  |vac) = 0, and m # m/. Therefore, we find
B 2 9B 9°B
Viikiks = _<4mQ(2n +1)° — m(2n +1)+ 2 GOk, ks (C.A41)
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with G = —€¥ 0;C; =i(0.C, — 0:C%). Since this matrix is already diagonal, the first-order
correction is directly given by

B B ’B
m_ _(_ 2 2 _ 95 9
E, < — (2n+1) 2 (2n+1)+ 16m2>G. (C.42)

The total energy density £ is calculated by summing up the contributions from all occupied
Landau levels up to the filling factor v:

v—1
B
-2 (0) (1)
n=0
B* 5, gB? B’ 3 gB* 5  ¢°B?
— _ — 4v° — ) — G C.43
drm’ 8wm <247Tm2( v =) srm2” t 30mm2” ) (C.43)

where B/2m accounts for the degeneracy of each Landau level. Compared with Eq. (C.5),
we finally find

B2 ) gBQ
_ _ 44
£(B) e — (C.44)
1 B2 gB2 9232
B)=—- 43 —v) - 2 : C.45
M(B) 2 (247rm2( v =v) grmz” ¥ 32mm? y) (C-43)
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Appendix D

Wen-Zee term

In this appendix, we rewrite the Wen-Zee term in terms of the spatial metric. To do this,
we recall the torsionless connection Eq. (3.25),

o 1 1
I, = 5&0(“%) + ihAp(auhpy + Oyhyp — Dphy). (D.1)

The spin connection Eq. (3.69) can be expressed as

1 ,
Wy = ieabhxyea/\vueb”, (D.2)

where ﬁu is the covariant derivative with the connection IQ”\W. Here the anti-symmetrized
derivative of the spin connection is

3[uwy} = %{Mwy] (D.3)
1 ab_a v © bo 1 ab_a (¢ o br
= 5eve oVuVye” + See U(V[uv VV}nT)e
1 o o
+ ie“b(v[ue“g)Pf(Vy]ebT). (D.4)

By employing V h** = 0 and e® e’y = §%°, the last term is found to vanish,

T

1 ab (¢ a 0 (e T
3¢ b(V[Me o) P, (Vl,]eb )
1
= §e“b(ec‘7V[Me“J)(eCTVV}ebT) =0, (D.5)

because ea)‘Vueb A= —eb)‘Vue“ » vanishes for a = b. We now define the Riemann curvature
of the torsionless connection F>‘W as

R = 0,15, + 17,10, (D.6)

Since the Riemann curvature is also given by the commutation relation of the covariant
derivatives as V[ny]eb" = R"myebT, we obtain

]. o o o
Opuwy) = §5Hanmhpa(RUwu + V[uv"vy}nT), (D.7)
where we also use €®e®eb™ = Py,
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Therefore, the Wen-Zee term turns out to be expressed as

MY Ay Dpwy = Apdh e (D.8)
1 . o .
Jéuler = nguVEHanHhPU(ROTMV + QVMUUVVnT), (Dg)

where Jﬁ‘uler is a Newton-Cartan analog of the Euler current introduced to describe rel-
ativistic quantum Hall systems [118,~125]. The Milne invariant expression is given by

replacing v, h,,, and A, with u*, h,,, and A, respectively. We can check that this
Euler-like current is indeed conserved,

(Va + By)JRyer = 0. (D.10)
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Appendix E

Formulae of variations

In this appendix, we present the formulae of the variation to derive the current densities
from the effective action. Under the variations of the external fields,

54, (E1)
5n,uv (EQ)
vt = —vtv¥on, + PHODY, (E.3)
ShH = —pBRIASn, + P/’J*P(',/(Sf_lpa, (E4)
Shuw = =1 )00 — hyphyedh?, (E.5)
e = —vteény + Ploe?, (E.6)
ShHY = eM5e™ 4 e set, (E.7)
we have the following formulae:
1 1, po
NN <vp5np ~ Lot > , (E8)
1 _
Jehvd — _ghvA (v”énp — 2hpg(5hp‘7> , (E.9)
1 -
6B=-B <v05n,, — 2hp06h"”> + M A6n,0, Ay + ", 8,0 Ay, (E.10)
N2 pPUA
sut = & LS 9,04y — ututon,, (E.11)

B
—v TUp hMP —UpTp _pun P
duy = —(nuuy + by )0v” — hyu,dh'? + -5 ¢ 0,0 Ay —uyuldng,,  (E.12)

2
2u, — 2u“n,

= eM20,6 Ay — 2u*uPon,,. (E.13)

ou? = —2u,60” — upuy6hP7 +
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Appendix F

Full expressions of currents

In this appendix, we present the full expressions of the currents.

