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ABSTRACT

Berry phase plays an important role in many non-trivial phenomena over a broad range
of many-body systems. In this thesis we focus on the Berry phase due to the change of
the particles’ momenta, and study its effects in free and interacting fermionic systems. We
start with reviewing the semi-classical kinetic theory with Berry phase for a non-interacting
ensemble of fermions — a Berry Fermi gas — which might be far-from-equilibrium. We partic-
ularly review the famous Berry phase contribution to the anomalous Hall current. We then
provide a concrete and general path integral derivation for the semi-classical theory. Then
we turn to the specific example of Weyl fermion, which exhibits the profound quantum phe-
nomenon of chiral anomaly; we review how this quantum effect, and its closely related chiral
magnetic effect and chiral vortical effect, arise from Berry phase in the semi-classical kinetic
theory. We also discuss how Lorentz symmetry in the kinetic theory of Weyl fermion, seemly
violated by the Berry phase term, is realized non-trivially; we provide a physical interpre-
tation for this non-trivial realization, and discuss its mathematical foundation in Wigner
translation. Next, we turn towards interacting fermionic systems. We consider Fermi lig-
uid near equilibrium, and propose the Berry Fermi liquid theory — the extension to Landau
Fermi liquid theory incorporating Berry phase (and other) effects. In our proposed Berry
Fermi liquid theory, we can show the Berry phase is a Fermi surface property, qualitatively
unmodified by interactions. But there also arise new effects from interactions, most notably
the emergent electric dipole moment which contributes to the anomalous Hall current in
addition to the usual Berry phase contribution. We prove our proposed Berry Fermi liquid
theory from quantum field theory to all orders in Feynman diagram expansion under very
general assumptions.

The discussion of Berry Fermi gas is based on the previous literature and the author’s

works [14] and [13]. The Berry Fermi liquid theory follows from the author’s work [15].
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CHAPTER 1
INTRODUCTION

1.1 Background, Problems and Results

As we learn to do quantum mechanics, we learn to diagonalize the Hamiltonian:
H=UDU (1.1)

The diagonal matrix D is the spectrum of energy eigenvalues, while the unitary matrix U
has its columns as energy eigenstates. We have learned to pay much attention to D when
considering the dynamics, or time evolution, of the system. But it would be hard to believe
if the U part has no effect on dynamics.

Indeed, the U part has effects that people have noticed in different problems. But it was
not until 1984 that a unified, general picture appeared. This is Berry’s picture of geometric
phase [8], or Berry phase as we call it. Suppose the Hamiltonian depends on a few adjustable
parameters (J7. For simplicity, we let |u(Q)) be an energy eigenstate (a column of U(Q))
whose corresponding energy eigenvalue E(Q) (an entry of D(Q)) is well gapped with other
eigenvalues. Now we adjust the parameters @ in time, Q7 = Q(t); the variation in time
is so slow compared to the energy gap over h. Then, according to the quantum adiabatic
theorem, if the initial state is prepared in u(Q(t = 0)), the state of the system will stay in
the instantaneous eigenstate |u(Q(¢))) of the Hamiltonian, up to a complex phase. That is,
the state at time ¢ is [0, (t)) = €O |u(Q(t))) with 6(t = 0) = 0. Now let’s compute the

phase 6(t). Using the Schrodinger’s equation ihdg vy, (t)) = H(Q(t)) [ (t)), we have

ihOu(Q(t))) — h90(t) [u(Q(1))) = E(Q(t)) [u(Q(t))) (1.2)



Contracting with (u(Q(t))| on the left, and integrating over time, we find the phase is

t / Q(t)
o - [ ar OO [ lierd@. (@ =i @ldg @) (13)

0 h Q(0)

The first term is the usual dynamical phase from the diagonal D part of the Hamiltonian. The
second term is the geometric phase due to the U part, and al is called the Berry connection
in the space of Q7. But we are not done yet. The definition of |u(Q)) is ambiguous. We
can redefine it by |u(Q)) — €?(@)]u(Q)) (corresponding to redefining U by multiplying a
unitary diagonal matrix to its right), and the Berry connection will shift by al — ol + 00,
so its contribution to 6(¢) will be shifted by the boundary term ¢(Q(t)) — ¢(Q(0)). Thus,
it seems the Berry connection contribution is just arbitrary. It indeed is, except if the we

adjust the system back to its initial setup Q(¢) = Q(0). In that case, the phase

an=00)
eBerry _/ dQr a (Q) (1.4)
Q(0)

is independent of the choice of ¢, but only depends on the loop Qj(t) traces out (due to
our physical adjustment) in the @) space. This unambiguous phase is the Berry phase. Note
that the Berry phase does not depend on how @Q(t) changes with time, but only on the loop

traced out. A closely related concept is the Berry curvature

b7 (Q) = 99,07 (Q) — 99,0’ (Q) (1.5)

which represents “the density of Berry phase per unit area in the @) space”, and is unam-
biguously independent of the choice of phase ¢(Q). If we compare the Berry phase Berry 10
the magnetic flux ®, then the Berry connection al (Q) is analogous to the vector potential
A;(Z), while the Berry curvature v/ (Q) is analogous to the magnetic field Fj; (7).

The phenomenon of Berry phase is rooted in the mismatching between the inner product

structure of the Hilbert space (“dagger-ing”) and the detailed way the Hamiltonian depends



on (; this mismatching is captured in the definition of al. This is analogous to another
phenomenon of geometric phase — the Foucault pendulum, where the precession angle is
due to the mismatching between the pendulum’s tendency to move under inertia and the
transport of the pendulum as the Earth rotates. In both cases adiabaticity plays a crucial
role. In the Berry phase case, the time variation of ) must be slow enough for the state [)
to stay proportional to the instantaneous eigenvector |u(Q(t))). In the Foucault pendulum
case, the transport of the pendulum must be slow enough that it does not exert force on the
pendulum’s motion.

In the above we have considered the parameters () being externally adjustable parameters.
But they can also be quantum numbers, and that is the scenario we focus on in this thesis.
Consider the Weyl Hamiltonian as an example: H 0‘6 = ﬁi(ai)aﬁ. The Hilbert space has
an infinite dimensional subspace, on which the momentum operator acts, as well as a two
dimensional subspace, the internal space, on which the Pauli matrices act. If we diagonalize
the momentum operators first, we can use the quantum numbers p; to label the left-over part
of the Hamiltonian, which now acts only on the two dimensional internal space (spinor space)

Oé(p) = pi(ai)o‘ﬂ. Another example is the Bloch wave in a lattice. We can diagonalize the
lattice momentum part first, and then the Hamiltonian becomes a matrix, labelled by the
lattice momentum, acting on the discrete band index. In this thesis, the Q)7 we consider are
the spatial momentum p;, so the Berry curvature is a curvature in the momentum space.

Of course, if p; are good quantum numbers, the momentum will be constant in time and
there will be no Berry phase effect. Therefore, to see the effects of the momentum space
Berry curvature, we must perturb the system so that the particle’s momentum changes slowly
in time.

As we can see from the above, Berry curvature effects are very common; they generally
exist if there is an internal Hilbert space of more than one dimension (i.e. more than one
band). However, their effects are order A suppressed compared to the usual phase due to

the energy eigenvalue. Therefore, Berry curvature effects are only visible if we consider the



Fermionic systems | Neglect Berry Phase | Include Berry Phase

Free simple Fermi gas Berry Fermi gas

Landau’s Fermi liquid | Berry Fermi liquid

Interacting

non-Fermi liquid. . .

Table 1.1: Free and interacting fermionic systems, with and without Berry phase.

next-to-leading order effects in i expansion, or equivalently low frequency / long wavelength
expansion. This is why they are usually overlooked in more traditional studies of bands.

In this thesis, we consider multi-band fermionic systems, both free and interacting ones,
in which the particles” momenta change in time due to external electromagnetic field, mani-
festing the effects of the momentum space Berry curvature. Let’s organize the different cases
as Table 1.1. In this thesis we study the two cell on the right, the non-interacting Berry
Fermi gas, and the interacting Berry Fermi liquid. Below we introduce the contents in this
table in some details.

The upper left cell of simple Fermi gas is the most elementary case. The key concept is
Pauli’s exclusion principle, leading to phenomena such as degeneracy pressure, the existence
of Fermi surface. .. which are fundamental to our present day understanding of the physical
world.

In simple Fermi gas, Pauli exclusion is crucial to the macroscopic ensemble behavior;
however, the particles’ dynamics is completely classical. If we go one order higher in A
expansion, we will see the quantum effects on the dynamics due to the momentum space
Berry curvature. This brings us into the regime of Berry Fermi gas theory. Berry phase effect
in fermionic system made its first appearance as early as 1950s, when Karplus, Luttinger
and Kohn studied the anomalous Hall effect in ferromagnets and attributed the effect to
an “anomalous velocity” (explained below) of the electrons in the lattice [36, 39, 51, 50].
Of course, this was before the formulation of the general concept of Berry phase [8]. The

formal connection between the anomalous velocity and the Berry phase was realized by



Chang, Niu and Sundaram in the 1990s [12, 11, 71]. The anomalous velocity is a quantum
correction to the particle’s velocity perpendicular to the external force (electric field), much
like the Lorentz force is a force perpendicular to the particle’s velocity. Chang, Niu and
Sundaram made this analogy mathematically concrete; in particular, the role played by the
magnetic field (a curvature of magnetic flux in position space) in Lorentz force is played by
the momentum space Berry curvature in the anomalous velocity.

Berry curvature in Fermi gas leads to other interesting phenomena besides anomalous
Hall effect. Most amazingly, the profound phenomenon of chiral anomaly can be reproduced
from Berry curvature. The chiral anomaly is the phenomenon that, in a system of Weyl
fermions, the right-handed fermion number and the left-handed fermion number are sepa-
rately conserved classically, but quantum mechanically they are not conserved, only their
sum, the total fermion number (total electric charge) is conserved. This phenomenon has
important experimental consequences (e.g. the pion decay rate) and deep mathematical
structure. In recently years it was shown this phenomenon can be reproduced from the
Berry curvature effect in the kinetic theory of Weyl fermions [66, 67, 68, 29, 16]. Two closely
associated phenomena, chiral magnetic effect (CME) [76, 28] and the chiral vortical effect
(CVE) [75, 65], can also be reproduced from the Berry curvature in kinetic theory.

The above aspects of Berry Fermi gas will be reviewed in Chapter 2 of this thesis.

At the same time as Berry Fermi gas theory achieves such success in describing Weyl
fermions, a sharp problem arises. Weyl fermion is a relativistic particle respecting Lorentz
invariance. On the other hand, the entire story of Berry curvature explicitly breaks Lorentz
invariance, since it is a curvature in the space of spatial momentum p, i.e. it depends on
the choice of a reference frame. In Chapter 3 of this thesis we provide the resolution to this
problem [14]. For the semi-classical theory with Berry curvature to be Lorentz invariant,
or equivalently frame independent, it turns out the “spacetime position” z# and the “four
momentum” p,, of the Weyl fermion must be frame dependent. This sounds odd, but it is a

consequence of the fact that the semi-classical Weyl fermion has non-point-like feature due



to its spin, and therefore the physical meaning of z* and p, must be interpreted carefully. It
was also known that the frame dependence of x and p is related to Wigner translation [25, 70],
the non-compact part of the little group of a massless spinning particle; in this thesis we will
present the relation in a way somewhat different from the presentation in the literature.

We will take one step further, and consider how collisions of Weyl fermions can be included
in the semi-classical kinetic theory in compatible with Lorentz invariance [13]. Collisions
will relax a far-from-equilibrium ensemble, described by our chiral kinetic theory, to local
equilibrium, described by chiral hydrodynamics. This is an important step, establishing the
bridge from microscopic quantum mechanics to locally-equilibrium hydrodynamics, via the
far-from-equilibrium kinetic theory.

The above explains the first row in Table 1.1. But in real systems interactions are
generally present, and usually not small. Therefore we need to turn to the second row.

Landau’s theory of Fermi liquid [41, 40], established in the 1950s, is one of the cor-
nerstones of condensed matter physics. A Fermi liquid is an interacting fermionic system
satisfying two conditions: its ground state is described by a Fermi surface much like that of a
non-interacting Fermi gas, and moreover its low energy spectrum is described by “quasiparti-
cle” excitations which are qualitatively similar to non-interacting particles. With his superb
insight, Landau realized there is only one effect of interaction at low energy — a local interac-
tion potential energy between quasiparticles. Quasiparticle decay and collision arising from
interactions are suppressed by the low energy, due to the limited availability of decay / colli-
sion channels. Thus, the low energy behavior of a Fermi liquid can be described by a kinetic
theory very similar to that of a Fermi gas, with the addition of a local interaction potential
energy. This simple picture, the Landau Fermi liquid theory, has been extremely successful
in describing a large class of interacting fermionic systems, most notably Helium-3 [6] and
electrons in normal metal.

Landau’s intuitive theory was soon proven by matching with Feynman diagram expansion

to all orders in perturbations theory, by Landau himself and others [43, 59, 49, 1]. In the



1990s, Landau’s original insight was finally concretely casted in the language of low energy ef-
fective field theory [60, 61]. Except for a possible instability in the Bardeen-Cooper-Schrieffer
channel, Landau’s Fermi liquid theory provides a truly universal low-energy effective descrip-
tion of Fermi liquid systems with short-ranged interactions.

We shall now turn to the motivation of our Berry Fermi liquid theory [15]. As mentioned
above, people have derived many interesting results from Berry Fermi gas theory, but how
much of those survives once interaction is included (as in real systems)? Also, are there
any new effects arising from interactions that are not present in Berry Fermi gas theory?
To answer these two questions, we have to extend Landau’s Fermi liquid theory into next-
to-leading order in low energy / long wavelength expansion. This extension, we call Berry
Ferma liquid theory, is presented in Chapter 4. We will also provide a proof to the Berry
Fermi liquid theory by resumming Feynman diagram expansion to all orders. Our main
results are the followings. First, it is known that for a Fermi gas, the Berry curvature effects
can be written as Fermi surface integral [32]. It would be important if the same can be done
for a Fermi liquid, because for a Fermi liquid the system’s properties far from the Fermi
surface are generally complicated and non-universal. We show this indeed can be done in
Fermi liquid, and the form of the Fermi surface integral is almost the same as in Fermi gas.
Second, in addition to the usual Berry curvature contribution, there is a new contribution
to the anomalous Hall effect from the quasiparticles’ emergent electric dipole moment due
to interactions. Third, at next-to-leading order in low energy / long wavelength expansion,
we have to consider quasiparticle decay and collisions; however, they have no contribution
to the “interesting physics” such as anomalous Hall effect, chiral magnetic effect, etc.

In the previous literature, the work that has the most overlap with our Berry Fermi liquid
theory is Ref. [62] where the interplay between Berry curvature and interaction has been
studied in a very general context. The authors of Ref. [62] showed, via the Keldysh formalism,
that the quasiparticles’ motion has an anomalous velocity due to the Berry curvature, as in

the non-interacting case, but the content of the Berry curvature is modified by interactions.



There are four main differences between Ref. [62] and our Chapter 4. First, in contrast
to Ref. [62], we only study linear response, which does not see the effect of the anomalous
velocity. Second, in our theory the Berry curvature effects show up in (the non-quasiparticle
contribution to) the current, which is not computed in Ref. [62]. Third, we are able to take
into account the effect of the quasiparticle collisions and the finite quasiparticle lifetime.
Last, we are able to answer the question whether interesting transport phenomena such
as the anomalous Hall effect involve Fermi surface contribution only, or involve Fermi sea
contribution as well.

One can notice at the bottom of Table 1.1, there is also “non-Fermi liquid”. Fermi liquid
describes a large class of interacting fermionic systems, but there are also many non-Fermi
liquid systems, not satisfying one or both assumptions about Fermi liquid. The study of
these systems is an important subject, but far beyond the scope of this thesis.

Finally, we emphasize that impurities / disorders are completely neglected in this thesis.
This is a purely theoretical idealization. There are extra non-trivial effects if disorders are
included. For instance, there will be extra contribution to anomalous Hall effect from skew-

scattering and side-jump; see Ref.[53] for review.

The chapters of this thesis are related to the author’s research works as the following.
Chapter 2 is mostly a summarization of previous literature, except for Section 2.4, which is a
generalized and refined version of the path integral derivation in the author and collaborators’
work Ref.[14]. The first two sections of Chapter 3 are also based on [14]; the third section
is from some unpublished work of the author; Section 3.4 is an elaboration of the author
and collaborators’ work [13]. Chapter 4 is mainly a reproduction of the author and advisor’s
recent work [15], with the example in Section 4.1 added for demonstration purpose.

Needless to say, the references included in this thesis are far from a complete list on
this rich subject. Here the author only included those which were more familiar to the

author during the course of study. There must be a lot of important works missing from the



references due to the author’s limitation.

1.2 Organization of the Thesis

Chapters 2 and 3 are devoted to Berry Fermi gas system without interaction. In Chapter 2,
we start with a review of the symplectic formulation of classical mechanics. Then we present
the semi-classical action of a single particle with Berry curvature in external electromagnetic
field, and extract the implications from the action using the symplectic formulation. We then
consider a non-interacting ensemble of such particles — we focus on fermions in particular —
and discuss the general effects of Berry curvature on the ensemble’s macroscopic behavior;
we will pay particular attention to the anomalous Hall current due to Berry curvature. To
support the validity of the semi-classical action, in Section 2.4 we derive it from path integral
under very general setting, and get to understand the microscopic origin of the particle’s
Berry curvature as well as its magnetic dipole moment. We then turn from the general
case to the specific example of Weyl fermion as a concrete demonstration of the general
formalism. The example of Weyl fermion is important in its own. It has band touching, and
exhibits chiral anomaly as well as the associated chiral magnetic effect and chiral vortical
effect. We will present the computation of chiral magnetic effect and chiral anomaly from
the semi-classical theory of Berry Fermi gas, and discuss the physical picture.

The semi-classical theory of Weyl fermion seems to violate Lorentz invariance, but it must
not. In Chapter 3 we resolve this puzzle. We will first provide a physical argument arguing
that the notion of “position” of a semi-classical massless spinning particle must be frame
dependent. Then we present in detail how Lorentz invariance is realized non-trivially in the
semi-classical theory — both the notion of “position” and “momentum” are frame dependent.
We will show that, despite the frame dependence of position and momentum, the current
and stress-energy tensor are frame independent (Lorentz covariant), and therefore they are
the legitimate basic physical observables. We will give a physical interpretation to the non-

trivial realization of Lorentz invariance based on the helical (spinning) feature of the current.
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In Section 3.3 we will explore the mathematical foundation of the non-trivial realization of
Lorentz invariance — it is due to Wigner translation, the non-compact part of the little group
of a massless spinning particle. Finally, in Section 3.4 we will consider one step beyond Fermi
gas theory. We assume the Weyl fermions collide, and study the restrictions on the form
of the collisionful kinetic theory due to Lorentz invariance. We show that such collisionful
kinetic theory of Weyl fermions will relax to the familiar chiral hydrodynamical limit, in
which we will compute the chiral vortical effect.

Chapter 4 is devoted to interacting fermionic systems with Berry curvature. We start
with a simple example, Dirac fermion with weak contact interaction in 2 spatial dimensions,
to demonstrate the appearance of new contribution to anomalous Hall current not present
in non-interacting systems. This example shows the inclusion of interaction must be a
non-trivial story. To proceed, we first provide a quick review on the computation of linear
response in Landau’s Fermi liquid theory. Then we present our proposed Berry Fermi liquid
theory, which incorporates Berry curvature effects (as well as other effects) in extension to
Landau’s theory. In Section 4.4 we derive the Berry Fermi liquid theory from perturbative
quantum field theory under very general assumptions. Our derivation is valid to all orders in
Feynman diagram expansion, as long as we stay in the long wavelength limit. The quantum
field theoretic derivation itself is quite technical and length, involving heavy use of Cutkosky
cut, Ward-Takahashi identity and combinatorial diagrammatic techniques; the organization
of the derivation is provided at the beginning of Section 4.4.

At the end of each of these three chapters there is a “Summary and Outlook” section,
summarizing the main results and ideas in that chapter, and discussing unresolved problems
and future directions of study. These discussions will not be repeated in the final Conclusion

chapter. The final Conclusion chapter will contain brief discussions in broader perspective.

1.3 Conventions in the Thesis

To make the computations readable, it is important to clarify the conventions.

10



We generally consider systems in d spatial dimensions, i.e. (d+ 1) spacetime dimensions,
with d > 2.

We denote spacetime (relativistic or not) coordinate as z*, with zY being time ¢ (instead
of ¢t in usual relativistic context) and ! (i = 1,...,d) being spatial position. Spatial
momentum is denoted as p = pi, while kinetic energy is denoted as V= —po- This rule
of raising and lowering indices on momentum is compatible with, but does not rely on the
Minkowski metric; it follows from the canonical structure of classical / quantum mechanics.

For relativistic systems, our convention of Minkowski metric is 1, = diag(—1,1,...,1),
and our convention of spacetime Levi-Civita symbol is €y190 4 = —012.d — 7

We set the Boltzmann constant to kg = 1. For relativistic systems the speed of light
¢ = 1 is understood. However, we will generally leave A explicit to keep track of the quantum
effects in the semi-classical Berry curvature framework. We will set & = 1 in the quantum
field theory computations in Sections 4.1 and 4.4.

The validity of the semi-classical picture relies on low frequency / long wavelength ex-
pansion, i.e. the expansion of g, ~ h0Juu over the typical energy / momentum scale of the
system. It is equivalent to keep track of i or ¢; in Chapters 2 and 3 we keep track of the
former, and in Chapter 4 the latter.