F.1 Charge current

The charge current from the Chern-Simons term is given by

1 v 1
Tbs = Jron (6‘“’/\31/(A>\ + mUE\O) - §mu%0)n’\)
1 1
+ A0y 536770 A ady (Ax +mu’ — Jmuyyny))

1 1
— mem’)‘ag(hnpgspwﬁy(/h + mug\o) — §mu%0)nA))

1 1
. me”’”@g(hmu(mnﬁ,@ap‘maa/lngaﬁ“”aa”(fh + mug\o) _ 5Tnu%o)nA))

1 1
+ me””’\ag(gap"“hmuzo)n,ﬁy(AA + mug\o) — §mu%0)n)\))
1
- %@) (%(\ﬁBﬁm)nﬁhwB“?o)gnp”nm>
1
- %a,, <8a(ﬁB€aﬁ7)nﬂh75B€5p“> + Zewa,,(waﬁvaa(nguv)o, (F.1)

that from the £ term is given by

1 1
JE = —fﬁ(—ﬁ/g(é"(B)eo‘ﬂ“na) — maﬁ(S'I(B)eaﬁ“na(epw‘np&,ug\o) — §u%0)ep”)‘nu8,,n/\)
1% 1 (0% TV 1 a L
—mdp(E'(B)e” ’\Ol,nghxp—Bufo)e Plng) + mdy (€' (B)e A&,nfh,\p—Bsp )

1

1
- mﬁg(5”(B)e””’\na&,Bh/\pEUﬁ))saﬂ“nQ) + m@a(5"(B)eT”)‘nTa,,Bh)\pgspo“)

1 1
— mag(eayAngaunAEI(B)hmuzo)Eu'(oo)ao‘ﬁuna) + mag(EC”)‘nga,,nAEI(B)hmu?O)Espgu))),
(F.2)
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that from the Wen-Zee term is given by
1 &

m
jWZ \/* 4.7'('

1 1 1 1
- 567”)‘85(an(a,,A)\eabe“"ebp)h,YcEugo)ea'g“nanp) + 580—(&7(6“”/\81,A>\6“b6m76bp)hngEsgounp)

1 1 1
( 05 (0,(€ 0, Are™ el =l ™ many) = <05 (Ol XD, Are e el e Vm, )

1 1 1 1
— 567”/\85(8n(8VAAe“be“"ebp)hp<Eugo)aaﬂ“nanv) + 5(%(6,7(eK”/\(‘)l,AAe“be“"ebp)hpgEac"“n,ﬁ)

1
+ 67”/\85((977(&,A,\eabea”ebp)h.rguzo) Eufo)saﬁ“nanwnp)
1
- 80(3,7(e“’”\&,A,\eabe“"ebP)thu(O)Eec‘wn,{nl,) - 6)‘”“01,@,\), (F.3)
and that from the M term is given by
1
Tha = ‘ﬁ<—aﬁ(M’(B)eaff“naep“npaum>. (F.4)
F.2 Energy current
The energy currents are given by
" 1 v pUA (0), p pUA 2 @ 172 1 2 (0) 1 2
Ehy = _\ﬁ% (=™ mu,, gy + €7 maugy g, — € imu(o))&,(A)\ +muy” — Qmu(o)m)
g v Q, Q (e
4(6“ 20, Axe“? 9, (nﬁugo) VABvHeP19, (ngu )) — o (\/7Be*) S/O)
+ 0a(v/ 7B )ngull )) (F.5)