The notation X[1-+in] means X%-in with all the indices antisymmetrized; there are n!
terms in total, and in our convention there is an overall factor of 1/n!. The notation X {i-in}
means X1'n with all the indices symmetrized; again there are n! terms in total and in our
convention there is an overall factor of 1/n!. In this thesis there will be expressions like
8maj]; this is because the derivative of p; with lower index should be viewed as having an

upper index, i.e. 9, = (8p)i.
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CHAPTER 2
BERRY FERMI GAS

In this chapter, we discuss the semi-classical theory of a single particle with Berry curvature,
and extract its implications on an ensemble of non-interacting fermions — a Berry Fermi gas.
The particular strength of the Berry Fermi gas theory, as a Boltzmann type kinetic theory,
is that it describes macroscopic systems far-from-equilibrium, and therefore has broader
application (when interactions are small) than the commonly used hydrodynamics theory
which assumes local equilibrium. We will see how the Berry phase-related interesting physics
of anomalous Hall effect, chiral magnetic effect and chiral anomaly are computed in the Berry
Fermi gas theory.

This field has been very well-developed, therefore this chapter is mostly a summarization
of previous works. Section 2.4 contains a path integral derivation of the semi-classical theory

with full generality, which is not written down explicitly in the previous literature.

2.1 Review of Symplectic Formulation of Classical Mechanics

To most efficiently convey the Berry phase physics, we use the symplectic form formulation

of classical mechanics. Below is a brief review of the formulation.

2.1.1 Worldline Parametrized by Time

Consider the action of a single particle moving in d-dimensional space under Hamiltonian

S[A(E), F(t)] = / S, dS = pidat — H(p 7, 1)dt 2.1)

where the integration is along an arbitrary worldline of the particle in the 2d-dimensional

phase space. We regard the first term of d.S as the symplectic part, and the second term as
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the Hamiltonian part. Now we denote (mi, p;) collectively as &7, so the action can be written

as
dS = wpde! — H (¢, t)dt (2.2)

where wry is called the symplectic 1-form, w,; = p;, wp, = 0. Adding to wy a total ¢! derivative
changes the action by a boundary term and affects no dynamics.

Consider arbitrary infinitesimal variations 5§I ,
5dS = ¢lwy e’ — o¢! (ang + atwf) dt, (2.3)

where dropping total derivative terms is always implicitly understood. Here wy; = 20€1w J

is the symplectic 2-form. Explicitly,

wxixj =0 | w.
wrg = . (2.4)

) —
Wpizd = 6]' Wpipj = 0

On the other hand, dywy = 0 in the present case; we will see below why we formally keep it.
The equation of motion (EoM) is derived by requiring d¢ to be such that ddS is total

derivative for arbitrary 6¢. This requires

wy yde? = <8£1H+8tw[> dt, e deljdi

=7 (agJH n atwj) : (2.5)

EoM

where w!/ = (w_l)I 7/ is the inverse symplectic 2-form whose components are those of the
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Poisson brackets:

{pi. 2’} = =] | {pipj} =0

Similar, the symmetries of an action can be derived by requiring 6§ to be such that ddS
is total derivative for arbitrary d¢. This requires the existence of some function Q(Z,p,t),

called the Noether charge of the corresponding symmetry, such that

5£IwU = —ang, (551 <861H + 8twj) = 0Q. (2.7)

It is easy to see when the EoM (2.5) is satisfied, dQ/dt|zon = —0dS/dt = 0, i.e. the Noether
charge is a conserved quantity at EoM. Finally, if the symmetry transformation involves the
transformation of some non-dynamical parameter o on which H depends, then the second
equation in (2.7) should have an extra term dadyH on the left-hand-side.

All these seem quite trivial — all we have done is to state the textbook Hamiltonian
mechanics [30] in some fancy language. But the key point is the following: Now it is no longer
necessary to use (a:i, p;) to parametrize the phase space; é’l can be arbitrary parametrization
of the phase space, and (2.3), (2.5) and (2.7) still hold, as long as we require wy ; to transform

as a (0, 2)-tensor on the phase space. That is, under reparametrization §I — ¢ I ,,

wp g = wIﬁfméI@gmf‘]- (2.8)

If wr s in a parametrization ¢! still takes the “standard form” (2.4), then the parametrization
fI are called canonical variables, otherwise SI are non-canonical; for the study of Berry
curvature physics it is convenient to use non-canonical variables, as we will see later. Clearly,
in any parametrization, w is always a non-degenerate, closed 2-form — in fact, these two

properties are the defining properties of a symplectic 2-form. Non-degeneracy means the
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phase space is physical and involves no redundant gauge degree of freedom; the dynamics
is completely determined by the EoM (2.5). The meaning of closed-ness will be discussed
later.

The reparametrization of §I — ¢ I can even be time dependent, as long as we require

the Hamiltonian to transform accordingly:
H' = H +w o0&’ (2.9)

so that the action (2.2), or equivalently its variation (2.3), remains invariant up to total
derivative.
Let’s see a simple example of non-canonical variables. A particle moving in external

electromagnetic field has action
dS = pidz’ + A;(Z,t)da’ — H(p, Z,t)dt (2.10)

(we have absorbed the electric potential —Aq into H). Here p; is the physical momentum

and is not canonical to 2. Explicitly,

R )
Woyigd = FZ] wx’pj - 6@'
wry = (2.11)
v —
wpimﬂ - 5]' Wpipj = 0

where Fj; = 28[;&47‘] is the magnetic field, and its corresponding block w, . ; gives rise to

the Lorentz force. One can define the canonical momentum
Pi(t) = pi(t) + A (2(2)), (2.12)

so that (z', P;) are canonical variables and w is brought back into the standard form (2.4),

at the price that H would now depend on A through p; = P; — A;.
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The transformation law (2.8) implies the volume element

d*¥¢ \/detwyy = d*¥¢ \/detwy (2.13)

is the natural volume element in the phase space — this is called the Liouville volume element.
For canonical variables clearly it is just d2d£ . An important property of the volume element

is the Liouville’s theorem:

de! Vdet
OrvVdetw + 851 (v det w % > = — 26 d 3a[€IWJK] Wl WKL (agLH + 3twL)
EoM
= 0 (2.14)

where the second equality follows from the closed-ness 8[§1w JK] = 0. One can understand
this theorem as: a fluid (ensemble of independent particles) is flowing in the phase space in
time according to the EoM, but the Liouville volume of this fluid remain the same over time.

A question arises. In general relativity, we know not all metrics are locally reparametrization-
equivalent to the Minkowski metric, and the local inequivalence is measured by the Riemann
curvature. Are all symplectic 2-forms locally reparametrization-equivalent to the standard
one (2.4)7 The answer is Yes: All non-degenerate closed 2-form is locally reparametrization-
equivalent to the form (2.4). This is the Darboux theorem and can be easily proven by
constructing a reparametrization using interpolation [23]. Thus, in classical mechanics, lo-
cally there is no non-trivial background in the phase space. The most familiar example is
(2.12).

But globally there is non-trivial information in the symplectic 2-form. While closed 2-
forms are locally exact, globally they may not be if the phase space is not simply-connected;
if so, wy cannot be a globally continuous 1-form over the phase space. The failure of wyy
being globally exact is measured by its de Rham cohomology. In our Berry phase story, this

issue is associated with the semi-classical picture of chiral anomaly in Section 2.6, where
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the classical phase space has non-trivial topology because of band-touching points in the

momentum space.

2.1.2 Worldline Parametrized by Intrinsic Parameter

In the above, we have reviewed the symplectic formulation of single particle classical mechan-
ics. While the formalism is mostly beautiful, it has one ugliness: Time ¢, which we use to
parametrize the worldline, is a physical quantity, so the system may have time dependence,
and the phase space reparametrization & — &' might also have time dependence. These
time dependence makes the symplectic 1-form appear explicitly in (2.5) and (2.9). But the
symplectic 1-form is contains non-physical information — the phase space gauge freedom of
adding total £ derivative. Is there a formulation that can get rid all these troubles due to
time dependences?

There is another motivation for an alternative formulation. If we consider relativistic
systems (which we will), Lorentz invariance puts time and space at equal footing. But using
time to parametrize the worldline makes time special.

With these motivations, it is now clear how we shall reformulate the physics. Instead of
using the physical time t to parametrize the particle’s worldline, we use some intrinsic time
parameter 7. Since 7 is intrinsic to the worldline only, the physical system shall not depend
on 7, and the any physically meaningful transformation should not depend on 7. The price
we pay is we promote the physical time and the associated energy to dynamical quantities.

For example, the action (2.10) is reformulated as
S = /dS, dS = pudat + Ay (x)dat — H(p, x)AdT (2.15)

where 29 = ¢ is time and —py = pY is energy. X is the einbein on the worldline such
that A\dr = Nd7' under worldline reparametrization. X is also a Lagrange multiplier — the

variation with respect to it demands H(p, x) = 0, from which the energy pV can be solved in
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the form
p’ = H(p, &) (2.16)

where H is the Hamiltonian in our old formulation. The EoM for 2V relates the intrinsic Adr
to the physical dz¥, while the EoM for p? will be compatible with dp®/\dr = dH/\dr. For
non-relativistic particle, we can choose H = po — ]]7|2 /2m. For relativistic particle, a nice
choice is H = pp" +m? so that the entire action is manifestly Lorentz invariant (demanding
pU > 0 in the solution is implicitly understood).

Now the phase space is 2(d +1)-dimensional, and instead of the (2, p,) parametrization,
we can consider arbitrary parametrization §I ; any parametrization of the phase space should
be independent of the worldline parameter 7. The formal results in the old formulation are
straightforwardly carried over, except dt are replaced by Ad7r, and now nothing has the
O0r dependence. The only unobvious modification is the Liouville phase space volume now

becomes

/d2d§\/detwu = /d2d+2§«/deth\7 5(H) %. (2.17)

(This can be proven by invoking the EoM for dz’/A\dr.) In particular, the right-hand-
side is invariant under reparametrization ¢ — &', because the reparametrization must be 7
independent and hence H' = H. For relativistic systems, this expression of Liouville phase
space volume is very useful because it is manifestly Lorentz invariant as long as we have

chosen a Lorentz invariant expression for H (e.g. H = pup* + m2).

2.2 Semi-Classical Particle with Berry Phase

Having had the formalism of symplectic 2-form introduced, we are ready to present the

semi-classical mechanics of a single particle with Berry curvature. The quantum mechanical
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justification of this formalism is left to Section 2.4. To be consistent with the literature, we
will use the physical time as the worldline parameterization in this chapter. The intrinsic
parametrization will be used in the next chapter when we discuss the Lorentz invariance of
semi-classical Weyl fermions.

The action is [10, 82]
S = / dS,  dS = pida’ + A;(Z,t)dx’ — b (§)dp; — Ho(7, T, t)dt + Ao(Z, t)dt (2.18)

where we have separated Ag from H, so that H = Hy — Ag. a'(p) is the Berry connection

in the momentum space. Microscopically it is given by

ha' () = —ihub(5) Op,u® () = ih pub () u® () (2.19)

where u®(p) is the normalized Bloch state or spinor of the quantum mechanical particle

when A, = 0. The Berry curvature is given by

16 (§) = 120y, (5) = —2ih 0, uly (5) 0y Ju°()- (2.20)

We leave h explicit to keep track of semi-classical effects. Quantum mechanically, we can
multiply u® by a p-dependent complex phase, and no physics should change; indeed, such
a transformation adds to a’ a total p;-derivative, under which the action and the Berry
curvature are left invariant.

What is the range of applicability of this action? As we will see in the derivation in
Section 2.4, the semi-classical dynamics is valid to first order in & (compared to the typical
action of a worldline). This means hd,/|p] is kept to first order, so the expansion over 7 is

equivalent to the low frequency / long wavelength expansion over Opu.
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The symplectic 2-form is given by

R A R |
Woigs = FZ] wx’pj - 5@‘
wWrj = . (2.21)
. St _ i

Since the semi-classical theory is valid to order A, we only need to find the determinant and
inverse of wy s to order h. The determinant, and hence Liouville volume, is modified by the

Berry curvature [83, 26]
Vdetw = 1+ hiF;;b /2. (2.22)

The inverse, or Poisson bracket, is given by

1 {$i,$j} = —Rhbi {[Ei,pj} = 5; + hbikaj
Wl = . (2.23)

{pi,al} = =6 — R Fyb7 | {p;,pj} = Fyj + h FybM Ry

The EoM (2.5) written explicitly to order h will read

dz’ i
I = 6piH0+hb” (Fj0+ij8pkH0 _axjHO) ,
EoM
dp; da’
d_tz = FiO""Fij o —8961'['[0
EoM EoM
= ((5{ + hFZ-lbl]) (FjO + F1.0p, Ho — axjH()) (2.24)

(recall that Fj; is the magnetic field and Fyy = —Fp; is the electric field). The h term in
da /dt, given by the Berry curvature contracting with the force, is the famous anomalous
velocity [36, 71].

Here we work with Berry curvature in the momentum space only. Of course, if there is
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some external adjustable parameter, on which the Hamiltonian depends, that varies slowly in

space and time, there would be extra Berry curvature components b b and b

wipi wigi (11,
10, 82]. In this thesis we would not consider such generality.

Although the Darboux theorem mentioned in Section 2.1 guarantees the existence of
canonical variables, they are rarely used in the semi-classical Berry phase physics literature.
Here we mention them for completeness. If Berry curvature is absent, z! and P; = p; + 4;

are canonical variables. In the presence of Berry curvature, a convenient choice of canonical

variables (X*,P;) valid to order i is

ot =X~ ha (P — A(X,t), pi=P;— Ai(X,t) —hd (P— AX 1)) F;
X'=3'+hd(p), Pi=p;+ A& 1)+ hd (§) 9, A;(F,1). (2.25)

(Here we expand in & which is the natural expansion parameter in semi-classical physics; in

[82] the authors expanded in A.) According to (2.9), the Hamiltonian should shift by

Heano (P, X,t) = H(p,T,t) — ha'(§) 0, Ai(T, 1)

where H = Hy — Ap, and the argument of A, is (f ,t). The Liouville volume in canonical

variables is the usual d%P d?x.

2.3 Ensemble of Berry Fermi Gas

In the previous section we considered the Berry curvature effects for a semi-classical single
particle. Now we study the effects in an ensemble of non-interacting particles — in this

thesis we focus on fermions. One of the important consequence is the relation between the
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anomalous Hall current and the anomalous velocity due to Berry curvature [36, 71].

2.3.1 Boltzmann Equation and Current

We let p denote the particle density per unit d2d§ = ddg ddp:

. 2.27
diz ddp ( )

If particles are moving independently and not being created or annihilated, the continuity

equation

Orp + O <p dgf/dt> —0 (2.28)

must hold whether or not EoM is satisfied. Now we define the distribution function f(p, Z,t)

to be the particle density per Liouville volume:

dN
f=—2

Vdetw N d2dgy/detw (2:29)

With the aid of the Liouville’s theorem (2.14), the continuity equation implies the collisionless

Boltzmann equation

Of + (dgf /dt)

0] = O+ Dl (8£JH 4 O J) —0. (2.30)

For fermions, Pauli exclusion requires 0 < f < 1.

A system is in equilibrium, i.e. dy =0, if wyry, H are time independent and f = f(H).
However, in reality there is always some small collision (whose relaxation time is perhaps
much longer compared to our time scale of interest), therefore really the only equilibrium
distribution is the Fermi Dirac distribution f = fpp(H).

The usual physical observables for an ensemble are the current and the stress-energy
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tensor. First consider the current of a single particle with worldline (2'(¢),p;(t)) in the

phase space satisfying the EoM:

o 55[p, 2)
i = =
Jop(Z,0)[p, 2] = 0A,(T,1)

EoM
dz*
= dt’ [ =

where the integral is along the physical worldline (satisfying EoM) of the particle in the

L OH(ZT)
oF,u(Z,t)

azy) Uzt —t)  (2.31)

EoM

phase space, and 2! = ¢/, 20 = ¢. For an ensemble of non-interacting particles, the total
current is just the integral of the single particle currents over the particle density in the

phase space:

JH(Z,1)
ddp ddz detw(p, 2,t) . _ L=
/ (27Th>d f(p;Z,t) JSp(xat)[p7E]
dip /detw(p, T, 1) [ dat . OH(p,Z,t) . . .

The JO component is interpreted as the particle density at (¥, t), while the J i components are
the current density. The conservation OyuJ# = 0 just follows from the U(1) gauge invariance
as usual.

Clearly the first term in (2.32) is the transport current. What is the nature of the
second term? Note that —20H/0F;; can be understood as the magnetic dipole moment and
—20H /0Fj the electric dipole moment, so the second term really corresponds to the electric
polarization density (when p = 0) and magnetization / electric polarization current (when
i = ). This term plays an important role in, for instance, defining the chiral vortical current
for Weyl fermions, as we will see in Section 3.4.4.

We emphasize that although in the definition of the current, we made use of the electro-

magnetic field, the result also holds for neutral particles, as we can take the charge of the
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particle (which has been absorbed in A) to the zero limit.

If we couple the action to a spacetime structure (general relativity geometry for relativistic
particle or Newton-Cartan geometry for non-relativisitic particle), we can also derive the
stress-energy tensor. This is beyond the scope of this thesis. We just comment the followings.

The energy density 7% should take the form

d?p \/detw(p, Z,t
/ 4 etw(p, 7,1) [H(p,Z,t)f(p, Z,t) + (terms with 0 f)], (2.33)

(27h)d

while the momentum density 7%° should take the form

d > =
/ dp detw(p,x,t) [p2f<ﬁ’ z, t) + (terms with a;z:f)] ) (234>

(27h)d
as one would expect. Moreover, the conservation O,vTH = F ’f\J A must hold. When we
discuss the specific example of Weyl fermion in Section 2.5, we will present the full form of
its stress-energy tensor, omitting the derivation which requires either coupling to spacetime
metric or performing the Belinfante procedure to the Noether stress-energy tensor.

All the discussion so far has been completely general. Now we focus on Berry fermion

gas in particular. We impose some additional restrictions:

e The electric dipole moment vanishes. This is a reasonable assumption for non-interacting
fermions; in particular this is true for non-interacting electrons in a lattice. However,
as we will consider in Chapter 4, interactions in general lead to emergent electric dipole

moment.

e The magnetic dipole moment of a single fermion is order A, and depends on p only but
not on #. This is the case because the only characteristic scale of a particle that has

dimension [z] (needed to cancel the [z]~! from 8, in electromagnetic field) should be

h/1pl.

e The only = dependence in H is the electric potential and the magnetic dipole term.
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Physically, this corresponds to no force other than electromagnetic force is acting on
the particle, or alternatively, we have effectively absorbed all other forces acting on the

particle into the electric potential Ag.

With these assumptions, we can write
H(p,@,t) = H'(5,Z,1) — Ao(%,1) = E(§) — hp" (D) Fyj(2.1)/2 — Ao(#.t)  (2.35)

where 71 41 (p) is the magnetic dipole moment; its microscopic relation to the Bloch state or
spinor u® will be given in the next section when we perform the path integral derivation.

Now, the current (2.32) satisfying the EoM (2.24) reads

IOz, 1) :/ﬁ <1+h e )f, (2.36)
JHZ 1) = L‘lp on H BB, BE-: W Budo 92 37
(l’,t) - (27Th)d D3 f+ ]Of_l_ jk 2 f+ :U“ x]f . ( 3 )

Below we look at some interesting implications from these expressions. It is these implications

that drove people into the study of Berry Fermi gas systems.

2.8.2  Anomalous Hall Effect

First we consider the anomalous Hall current in a spatially uniform electric field oscillating in
time (so that the particles do not keep accelerating), without magnetic field. The anomalous
Hall current, i.e. that perpendicular to the electric field, is given by [12, 11, 71]

ddp
(2mh)d

8Ji (T, t) = Fjo(7,t) / RO () £, T,1). (2.38)
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This is correct in the semi-classical framework presented so far. However, recall that when we
defined the Berry curvature, the spinor / Bloch state u® is multi-component, which means
there exists bands besides the u-band, and each of these bands has its own distribution f
and Berry curvature b/, To get the full anomalous Hall current, we must sum up (2.39) for
all bands.

More specifically, suppose u is the conducting band in a lattice system, there should
also be some valence band(s) and some empty bands. Let’s further assume the system is
oscillating around in thermal equilibrium, i.e. f(p,,t) equals frp(E(p)) plus oscillation due
to the electric field. If we consider linear response, in (2.39) we can approximate f = fpp.
Finally, we assume the temperature is very small compared to the gap between the u-band
and the other bands, so we can approximately take f = 1 for all valence bands and f = 0

for all empty bands. The total physical anomalous Hall current in linear response

i d'p dp i
OJH tor. = L (/ (27Th>dhbj frp(E) +%/ (27rh)dhbw> (2.39)

where w runs over the valences bands, and the integration is over the Brillouin zone (BZ)
for a lattice system.