1
= ﬁ(ﬁv“E(B) + (VAE (B) + mE" (B) (e nyd,ul’) — §U%0)6a”Ana8,,n,\))B(qu0) — o)

+ mE'(B)e“”A&,ug\O) + mdy (' (B)e™ ny )uf\o)u(o)
+ mE'(B)u%O)u?O)ea”AnaﬁynA - %mE'(B)u%O)e“”)‘aynA + %may(E’(B)u%O)e)"’“m\)),
(F.6)

1 K o 1 al vV _a ~ o, ]' a av
fo _<— € ﬁaaAﬂie by eyl + Oy (e ﬁaaA@e Pe)e” (—ulyy iy + ufy) 0L

WZ NAE s
1 ~ 1 -
+ EaaﬁaaAﬁ§eabv”e““eb”3,,hgp + egaﬁﬁaAg§eabe‘“’vpeb“8yhgp

+ 8V(ega58aA5%e“be“”ebp)(—(5gup - ng(—u(o)uzo)éﬁ) — Uy — np(—ugo)uzo)éf)

w
+ 2(—u%0)uz0)6¢)ngnp +u?dtn, + u2n06;j)) , (F.7)
1
Ehy = W(M’(B)B(ué‘o) — 0")e™ nadyny + M(B)e" 0 ny — 9,(M(B)e*ny)).

(F.8)
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F.3 Stress tensor

The stress tensors are given by

1 vm 1
o = —=5—e (6“”(%20)6% + hyup€q iy — u ) my) Oy (A + muf) - 57”“?0)%)

f 2T
-4 (ﬁBe“psaﬂvaammu?m) 00 (VABE ) (s + sy, Yl

N———
N———

(F.9)
1
) a a
7;)0. = ﬁe a(—ﬁS(B)e P + ﬁg/(B)Be
+ mS”(B)Be“p(e“”/\nME)Vu(AO) %u%o)e“”)‘nua,,n,\)
1

+ (ma, (E'(B)e"n,, )ul! oy T 2m8 (B)u U )u?O)e“ A0y na) (hepe®y + hape®c),
(F.10)
7;\;\’2 = \;; e’ <6”0‘58 AgerP'Y@ e’ =9 (eﬂaﬁaaA,ge“bem)(—ebp ,Y—l-e €5 ulp)ny)

— PO, Age P e O hyy — €°P 00 Agee™ PY,0, Iy
+ Oy (" P D0 Age™e™ e (—hyupe’, — e, + n(wy (0)¢e y + hoyeuly)) + ny(u (0 )ecu + hyuperufy)

— 2u,(00)u(70)607nunp)), (F.11)
7;/;4 = \%M'(B)Beaaeapd‘”)‘nu&,n,\. (F.12)

F.4 Momentum Density

The momentum density is given according to Eq. (3.57).
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Appendix G

Derivation of current

In this appendix, we derive Eq. (4.12) from the following expression (Eq. (4.8)):

JH(k) = —i /ltl" [’Y“k T m’YA’Ysk _Hél —" jm]reg Ay (k) Asx
- —z/ltr [v“y_l vW’y ! s %1_ m]reg Ay (k) Asy

For simplicity, we set v = 1 throughout this appendix.
The trace of gamma matrices is computed as follows:

" [W—lm”kfﬂ—lm”—;—m}

4i 2 2 1Yo’ 2 vAa A vaf

S =R —m2)(E = m2) [(12 = m2) (I — k)0 — 2m2ka e 4 210, kge ),

(G.2)
1 1 1
t m v A0
r['y [+ f=m' J=m"" y—m}
44 e M o

- ((l + k)2 _ m2)(12 _ m2)2 [(l2 - m2)(l + k)aeu A + 2m2k‘a6” Ao 2l)‘lakzﬂe“ 6}.

(G.3)

The current density can now be expressed as

—4q
" - 2 2 n2NeY 2 2 2N 9 A pvaf
J4(k) Z/l[((l—i—k)z—mz)(l?—m2)2[(l m2)(I + B)ac™ * 1 2m2kae Plkgeo)
(k> —k:)] Ay (k) Asy. (G.4)
reg

Then, we divide the current into two components:

(k) = T (k) + T (R) (G.5)
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with

—43
[ k) = —; l2 a2 l k o pv0a 2 2koz pv0a —2l0lak pvaf
900 = = [ | ey e~ A o+ 2 g™

—(k— —k)] Ay (k)As p, (G.6)
reg

—47 4 , ,
By = —4 l2 02 1+ k o price 4 o Qka prio 2lzlak uvaf
9509 = = [ [~ 2l )

reg

G.1 Matsubara frequency summation formulae

Before computing the current density, we present the formulae for the Matsubara frequency
summations. In general, we can rewrite the Matsubara frequency summation as a contour
integral:

Y010 = § 5= f G - L Re(fhnr(3e =), (G9)
lo

where z, are the poles of f(z). By using this formula, we obtain

1
T = =)

_ nF(,B(El )) nF(ﬁ(_El ))
2El((k:0 + El) El2+k) 2El((k0 - El) El2+k)
N nr(B(Eiik — 1)) np(B(—Eipk — 1)) (G.9)

2Ek((ko — Erre)® — By 2Ei((ko + E)? — E2,)

1
T b= =P

_ np(B(EL—p) n np(B(—Ei — p))
4El3((k’0 + El) El2+k) 4El3((k‘0 — El)2 — El2+k)
_ (ko+ E)np(B(Ey—p)) (ko — Ey)np(B(—Ey — )
2E7((ko + Ey)? E12+,c)2 257 (ko — E1)? — B2, )2
n n'(B(Ey — 1)) n np(B(=E — p))
AE} (ko + E)? = Efyy,) - AE{ (ko — E)? — Efyy,)
N np(B(Eirk — 1))  np(B(=Eigk — 1)) (G-10)
2E14k((ko — Eix)? — E7)?  2Ep5((ko + Ergx)? — E7)?’
lo
T%: ((lo + ko)? — l+k)(l2 E})
Emnp(B(EL— ) Enp(B(—E — )

" 2E((ko+ B1)? — Efy) | 2Ei((ko — Ey)? — EZ )

— (ko — Eipi)nr (B(Erre — 1) | (ko + Epa)nr(B(— Bk — 1))
2E1k((ko — Eryk)? — E?) 2B (ko + Eyyi)> — E})

(G.11)

68



APPENDIX G. DERIVATION OF CURRENT

lo

T T B = =P
(ko + E)np(B(Ey — ) | (ko — E)np(B(—Ep — p))

2B, (ko + E0)? — By y)?  2Ei((ko — E1)? — E}y)?
L BE—p) R w)
AE (ko + Ey)? — EZy)  4E((ko — E)? — E},y)
(ko — Evvr)nr (B(Eiere — 1) (ko + Ever)nr(B(= B — 1))

— + . G.12
2E i ((ko — Epyr)? — E7)? 2By k((ko + Epyr)? — E})? (G-12)

Here, we define By = /|12 + m? and kg = iw,,, the latter of which is analytically continued
to wT.

G.2 Computation of J{'(k)

We now compute J{'(k), which can be written as

Ji (k) = —i/l[((l sy _;f)(p I (12 = m?)(1 — k) — 2|1|%k + 2lolkko)]

—(k— —k)] Ok A, (k) As o

reg

—4i
) T%: /z [((l + k)2 —m?) (2 — m?)? (1% = m®) (I = k)i — 2%k + 2loliko]
— (k= —k)] % A, (k) As 0, (G.13)
reg

where fl = %. After the Matsubara frequency summation and straightforward calcu-
lations, we find

Jlu(k) = Jllfvac(k) + J{fmat(k)7 (G14)
JI’uvac(k) =—4 Z / _ 3702 : 2 + D) fl;m2k02 B euVOkkkAu (p)A507
(G.15)

G“VOkAV(p)Ag,O, (G.16)

reg

" Y —Eyky + ulgko
JI,mat(k) 427;‘:/l _2El(Q% _ El2+k)N+(El)
where we define Ny (k) = np(B8(k — p)) +np(B(k + p)) and Q, = ko + wE; with u = +.
Here, JI’f vac (k) has only the Pauli-Villars contribution while the Pauli-Villars contribution
of J{f at (k) is exponentially suppressed by the Fermi-Dirac distribution function with
infinite energy.