For d = 2 spatial dimensions, each valence band w contributes to the Hall conductivity
€ Cy /(2h), where Cy, is an integer called the Chern number of the w-band. The proof is
the following [73, 37]. When b (p) is an exact 2-form over the BZ, by Stoke’s Theorem the
valence band contribution vanishes. bfg is non-exact when the complex phase of the spinor
/ Bloch state w®(p) cannot be chosen smoothly over the BZ. In such case, we can divide
the BZ into multiple patches. The complex phase of u®(p) is smooth within each patch, but
discontinuous over the boundaries (which are topologically S circles) between the patches.
By Stoke’s Theorem,

dp , ij  €n 2 dAGE(0B)
/ 2y "0 = ) ZB:/O B30, (2.40)
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where B labels the boundaries between patches, and 0 parametrizes the boundary B (topo-
logically an S circle), and A¢g(0p) is the discontinuity of the complex phase of w® over
B. Since w®(p) is single valued in each patch, A¢} must change by a multiple of 27 as
0p goes from 0 to 2m. Therefore each B contributes an integer to C,, and hence C, is an
integer. Thus, in d = 2 each valence band contributes a quantized Hall conductivity, whilst

the conducting band contributes a non-quantized part.

2.3.83  Equilibrium Current
Now we look at the A corrections to the equilibrium current. We have f = frp(H), and we
can choose the gauge so that A, is time independent. Using the expression (2.35) for the
Hamiltonian, we find

O/= o _ d?p
FED = / (2mh)d

frp(E — Ag) + hTJ (b” - u”%) frp(E — Ao)} , (2.41)

Ji@t) = DT i op (B — Ag)+ 1 Fig (49 — i3 E-A
(@,t) = (27rh)d[v frp(E — Ap) + jO( —p E)fFD( — Ap)
3plid k]
+ hFjy, 2@ frp(e = Ao) (2.42)

where v'(p) = Op, E(p) is the band velocity. In J 0 we see both the Berry curvature cor-
rection [83, 26] and the magnetic dipole moment correction to the fermion density. In J°
(whose first term is zero is usual systems), the anomalous Hall current receives an additional
magnetic dipole moment contribution compared to to the spatially uniform case (2.39) (note
that the equilibrium current depends on z* only through this anomalous Hall current term).
The last term of J? is a magnetic field induced equilibrium current; as we will see in Section
2.5, in the case of Weyl fermion, this term gives rise to the chiral magnetic effect.

Again, since u® is multi-component, there exist other bands. We have to add up the
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contributions to J# from all bands. The total equilibrium Hall current is (not assuming

small temperature)

. ddp
OTH tor. = Fjo Z/ D) Z] — i (9E> frp(Eu — Ag). (2.43)

Again, in d = 2, if for any band w we can approximately take fpp(FEy — Ag) = 1 (valence
band), then its contribution is quantized. The total magnetic field induced equilibrium

current is

dd 3b iy
5JM tot. ij/ fFD(Eu — Ap). (2.44)

We may write vﬁfFD 0 ok const 4o ge frp(e) and integrate p’ by parts, so that the above

b]]

would be proportional to 8[1% w which vanishes. But there is an important caveat, as we

will discuss through the example of Weyl fermion in Section 2.5.

2.4 Derivation from Path Integral

By now we have presented the semi-classical formalism of particle with Berry curvature; the
formalism is valid to first order in A0 /|p]. We also derived some interesting implications
in non-interacting fermionic systems. In this section we provide the quantum mechanical
derivation of the semi-classical formalism. The original derivation is to evolution a wave
packet in time, see [10] for review. This method has an intuitive physical picture; however,
its drawback is the steps in the derivation are not so straightforward, and the role of the
assumed shape of the original wave packet is not entirely clear. Alternatively, there are
derivations from field theory, which have the strength of being generalizable to interacting
systems ([62] and Section 4.4 of this thesis). But such derivations have a significant drawback:
they are limited to the near-equilibrium situation, i.e. f = fpp + perturbations, while for

non-interacting systems the semi-classical formalism should hold far-from-equilibrium. There

28



is also a non-commutative coordinate method [31] which is quite general, but may appear
unfamiliar at first sight. The method we want to present here is a path integral derivation,
based on [68, 14] and refined to be more systematic and generalized. This method is very
general, straightforward and familiar compared to other methods.

The idea of the method is the following [68]. The single particle time-ordered propagator

(i.e. the unitary time evolution) from ¢ = 0 to t = T is given by
. AT «a
G%(T,0) = T exp (—% / dt ﬁ(ﬁ,g:«,t)> (2.45)
0
5

where 2 is the position operator and ]52 is the canonical momentum operator, and H aﬂ(]5 , T, 1)

is the multi-component Hamiltonian operator and we assume its (z,t) dependence is entirely

due to Aj. Let u® be an eigenvector (band) of H Ob when A, = 0, well gapped with other
«

bands. We want to evaluate G 3 in between initial and final states in the u-band, and express

the amplitude as

~

(ubir,1) | GHT0) | W 50,0) )

= /D(ﬁ, T) exp [1 <S[ﬁ, z| + (’)(hQ))} + (band hopping contributions). (2.46)

St

We want to show:
e The action S[p, Z], to order A, is given by (2.18), with Hamiltonian (2.35).

e The path integral measure D(p,Z) is the product of Liouville volume measure over

infinitely many time slices.

e The band hopping contributions are order O(h2F2/A%) suppressed, where A is the
energy gap between the u-band and other bands. This is analogous to the quantum
adiabatic theorem.

Below we present the derivation in full details.
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Microscopically the Hamiltonian should take the form of the “quantum version” of (2.35).

~ A

H%(P,&,t) = E%(P— A(#,1) — 0§ Ao(2,1)
Fij(#,t)

—h ([i%)" (P = A(#, 1) =

+ O(h?) (2.47)

Here (ﬂaﬁ)ij is the intrinsic (bare) magnetic dipole matrix that the fermion might have. Now
we use the commutation between # and P to rewrite the operators in “anti-commutator
ordering”: every term is ordered as the anti-commutator of a purely p—dependent operator

and a purely 2-dependent operator. That is
NI o] A R R
Ho‘ﬁ(P, z,t) = (E%(P) — 3 {8piEo‘ﬂ(P),Ai(x,t)} + O(zép)) — 52‘ Ap(z,t)

- (5 {masyyice), DY s o) + o0y (2.48)

(all the higher order terms are also in anti-commutator ordering). We use the anti-commutator
ordering because it is the simplest ordering rule that preserves EM U(1) gauge invariance to
order h in all intermediate steps.

For the purpose of deriving semi-classical physics, the (’)(ﬁ2) terms can be dropped. For
now, let’s also neglect the order A2 terms. They will be restored easily at the end using U (1)
gauge invariance.

As usual, we discretize the period from ¢ = 0 to ¢t = T into many time slices of duration
ot, so small that H2 6t2/h2 can be neglected. The time slice labeled by ¢ lasts from t — 6t/2

to t 4+ 6t/2. At the beginning time t — §t/2 of the time slice, we insert

d"xy_s1/
1= /W |4 _st/2) (T1—s¢ /2l (2.49)
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Then we are left with P operators residing in the time slice, and we decompose them into

A dp;
Pi= [ G 1B (PO 4 (2.50)

This procedure keeps the EM U(1) gauge invariance

Oxif (¥} 517) + Oxif (@)_gy/5)

A28 = AE D) T 02, (P (Pi+ i (251)
manifest. The propagator now becomes
. 10t~
(Mm):THP——HPmﬂ
d'p, ddxt—ét/2 i i
B Tl:[ Qmenyd P (;—L(Pt)i ($t+5t/2 - xt—at/2> ) X
. A;(x )+ Aj(xy_ 5009, t
[1—%1@(3) @GPE( P) i t+0t/2 )2 i(2 t/2 )
ist A0(37t+5t/2a t) + Ao(z_st /2. t)
+ _
h 2
; [t F o (x )+ Fy(xy ,t
n % h i 2(Pt) 5 ( t+6t/2 )2 i (@ 6t/2 )] (2.52)

where the @, 8 indices are hidden in the matrix multiplication, with 1 being 5%‘.
Here we remind that the canonical commutation relation is realized in path integral as
the following [27]. Denote 6Py 54 /9 = Pryot — It It is important that 65 5; /9 should not

be regarded as of order 6t. Rather, we have

/ddxt+5t/2 exp (_%xi+5t/2 (5Pt+5t/2)i) F@iise2) 0Py 5t2)k

= /dd$t+5t/2 exp <_%$1Z;+5t/2 (5Pt+5t/2)z') (=) f(xpist2)  (2.53)

Litst)2
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via integration of ;5 /2 by parts. Therefore, effectively —0P;, 5 /2= ihOy, ot/2- Similarly,
denote 0zt = xyy 54 /9 — T4 _g1 /2, effectively we have —dxy — —ihdp,.

We need to reduce the multi-band problem to a single band problem. Recall we are
regarding A as a perturbation such that each Ay (x5 /2,25) can be kept to linear order
(we will easily restore O(A?) terms by gauge invariance at the end). We decompose the
“unperturbed part” 1 — (i6t/h)E(P;) into eigenvectors of E(P;):

i0t ~ iot

05 — fEaﬁ(Pt) = (1 - FE(Pt)) u*(P) ug(Pt) + (other bands) (2.54)

where u(P) is an eigenvector with energy eigenvalue E(P), and in the u band lies the initial
and final states. The crucial step towards the semi-classical picture is, in the decomposition
above we can keep the uu! term and drop all other bands. The reason is the following. It is
not hard to see, after the decomposition, any matrix element of hopping between the u-band

and another band is of order
A P/A? ~ hF/A? (2.55)

where A is the energy gap between the u-band and the other hand; this is completely
analogous to the quantum adiabatic theorem mentioned in the Introduction, except now
there is no externally adjustable parameter, but a quantum number P which is not strictly
conserved due to the EM field. Our initial and final states are both in the u-band, so if
hopping occurs, it must occur at least twice — hop out and eventually hop back, yielding an
amplitude of order h2F2 / A4, which we can neglect. Therefore, it is legitimate to order A to
move towards the semi-classical picture by keeping uu! in the decomposition above. This
also explains why the semi-classical formalism is usually not applicable to higher order in A

— because then we will have to consider hopping which is a non-classical behavior.
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After the projection to the u-band, the projected propagator Gy, reads

Guu(0,7T)

d'P, ddfct—ét 2 i i
= 11 @2nh)d 2 exp (ﬁ(Pt)i <$t+5t/2 - xt—ét/2> ) X
;

dhir) (B (1= B

Ai(zg 500, 1) + Ai(T_s1/2,t)
2

10t A0($t+5t 9,1) + AO(xt—ét 9,t)
+ — UL(PH-&) u®(Py_st) / 5 /

+ — U&(Pt+5t)5’PiEaﬁ(Pt)Uﬂ<Pt—5t)

i5t uh(Pryst) B ()" (Pe) wP (P5t) Fij(wyse2:t) + Fij(_s12:t)
h 2 2

(2.56)

Now, we expand those EM perturbation terms in the square bracket in powers of P, s /2
and 5Pt75t/27 and then, as mentioned before, replace them by —ih@xH&/z and —ih@xt_&ﬂ.

We define the “band magnetic dipole moment”

Hhna =~ Opu (958~ B% ) Opyyu”

i

= <8Pju£ aPiEaB uﬂ — 'u/iy 8piEO‘5 apjuﬁ)”) + ai apiE (2.57)

N |

and the “bare magnetic dipole moment”
. R ij
“Ziwe = u& (u%) ub. (2.58)

The total magnetic dipole moment is defined as p/ = /LZ‘ZL nd T ué{lre. We find, to linear order
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in A and in h,

Guu(0,T)

d'py ddxt—ét 2 i i
= 11 @2nh)d 2 exp (ﬁ(PL‘)i (flft+5t/2 _xt—ét/2> ) X

0t 6t hptd (Py) Fij(a )+ Fii(xy_s0/9,t)
ug(Pt) u*(Pi_st) (1_%E(pt)) _}_% ,UQ( r) Lig(Tetot/2 i ij\Tt—5t /2

; . A;(x )+ Aj(xy 5409,
N @ op E(PY) <1 —hal(P) 0 j) i t+6t/2 ) i(z at/2 )
h i €T 2
i 6t ~ Ao(sst/2:1) + Ao(_5t/25 1)
+ 2 (1-nal(P) 0,,) = L

d'p, ddxt—ét/2 i i
= 1;[ (2rh)d exp (;L(Pt)z’ <$t+5t/2 - fL’t—at/Q) ) X

10t

ub(P) u“(Pt_(sa[1‘7<E<pt>+h””ﬂ) 5@t/ t) + Fij(@g/2. )

2 2

+ apiE(Pt)

Ai(y450/951) -QF Ai(xy_gt/2:1) N Ao(@15t/2:1) ‘; Ao(t—st/2: t>>] (2.59)

Note that ,ué{t ng Das no direct counter-part in the original Hamiltonian operator (2.47); its
emergence is a purely quantum effect. For example, in particle physics, the famous g = 2 of
a Dirac fermion (say electron) is its ,ué‘zl ng» and there is no ,uézl e as the usual Dirac equation
has no Pauli term. On the other hand, as we move on to solid state physics, the electron’s
g = 2 serves as its MZI o 10 Bloch’s band theory, and the observed magnetic dipole moment
usually involves an additional ,u[i)j due to the lattice.
and
Finally we recognize the consecutive product of wul as the momentum space Wilson line

with connection a’, and exponentiate the it /h terms. Passing over to the continuum limit,
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we find

Guu(oa T) = (27rh)d

. T ‘ o . .

exp (% / <Pz~dxl — had'(P)dpP; — H(P — A, 1) dt)) (2.60)
0

where the Hamiltonian takes the form (2.35), with P - ff(f, t) in place of . To connect

towards (2.18), we define the physical momentum

Ai(Xiise/2) + Ai( Xy _s1/2)

(pt)i = (P)i — 5

(2.61)

which is invariant under (2.51). Note that d?P d%z = d%p d%z, however

exp <—%hai(13)dpi) = oxp (—,%hai(mdpi - ShVI () A, t)dpj)

= (1 A O, ) exp (- g ) 20

(total derivative dropped). The second term is of order AA, so we can view it as a pertur-
bation, and replace A;dp; — —ih(()xiAj without affecting other terms (to order A and order
A). This gives the Berry curvature correction to the Liouville volume element (2.22).

In summary, we have proven the u-band propagator

?

Guu(0,T) = /D(ﬁ, T) exp (hS[ﬁ, f]) (2.63)

where S is given by (2.18) with Hamiltonian (2.35), and the path integral measure is

ddp diz, ] Fi:(x )+ Fii(xy 5409,
D(ﬁ,f)_H t t—ot/2 <1+ﬁb (pt) ’Lj( t+0t/2 ) zg( t—ot/2 ) o (2.64)

L 2y 2 2

where the second term is the Berry curvature correction to the Liouville volume element.
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Band hopping contributions are order h2F?2 / A% suppressed compared to Gy, therefore we
drop them; on the other hand, this shows one cannot improve the semi-classical action to
order h2, because then one has to include hopping, which is a non-classical behavior.

Our derivation above assumed linear response and kept each Ay (x;_g /Q,t) to leading
order. However, it is now obvious that our conclusion remains unchanged when we include
higher orders in A. This is because the EM U(1) gauge invariance must be respected. Any
order A" (n > 2) term will just enter the higher order expansion of E(P — A), any order
A"SP or order AF A" term will enter the higher order expansion of uij (13 - /Y), and any
non-trivial new effects (similar to the emergence of ué{b ng) are at least order A25P2% ~ B2 F?

which are negligible at order h anyways.

2.5 Example: Chiral Kinetic Theory of Weyl Fermion

So far we have introduced the semi-classical formalism of Berry Fermi gas, and established
its microscopic foundation from path integral. Here we demonstrate the formalism in a
concrete example. The example we choose is that of Weyl fermion, which have received
much attention in recent years. This example is a two band system that is easy to solve, but
it has very rich physics due to the band touching point (Weyl node) at p’= 0 — most notably
the chiral anomaly and its associated effects. In high energy physics, in particular in the
study of hot, dense quark gluon plasma, light quarks can be approximately viewed as Weyl
fermions, and the semi-classical theory can be useful in describing its far-from-equilibrium
state [66, 68, 16].

Moreover, thanks to its simplicity of Weyl Hamiltonian, its appearance is very general —
if a multi-band system has two bands touching, then almost always it can be approximated
(unless there is some prohibition due to symmetries) by the Weyl fermion band structure
for energy and momenta near the Weyl node. If such band touching occurs in a solid state
system, such material is called a Weyl semimetal [77, 85, 74], which is one of the most

focused area of experimental study in recent years [33, 84, 52]. A closedly related solid
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state system, in which two Weyl nodes of opposite chiralities reside at the same point in
momentum space (usually due to symmetry; band degeneracy near the Weyl node required),

called Dirac semimetal [86], is also under extensive experimental study [46, 45, 55, 44].

2.5.1 Single Weyl Fermion

We consider a right-handed Weyl fermion. The quantum mechanical Hamiltonian is

1% = (P — A;) (0)% — A9 83 (2.65)

for i = 1,2,3 (for left-handed Weyl fermion, we have —o' in place of ai). When A, = 0, the

eigenvalues are +|p], whose associated eigenvectors (spinors) are respectively

cos(0/2) —e" P sin(6/2)
u®(p) = , o w(p) = (2.66)

' sin(6/2) cos(6/2)

where (|p], 0, ¢) are the spherical coordinates in the momentum space. We view the negative
energy w-band as the Dirac sea; a hole in the Dirac sea is recognized an anti-particle. We

can compute the Berry curvature in the u-band according to (2.20)

e () = () = G L (2.67)

and the magnetic dipole moment in the u-band according to (2.57)

€Ty (5) = ) (5) = S 2 (2.68)
7

In both expressions, the /2 factor is the helicity of the right-handed Weyl fermion; for a
right-handed Weyl anti-fermion (hole in the w-band), it will be —h/2. (For left-handed, the

+h/2 would be exchanged.) In particular, p;, being pointed along py, is related to the the
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well known fact that the direction of spin of a relativistic massless spinning particle is locked
with the direction of momentum [79].

The semi-classical action and Hamiltonian are
dS = pida’ + Aydat — a'dp; — Hodt, — Ho=H + Ag = |p| — h B¥py/|p1?  (2.69)

where eijkBk = Fjj is the magnetic field and Ej, = Fj is the electric field. (Note that
accidentally one can write Hy = |p]/v/detw.) A puzzle arises immediately. The microscopic
theory of Weyl fermion is Lorentz invariant, but the semi-classical action is not; more broadly,
the entire Berry curvature formalism is not Lorentz invariant because Berry curvature by
definition is purely spatial. Where did the Lorentz invariance go? We put this aside for now.
The entire next chapter will be devoted on this problem.

Needless to say, the expressions of b, and pj become problematic as p’ — 0. But they
should, because p’— 0 is where the u-band and the w-band meet, and according to Section
2.4, the semi-classical single particle picture is legitimate only when (AF /A)2 negligible,
where in the present case A = 2|p]. Therefore, physically we should place some infrared (IR)
cutoff [p]7p such that AF/| ﬁ]?, r S 1, and the semi-classical theory is only valid if the particle
momentum |p] > |plyp. The most important fact associated with this band touching is
the Berry curvature obeys the “inverse square law” as if there is Berry curvature monopole

residing at the band touching point (Weyl node) p'= 0. Mathematically
iy . _
130y, b9 = hed* o, by = amelit 553@. (2.70)

(This is related to the fact there is no way to choose u and w so that their phases are
continuously well-defined all over the momentum space. For example, in the phases we have

chosen above, u and w are undefined along 0 = 7 (|p] = —p3).) Consequently the symplectic
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2-form has Liouville flow monopole

Olpipip,) = —Ame " 253(@. (2.71)
This does not mean the symplectic 2-form is not closed, because p'= 0 hidden under the IR
cutoff is not part of the classical phase space anyways. Rather, this means the symplectic
2-form is not exact in the classical phase space with the |p] < |p|;r region removed (and
hence becomes topologically non-trivial); there can be symplectic flow (Liouville flow) flowing
in and out through the |p] = [p];g classical-quantum interface. This is closely related to
Nielsen and Ninomiya’s famous spectral flow interpretation of chiral anomaly [58], as we will
elaborate on in the next section.

The EoM (2.24) for Weyl fermions are explicitly

dz’ P’ ( k ik

@ _ P 1+th)+e” Wb E;, 2.72
dt B K b (272)
dp; l kDj k 0B" j

Lo <1+hB bl> ik B+ (1—hB bk) By + hi e + b By (2.73)

Notably, since b; = p;/2|p]3, the last term in dp; /dt is radial in the momentum space when
EJ Bj; # 0. If we have an ensemble of particles, collectively there will be a total number of
particles flowing through the |p] = |p]; g the interface, so that they appear up in / disappear
from the classical phase space. Of course this is again related to the chiral anomaly to be
explored in the next section.

Before we move on, we comment about the generality of the Weyl Hamiltonian (2.65).
In a multi-band system, if we are interested in two bands which are touching, we can always

write the Hamiltonian about this two bands as

1% = hi(D)(0")% + ho ()35 (2.74)
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Suppose the two bands are touching at some momentum p. Clearly hg has no business
to do with the touching. Moreover, since there are three h;’s and at the same time three
p; components, generically the Jacobian det(é?pj h;) is non-zero near the Weyl node (unless
dictated by some symmetry), that is, the mapping of the 3-dimensional momentum space
into the 3-dimensional space of h; is generically non-degenerate. Therefore, up to redefinition
of variables, the Weyl Hamiltonian is very generic in band touching systems. This is why
this example is very useful. In a lattice system, there is the famous Weyl fermion doubling
theorem [56, 57] stating that the number of Weyl nodes with det(ﬁpj hi) > 0 (right-handed)
and det(ﬁpj h;) < 0 (left-handed) must be equal; we will provide a simple proof to it later,

based on Berry curvature.

2.5.2 FEnsemble

The above discussion focuses on a single particle. Now we consider the behavior of an
ensemble of non-interacting Weyl fermion gas. The kinetic theory is called chiral kinetic
theory [68]. The chiral kinetic theory enables us to study macroscopic ensemble of Weyl
fermions far-from-equilibrium, and hence (in systems where interactions effects are small)
has broader application then the chiral hydrodynamics. In particular, the chiral anomaly
computation in the next section is legitimate even when the system is far-from-equilibrium.

The density and current (2.37) are explicitly

0 _ d3p 7_1 ki
J _/(zm)i% <1+23 |p|3> I3 (2.75)

gi_ / dp
(27h)3

The anomalous Hall current term will be non-vanishing only if the distribution function is

k i
EDP O\ D b ik o Pk R ik Pk

in a rotationally non-symmetric configuration.
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Figure 2.1: As the narrow wave packet of a Weyl fermion moves along a path in the space,
its spatial current, imagined as a bunch of arrows on the wave packet, will trace out a bunch
of helical trajectories round the path over time.

With this expression for J¢, we can picture the single particle current. Let f (p, @, t)
be a narrow distribution localized in position space and momentum space (can be thought
of as representing a Gaussian wave packet). If the particle is spinless, the current J' can
be viewed as a narrow bunch of arrows pointing along its direction of velocity, and over
time these arrows will trace out a narrow bunch of parallel lines. However, with spin,
and in particular for massless spinning particle whose direction of spin is locked to the
direction of momentum [79], the magnetization current term will make the bunch arrows
wind around the direction of velocity, and over time the arrows trace out a narrow bunch
of helices, as illustrated by Figure 2.1. Therefore, in the sense of the “shape” of the single
particle current, we really can view the quantum mechanical spin as the particle’s current
“physically” spinning around its direction of velocity. This helical feature of the current is
closely related to the Lorentz invariance of the semi-classical Weyl fermion, as we will see in
the next chapter.

We will write down the stress-energy tensor without derivation, as the derivation requires
either coupling to spacetime metric or performing the Belinfante procedure to the Noether
stress-energy tensor, both of which are beyond the scope of this thesis. The energy density
is

3
T / (Qi—ifmf (2.77)
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which is the usual integration of the Hamiltonian (without the Ag part), with the magnetic
dipole correction to the energy and the Berry curvature correction to the Liouville measure

cancelled out. The momentum density and energy flux is

: ~ dp ho P
710 — 70 :/ 14+ = BF— kP g gl 2.78
e |\ 27 )P 2 g O .
The spatial stress tensor is

i d®p r 0"\ Pl
[/ p— £
™ = [ Gy (”hB |p|3> B

h
{z Ykl Pl
+ 5P J |728”’ f]. (2.79)

{ingt . Bk
ligitk g, DL B P i Bk
< et e 0 e )Y

The terms in 7% and T% with 9, f arise from the spin 1/2 of the Weyl fermion coupling to
the spacetime spin connection, they can be viewed as the momentum and the stress carried in
the “spinning motion” of the particle. The stress-energy tensor is traceless —700 477 dij =
as the Weyl fermion is massless.

With some work one can verify the energy and momentum conservation
O TH = FY JA (2.80)

is satisfied. On the other hand, the charge conservation d,uJ# is violated due to the chiral

anomaly proportional to hEkBk, as we will see in the next section.

2.5.83 Chiral Magnetic Effect

Although the chiral kinetic theory is originally purposed for describing far-from-equilibrium
systems, from the theory we can learn interesting effects in an equilibrium state too. Most
notable are the chiral magnetic effect (CME) [76, 28] and the chiral vortical effect (CVE) [75

65]. Both of them are tightly related to the chiral anomaly [65, 54, 47], and equivalently,
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the Berry curvature monopole [66, 68, 16, 14]. Here we will discuss the CME, which has
been observed in a recent experiment [44] on Dirac semimetal. On the other hand, the CVE
will be discussed later in Section 3.4.4 when we find the most general form of equilibrium
distribution in the absence of external field.

Consider a Weyl fermion ensemble in a static (but might be spatially non-uniform) mag-
netic field. Assume the system is in Fermi-Dirac distribution. By (2.42), we find the equi-

librium current from the u-band is

. ddp 30190 E
Jh = hij/(%;?)d ka] frp(E)
ddp 3 1 E

where the lower limit €,,,;,, of the ¢ integral is arbitrary. Now we integrate p;. by parts, which

yields [66]

i ddp 3 ” Esurf

In particle physics, €4, f = E(p'— 00) = oo arises as the boundary term from the integration
by part. In solid state physics, the momentum space a is boundary-less BZ, so we can let
Esyrf De our arbitrarily chosen &p,;,. The current J® is physical, so it must be independent
of our arbitrarily chosen ¢,,,;,,. Indeed, this is due to

dp 3.

being a total derivative in a boundary-less BZ. For d = 3 this is just the fermion double
theorem, since right-handed and left-handed Weyl nodes have opposite Berry curvature
charge [56, 57].

A question about the general computation above is, we know the semi-classical picture
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fails near the band touching region where E)[pibj k] # 0, so how can we trust the integral of
frp near such region? Recall the system is in equilibrium, so there shall be no net band
hopping, and we can extrapolate the validity of semi-classical theory arbitrarily close to the
Weyl nodes. Even in non-equilibrium state, as long as a sufficiently large neighborhood of the
band touching region is approximately in equilibrium, we should still be able to extrapolate.

The discussion above is completely general. Specifically for our system of Weyl fermion,
Esurf = 00 and the monopole given by (2.70), and the monopole is given by (2.70) occurring
at £ = 0. To get the total current, we also need to add the w-band contribution and subtract
the contribution when the w-band is full; the subtraction is due to the regularization of the
definition of J* against the infinite Dirac sea. This is equivalent to subtracting the anti-
particle contribution, which is under the same temperature as the particles but opposite
chemical potential, and has opposite Berry curvature and opposite electric charge (couples

oppositely to magnetic field). Therefore

47

Jtot = i) BZ/O de (frp(e; i, T) — frple;—p, T))

47
(27h)3

2

ho
—B' u (2.84)
2
regardless of temperature. One can also compute the momentum density / energy flux and

find

: v h o (p? wPT?

Ty, = B[S+ : 2.85

b (2mh)3 2 ( 2 6 (2:85)

This is the well-known chiral magnetic effect in current and in momentum density (for sure,
the two are related [65, 54, 47]).

On the other hand, we consider a two band Weyl semi-metal instead. In Weyl semimetal,

there is no regularization against any Dirac sea, so we just add up the contributions from

both bands — the fermions in both bands have the same electric charge and are subjected to
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the same chemical potential and energy, but see opposite Berry curvature monopoles charge

at each Weyl node. Therefore

; ddp 3 : egurf
Jtot = hij/%—h)dgaLpib]k] /Ew de frp(e) =0 (2.86)
surf

since the ¢ integral is independent of p" and the p integral is a total derivative integral
over a boundary-less BZ. This proves that there is no CME for any Weyl semimetal in
equilibrium [5]. In order to observe CME in a Weyl semimetal, the regions near the right-
handed Weyl node(s) and the left-handed Weyl node(s) must be prepared to fill up to different
energies; the simplest way to do so is by the chiral anomaly introduced in the next section.

This is how the recent experimental observation [44] (on Dirac semimetal) is performed.

2.6 Chiral Anomaly in Chiral Kinetic Theory

Anomaly is one of the most fascinating subjects of quantum mechanics. It refers to the fact
that a symmetry in classical mechanics may not be consistent with quantum mechanics, and
hence must be broken by order A. Anomalies have significant experimental consequences,
and also profound mathematical structure. Here we will not review the subject; see e.g. [80]
for good pedagogical introduction.

The earliest and simplest example of anomaly is the chiral anomaly [2, 7], originally
studied in the context of quarks and successfully explained the experimentally observed pion
lifetime. This anomaly can be stated as the following. Consider a left-handed Weyl fermion
species and a right-handed Weyl fermion species, uncoupled with each other, and have the
same coupling to the electromagnetic (EM) field. One would expect both of them have their
own fermion number conservation U(1), and U(1)g; the sum of their fermion numbers is the
total EM U(1) charge, and the difference is called the axial U(1)4 charge. The statement
of chiral anomaly is, quantum mechanically it is inconsistent to have U(1)y, U(1)g and the

left- right-handed parity all in one theory. In reality the spacetime parity (this is built-in
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if we view the left- and right-handed Weyl fermions as a single Dirac fermion) and the EM
U(1) gauge invariance should be respected, but then the axial U(1)4 must be broken by
the anomaly, i.e. the left- and right-handed fermion numbers are not separately conserved,

although their sum, the total physical electric charge, is conserved. More precisely,

4 pvpo 4
m he ™ hp Bk (2.87)

Ho_ Ho_ _
Out T = =Oa Ty, = Genp2 s rrier = oot

(remarkably, this is the exact result [3]) so that their sum vanishes but their difference does
not. Can we avoid this if we have only right-handed Weyl fermion to start with? As long
as we want to it to behave as “right-handed” at the quantum mechanical level, its fermion
number must be non-conserved as the above.

But where does the fermion number go? In solid state system, Nielsen and Ninomiya
provided a very intuitive spectral flow interpretation with concrete computation [58]. Sup-
pose we have an electron in the valence band. If we turn on EkBk > 0, the electron rises into
the conducting band through the right-handed Weyl node so that 0 u.J f{ > (0. Eventually, in
the conducting band, the electron must move towards in the left-handed Weyl node (whose
existence is guaranteed the doubling theorem mentioned before), through which it sinks back
into the valence band, and hence O uJ Z < 0, but the total electron number is of course con-
served. In high energy physics, there is no doubling theorem and no path connecting the
right-handed Weyl mode to the left-handed Weyl mode. However, there are infinite Dirac
seas. With E.B k>, right-handed Weyl fermions in their Dirac sea will increase in energy
so that the top ones will pop up as right-handed fermion excitations, while left-handed Weyl
fermions in their Dirac sea will decrease in energy, leaving some holes in the Dirac sea, which
are left-handed anti-fermion excitations (there is some language ambiguity here — this is an
anti-fermion of the Weyl mode of left-handed chirality, but the anti-fermion itself has right-
handed helicity). Of course, this statement requires ultra-violet (UV) regularization, and for

the regularization to be consistent with parity and EM U(1) gauge invariance, the rate of

46



valence band Dirac sea Dirac sea

Figure 2.2: The spectral flow under chiral anomaly with E-B >0 for Weyl semimetal (left)
and for Weyl fermions (right).

creating right-handed fermion excitations and left-handed anti-fermion excitations must be
equal.

The remarkable success of chiral kinetic theory is that such spectral flow can even to
computed in the (semi-)classical framework [66, 67, 68] (closed related ideas also in [29, 16]).
The spectral flow is illustrated in Figure (2.2).

We already have all the recipes for the computation. To expedite the computation, for
now let’s pretend we can trust the semi-classical theory even in the vicinity of Weyl node and
the Boltzmann equation (2.30) holds in this vicinity. Clearly this assumption is unphysical,
but we will justify the result of our computation later. We take Oyu on the current (2.32).
We can ignore the magnetization current term because OH/OF is order h and 9v/detw is

also order h. We are left with the velocity term:

d
OpnJH(x) = /ﬂﬁ " (\/detw ddit

1
2yl ! )

- /%[&(@f)—l—ag[ (\/m %

f)] s

In the second line we added a total p derivative which equals zero, because there is no
boundary term as we assumed we can include the vicinity of the Weyl node as part of the
classical phase space. The integrand of the second line is just the left-hand-side of the
continuity equation (2.14), which usually vanishes. However, in the spirit of spectral flow,

we allow it to be violated at the Weyl node, but we assume the Boltzmann equation (2.30)
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still holds. The difference between the continuity equation and the Boltzmann equation is
given by (2.14) which is non-zero at the Weyl node where the symplectic 2-form fails to be

closed. Therefore

e Vdetw
amuJ“(a:) = —/ (27r7§))df 9 38[§IWJK] wIJwKL <85LH + atwL> . (2.89)

This is the general formula relating the chiral anomaly to the non-closedness of the symplectic
2-form at band touching. For a right-handed Weyl fermion, we apply (2.71). Since the non-
closedness is order ki, we can ignore any A term in (2.23) for w!’ and also take 0,iH+0wy, ~

—F;. Thus, for a right-handed Weyl fermion,

I~

4
" ZE.BF f(5=0,7.1). (2.90)

Opn JH =
o (2rh)? 2

But can we make clear sense of f at the Weyl node? We do not need to worry about this,
because to get 81;qu’%, we also need to subtract the anti-fermion contribution, which has

opposite Berry curvature. Therefore

Do = I = 00 = g

The factor in the parenthesis is 1 because anti-fermion density is just hole density in the
w-band, and at p = 0 the w-band meets the u-band. Thus, we have computed the chiral
anomaly (2.87) in semi-classical (order /) chiral kinetic theory. No assumption of near
equilibrium is needed.

Finally we justify the left-over subtleties. When we add the total p derivative term in
(2.88), there really should be a boundary term due to the |p];p cutoff. By the Stoke’s
Theorem, clearly (2.90) is just computing this boundary term, but instead of f(p'=0,Z,1),
we should integrate about f(p,,t) over the |p];p interface; similarly for the anti-fermions.

However, f and f at the |l interface not necessarily add up to 1 because they are in
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different bands. How shall we interpret our computation then? With the spectral flow
picture, it is easy to see that, in the presence of the chiral anomaly flow, f + f around
the |p];r interfaces (one in the w band and the other in the w band) cannot stay away
from 1 because the momentum space below these interfaces has limited volume of order
\/h_F3. Instead, f + f around the |l 1R interfaces must average to 1 over the spacetime
scale 2 \/h/_F . Therefore, our computation must be interpreted as the effect averaged over
a spacetime scale 2 \/h/_F . But this indeed is the regime of validity of our semi-classical

hoy /|p] expansion. Therefore the computation is justified within our framework.

2.7 Summary and Outlook

In this chapter, we have reviewed formal aspects of the Berry Fermi gas theory, the semi-
classical theory of non-interacting Fermi gas with Berry curvature, and presented a general
and conceptually simple derivation of the semi-classical theory from single particle path in-
tegral. We demonstrated the idea by the concrete example of Weyl fermion, which, despite
its computational simplicity, has rich and deep physical implications and broad applications.
Most notably, the chiral anomaly and the associated chiral magnetic effect can be compu-
tation from the Berry curvature monopole residing at the band touching point. We kept
our computations in the most formal expressions, so that it is clear that these effects are
robust and do not depend on the details of the system. We also presented the relation be-
tween anomalous Hall effect and Berry curvature, which was the earliest relation that drew
people’s attention toward Berry curvature in fermionic systems.

For sure, the formalism we presented here does not encompass the full story of Berry
phase physics in non-interacting fermionic system. We considered momentum space Berry
phase only, but clearly there can also be other components of Berry phase [71, 10, 82] due
to, e.g. extra externally adjustable parameter in the system. More importantly, even for
momentum space Berry phase only, we restricted to particles that have no internal degrees

of freedom. That is, we assumed our particle is microscopically described by a single band
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u. We made this assumption for simplicity. In general physical systems there might be
band degeneracy so that the particle must be described by multiple degenerate bands, and
therefore has internal degrees of freedom. In such case, the Berry curvature would have
internal indices and becomes a non-abelian curvature [21, 63, 82], and leads to some new
interesting implications. The path integral and the semi-classical formalism we presented
here can be straightforwardly generalized to the case with internal degrees of freedom.

There are not much formal, general, outstanding puzzles lingering around the Berry
Fermi gas theory, because the whole formalism can be derived by the quantum mechanics of
single particle (e.g. our path integral derivation) due to the absence of interactions. But for
applications to specific systems, there certainly are remaining problems.

The next problem we will discuss is, in the particular system of Weyl fermions, how is the
Lorentz symmetry realized in the Berry curvature formalism, which intrinsically separates
time and space. This is clearly a sharp problem in chiral kinetic theory. The resolution to
this problem, however, also deepens our understanding of the Berry curvature formalism in

general.
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CHAPTER 3
LORENTZ SYMMETRY IN CHIRAL KINETIC THEORY

In this chapter we study how Lorentz symmetry is realized in the semi-classical theory of
Weyl fermion (2.69). Our conclusion is that, there is nothing wrong with the semi-classical
theory, but the realization of Lorentz symmetry is non-trivial. More particularly, we should
not regard the spacetime position (¢, ) and energy-momentum (Hy, p) as Lorentz covariant
physical observables; their definitions are frame dependent. Rather, the frame independent
observables are (as one might expect), the current and stress-energy tensor in Section 2.5.2.

We start with stating a puzzle motivating the idea that the notion of position must
be frame dependent. Then we use the intrinsic-time parameter formulation of the action
introduced in Section 2.1 and see how the frame independence of the action is realized.
We provide a physical explanation based on the single particle current Figure 2.1, and a
mathematical explanation relating the non-trivial frame independence with the little group
of a massless spinning particle. Finally, we discuss if the Weyl fermions have a collision term
in the Boltzmann equation, how the collision should be realized to be compatible with the
non-trivial frame independence. We will see this colliding theory relaxes to the well-known
chiral hydrodynamics, and we compute the famous chiral vortical effect (CVE) [65].

This chapter resolves the puzzle of Lorentz symmetry in the semi-classical Berry curvature
formalism. However, resolving this problem also sheds light on the interpretation of the

formalism in general, as we will see along the text.

3.1 Puzzle

The most direct puzzle we see is that the action (2.69) for a semi-classical Weyl fermion
manifestly breaks Lorentz invariance. In particular, the Berry curvature depends on the
spatial momentum only, how can the action possibly be Lorentz invariant at all?

A resolution would be that, in addition to the usual Lorentz boost, ¥ and p'must transform
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Figure 3.1: Consider a head-on collision between two massless spinning particles. In the
center-of-mass frame, the incoming particles have no orbital angular momentum L and no
total spin angular momentum S , and hence no total angular momentum J ; so are the out-
going particles. If we boost along the direction of the incoming particles, then the incoming
particles still have no L and no S and hence J = 0; however, the out-going particles have
S # 0, and in order for J to be conserved, they must have non-zero L=-8.

with additional order A corrections; this is indeed how the problem is resolved. However,
such modification to the Lorentz boost would mean the four vectors z* and p, are frame
dependent quantities, which sounds strange. Now we present a physical argument why this
has to be the case [14].

Recall that the a spinning massless particle’s spin angular momentum is always locked
with its momentum, S = shp, where s = +1/2 for right-handed and left-handed Weyl
fermions respectively. Let’s suppose the particles can collide with each other. In particular,
consider a head-on collision as illustrated in Figure 3.1. In the center-of mass-frame of the
collision, the incoming particles have zero total orbital angular momentum f/, zero total spin
angular momentum S and hence zero total angular momentum J ; so are the outgoing ones.
Now we boost along the direction of the incoming particles. The E, S and J of the incoming
particles are still zero as before. However, the outgoing particles now have non-zero S since
their momenta are not in opposite directions. In order for J to still be conserved, we must
conclude that the outgoing particles have L=-5 # 0, which means they do not fly out
directly from the “collision point” of the incoming particles. Thus, a local collision viewed in

the center-of-mass frame becomes a non-local collision in the boosted frame, schematically
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Figure 3.2: A schematic illustration of the non-local collision of massless spinning particles
in a non-center-of-mass frame.

shown in Figure 3.2. This enforces the idea that the notion of “position” must be frame
dependent.

Clearly the collision here can be a fictitious one just to facilitate the argument that the
position of a massless spinning particle must be frame dependent. The same must hold
for non-colliding particles, for example photons (which we will mention later). A massive
particle does not have this ambiguity because we can always go to its own center-of-mass
frame to define its position; on contrary, there is no center-of-mass frame for a massless

particle.

3.2 Non-Trivial Frame Dependence

To understand the Lorentz invariance in the semi-classical theory of Weyl fermion (2.69), we
first use the intrinsic-time parameter formulation of the action introduced in Section 2.1 to

express (2.69) “as Lorentz invariant as possible”:
S = /dS, dS[z,p, N| = pudat + Ay (z)dzt — ot (p)dp), — H(p, x)AdT (3.1)
where

Pu=pu+ pynynu, 1P| = pupt (3.2)
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and n# is a normalized future time-like frame vector, which is taken to be (1,0,0,0) in the
non-relativistic formalism. But in the relativistic formalism we do not fix its components;
in fact, the formalism we are presenting here works even if n# is spacetime dependent, and
this fact will be useful when we consider the chiral vortical effect later. The Hamiltonian is

given by

hetYPop,n
H(p,x) = pup" — h Fw ()1 (p),  hEM(p) = —§Tpg (3.3)

where AXHY is the spin angular momentum of Weyl fermion (the Pauli-Lubanski pseudo-
vector is proportional to €,,,,\A%HpP); we can see it is orthogonal to the direction of mo-
mentum, which is a feature of massless spinning particle. Clearly the Weyl fermion’s spin

generates its magnetic dipole moment. The Berry curvature (2.67) now reads

hetYPop ng
RO (f) = —=— 2P0 3.4

A serves a Lagrange multiplier that demands H = 0, which leads to the “on-shell condition”

—p-n=—pynt = [p] — L, XM /2|p] (3.5)

(taking the —p - n > 0 solution is always understood) which is the Hy in (2.69). We can

derive the EoM from the action. The EoM relating the physical time to intrinsic time is

The other EoMs just reduce to (2.73) when n* = (1,0,0,0) and are not reproduced here

(the EoM for energy is to relate the d/(2Ad7) of (3.5) to dp/(2AdT) and dx/(2X\dT)).
In the form (3.1) and (3.3), Lorentz invariant is manifest as everything is written as

contraction of Lorentz indices. The problem now becomes (the order i terms of) the action
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depends on a reference frame n#.