To proceed with the computation, we first rescale |l| as [I| — |l|/M. Next, we take the
M — oo limit. Under this limit, the integrand reduces to a simpler form, allowing us to
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perform the integration analytically. After these steps, we finally obtain

1 .
Jf‘(w,k) = —ﬁe()k“"(zkk)Al,(w,k)Am
1 [ k2 — k2 (ko + k)2 ((ko — k) — 412)
- N (H2_—_ 1
272 J, AN ()= [ko . <(k0 —k)2((ko + k)2 — 4z2)>
k2 — (k — 21)2

211 b U S ¥
+ n(kg—(k+21)2

)] R (k) Ay (w, k) Aso (G.17)
with ko = w™ and k = |k|.

G.3 Computation of Jg(k)

Next, we compute Jf (k), which can be divided into four components:

Jﬁ(k) = J]’fq(@ + Jﬁ2(k) + J]’f:ﬂ(k) + J€-4(k)v (G.18)
I (k) = —i /l (L _;;Z)(p )2 (12 = m2) (1 + k)o + 2m>%ko )"0 A, (k) A5 — (k — —k),
(G.19)
Tiolh) = =i [ e (0 = mE) L+ R+ 2P ) Ay () A = (k= =),
(G.20)
2 — —4i l uv0p
(k) = —z/l((l e 2 k) A ) As — (k — =), (G.21)

P — 4
Ji.4(k) = _Z/l((l FE)2—m2)(12 —m?)

After the Matsubara frequency summation and straightforward calculations, we find

S(—20'1kkg) e P A, (k) As — (k — —k). (G.22)

iy (k) = T

H—n,vac(k) + JIl[{ k) (G23)

n,mat(
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with

|l|2k0 um?k} 10
J]’flvae =4 E :/[ 3 2 2 VAL (k) As,  (G.24)
2E3(02 — EZ,)  ER(Q2— s

I+k l+k)
JH —4i 0 A () As,, G.25
]I—l,mat t Z / |:2El Q _ El+k):|reg6 ( ) 51 ( )
1|2 um?kq
JE o (k) = 4i / { | } R AL (k) Asy, (G.26)
2 Z 26} (Q2 — Ef\y,) Ez(ﬂz l+k)2 reg
| ' lPNA&)
JE o (k) = —4i / | R A (k) Asy, (G.27)
-2 mat 1;& l 2El3(91% - El2+k) reg
. [ Qu I/ 7
J&WAM=—@§:/ 0z - Q}IMMMWMAAM%b (G-28)
u=t 1 ( l+k) reg
, [ QN4 (Ey) z|l| Ny (Eq) kil
T (k) = —4i / - + k| — SO i A, (k) sy,
-8, mat uz::t lL (92 l+k)2 2E; (Q2 l+k) reg
(G.29)
Taac®) = =1 Y [ | | (L M A () A
’ L 4B (923 El+k) 2B (92 — B} )% ] reg
1 Uk‘o
4 /K +3 )(1—3062)|l|2
UX;E l 4E (€2 _El2+k) (QQ l+k)
1 A
+ <wwu—wﬂ e koA, (k) A, (G.30)
( l+k:) reg
JE —4i Z /[ N+ (E1) uko N (Ey) N (Er) ]
H_4,mat 4E3 El2+k) 2E2<QQ l+k) 4E2(92 l+k:) reg

X (1- NM%WM%A(@AM

N El) uk0N+(El) N/ (El) 2 2
i /[( + + (1 322k
Z AE}(Q2 — EF ) 2E7(02 - B} p)? 4E2(Qz Ef )
]\27+(El) S 2L |k|z + k2| ke koA, (k) As,. (G.31)
Ey(QF — B} y)? vog

the
vanishes due to the suppression by

Here, we define x = cos@, where 6 is the angle between I and k. Similar to Jl’f mat’
contribution from the Pauli-Villars ghost in Jﬁ‘_
the Fermi-Dirac distribution function. From