3.2.1 Infinitesimal Transformation

In fact, under an infinitesimal change of reference frame, if we let x and p transform by order
h terms, the action can remain invariant to order h. The symplectic part p-drx+ A-dx—a-dp

is invariant under infinitesimal change of frame
nt — nt + gH, B-n=0 (3.7)
accompanied with [14]

o =t BV (5) By (p-n),  pu = P+ Fu 0@ By (p-n). (3.8)

This frame dependence of = was originally found in [64] while that of p is new. Substituting

these into the Hamiltonian (3.3), we find it transforms by an overall factor
H—H (1 + 2hn)‘F>\ubW6V> . (3.9)

We can make the action invariant by letting A to transform with the opposite factor so that
H A remains invariant. (This is valid even when n* is x dependent, because the = dependence
will only add to the transformation of n an order A term, but n itself appears in the action
in order A terms only, so the difference will the O(%2).)

The invariance of the Hamiltonian part seems quite trivial, for we can always use A to
cancel the transformation of H. This is not the case; in fact, this is the most non-trivial part
of the story. Note that H transforms by an overall factor, so the on-shell condition H = 0
is frame independent. Were it not transforming by an overall factor, the transformation of
A must involve 1/H which would be problematic. This condition is highly restrictive.

What is the most general Lorentz invariant semi-classical action with non-zero Berry

95



curvature? Rotational invariance and point-like monopole dictates the Berry curvature to be
that of Weyl fermion (the overall factor is fixed quantum mechanically). Then one can show
frame independence dictates the most general dispersion relation to be given by (3.3) [67, 14]

up to a mass term m?

so small that m2hF/|p]* can be neglected. The allowance of such
small mass term is compatible with the fact that a high speed massive Dirac or Majorana
fermion can be approximately seen as a Weyl fermion. The exclusion of other possibilities
reflects the fact that any non-interacting Lorentz invariant term that can be added to the
Weyl Lagrangian must be at least order R2F2.

One can compute the commutation of two frame transformations by 3 and g’. It is

non-vanishing:

14

mpnﬁpﬂé Ia D
V .
912 ol

E)mpa EA&pa

n)\pnﬁpﬁc/r ﬁ

|1 P’

=t +h Py — pu+h (3.10)

One can see the transformation is proportional to the EoM evolution of the variables [14].
A transformation proportional to the EoM evolution always leaves the action invariant, as is
obvious from (2.3) letting 0§ be proportional to (2.5). Therefore, the frame transformation
together with the EoM evolution transformation form a group. The mathematical origin of

this algebra is discussed in the next section.

3.2.2  Finite Transformation On-Shell

For the frame transformation to be useful, we must not only have its infinitesimal form (3.8)
but also the finite form. We would only need it when the “on-shell condition” H = 0 is
satisfied. We can integrate the infinitesimal transformation imposing H = 0, and find, under

n—n', 25, 70, 13]

P = pH + Agn’ (p), pL =pu+ F/u/(fE)AZn/ (p)v A’Z
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When Fj,,, = 0, the total angular momentum
T = atp” — oV pt + RS (3.12)

is frame independent, but we are not aware of an analogy that is frame independent when
Fuy # 0.
One can easily see Figures 3.1 and 3.2, obtained based on physical arguments, agree with

the mathematical form of the frame dependence.

3.2.8  Clurrent, Stress-Energy Tensor and Physical Interpretation

If the position and momentum are frame dependent quantities, what are the physical observ-
ables of the Weyl fermion that are frame independent? They are the current and stress-energy
tensor, for a single particle or for an ensemble. Understanding the frame independence of
them gives us a clear physical interpretation for the frame dependence of position and mo-
mentum.

The single particle current, defined as

05z, p, A
6A,(z) ’

EoM

Jhp()[2,p, A] = (3.13)

is certainly frame independent, because both the action and the field A, (x) are (in this
expression the particle’s frame dependent position is z; x is an arbitrary point in spacetime
that has nothing to do with the particle). For an ensemble of particles, we need to integrate
over the phase space with measure (2.17). The measure is also frame independent — the
invariance of the symplectic part of the action leads to the invariance of d*z d4p Vdetw (the
symplectic 2-form with time and energy is to expand (2.21) so that the 4, j indices become

w, v indices), while the invariance of H A leads to the invariance of 6(#)/A. Finally, we need
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the distribution function to depend on frame so that

Fi0'2) = fp2),  ie f/(0,2) = f(B.a) — Ay - 02 f (D, 2) (3.14)

(because here z is the particle’s position, while z is just a generic point in the spacetime

which does not depend on the frame). Then, the ensemble current

4, gt -
Th(z) = / ‘Ezﬂ‘;f 5(}‘)29; £ ) actw f5,x) @)z p, A (3.15)

must be frame independent J'*(x) = JH(x).

The current (2.76) can be written as

B3y F,gbP?
JH(z) = 1+h-L2 P+ RO F oM (—p -
@ = [ Gt | (15 ) o e

+ hZ“V@Eu} f(p,x). (3.16)
One can manifestly check its frame independence under (3.8) with the aid of the collisionless

Boltzmann equation.

The stress-energy tensor can be written as

d3ﬁ F _bPo
T = / (27rh)3 (—p-n) {(1 +h pc72 ) pl'p” +h (FPUP{N - FP{MPJ) by}png(_p “n)

1 hplegriA aﬁ} F(7, ), (3.17)

It can be obtained by coupling the action to spacetime metric and then integrating over the
phase space, therefore by the same argument it must also be frame independent T'# (x) =
TH (x).

Now we can give a physical interpretation to the frame dependence of the particle’s

position and momentum. As we did in Section 2.5.2, consider a single particle current where
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f is localized in space and momentum space, i.e. a narrow wave packet; for concreteness
one can take f(7,z) = (2rh)303 (% — Z(t))63 (7 — q(t)) where the particle’s position Z(t) and
momentum ¢(t) satisfy the EoM. The current is helical as illustrated in Figure 2.1. It is easy
to see the particle’s “position” Z must be interpreted as “the spatial center of the helix”.
While the helical current itself is frame independent, it is an elementary relativity fact that
the notion of of “spatial center” of a rotating body is frame dependent, in a way qualitatively
agree with (3.11). Similarly, 7 must be interpreted as the “momentum carried at the spatial
center of the helix”, and therefore is also frame dependent when there is EM force curving
the helical trajectory. A more pictorial analysis of this interpretation is found in [70]. What
we have seen is the massless, quantum version of the phenomenon that was first learned in
the context of massive rotating bodies [24, 20].

Clearly what we described here did not rely on the particle being a Weyl fermion. Similar
frame dependence of the “position” or “center” occurs in photons too, except the helicity
+h/2 must be replaced by +h. The associated experimental phenomenon for photon is that,
when a circular polarized light beam (or photon) undergoes a refraction, the center of the
beam (or photon wave packet) undergoes an order A slight shift, much like the scenario in

Figure 3.2. See [9] for a review on this subject.

3.3 Relation to Wigner Translation

In the previous section we have seen the frame dependence of the definition of a massless
spinning particle’s position and momentum. This ambiguity only arises for massless particle
which does not have a natural frame, the rest (center-of-mass) frame, to define its position
and momentum. In this section we see the mathematical origin of the frame dependence — in
particular, its relation to the Wigner translation [81] for massless particle. This relation can
be seen via various methods [25, 70]. Here we demonstrate a method based on an alternative,
group theoretic expression of the action.

First we briefly review the concept of little group and Wigner translation. Suppose we a
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have time-like four vector, say (m,0,0,0). Among the six dimensional Lorentz group, a three
dimensional subgroup leaves this vector invariant; clearly this subgroup is just the SO(3)
rotation in the time-like vector’s rest frame. Such Lorentz subgroup that leaves a four vector
invariant is called the vector’s little group, or stablizer. What if the four vector is null, say
k% = (k,0,0,k) (k has the dimension of energy)? The little group is the Euclidean group
ISO(2) generated by [79]

J3, Ag = JQ - Kl, Bg = —Jl - K2 (3.18)

where J; are rotation generators and K are boost generators, whose non-zero components

(Ji)jk =)k =€ijp ()Y = (K)o = —(Ki)oj = (Ki)jo = —0ij. (3.19)

One can easily check J3, A3, Bs annihilate k. Clearly J3 is the rotation along the spatial
direction of the null vector. As, B3 are certain combinations of rotation and boost; the
transformation generated by them are called Wigner translation.

Now we assume A, = 0 and consider the following action

dzt  h(J3)" dL,p
S[:p,L]:/ (Lﬂak:a . —5( 2) b 1H, dT” dr (3.20)

where [2#(7), L, (7)] should be viewed as a worldline lying in the Poincaré group R3! x
SO(3,1). There is a natural group theoretical and geometrical way to construction of such
actions from Lie groups; see [4, 64] and we will not review the construction here. We will
very soon see this action is physically equivalent to the Weyl fermion action at A, = 0. We
will interpret L 'k, as the momentum p, and (h/2) L'uaLVb(Jg)ab as the spin matrix A 2.
Note that the physical conditions p,p" = 0 and p;, X" = 0 are already built-in.

The action (3.20) has two obvious properties. It is independent of the choice of k, as
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long as it stays null and (J3)% stays the rotational generator annihilating kq. This can be
seen by performing a Lorentz transformation on the ab indices (involving a redefinition of L).
Moreover, it has the physical Poincaré invariance of adding a constant to z and performing
a Lorentz transformation on the v indices.

If we assert the action above describes the Weyl fermion, we must resolve the following:
A Weyl fermion has six physical degrees of freedom (Z,p), while the action (3.20) has ten
degrees of freedom (z#, L") of the Poincaré group. If they can match, the action (3.20)
must have four gauge (unphysical) degrees of freedom along the worldline. This is indeed

the case. If we consider an generic infinitesimal Poincaré transformation
ot — ot + X, Ly = LN (0% +2%),  Aap = =g (3.21)
we can easily find the following gauge transformations leave the action invariant:

X = d(r) K"+ (h/2) (a(7) (e1)* + b(7) (e2)*) ,

A% = b(7)(A3)% — a(7) (Bs)% + c(7) (J3)%, (3.22)

where (e1)® = 0f and (eg)® = 09 are the unit spatial vectors orthogonal to k&%, and a, b, c,d
are four arbitrary infinitesimal gauge parameters along the worldline. The d transformation
is a version of the transformation proportional to the EoM evolution that we mentioned
at the end of Section 3.2.1, and has nothing special to do with massless spinning particle.
The ¢ transformation is an obvious one. Most interesting is the gauge Wigner translation
parametrized by a,b — it involves a transformation of x, which means the “position x” is
not a gauge invariant physical quantity. This hints the gauge Wigner transformation is
related to the frame dependence (3.8). Another evidence is that the momentum p, and the
total angular momentum JH#¥ are gauge invariant under Wigner translation, in agreement

with their frame independence when A, = 0. Yet another evidence is, one can check the
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commutation of two Wigner translations is a d transformation, also in agreement with the
algebra mentioned at the end of Section 3.2.1.

How to explicitly realize the relation? Note that the benefit of (3.20) over (3.1) is that
the former is manifestly Lorentz invariant and frame independent (no frame vector n* is
involved), but the price payed is it involves gauge degrees of freedom as mentioned above.
To reduce (3.20) to (3.1), we need to use a frame vector n* to fix the Wigner translation
gauge. More particularly, note that in (3.3), the spin matrix satisfies both p; X*" = 0 as well
as ny, XM = 0, while in the present formalism of (3.20), we only have the former constraint
but not the latter, because there is no frame n#. To fix the Wigner gauge, we use an arbitrary

frame vector n* (can be spacetime dependent), and impose the gauge fixing condition

Equivalently, we are gauge fixing L to take the form of “first perform a boost (with respect
to our frame n) along the direction of k so that x is boosted to |p], then rotate the vector into
the direction of p”. Under such gauge fixing, the action (3.20) reduces to the Weyl action
(3.1) with H = 0. If we pick another reference frame n’#, the gauge fixing condition will
change, so we must perform a Wigner translation to satisfy the new gauge fixing condition,
and the transformation is precisely (3.11) at A, = 0 (the easiest way to see this is to use the
Wigner gauge invariance of J#¥ [13]).

Everything said above did not rely on the smallness of A, because there has been no
external field A,. How to extend the connection between Wigner translation and frame
dependence to the case with A, # 07 If we just add to (3.20) the minimal coupling A, (z)dz",
the gauge invariance of Wigner translation is clearly broken at order A, which is undesired.
To remedy this to order h, it can be shown that in addition to the minimal coupling, one

must also replace

Fa_

ke — kg — hF,oxP?
a a po 1r2
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in the first term of (3.20), where k% = (x,0,0, —«); moreover, the gauge Wigner transfor-
mation of L must also be accompanied with a correction term to A% by

h Foo chLUd(aAS + bB?))Cd

_ " (Ka)e

+2(bA3 — aB3) FpoSP” (3.25)

where A3 = Jy + K1 and B3 = —J; + K9 are the Wigner translation generators for k. The
replacement (3.24) leads to the “on-shell condition” H = 0 with the magnetic dipole term in
(3.3). Performing the gauge fixing as before, one can show under a change of frame choice
nf — n/F the Wigner translation needed to accommodate the new gauge fixing condition is
precisely (3.11).

This explains the mathematical original of the frame dependence of x and p, valid to
order h. Furthermore, in the presence of A, one can show that no further correction can
make the action (3.20) Wigner translation invariant, or equivalently make the action (3.1)
frame independent, at order 2. This is the symmetry based argument towards our comment
made in Section 2.4, that the semi-classical theory generally cannot be extended to order h2,

because at that order we have to consider the presence of other bands.

3.4 Chiral Kinetic Theory with Collisions

We have already completed the discussion of Lorentz invariance in non-interacting chiral
kinetic theory, with both the physical interpretation and mathematical structure explored.
In this section we take one step further [13]. We would like to consider chiral kinetic theory
with collisions, and study what constraints Lorentz invariance places on it. We will construct
an entropy current, and determine what the most general form of hydrodynamical limit (local
equilibrium) is. As expected, it is the well known chiral hydrodynamics [65, 54, 47], from
which we will compute the famous chiral vortical effect (CVE).

So far we have only been able to study chiral kinetic theory with collisions in the absence
of EM field. Moreover, we have to point out the formalism presented here is solely based
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on symmetry principles, and lacks of a microscopic derivation. Microscopically, collisions
are due to interactions between particles, so this section is beyond the non-interacting Berry
Fermi gas theory. It is well-known that microscopic interactions lead to many effects in
the kinetic theory other than collisions, for example an interaction potential energy; in this

section we assume collisions is the dominating effect, while other effects can be ignored.

3.4.1 Current

Collisions in chiral kinetic theory must be non-trivial. As we have seen from Figures 3.1 and
3.2, the collision must be non-local in general. However to construct a non-local collision
kernel respecting Lorentz invariance is not obvious. Before we resolve this problem, though,
we shall resolve another, perhaps more straightforward problem.

In the absence of EM field, the momentum p, is a frame independent variable. The

current (3.16) reduces to

4

. d .
JH(z) = / it(p,x) = /—pg%(p-p) 0(—n-p) j"(p,x) (3.26)
(») (2mh)
where the “phase space current” (the single particle current integrated over z) is
i (p,x) = p! f(p, ) + REH (p)Opr [ (p, @) (3.27)

Clearly the integral f(p) is frame independent. We expect j* to be frame independent too.

But it is not. Recall that the distribution transforms as (3.14), i.e.

Fl(p.x) = f(p,x) = =Ry - Ouf(p, ). (3.28)

(recall that here x is not “a particle’s position” but a generic point in the spacetime, which is

frame independent). Because h XH" transforms as —Qx[“py I does (invariance of total angular
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momentum), we find

i (p,x) = (p,x) = B, AL (p) (—p- 0uf(p,x)). (3.29)

When the ensemble is collisionless, the collisionless Boltzmann equation (2.30) reads p-0, f =
0, and therefore j# and hence J# are indeed frame independent.

But once we include collisions, the Boltzmann equation becomes

p-Oaf = / Capcplf] + O(h). (3.30)
BCD

Here we are considering all possible collisions AB <> C'D with p = p4, and integrating over

the momenta of the other particles, [ B= | (v5) etc. The collision kernel is

Capcp =Wep—aB —WaB—cD (3.31)

where W is the collision rate whose detailed form will be given later; it should be frame
independent at zeroth order in A. The Boltzmann equation at order i will also be given later.
The issue now is, the collision term makes j# and hence J#(z) become frame dependent at
order h.

The physical observable J# being frame dependent is certainly unacceptable. But how
can it be, given that we obtained J* from the action, which is itself frame independent?
The problem is, the action is frame independent only up to boundary terms. For collision-
less ensemble, the worldlines have no end points and therefore there would be no boundary
terms. With collisions, however, the Weyl fermion action varies by a boundary term of
A A final

nn'|;

i resulting in the frame dependence of j#. This means, although our descrip-
matia

tion of the particle’s helical current is frame independent along the worldline, the description
of the ends of the worldline depends on a frame, which causes the problem.

The problem is now reduced to, which frame should we choose to describe the end points?
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We do not need one frame for all the worldlines. The choice of frame can be different for
each collision event. We assume, for each 2-to-2 collision event, there is a “special frame” n*
that, if we view the collision event in this special frame, then each particle’s current is just
the usual single particle current, ending (for incoming particles) or starting (for outgoing
particles) at a common collision point, just as in the spinless case. If we view the event in
another frame n#, then we transform each single particle current according to the boundary
term of the action, i.e. the single particle current transforms by hAﬁﬁ with a delta function
localized at the collision point. In the context of 2-to-2 collision, there is a natural choice for

the “special frame” n#* — the center-of-mass (CoM) frame of the particular 2-to-2 collision:

n__wHpp)t _ (4pp) _ (pctpp)t  _ (pc+pp)"

V—p+pp? V-220-pB —(pc+pp)? V-20C PD

(3.32)

In the following we will make this assumption.
This is just the idea behind Figure 3.1 made concrete. Based on this reasoning, the

presence of collision modifies the collisionless phase space current (3.27) into

P n ot + [ Capepha, (3.33)
BCD

where the last term captures the frame dependent “end point current” localized at each
collision point. From our reasoning, j# must be frame independent by construction. Then,
in retrospect, it is in fact natural to “define” the phase space distribution by the time

component of the phase space current:

f=nd (3.34)

Now that 7 and p are frame independent, we can find the frame dependence of f is, in
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addition to (3.28),

hA, /-7
flef= g 0uf+ [ Capep™=i (3.35)
where we have used the nice identity
I I I A n”
Ann’ + An’n” - An”n -Pp p-n (3.36)

that follows from the definition (3.11) of A. Now, one can compute j'# — j* using (3.35)
and find j'# — j* = 0 as it should. This checks the consistency of our formalism.
Now that we have a frame independent phase space current j#, we assert the physical

current and the stress-energy tensor are give by

J“<x>:=‘/gojﬂ<p,x>, T () = /Qﬁzﬁﬂj”}<p,x>. (3.37)

In the collisionless limit, they reduce to (3.16) and (3.17) at A;, = 0. We can check OznJ! =0

and 0uTHY = 0 after we developed the Boltzmann equation.

3.4.2  Boltzmann Equation

Now we have found how to consistently express J# and TH in terms of f in the presence
of collisions. But we still need to figure out how the distribution f evolves in time, that is,
what is the collisionful Boltzmann equation (3.30) to order h. The collision kernel we find
must reflect the non-local collision in Figure 3.2.

In usual kinetic theory, i.e. the theory at zeroth order in A, the collision rate for identical

fermions is given by

1
Wapseplfl = 5 M.t (20)'6 (pa +pp —pc —pp)

f(pa,x)f(pp,z) (1 = f(pc,x)) (1 = f(pp,x)) (3.38)
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where M is the scattering amplitude computed from quantum field theory, with Mandelstam
variables s = (p4 + pp)2, t = (pa — pc)?. But at order A, the f’s are frame dependent, so
the collision rate becomes ambiguous. Fortunately, again, for each collision event we have a
natural choice of frame, the CoM frame n#. Therefore we are led to consider the distribution

in the CoM frame for each collision event

|
3
<

5 (3.39)

|
I

and we propose the collision rate for each collision event should be

_ 1
Wap—cplfl = 5\M(s,t)|2 (2m)*6%(pa + B — Po — PD) X

fpa.x)f(p,x) (1= flpc,x)) (1= flpp,x)).  (3.40)

With this proposition, we have a fix the right-hand-side of (3.30) to order %. Since the right-
hand-side does not depend on an arbitrarily chosen reference frame now, the left-hand-side
must not be. The most natural choice of the left-hand-side would be 9, - 7, which reduces
back to p - 0, f at zero order in h. Therefore, we propose the Boltzmann equation with

collisions at Au = 0 should be

O - j(p.x) = /B . Cascolf] = /B o Wanoplfl = Wopoasll)  (B41)

where p = p4. Both side are now manifestly frame independent.
In practice, it is more convenient to use f in some lab frame n#, instead of having to

consider f in the CoM frame of each collision. For this purpose, we may rewrite (3.41) as

dC aprorpr[f] B Aap - ﬁ’) (3.42)

p-afo/BCD Capcplf] (1_/3/01)/ o il

where 7/ is the COM frame of the collision AB’ +» C'D’.
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As usual, integrating the Boltzmann equation (3.41) with either f(p) or f(p) pH yields zero.
This reflects the conservation of charge and momentum under collisions. More precisely, this

leads to OyuJH =0 and OpuTH” = 0 (with the aid of (3.42)).

3.4.8  Entropy Current

Once collision is included, we are led to the most important concept of Boltzmann’s kinetic
theory — the existence of an entropy current S# which is non-decreasing 9,.-S > 0. This is the
famous Boltzmann’s H-Theorem, revealing the fact the effects of collisions are irreversible
and drive the systems towards disorder. When entropy is maximized, i.e. J; - S — 0,
the system has relaxed to local equilibrium, and this is the hydrodynamical limit of kinetic
theory.

In our formalism, a general frame independent phase space current takes the form

d
= oln) +h0ps() + [ Capephat, L) (3.43)

where ¢(f) is an arbitrary smooth function of f; clearly the charge current j is the J¢ when
o(f) = f. Tts frame independence j’g = jg can be verified by (3.35) and (3.36). Moreover,

its divergence is

Op - jg = /BCD Capeplfl—+ (3.44)

using (3.42).

With the above, if we know in usual kinetic theory (zeroth order in i) what the ¢
corresponding to entropy current is, we immediately have the entropy current at first order
in h. It is elementary that in usual kinetic theory, the ¢ corresponding to entropy current is

the phase space local entropy

s=—flnf—(1—f)ln(1— f). (3.45)
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Therefore, to first order in h, the entropy current is

Sﬂz/()jy. (3.46)
p

To see the entropy current is non-decreasing, we abbreviate

Wep—ap _ fefp(— f4)(1— fp)
Wap—cp  fafs(l—fe)(L—=fp)

(3.47)

r=

Note that Cypop = Wap—cp(r —1). Since Cyppcp is even under A <+ B and C < D
but odd under AB < C'D, we find

1
8x-S:—/ Wap—cp(r—1)Inr >0, (3.48)
4 JABCD

The above is vanishing only when r» = 1, i.e. when there is no net collision Cypop = 0

(“detailed balance”). This is the local equilibrium state.

3.4.4  Equilibrium and Chiral Vortical Effect

Let’s work out the most general local equilibrium state. We are going to show that the most

general equilibrium distribution function, viewed in any frame n#, is

1
,T) = 3.49
J () exp (UMz) pp — Y + REM (p) 0puUy () /2) + 1 (3.49)
with Y constant and UH(x) a future time-like vector satisfying
DUy () = Oyl (x) + ”%amAUA(x). (3.50)

We will also show (3.49) is compatible with the frame transformation (3.35). In usual nota-
tions one would write UH(x) = v (z)/T(x) and Y = u(x)/T(z) where u is the normalized

local fluid velocity, T' > 0 is the local temperature and p is the local chemical potential.
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As usual, it is convenient to define g such that f = 1/(e9 + 1) so that r defined above
can be written as r = exp(g4 + g — gc — gp)- To achieve local equilibrium, we need
r = 1, so g must be a linear combination of conserved quantities during a collision. The
conserved quantities are particle number (charge), momentum p* and angular momentum
JHY. Since we are viewing ¢ in the CoM frame, the orbital angular momentum vanishes, so
the conservation of J" becomes the conservation of spin viewed in the CoM frame h ZH.

Therefore, in local equilibrium g must take the form
Geg(p,x) = UM (2) pp — Y (z) + REF (p) Quu(2) /2. (3.51)

where UMY and €, are some coeflicients. This is the constraint from Cypop = 0 on g.
But the coefficients U, Y, ) are certainly not arbitrary. They need to satisfy two condi-

tions:

e We have expressed geq in the CoM frame 7 of a particular collision AB <« CD.
However, physically f = 1/(e9 + 1) describes the distribution of the particle A, and
is unrelated to the other particles B, C, D. This means, if we transform (3.51) into
an arbitrary lab frame n using (3.35), in the lab frame the expression of geq must be

independent of n, and hence independent of pp, pc, pp.
e The distribution f = 1/(e9 + 1) must satisfy the Boltzmann equation (3.41).

To satisfy the second condition, now that (3.51) guarantees Cygop = 0, the Boltzmann’s

equation (3.42) implies p - 0zg = 0. This means

The equations for U and Y reduce to (3.50) (the antisymmetric part is generic, while the

trace part relies on the Weyl fermion being massless) and Y = const. respectively; we will
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leave the € equation for later. For the first condition, using (3.35) we find, in a lab frame n,
geq = (Up — RAL, 000Uy + RAY Q) p' — (Y — BAL,0,0Y ) + BEFYQ, /2 (3.53)

Since we have already shown Y is a constant and U satisfies (3.50), the condition geq being

independent of n reduces to ¥X#7Q,,, = ¥#”0,uUy; this in turn solves the equation for €

in (3.52). Finally, in order for f to approach 0 at large energy, U must be future time-like.

Thus, we have shown (3.49) with constant ¥ and future time-like U satisfying (3.50) is the

most general equilibrium distribution, and it is compatible with the change of frame (3.35).
The phase space current (3.33) in equilibrium is

igqhéz[

J17% )‘]auU
dggq 9 P O0zvU)

jétq = p'ufeoq"i_

419, o
dggq 2 2

= Pyt Py OuoUs (3.54)
where fgq is feq dropping the A term, i.e. the Fermi-Dirac distribution for spinless particle.
qu is explicitly frame independent. The phase space current j£ is similar, but with s( fgq)
in place of fgq.

We would like to compute J#, TH” and S* in equilibrium and see the chiral vortical
effect. However we have a big missing piece. In this section we have been discussing the
fermion only, but we also have to include anti-fermion contributions. The total current,

stress-energy tensor and entropy current are
Mo 7l MY Vo puy B q
Jjp = I = IV, Ty =TH +TH, Spor = St + 5 (3.55)

where, for anti-fermions, every %/2 is replaced with —h/2. The incorporation of anti-fermions
into the collision kernel is also straightforward: now the ABC'D not only denote the particles’

momenta, but also whether each particle is a fermion or anti-fermion. In equilibrium, anti-
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fermions should have U* = U but Y = —Y, because Y is the coefficient for fermion number
conservation.

Now we have all the recipes. In the [ ( integration, it is natural to use the fluid velocity

p)
as the frame vector, i.e. n* = u# (recall that u* is U* normalized). The energy in this frame
is £ = —u - p, while the spatial momentum is p* = p* — Fu*. Using the phase space current

(3.54) (and also the phase space entropy current) and performing the p integrals, we find

(Jrot)og = Nu' + Egwh, (St )eq = Sut + g w',
(Trot)bq = Eur'u” + P (" + ulu") + 27 ulby,v (3.56)
where wh = e"PPu,dppuqs /2 is the vorticity and the associated terms is the CVE. N, &,

P and S are the usual density, energy density, pressure and entropy density for massless

spinless particle:

A B 4 w2 uT? A pt 4 2w 4+ 7T 15

N = @2rh)3 3 &€= (27h)3 1 (3:57)
and P =E/3, S = 9P/IT. The CVE coeflicients £ j, &7 and £g are given by
_ 4m Rl [ 9 exp(B/T-Y)  exp(E/T+Y)
1 = (2rh)3 2T /0 b ((exp(E/T ~Y)+1)2 (exp(E/T+Y)+ 1)2>
B dr  h 2 o
L 2(M + 3T) (3.58)
_ A4Am h 2 [ 3 exp(E/T —Y) exp(E/T+Y)
ro= (27rh) 23T / Bk ((exp(E/T ~Y)+1)?%  (exp(E/T+Y)+ 1)2>
h2
= 55 (,u +m MT2> (3.59)
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3 h uT
= —¢p—-Y&{=-—. :
£s 2T£T §r 2 3 (3 60)

This is in agreement with the previous literature [65, 54, 47], up to a “change of hydrodynamic
frame”, i.e. a redefinition of v in (3.56). (The earliest computation [75] of CVE had a
different {7 because the 9, f contribution to TH¥ was missing.)

Usually in relativistic hydrodynamics one uses one of Eckart frame (define u so that J
has no spatial component in the u frame), Landau frame (define u so that 7" has no mixed
temporal-spatial components in the u frame) or entropy frame (define u so that S has no
spatial component in the u frame). However, our result (3.56) is expressed in a frame of fluid
velocity u that does not admit any of these three usual conditions. What is the physical
meaning of our u frame? It is shown that our frame of fluid velocity w is the “no-drag
frame” [69]: if an impurity particle interacting with the fluid is moving in the fluid with the

velocity u, it will experience no net drag force.

3.5 Summary and Outlook

In this chapter we clarified how Lorentz invariance is non-trivially realized in chiral kinetic
theory, in the seemly frame dependent Berry curvature formalism. We provided both the
physical interpretation and the mathematical origin of the non-trivial realization. Then we
proposed a formalism of collisionful chiral kinetic theory in the absence of external force,
and showed how the system is can be relaxed to the chiral hydrodynamics limit, in which we
computed the chiral vortical effect. The collisionful chiral kinetic theory can be potentially
applied to the study of quark matter in heavy ion collision experiment or early universe.
The collisionful chiral kinetic theory is worth further study. First, our proposed formalism
is restricted to the absence external electromagnetic field; currently it is unclear how to write
down a frame independent collisionful Boltzmann equation in the presence of external field.
For application purpose it would be useful to make this extension. Second, we do not have

a microscopic derivation for the collisionful case; we only write down the simplest possible
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formalism based on Lorentz symmetry considerations. It is desired to have a derivation from
the Kadanoff-Baym method [35] or other methods.

Another direction for further theoretical study is to couple the semi-classical Weyl fermion
to curved spacetime. Within the group theoretical formalism in Section 3.3, the coupling to
a background metric can be introduced [4]. For massless particles, the non-triviality is again
to find quantum correction terms, this time to remedy the violation of Wigner translation
gauge invariance due to the spacetime curvature. We have made certain progress in this
direction, but there remains an unsatisfactory issue — the gravitational chiral anomaly is
beyond the reach of our current regime of validity. In this thesis we are not covering the
relevant efforts. The completion towards this direction can be a future subject of study.

Although our discussion focuses on the issue of Lorentz invariance, through the discussion
we gain a better understanding of the Berry curvature formalism in general. The 0 f
terms in the current and stress-energy tensor are generic. This means at order A the semi-
classical particle’s single particle current and stress-energy tensor generically have non-point-

like feature. Thus, in general semi-classical systems, we always have to carefully interpret

? Y

the “position 7 and “momentum p” as the position of the “center” of the single particle
current and the momentum carried at this “center”. Moreover, if we would like to include
a collision term in the Boltzmann equation, either collision between particles or collision off
impurities, it is in general invalid to assume the collision is local; there would generally be
some order f (same order as Berry curvature effects) non-locality in the collision kernel. For
chiral kinetic theory we can use Lorentz symmetry to pin down this non-locality; for general

systems perhaps a microscopic derivation is needed.
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CHAPTER 4
BERRY FERMI LIQUID

From the previous chapters, we see the kinetic theory of Fermi gas with Berry curvature
is a useful approach towards a wide range of physical systems. However, for most physical
systems in reality, the assumption of free Fermi gas does not hold. The interaction between
the fundamental fermions might be so strong that, if one excites a fermion with high energy,
it very soon decays into low energy excitations and “dissolves” into the system; hence,
the picture based on the notion “particles” becomes not so useful. In such scenarios, we
shall wonder, how do we still define “Berry phase effects”? How much of those we said
about Berry Fermi gas still survives under interactions? Moreover, even if the interaction is
sufficiently weak that “particles” can still be talked about and the picture of Fermi gas is a
good approximation, we can still ask, does the interaction introduce any new and interesting
effects? In this chapter we explore these problems.

In our discussion of Fermi gas, thanks to the single particle picture, we could discuss the
physics of far-from-equilibrium systems. Once interaction is included, far-from-equilibrium
systems become difficult to study in general. Therefore we will be less ambitious about inter-
acting systems. We restrict our consideration to a large class of interacting fermionic systems
called Fermi liquid. A Fermi liquid is a system whose ground state has some non-zero fermion
density specified by a Fermi surface similar to that of a non-interacting system, and more
importantly, whose low energy (gapless) excitations behave as nearly-free fermionic particles
near the Fermi surface, with decay rate suppressed by their low energy (while interactions
are not necessarily weak); no particular assumption is made about high energy excitations.
Due to these limitations in assumptions, we study the near-ground-state behaviors of the
Fermi liquid under low energy, long wavelength external perturbations only.

The study of Fermi liquid started with the classic works of Landau [41, 40] in 1957.
Following his amazing physical intuition, Landau proposed that at low energy a Fermi liquid

can be described by collisionless kinetic theory, and the leading effect (unsuppressed by the
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low energy) of interaction is a local interaction potential energy and nothing else; all other
effects such as particle decay are suppressed by the low energy, even when interaction is not
weak. Using his theory of Fermi liquid, Landau successfully explained the propagation of
“zero sound” in low temperature Helium-3 liquid. Landau’s Fermi liquid theory was also
successful in explaining various properties of electrons in metals.

Originally Landau’s theory was formulated based on physical intuition, the theory was
later derived from quantum field theory by Landau himself and others [43, 59, 49, 35, 1]. In
the 1990s, the remarkable intuition of Landau was concretely formulated in the language of
low energy effective field theory [60, 61].

Despite the remarkable success of the Landau Fermi liquid theory, the interesting anoma-
lous Hall effect, chiral magnetic effect and other Berry phase physics are missed in Landau’s
framework. The reason is simple: Landau focused on the behaviors that are unsuppressed by
the low energy / long wavelength, while these interesting physics are one order higher in the
low energy / long wavelength expansion. One can see this easily: for instance, the longitu-
dinal current 6Jj, ~ o E ~ const. A where A is the electromagnetic connection, £ ~ wA is
the electric field and o, ~ const./w is the longitudinal conductivity, with w being the small
energy carried in A; on the other hand, the Hall current 6 Jg ~ o E ~ const.wA. Therefore
we see the longitudinal current is dominated by unsuppressed terms while the Hall current
is suppressed by w. Thus, in order to study the anomalous Hall effect, chiral magnetic effect
and other Berry phase physics in Fermi liquid, we must work to the first order in the low
energy / long wavelength expansion. Moreover, for Berry curvature to appear, clearly the
fermionic field must be multi-component. This is what we consider in this chapter, and the
theory developed here would be called “Berry Fermi liquid theory”.

We start with an Invitation section, demonstrating in the simple example of (2 + 1)D
Dirac fermion with a weak contact interaction that the anomalous Hall current is no longer
given by the Berry curvature of the particles, but receives a correction due to the interaction.

This will be explained by the emergent electric dipole moment as we develop the general
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framework of Berry Fermi liquid theory. Between the Invitation section and the presentation
of the Berry Fermi liquid theory, we briefly review the Landau Fermi liquid theory.
This Chapter is mostly a reproduction of Ref. [15], with the example in Section 4.1 added

for demonstration purpose.

4.1 Invitation: (2 + 1)D Dirac Fermion with Weak Contact

Interaction

Let’s start with a simple example. In this simple example, interaction is so weak that the
decay or collision between the fermions can be neglected, so the very notion of particle is
well-defined. Thus, we have a physical picture that is mostly analogous to a Fermi gas,
except now there is some interaction between the fermions. We want to see if there is any
interesting new effect arising from the interactions.

We consider the 2-component Dirac fermion field ¢ in (2+1)D. We consider N identical

copies (flavors) of the field and label the flavors as 1),. The Lagrangian is

L= g it <_iax“ —Ap— 6052) Ya — MmoYata — 0Pata + 02/29- (4.1)

We choose the Dirac gamma matrices in the basis 1Y = —io3, 4! = 02,42 = —¢! (which
leads to yVy* = —ot). Here ) = wT(z”yO) as usual; mg is the mass parameter and ¢ is the
chemical potential parameter. ¢ is an auxiliary scalar field integrating out which yields the
contact interaction —(g/2)(¥atq)?. We let g to be small and keep it to first order; since
particle decay / collision is order g%, we have the picture of stable Dirac fermions. For this
Lagrangian to be invariant under large gauge transformation, N must be even, and that is
why we did not set N =1 for simplicity.

We allow my to take either sign, but for definiteness let’s fix ¢y > |mg|. That is, in the
ground state, the Dirac sea (negative energy band) is completely filled (no anti-fermion),

while we have a Fermi sea of fermions in the positive energy band.
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The Feynman rules are simple. The bare fermion propagator, renormalized with a filled

Dirac sea and no Fermi sea (i.e. renormalized at ey = 0), is given by

iGo(p)ogy = (%(—p)wg(p)) 9=0

iy w0 (D), Gy wo(P) ()
P’ — (Eo(p) — o)1 —ie)  p¥ = (=Eo(p) — €0)(1 — ie)

(4.2)

where Ey(p) = 4/p% + m% and the ze prescription corresponds to the said ground state.
The bare positive energy band spinor uq satisfies the Dirac equation (o'p’ 4+ o3m)ug(p) =

Eo(p)up(p) and the negative energy band spinor w satisfies the Dirac equation (o'p’ +

o3m)wy(p) = —Eo(P)wo(p); alternatively,

7

QUOUE =o' + 7;_303 + g—oal, 2w0wg — ol — 7;—303 — [];—OUZ' (4.3)
The explicit solutions to the bare spinors are
cos(6/2) —e"sin(0/2)
ug(p) = , wo(p) = (4.4)
' sin(0/2) cos(0/2)

where (FEy, 0, ¢) are the spherical coordinates in the (pl, P2, mg) space. Note all these are
the same as Weyl fermion but with mq in place of p3. The other Feynman rules are: the
AM@DG@ZJ;[ vertex is given by iotJ,; the “propagator” of the auxiliary o field is ig/N; the
Uwawg vertex is given by —ia?’éab.

If we include interaction effects and keep ¢ to first order, the bare propagator iGq is
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renormalized to full propagator ¢G, given by the following diagrams:

where the thick fermion line is the full propagator ¢G while the thin fermion lines are
the bare propagator iGp; the dashed lines are the o field propagator. Omne can show
that after including the 1-loop diagrams, ¢G takes the same form as iGg, but with the
mass parameter mq renormalized to some physical mass m, and the chemical potential
parameter €y renormalized to some physical chemical potential ep; the renormalized en-
ergy E(p) and renormalized spinors u(p), w(p) are defined with m in place of mg. More-
over, pU is shifted by a constant which has no physical effect and can be removed by a
redefinition of p!. (The details of the shifts from mg to m, €y to ep and the shift of p?
are unimportant for the present discussion, but we include them here for completeness.
To order g the shift in m is m = mg + (g/2m)moeg (1 — 1/2N). The Fermi momentum

PR = 6(2) — m% is a physical quantity and remains unchanged, and the physical chemical

potential is given by ep = ,/p% +m?2 = ey + (mg/eg)(m — mg). The shift in p° is given by
P’ +ep —eo + (9/87N) (€3 — m3), and can be removed by a redefinition of p.)

Now we are ready to get to our main point: to see whether the presence of interaction
alters the relation (2.39) between anomalous Hall effect and Berry curvature. Consider the
linear response of §J# to an external A, field carrying momentum ¢. The relevant Feynman

diagrams are

J o .
O OO A(DE

where the fermion lines are the full propagator iG. We further require ¢* = 0 and ¢" to be so

small that can be kept to first order; the electric field is £; = quAj and the magnetic field is
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zero. For the purpose of computing anomalous Hall current, we are only interested in il

(at linear response idJ(q) = ilI*(q) Ay (q)), the antisymmetric part of these diagrams.
The first diagram is what would contribute when g = 0, so we expect the first diagram

to reproduce the Berry Fermi gas result (2.39). Let’s demonstrate this. With ¢ = 0, picking

the p¥ poles in the loop integral yields

”N/Qiﬁ

M (s otum) (o)

Oer — E(p)) — 1
2E(p) + ¢°

= ZN/ ;)FQ l(?(ﬁ))) (wT(ﬁ)a[iu(ﬁ)> (uT(ﬁ)aj]w(ﬁj). (4.6)

(w@otuip) (o))

At leading order we can ignore the (q0)2 in the denominator. Moreover, note that ¢! =

8pi (akpk + 03m>, while u, w are eigenstates of akpk + o3m with eigenvalues +F(p) respec-

tively, therefore we have

wl@o'u(@) = 2B ol () (0pu(@) = —2B@) (9p! (@) u(p) (4.7)

as well as its complex conjugate. Hence, using 1 = uut + wa, we finally find

_o N @[(_2')8 0 1w+ 0(ep — E)(—20)0y, u'd (4.8)
To | an LOp; W Op;|W T ULEF V)Op; U Op U | - :

This is indeed the Berry Fermi gas result (2.39). The first term in the square bracket is
the Berry curvature contribution from the filled Dirac sea, yielding —e%/ sgn(m)/2, i.e. in
the gapped phase |ep| < |m| the Chern number would be sgn(m)N/2, which explains why
we said N must be even. The second term in the square bracket is the Berry curvature
contribution from the Fermi sea, yielding €/ (1 — |m|/ep)sgn(m)/2.

To first order in g, we must also take into account the second and third Feynman diagrams.

Unless those two diagrams vanish at first order in ¢V, the extra contribution from those two
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diagrams would violate the Berry Fermi gas result (2.39). It is easy to see the second
Feynman diagram vanishes when ¢' = 0; however, the third has a non-trivial contribution,
so (2.39) is indeed violated. The 2-loop integral in the third diagram is not as hard as it
might look. Because the o propagator is momentum independent, we can carry our the
momentum integral in each loop separately (and the two loops are clearly identical up to
q — —q), so we really only need to perform a 1-loop integral. We find
0 ij 2
g m(iG—;; (1 - Z’TF) . (4.9)

Combining with the first diagram, we arrive at

v N ¢0¢i 2 i ij
imlid) (q) = 5%; (g + zr—znv (1 - %)) o) =T (A (g).  (4.10)

The first term is the expected Berry curvature contribution from both bands. However,
interaction introduces the second term, and thus violates the simple relation (2.39) between
anomalous Hall conductivity and Berry curvature in Berry Fermi gas.