From Egs. (G.24)-(G.27), we obtain

n,mat

T el) 4 Ty () =40 S / ’”2 um’ko S A, (k) sy
II-1,vac 1I-2,vac ) 2E3 El2+k) EQ(QQ H_k)Q e pLiy 5l
(G.32)
PNy (Ey) VB
Jﬁl—l,ma‘n(k) + J]I 2mat = —4i Z / |:2E3 QQ l+k> regeu kPAV(k)ASl (G33)

Then, we can divide terms in J} (k) into two part: one is proportional to e*""?k, A, (k) A5
and the other is proportional to k'kze"% A, (k)As. We denote the former as Ji (k) and
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the latter as J¥

1 (k). Following the same steps as in the computation of J{*, we obtain

1| k2 -k [k
Jj‘f’,vac(k> = ﬁ — 2]{;3 <k - ko tanh (ko)>
D
R0 (ko — (k2 — k2) tanh ! ( mABL A, (k)A
~ o3 0 — (k% — kg) tan %o € pAu(k)As;
PV
1 _
= —5 5" (iks) Ay (k) As, (G.34)
Tl (k) =0, (G.35)
1| k2—k2 Lk
i e B) = =5 | == <3l<:l<:0 — (k* = 3kg) tanh ™! <k0>>
D
k2 — k(% 2 2 -1 k 7.l uv0k
~~m 3kky — (k* — 3k§) tanh T k' (iky) e A, (k) Ag
PV
=0, (G.36)
and
T me(B) =0, (G.37)

where D and PV denote the contribution from the massless Dirac fermion and Pauli-Villars
ghost, respectively. Then, we finally find

1

Jlivac = _ﬁ(ikﬁ)eﬂylﬁAu(kj)ASb (G38)

JIlIL,mat = 0. (G39)

G.4 Result

From the above calculations, we find that the current density is given by

1
JH(w, k) = —Tﬂeﬂ”ApAw(ikA)Ap(w, k)

1 [® k2 — k2 (ko + k)2((ko — k)2 — 41%)
- dIN' ()2 kol

272 ), MO [ ol ((ko (ko T R)E = 4l2>>
k2 — (k — 21)?
kg — (k +20)2

+201n ( )] R (iki) Ay (w, k) Aso. (G.40)

This expression is consistent with Eq. (4.12) under utilizing e??* (ikg) A, (w, k) = —6*. B¢ (w, k)
and restoring the Fermi velocity v.
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Appendix H

Integration formulae

In this appendix, we present the integration formulae used in the computation of the
charge and current densities within the framework of the chiral kinetic theory.

H.1 Angular integral

The following angular integration formulae are used:

1 T 2 )
— | sin6do | dept = H.1
= | swoas [ agi <o, (H.1)
1/7rs'n9d9/27rd plp = L sii (H.2)
ar fy o PP =0 '
I e ede/zwd L k) (H.3)
ar fy O 0 0 —vp-k  2v|k| w1, ’
2w ]32 1 ~
— 0d0 |  dp———— k k)] H.4
/am | e = LoD e DI (1L.4)
21 NI
1 do PP 1 j_ ij
/ sin 046 / dp—L T = Slon( DEE — a7 (1L5)
H.2 Radial integral
The radial integration formulae are
/0 dpnp(B(p — p)) = Tln(1 + e/7), (H.6)

/ooo dplne (B(p — 1)) = np(B(p+ )] = Tln(1 + /™) — Tln(1 4 ¢ #/T)

= (H.7)

00 2T2 MZ
| o5 = )+ ne 3o+ ) = =+ (13)
| dnr (5o - 1) = e (B4 )] = 5T + 4 (11.9)

/0 " dpp e (B(p — 1)) + e (B + 1)) = — /0 "~ dpplnr (B(p — 1)) + nr(Bp + )]
7T2 2 2
:—( (:,‘F +“2) (H.10)
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We note the following general formula [126]:

00 T ™ 1
[ o e(5(0 - 10) = Corae(a ) = EEE B (G 550,

where B,,(x) is the Bernoulli polynomial:

Bo(z) =1, (H.12)
Bu(z) = o — % (H.13)
By(z) :a:2—x+é. (H.14)
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