Through this simple example we see the violation of (2.39). What is the physical nature
of the new term? Inspecting the third Feynman diagram, it seems we shall view the dash
line as a quantum correction to the bare A,/wzﬂ vertex, and this suggests the new term is
related to the effective electric dipole moment (cannot be magnetic dipole moment because
we have turned on electric field only) arising from interactions. This is indeed the correct
physical interpretation, as we will see along the development of the general formalism of
Berry Fermi liquid.

What cannot be learned from this simple example is whether Berry curvature effect is
still worth talking about when the interaction is so strong that particles in the Fermi sea are
unstable. The answer is positive — more particularly, only the Berry curvature near the Fermi

surface is involved. We will also show this along the development of our general formalism.
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4.2 Review of Landau Fermi Liquid Theory

Before we present the kinetic theory of Berry Fermi liquid, let’s start with a quick review of
Landau Fermi liquid theory — in particular, the computation of linear response in the theory.
We assume that there is no external field violating spacetime translational symmetry except
for the present external EM field. We assume the EM U (1) charge conservation is not broken
by the ground state. We do not assume the presence of any other symmetry.

Let us start with a system of fermions, interacting through a finite-ranged interaction,
in d spatial dimensions with d > 2 (or (d + 1) spacetime dimensions). We assume the
ground state at chemical potential ep is a Fermi liquid, with a sharp Fermi surface (FS).
(We assume that the Kohn-Luttinger instability [38] occurs at a temperature much smaller
than any energy scales of interest). The low energy excitations are fermionic quasiparticles
(or quasiholes) near the FS. For simplicity we assume one, non-degenerate, FS, i.e., each
momentum p near the F'S corresponds to only one quasiparticle.

We now perturb this system by a small external EM field Aj,. Physically, this causes a
deformation of the F'S, which can also be viewed as creating quasiparticles and quasiholes,
which in Landau’s theory are described by the quasiparticle distribution function of (7} x)
with p'near the F'S. In the linear response theory we keep df to linear order of A.

The Landau Fermi liquid theory matches with quantum field theory at long wavelength.
If we Fourier transform —ifidyu to gy, then in the long-wavelength limit under consideration,
Ay and ¢ f only have ¢ modes with ¢ < pp and ¢ < h/r;y,;, where pp is the size scale of the
F'S (there is no notion of “Fermi momentum” since we do not assume rotational symmetry),
and r;,; is the range of interaction between quasiparticles (this is why we assumed finite-
ranged interactions). In practice, we keep hdy, or equivalent g, to leading order in Landau
Fermi liquid theory.

It can be shown that the collision (decay included) rate of quasiparticles is suppressed
beyond leading order in ¢, due to the limited availability of decay channels. In particular,

the suppression is by an extra order of ¢ for d > 3 [40, 48, 1], and by an extra gInq for d = 2
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[6, 17, 18]. Thus, quasiparticle collision can be neglected in Landau Fermi liquid theory.
The computation of linear response in Landau Fermi liquid theory proceeds in two steps.
One first computes df as a linear function of A by solving the Boltzmann equation, and then
expresses (the quantum expectation of) the induced current §J# as a linear function of Jf,
and hence of A. In Landau’s Fermi liquid theory, the energy of a single quasiparticle has the

form

(i) = E(p) + /Eu@, P) o (s ) (4.11)

where P = f ddk:/(27rh)d. Here E(p) is the kinetic energy of the quasiparticle, and U(p, E),
even under exchange of p and I;, parameterizes the contact interaction between two quasi-
particles of momenta p and k. (If the system has rotational symmetry, the Landau Fermi
liquid parameters are obtained by putting p and k on the Fermi surface and expanding U
in angular harmonics in the angle between p and E) Both E and U are microscopic inputs
into Landau’s theory. Landau’s Fermi liquid theory postulates the collisionless Boltzmann
equation (2.30):

of(p;x) L Oe(p; ) Of (P x)
ot op; ozt

de(pix) el x)) of (5 )

. =0. (4.12
8pj ox’ op; ( )

+ (Fio(l’) + Fyj(z)

where Fyy = 0,;Ag — Ot A; is the electric field, F;; = 0,:A4; — 0, A; is the magnetic field,
and we have absorbed the electric charge into the field potential A. Writing f(p;z) =
O(ep — E(p)) + 0f (p; z) and linearizing over Jf and A, one finds

(p) Dpudf (5 w) = S(ep — E(D)) v'(9) (Fio(w) — 0,¢(p x)) (4.13)

where 00 = 1, v!(p) = 9, E(p), and 2¥ = . Notice that, due to the delta function on
the right hand side, Eq. (4.13) involves only the FS, but not, say, the whole Fermi sea.

Performing the Fourier transformation —i0,x — ¢, where, in our convention, —gy = ¢ is
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the energy, while ¢; = ¢* is the momentum, the Boltzmann equation then reads

,UZ

5 (7.4) = d(ep — B)— " (—z‘Fio@) ~a Ut o q>) (4.14)

vhq, — i€

where F,,(q) = Qiq[ﬂAy]. This is an integral equation from which one can find Jf in terms
of A. Tt follows from Eq. (4.14) that the the coefficient of linear dependence between Jf and
A is finite in the limit ¢ — 0 and ¢"/|q| fixed. In this thesis we count this as zeroth order
(leading order) in q. Note that we placed an ie prescription in the denominator; its sign is
such that ¢¥ appears as ¢ + ie. This corresponds to the retarded boundary condition that
at infinite past the system is in its ground state.

Now suppose we have solved for §f as a linear function of A from (4.14). Then the

induced current in Landau Fermi liquid theory is given by

6.0 () = / (") of (:2) + 8(ep — @)V () (o) — BG)) . (4.15)

p

The first term is simply the current created by the quasiparticles that were excited. The
second term, by recognizing d(ep — E) vf = —0p,0(ep — E) and integrating by parts over
p, is the current due to quasiparticles in the Fermi sea having their velocity perturbed by
interactions with the excited quasiparticles dp,(e — E). (Although “quasiparticles in the
Fermi sea” are generally not well-defined far from the FS, from the expression (4.15) we
clearly see only those quasiparticles near the FS are involved.) This is the procedure of

computing linear response in Landau Fermi liquid theory.

4.3 Berry Fermi Liquid Theory

As introduced at the beginning of this chapter, we are to develop a kinetic theory of Fermi
liquid incorporating Berry curvature. The most outstanding questions are how to define

Berry curvature effects when high energy quasiparticles are unstable, which properties of
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Berry Fermi gas survive in the presence of interactions, and whether any new effects arise
from interactions. The assumptions about the Fermi liquid is mostly the same as in Landau’s
theory. The differences are that here the fermionic field must be multi-component, and
that we work to one order higher in low energy / long wavelength expansion (consequently,
collisions cannot be neglected even for the meta-stable quasiparticles near the FS).

The kinetic formalism of Berry Fermi liquid theory, similar to Landau Fermi liquid theory,
consists of two parts: the Boltzmann equation, and the expression of the current in terms
of the distribution function. We will also find that the consistency of the theory requires
certain relationships between the chemical potential dependence of the Fermi velocity and
the Landau interaction potential, and between the chemical potential dependence of the
Hall conductivity tensor (to be defined later) and the Berry curvature of the fermionic
quasiparticle. We will present this formalism in this Section. In the next Section, we will
show this kinetic formalism exactly matches with quantum field theory (QFT) computation
to all orders in diagrammatic expansion, for a large class of QFTs.

We make a final remark. For simplicity, we again assume only one band crosses the
Fermi level. However, the formalism below can be easily generalized to the cases of either 1)
multiple degenerate bands crossing the Fermi level, or ii) multiple bands crossing the Fermi
level with disjoint F'S; the generalizations are obvious in the QFT derivation. Therefore,
with straightforward generalization, our formalism encompasses the example in Section 4.1

in which N degenerate bands cross the Fermi level.

4.3.1 Boltzmann Equation

In a Berry Fermi liquid, as in the usual Fermi liquid theory, the energy of a quasiparticle
with momentum p near the FS depends on the occupation at other momenta. To first order

in A and first order in 0, the energy is

) = @) — i (9 [ (W) ) +V () 0,0t (i) . (410
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Compared to (4.11), here p#” | antisymmetric in pv, is the EM dipole moment of the quasi-
particles (the purely spatial components /ﬂj correspond to the magnetic dipole moment and
the mixed components ;Y to the electric dipole moment), and V¥ (5, E), odd under exchange
of pand E, is the gradient interaction potential between quasiparticles. The function VH(p, E)
is the additional function parametrizing the dependence of the energy of the quasiparticle
with momentum p on the gradient of the distribution function at k. Since we are perform-
ing a gradient expansion of the interaction between two quasiparticles, our assumption of
interaction being finite-ranged is needed.

Extended to sub-leading order in spacetime derivative, the linearized (in 0 f and A) Boltz-
mann equation now includes the collision terms. (Although we need to include collision for
completeness, it is “uninteresting” toward the focus of this thesis, for it does not affect inter-
esting physics such as the anomalous Hall effect.) With the collision terms, the Boltzmann

equation reads

V() Db (7 ) — 8(ep — E () /EC(ﬁ, F) 026/ (F: x)
= dler B (40 Fioe) — 0,70

v [ ster — B o)) (417

That is, in an “operator” point of view, the viaxi’s on both sides of (4.13) are modified to
Uié?zi —d(ep — E)CGL?. Here C(p, l;:), symmetric under exchange of p and /2, is the effective

collision kernel defined on the FS. It has the following properties:

e (Collisions do not change the total number of fermionic excitations, i.e.

[5(6F — E(p) C(p. k) = 0. (4.18)

p

e C(p, E) is not regular over the FS. It can be separated into a positive “decay piece”
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that is non-vanishing only when p = k on the F'S, plus a piece that is non-vanishing

for general values of p and k.

We will show these properties in the next Section when we perform the QFT derivation.
To get an intuition about the 8152 in the collision terms, recall that in the “thermal regime”
where temperature T > 9, the linearized collision term scales as T2. But here we are
in the “quantum regime” where temperature is negligible, T" < 8t2 ; according to Landau’s
argument [40], in this regime the scaling should be replaced by (9?.

We have to emphasize that such parametrization of the collision term is only valid for
d > 3. In d = 2 the collision term cannot be parametrized in any simple form [17, 18], as
we will discuss in Section 4.4.6. Fortunately, our main focus — the computation of the Hall
current — is not undermined by this failure of parametrizing collisions in d = 2. In particular,
we will show in Section 4.4.6 that at order ¢ and ¢glngq, collisions only contributes to the
longitudinal current but not the Hall current.

The Boltzmann equation can be solved in principle, order by order in ¢. First in (4.17)
we Fourier transform —id;u into q,. Let us separate of = dfy + of1, where the subscript
labels the order in ¢. Then the Boltzmann equation (4.17) reads (the collision term only
holds for d > 3)

i

5fo(P:q) = 6(ep — B)——— <—iFio(Q) — g /]_ﬁ.u@, F) 8o (F; q>) , (4.19)

vhq, — 1€

= step Bt (s B (B ) + 95 ) i o)

. 2
T bep - B)0)"_ [ e )(5fo(k i)+ 0er — ED) [Ulk 5folq)) (4.20)

at zeroth and first order in ¢ respectively. We will prove these two equations from QFT in

Section 4.4.4. Note that the zeroth order Boltzmann equation (4.19) is that in Landau Fermi
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liquid theory.

One may have noticed that there is no reference to Berry curvature in the Boltzmann
equation. Notably, the Berry curvature b/ should induce an anomalous velocity b/ F' pv? [T1].
However, since (4.17) is of order A, the effect of anomalous velocity will be order A2, which
we assumed to be negligible. (If one works beyond linear response, and assume stable quasi-
particle, the anomalous velocity term would be present [62].) Other effects of Berry curvature

are negligible in the Boltzmann equation for the same reason.

4.3.2  Current

At equilibrium there is some equilibrium current Jffq, In most systems at equilibrium only
the charge density ng. is non-zero, while Jéq. = 0. As we perturb the system, extra current

0JH of order A will be induced. In our formalism, we propose

5M(z) = /p (0(9) 8 (5 ) + 0" (B) O, OF (B 2) + Oer — B0} (7) (e(ir) — E(P)))

F
1 ghA 1//;(37) ' (4.21)

Inside the integral on the right-hand side of (4.21) are three terms. The first term is the
current due to the velocity of the deformation of the F'S. The second term is the magnetization
/ electric polarization current [14] due to the deformation of the FS. The third term, as in
Landau Fermi liquid theory, is the current due to quasiparticles in the Fermi sea getting
extra velocity dp, (e — E) (rewritten by integrating p by parts). All these three terms involve
only p near the FS, as desired.

In the last term of (4.21), oA totally antisymmetric in uv A, is the Hall conductivity
tensor. As we will discuss in Section 4.3.4, it has very interesting relation to the FS, and
that is how Berry curvature enters the formalism.

Now in (4.21) we Fourier transform —id,u into q,. At zeroth and first order in ¢ respec-
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tively, the current reads

@ = [ (wafo@q)w(eF—E)a;‘vi /Eu@,z%)afo(%;q)), (1.22)

p

0J1'(q) = [ [v’“‘ of1(P: @) + ' iqu 8fo (P q)
p

+0(ep — E)(Séivi (_MV)\ FI/)Z\(Q)

b [ @R o ) + V) i onia) )]

k

FI/)\(Q) '

UV
+o 5

(4.23)

Notice 5J6L is that in Landau Fermi liquid theory. We will prove these two equations from
QFT in Section 4.4.5. In the proof, we will also discuss the microscopic contributions to
M. The magnetic dipole moment is generally non-zero; in the presence of interactions [62],
the electric dipole moment will also be non-zero in general, as we will see in the proof.
Although we call 0#*** the Hall conductivity tensor, it is not the full Hall conductivity as
measured in linear response. The full Hall conductivity also receives contributions from the p’
integral, and depends on the order of the limits ¢; — 0 and gy — 0. For example, in order to
find the Hall conductivity for spatially homogeneous electric fields, we set ¢; = 0 and choose
the gauge Ag = 0, so Fjjy = —igpA;. From the Boltzmann equation we have ¢ fo = —d(ep —
E)vjAj, which leads to the anomalous Hall current 6(]%1 = (O'ijo — fﬁé(eF — E)v[’pﬂo) Fjo
(although §f1 is non-zero due to collisions, we already mentioned that collisions do not
contribute to the Hall current, as shown in Section 4.4.6). Thus, the full Hall conductivity,
in the limit of taking ¢; = 0 first and then taking gg small, receives contribution from both
the Hall conductivity tensor and (the parity odd part of) the electric dipole moment of the
quasiparticles — the latter is generally non-zero in the presence of interaction [62], as we

will show in the QFT derivation; this new effect has been demonstrated by the example in
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Section 4.1. Similarly, if one takes the other order of limits, gy — 0 first and ¢; small, one
would still find that o#* does not give the measured Hall conductivity — there is a magnetic

dipole moment correction (this is the case even in non-interacting system; see (2.43)).

4.3.83 Chemical Potential dependence of Kinetic Enerqgy

We have separated the quasiparticle distribution into an equilibrium part f(ep — F) and
an excitation part df. Within Fermi liquid theory, such a separation is ambiguous: the
same state may equally well be described either by starting with a slightly lower chemical
potential and exciting some quasiparticles above the F'S, or by starting with a slightly higher
chemical potential and exciting some quasiholes below the F'S. Clearly, for the theory to be
self-consistent, all these different descriptions of the same state must be equivalent. For this,

the following relationship between E at different chemical potentials must hold:

2 = UG R)—0b(ep — BE(K)) = /EL{(ﬁ, k) <1 — agg?) Sep — E(K)).  (4.24)

This can be physically understood from (4.16), setting F},;, = 0 and 9,6 f = 0. Furthermore,
we will prove it from QFT in Section (4.4.2). Taking 0p, of (4.24), we obtain the chemical
potential dependence of v(p) on the FS.

Strictly speaking, the reasoning above only applies when the FS changes continuously
with the chemical potential. If the system undergoes a quantum phase transition at some
e, around which the F'S develops new disconnected components, as illustrated in the Figure

4.1, then the formula (4.24) not necessarily holds.

4.3.4  Chemical Potential dependence of Hall Conductivity Tensor

The Hall conductivity tensor in (4.21) seem to have no reference to the FS. But in fact the
Hall conductivity tensor is related to the FS via the Berry curvature in a very interesting

manner. We will distinguish two cases. In the first case, either d = 2, or d > 2 and the
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Figure 4.1: Around some discrete values of chemical potential, the Fermi surface may develop
new disconnected components, which may lead to a quantum phase transition. The behavior
of the interacting system around such values of chemical potential remains unknown.

Berry curvature is an exact 2-form on the F'S, so that the system has no anomaly-related
transport effects. (The anomaly-related transport effects include, e.g., the chiral magnetic
effect in (3+1)d, but not the anomalous Hall effect in (24 1)d.) Then we turn to the case in
d > 2 with non-exact Berry curvature on the FS, so that the system exhibits anomaly-related

transport effects [66, 68].

Without Anomaly-Related Transport

Let’s review the story in Berry Fermi gas. In Fermi gas, particles are stable, so one can

define the Berry connection o/ and Berry curvature b/ for all particles in the Fermi sea:

o/ (7) = (=ih) wh (5) p,u” (P). (4.25)

b () = 20,07 (5) = (~2ih) Oy b (P) Oy 4 (D) (4.26)

where u®(p) is the spinor or Bloch state of the fermion. The Berry curvature induces an
anomalous velocity [71] and a change of the classical phase space measure [83, 26], leading
to Hall conductivity tensor of the form

oA = A 4 3 / (e — E@) vl (p) "N (p) (4.27)

—

p
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where a? = 0, 8% = 0. Here o YA is the contribution from valence bands / Dirac sea, and
is independent of ep. The second term seems like a Fermi sea property, but as observed by

Haldane [32], one can integrate p by parts and get

7=t 46 [ der ~ E@) o' () V(). (4.28)
p

so that the kinetic part of the Hall conductivity tensor is actually a F'S property; notice the
kinetic part has no ijk components, but only ij0 ones. For d > 2 (recall d is the number
of spatial dimensions), there is another way to integrate (4.27) by parts, also promoted by

Haldane [32]. Using o0 =1 = 8pkpk/d, we have

. ” 5 g
o0 — HWY 4 d—2 /ﬁe(EF — E(p)) b (5) Opy Pk

= o+ 25 [ sler — B@) 1 @05y
p

. /p By (3(er — B@) v/ () o9 ) (4.29)

and ok = agj ¥ The last line is a boundary term that is non-vanishing if the fermion is in a
lattice and the FS intersects the boundary of our choice of first Brillouin zone [32] (because
pg. is not continuous when we identify the opposite boundaries of the first Brillouin zone).
The advantage of (4.29) over (4.28) is that it involves b"/ instead of the gauge dependent a’
(except for the boundary term); as we will see later, this makes (4.29) is more convenient
for generalization to include anomaly-related transport effects.

Now we turn to the ep dependence of oH” A in Berry Fermi liquid. In the presence
of interaction, the picture of quasiparticles is only valid near the FS, so whether the ep
dependence of oH” A can be expressed as a FS property becomes important at conceptual
level: It determines, in order to study linear response to EM field at long wavelength,

whether knowing the system is a Fermi liquid at low energy is enough, or we have to know
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more beyond the low energy behaviors. Our conclusion is, the former is true — the fact that
the system is a Fermi liquid is enough. More exactly, we will show in Section 4.4.5 that if

the F'S changes continuously with the chemical potential, then

dotvA

(ﬁ)

=3 [ ster - £G) (o4 890 - ZELaf )~ 20t ) ) ) (430
p

dep
Here b is the mixed Berry curvature of momentum and chemical potential:

a T
HE () = (—in) (apkuz@ QAR Qualp) apku“@) (4.31)
€F )

and bOF = 0; it satisfies the Bianchi identity 9b"*/dep = 28[p)\bV]F. The spinor / Bloch
state u(p) is understood as that of an on-shell quasiparticle near the F'S. We will also show

(4.30) is equivalent to

da;u/)\ d )
dep :EG/Zﬁ(EF () 64" (7) oV (7). (4.32)

and, for d > 2, also equivalent to

ri %% [ st 27 B
t o 7o o (e =BG D). a3

do.ijk
dep

— 0. (4.34)

Thus, we conclude that in Berry Fermi liquid, (4.28) and (4.29) still hold as in Berry Fermi
gas. Although we demonstrated in Section 4.3.2 that o is not the full Hall conductivity,
those remaining contributions are nevertheless always FS integrals. Therefore the full con-

ductivity is always equal to a chemical potential independent part (as long as the FS changes
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continuously) plus a FS integral.
In Berry Fermi gas in d = 2, o) A s topological [34, 32]. It would be interesting to study
if it is still topological in Berry Fermi liquid. In particular, it is unknown whether o VA

can have a jump when the FS develops new disconnected components, as in the example of

Figure 4.1.

With Anomaly-Related Transport in d > 2

For d > 2, when the Berry curvature is not an exact 2-form on the FS, the system has
anomaly-related transport effects.

Let’s first review the effects in Berry Fermi gas. The expression (4.27) still holds, and we
start from there. Now we have to take extra care when rewriting it via integration by parts.
More precisely, a! cannot be continuously defined over the entire FS, so the expression (4.28)
is not so useful. The alternative expression (4.29) promoted by [32] is still useful as long as

we take into account the “Berry curvature defects” where 8[pkbij] # 0 (e.g. monopoles in

d=3):

5 [ 0ler — E(@) 0 (5) 0y 1

p
_ 03 / 8(ep — E@)d, ¥9(5) py
o d—2 7 [Pk

= [ dler = E@) 0 (5)0" @)

p
b /p e ((er — B v' () ) ). (4:35)

The boundary term in the last line is explained below (4.29); although a’ is not continuously
defined over the FS, it can be continuously defined around where the FS intersects the
boundary of the first Brillouin zone. The defects lie along where a[pkbij] # 0, and they are

generically d — 3 dimensional. In this thesis we assume there is no defect in the vicinity of
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the F'S, and thus the second term is left unchanged under small continuous variation of €p.

In this spirit, we can combine the o O term and the 8[p b/l term and call their sum aaj v

A similar integration by parts can be carried out in the spatial components [66, 67]:

oIk = Z]k+3/9(eF—E(ﬁ)) ol () 8,1 E(p)
p
= a3 [ bler - B@)9,09 ) B
p
3 /p Sep — E@) b 307 (7) ep (4.36)

(the second and third term separately vanish in the absence of Berry curvature defect), whose
8[ bl term is again independent of small continuous variation of ep, and again we can
combine the o/ ¥ term and the 8[p b term and call their sum aa . The simplest example
of (4.35) with Berry curvature defect is the anomalous Hall effect in Weyl metals [85]; the
simplest example of (4.36) is the chiral magnetic effect [66, 68, 67].

For Berry Fermi liquid, (4.30) still holds when the Berry curvature is not exact on the

FS, and we start from there. In Section 4.4.5 we will show (4.30) is equivalent to

ddqi B % 7= /f“EF = E@) b7 @) ()
t o 1o o (e =BG D).
do'k d "
dep - dep 3/]5»5(€F — E(p)) b[](ﬁ)vk] () €F (4.38)

as long as there is no Berry curvature defect near the FS; they reduce to (4.33)(4.34) if the
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Berry curvature is exact on the F'S. Thus, for Berry Fermi liquid we can write

oA = O'Zj)\—f—?)/

—

p

+6 /p Iy, (5(EF — E@) v'(5) ) (7) P,j) : (4.39)

d(er — E(B)) b (5)ok) () P)(p)

where P]g = p;./(d — 2) and P,é = ]:(55€ (the second line vanishes if ) is spatial). Here o} VA

is independent of ep for generic values of ep; but it depends on ep at special values of ep
where some Berry curvature defect is brought across the Fermi level. Moreover, as before, it
is unknown whether aé”//\ can have a jump in situations like Figure 4.1. In (4.35) and (4.36)
for Fermi gas, we are able to separate o A into ot VA plus a Berry curvature defect term
inside the Fermi sea. Such separation is generally impossible for Fermi liquid.

A final subtlety needs to be addressed. If we shift the definition of p' by a constant vector,
or shift the definitions of F(p) and ey together by a constant value, no physics should change.
However, the kinetic term in (4.39), due to its Pk/:\ factor, does not necessarily satisfy this
property in the presence of anomaly-related transport effects. There is no inconsistency here,
as our starting point (4.30) does not have this problem. This just implies that, if we perform

such shifts, o/ YA also needs to be shifted such that o remains unchanged. In Berry Fermi

gas, this can be verified explicitly in (4.35) and (4.36).

4.3.5  Correspondence between Kinetic Theory and Field Theory

In the next Section we will provide a diagrammatic derivation of the Berry Fermi liquid
theory. Here we summarize the identification of the various quantities appearing the Berry

Fermi liquid theory and objects in the resummed perturbation theory.

e 0 f(p;x), the quasiparticle distribution, is given by the F'S singular part of the perturbed

Wigner function, as introduced in Section 4.4.4.

e 0JH(x), the induced current, is the quantum expectation (4.125).
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E(p), the kinetic energy of a quasiparticle, is defined by the full propagator (4.41) near

the F'S. Its chemical potential dependence is given by (4.83).

uq (p), the spinor / Bloch state of an quasiparticle, needed to define the Berry curvature,
is defined in (4.40) and above (4.42). Its chemical potential dependence is given below
(4.84).

uH” (p), the EM dipole moment of a quasiparticle, is given by (4.114), and discussed in

detail in Section 4.4 .4.

-

U(p, k), the contact interaction energy between two quasiparticles, is given by (4.83).

VI (P, lg), the gradient interaction energy between two quasiparticles, is given by (4.113).

-

C(p, k), the near-FS effective collision kernel between two quasiparticles (in d > 3), is

defined in (4.73), whose details are discussed in Section 4.4.2 and Section 4.4.6.

oA the Hall conductivity tensor, is defined in (4.139). Tts chemical potential depen-

dence is given by the Berry curvature around the FS, as shown in Section 4.4.5.

-

E(p) and U(p, k) are familiar parameters in Landau Fermi liquid theory, while the other

parameters pt” (5), VE(p, k),C(p, k) and o are new.

4.4 Derivation from Quantum Field Theory

In this Section we will prove the kinetic formalism presented above by analyzing the quantum

field theory (QFT) to all orders in perturbation theory. Before we go into any details, we

summarize the idea behind our proof as the following. Our goal is to compute linear response,

i.e. induced current §.J as a linear function of electromagnetic (EM) connection A, to first

order in the external momentum ¢ carried in A. The evaluation of dJ# can be separated,

technically, into two parts:
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e The first part is related to Cutkosky cut, and corresponds to the quasiparticle contri-
butions to §.J, that is, the first line of (4.21). This part includes the excitation and

collision of quasiparticles, described by the Boltzmann equation (4.17).

e The second part is the remaining contributions that are unrelated to Cutkosky cut, i.e.
non-quasiparticle contributions. This second part gives rise to the Hall conductivity
tensor in (4.21), whose chemical potential dependence is given by the Berry curvature

on the Fermi surface (FS).

The idea is simple and clear. Now we devote into the technical details.

First we state the assumptions about our QFT and its ground state and low energy
spectrum.

Our QFT consists of a multi-component fermionic field ¢®, charged under EM. The
index « can be a spinor index if ¢ is a Dirac spinor, or in general labels different bands.
The fermionic field may interact via massive fields (generically denoted as ¢) or/and via
finite-ranged self-interactions. But we assume any field other than ¢ to be EM neutral, and
the EM couplings to ¢ only take place in the non-interacting terms of v in the Lagrangian,
but not in any interacting terms. Thus, there can be EM couplings such as Aw“ﬂ (including
FiypTy) and AApTy, but there is no EM coupling like Agty or AgTyapTe.

We assume the system is under chemical potential er for the fermionic field and at
negligible temperature (but high enough to avoid to Kohn-Luttinger instability [38]). We
assume the EM U (1) gauge invariance is not broken by the ground state. We assume there is
no band degeneracy near the FS, and for simplicity, we assume the Fermi level crosses only
one band of the spectrum of the fermionic field. We assume the only low energy excitations
are quasiparticles of this band. Thereby the system is said to be a Fermi liquid at low energy.

We assume spacetime translational symmetry is not broken by anything except for the
present external EM field. We do not assume any symmetry otherwise. In this Section we

set h to 1.
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The proof is organized as the following. We first discuss the properties of a single full
propagator and a pair of full propagators. Then we introduce the irreducible 2-particle in-
teraction vertex, and discuss its relation to the chemical potential dependence of the full
propagator (from which the chemical potential dependence (4.24) of the kinetic energy fol-
lows). Then we introduce the properties of the bare EM coupling vertex. Next we present
the recursion relation satisfied by the full EM coupling vertex; we will also extract the impli-
cations of the Ward-Takahashi identity. Having had all these preliminaries, we are ready to
prove the main results. We first show the Boltzmann equation (4.19)(4.20) follows from the
recursion relation satisfied by the full EM coupling vertex. Then we compute the quantum
expectation of the current and show it takes the form (4.22)(4.23) given in the kinetic theory.
Finally we study the chemical potential dependence (4.30) of the Hall conductivity tensor.
Along the way, we will also discuss the microscopic ingredients of the EM dipole moment.
As a bonus, we obtain an alternative diagrammatic proof to the Coleman-Hill theorem [19]

for QFT's restricted to our assumptions.

4.4.1 Propagator

Single Propagator

The full propagator (all QFT quantities are time ordered unless otherwise specified) is a
matrix in the components of the fermionic field. We expand it in its eigenvectors and

eigenvalues:

w( u; T<>

Z . (4.40)

iG%(p) =

Diagrammatically, the upper index ¢ corresponds to the arrow head of the fermionic prop-
agator, and the lower index g the arrow tail. The eigenvector u corresponds to the band
— only one, by our assumption — that crosses the Fermi level, and w’s the other bands; u

and the w’s form a complete orthonormal basis. The assumption that the system is a Fermi
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liquid means for p near the FS, x, takes the form

Y —&(p) +iesgné(p)

+ o (4.41)

where £(p) = E(p) — €p, and - - - are terms of higher order in the deviation from the FS (on
the FS, p¥ = £(p) = 0). The quasiparticle renormalization factor Z(p) should be understood
as the inverse of the coefficient of po (with rotational invariance, Z can depend on |p]; without
rotational invariance, it may depend all components of p). The quasiparticle spinor / Bloch
state u(p) used in Section 4.3.4 is u(p) with p on-shell, i.e. p? = £(p), and  near the FS;

their p derivatives are related by

(Op,, + vuapo)u(p) Op, (D). (4.42)

p on—shell N

Recall that v¥ = 1 and v* = Op; I/ as introduced in Section 4.3. Since we assumed only the u
band crosses the Fermi level, the x4 (p)’s should not approach zero as p approaches the FS.
The following identity, which follows from the product rule of derivative, is useful in this

thesis:
Op (GH)%G v = —(G™1)% Op,u” + 3, xuu® + XuOp,u® (4.43)
for p near the F'S; note that
~Z0p, Xu = —Z ul 6pu(G_1)aﬁ uP = v" + (terms vanish on the FS). (4.44)

There is a similar identity for ul 8p“(G_1)O‘ﬁ.
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Now we look at the momentum derivative of the full propagator:

Op, 1G%(p) = G, 0py(iG_1)O‘5/, Z'GB[; — iZuo‘u; iwd(p¥ — €) Dy, sgn €

iGY By, (1G~ 1) 167 — iZuul) idpg 670, (4.45)
where

Sps(p) = 250" — £(7)) 6(£()). (4.46)

The presence of the second term in (4.45) is because as p! varies across the FS, the pY pole
in 1/x, moves across the real axis. This abrupt change is not captured by the first term.
The expression of the second term can be obtained by principle function decomposition
(z £ie)~t = P~ Find(x).
To avoid having too many fermion component indices in equations in this thesis, we in-
troduce two notations: single fermion linear space and double fermion linear space. Consider
O‘B. In single fermion linear space, aﬁ are viewed as two indices, so G is viewed as a matrix
in single fermion linear space. In double fermion linear space, O‘B together is viewed as one
index, so (G is viewed as a vector in the the double fermion linear space. In our proof, only a
few index contractions are to be understood in single fermion linear space, most are under-
stood in double fermion linear space. To distinguish them, we will enclose objects contracted
in single fermion linear space by curly brackets { }, while do not enclose objects contracted
in double fermion linear space by anything. For example, according to (4.44), v* can be

expressed as

- {UT 8pMG_1 u}‘p on F'S B (UUT)TapMG_l‘p on F(glA?)

in explicit index notation, single fermion notation, and double fermion notation respectively.
We will introduce more about double fermion notation in Section 4.4.2.
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In the double fermion notation introduced above, (4.45) can be expressed compactly as
By, iG = iy By, iG™ " + (Zuu')dp gt o', (4.48)
where

Z'(AO)O%’%(P) = iGaﬁ(p) iGV(S(p) (4.49)

is a matrix in double fermion notation. Since the momentum argument in both ¢G’s is the

same, 1Ag has a double pole in pY when all of its four indices are in the u band.

Double Propagator

An important step towards the QFT foundation of the Landau Fermi liquid theory is the
observation that, the semiclassical notion of “deformation ¢ f of the FS” originates from the
pole structure of the double propagator iG(p + q/2)iG(p — q/2), for ¢ small and p near the
FS [43, 1]. Now we make a similar analysis, but with non-trivial v“(p), and work to first

order in q.
p—q/2
o—————o

oQ—=————o
p+q/2

Consider the product of two full fermionic propagators, as drawn above, with arbitrary
p and small ¢; more exactly, ¢ < pp where pp is the size scale of the FS. To first order in

q, we express the product in the form

iG%(p+q/2) iG5(p — q/2)

= (ilo(p) +iA((p: @) +iA] (03 q) + A (s q) + i) (p:q)) 5 5 — D1 503 @) (4.50)
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where the subscripts 0 or 1 denote the order in q. Here Ay, A7, Aj are regular as ¢ — 0. In
particular, Ay has been introduced in (4.48), and A} and Af follow from the two terms of

(4.45) when expanding G(p &+ ¢/2) in ¢:

. _ o _ Y
(A (pia) = =it ({G oG 6} -6 {0,076} 5) (451

(A 5pia) = Dot Zopg (u]

1
5. 3 5 G75 -G ulu ) : (4.52)

Clearly both A} and Af vanish when all indices are projected onto one band.

When there is no FS, the expansion of the double propagator as iAg + iA] + A7 is
legitimate. When FS is present, such naive expansion in ¢ misses contributions that are
related to the pole structure difference across the FS. These extra contributions are denoted

by Af and A}, which are singular as ¢ — 0. Explicitly, they are given by

Al = A (uul) (wu)T, (4.53)
A} = A g, A*, (4.54)
where we defined
’Ui ;
N (p:g) = Z2(5) Sps(p)—er P i (4.55)

vH(p) gy — tesgng®’

which is familiar from Landau Fermi liquid theory [43, 1] when u® is one-component (i.e.

u =1 trivially). Also, we introduced the abbreviation

—1 —1
(AM)O‘(S)VB = 7 <8puuauj5 — uaapuu:r5> (u’yuTﬁ) — 7(uau:g> (apuu’yug — u’yapluu/g) . (456)
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Below we present the derivation for A’O and A

Let’s focus on the double u-band term in the double propagator:

i (Zu‘%%) (p+q/2) i (Zlﬂu;) (p—q/2)
PV +q0/2 — (P + /2) +iesgné(F+ q/2) pY —qV/2 — E(0'— §/2) +iesgn (P — 7/2)

(4.57)

What are missing in the naive expansion over ¢ are the contributions when the two ie
prescriptions in the denominators take opposite signs. To extract these missing pieces, we
perform principle function decomposition (z 4 ie)_l = Px L Firs () and keep those terms

which are non-vanishing only when sgn £(p’ + ¢/2) are opposite. Such terms are

sgné(p'— q/2) —sgné(p'+ q/2)
"+ &+ /2) — (- 4/2)

0+ 2 — €+ q/2) + 0" — ¢0/2 — €0 — 4/2))
2

—(im)220(—sgn &(F — /2)sgn (5 + 7/2))
< 6(p +q"/2 — €0+ q/2)0(p" — ¢°/2 — £(7 — 4/2))

i (zuau;) (p+q/2) i (Zu7u§> (p—q/2). (4.58)

Expanding the generalized functions in the square bracket in ¢, we have

lmww —E() — ()2 (DS E DGO — £ D) + Oa)

UM(ﬁ)Q,u

i (Zu%%) (p+4q/2) i (Zqﬂug) (p—q/2). (4.59)

Now we recognize the square bracket is nothing but —iA’/Z 2 expressed in principle function
decomposition. Finally we expand the two (Z uuT)’s to zeroth and first order in ¢, we obtain

the expression for iA6 + iA’l presented above.
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Developing along this line of thinking, one is led to the formalism of Cutkosky cut [22],
which we will discuss in Section 4.4.6. In particular, see Eq. (4.159) for the derivation of A’
from the Cutkosky cutting rule.

What is Dy in (4.50)7 The step (4.57) is not quite right, for it completely ignored the
(+--) terms in (4.41). While it is legitimate to do so at leading order in ¢ (in Landau’s theory),
at first order in ¢ there are missed contributions, which we call D1. We will postpone its
discussion to Section 4.4.2, when we discuss the quasiparticle decay term along with other

quasiparticle collision terms.

4.4.2 Interaction

q-2PI Interaction Vertex

Let i\7a675(p, k;q) be the full ¢-2PI (defined below) interaction vertex, with two incoming
fermions of momentum and index (p — ¢/2,4) and (k + q/2, 5), and two outgoing fermions

with momentum and index (k — ¢/2,7v) and (p + ¢/2,a), as drawn below.

p—q/2 k—q/2
B 7y

(07

p+q/2 k‘+Q/2B

(In this thesis, external propagators without a solid dot at the end are always stripped off.)
Here ¢-2P1 means that iV is a sum of connected, 1PI (with respect to the fermion only)
interaction diagrams, such that in each diagram there does not exist two internal fermion
propagators that are dictated by momentum conservation to have momenta differing by q.
Equivalently, for each diagram, one cannot find two internal fermion propagators cutting
which will disconnect the diagram into two parts, such that the external lines of (p — ¢/2, )
and (p+ q/2,«) are on one part, while the external lines of (k+ ¢/2,3) and (k — ¢/2,) are
on the other part. For example, in the four diagrams below (fermionic propagators always

mean full propagators), the two on the left are ¢-2PI, while the two on the right are not.
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More about iV is said in Section 4.4.7.

For Fermi liquid, the limit V(p, k;0) is generally regular and analytic in ¢q. Keeping zeroth
and first order in ¢, we write V(p, k;q) = Vo(p, k) + V1(p, k; ).

The ¢-2PI interaction vertex is the building block of full interaction vertex ¢V': The latter

is a geometric series given by the recursion relation

The full interaction vertex is singular in the ¢ — 0 limit, due to the presence of A’ in the
double propagators, as well as collision factors to be discussed in Section 4.4.2.

Before we proceed, we say a bit more about the double fermion notation. Consider an
object, perhaps with spacetime indices, (XO(‘SYB)MW)W (p, k;q). This object is a matrix in

the double fermion linear space. We now introduce its transpose:

(x57)" " wwa = ((0,%)"" o —Q))T : (4.61)

Diagrammatically, the transpose in double fermion linear space corresponds to “turning
the diagram 180 degrees”; note that the spacetime indices are unaffected by the transpose.
Finally, we introduce the convention that, for objects like X which involve two momenta p

and k, the contraction with another object implies a momentum integral, for example

Y (i) =

uvp...
(X5%) T ke Yk (4.62)

where [, = [d9Tlk/(2m)dHL.
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Now, by definition of iV, we see it satisfies iV = (iV)T, and similarly for all the A’s and

D1. We will need these transpose properties when we derive the current in Section 4.4.5.

Full Interaction Vertex

Using the double fermion notation introduced above, we expand the recursion relation (4.60)

to zeroth and first order in ¢q. At zeroth order,
Vo =iV + iV (iAo +iA)) iVp = iVy +iVp iA) iVo (4.63)
where we defined the geometric series i1y via the recursion relation
Vo =iVo +iVy ilg iV, (4.64)

iVp can be understood as iV in the limit @ =0, ¢ / @ =0 (because A’ vanishes in the
¢'/¢° — 0 limit), and is closely related to Landau’s contact interaction potential U [43, 1],
as we will see later.

At first order,

Vi = Vi +iVq (iDg +iA) iVy + iV (IA] +iA] +4iA]) iVp + iV (—C1) iV

+ iV (iDg +iAp) V7. (4.65)
Here C a(g Vﬂ (p, k; q) is the quasiparticle collision term. We explain this term below.

Quasiparticle Decay and Collision Vertices

Let’s emphasize our comment in Section 4.3.1 again: Collision is a single band (u band)
effect that is “uninteresting”, as our main interest is multi-component effects such as Berry

curvature. More particularly, in Section 4.4.6 it is shown that collision has no contribution to
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the antisymmetric part of the current-current correlation (which include interesting physics
such as anomalous Hall effect and chiral magnetic effect). Here we are including collision
just for completeness.

The quasiparticle collision term 010‘6 Vﬁ(p, k; q) is defined as
h
~C1(p,kiq) = —Di(p;q) 2m) 6T p—k) — CP'(p,k;q) — CPP(p.k; ). (4.66)

The presence of the decay term Dy in C] in (4.65) is evident from (4.50). But where do C’]fh
and C’fp come from? Recall that in (4.50) we could not naively expand the two propagators
in ¢ individually. Similarly, here in the recursion relation for ¢V, we cannot naively expand
the iV’s and the double propagators individually. The contributions that are missed from
such naive expansion are Cf " and C;f h

Formally, the three terms in the definition of —C'(p, k; q) corresponds to the following

three pairs of Cutkosky-cut sub-diagrams:
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p"jq/Q k+q/2

k—1 p+I

-~ w >
/ -
p+aq/2 — k—q/2

The grey blobs represent full interaction vertices ¢V'. The cut sub-diagrams for —C’f " involve
the exchange of an on-shell particle-hole pair, while the cut sub-diagrams for —C’fp involve
the exchange of an on-shell particle-particle (or hole-hole) pair. The computation of cut
diagrams are explained in Section 4.4.6; there, we will also argue that these three pairs are
the only cut sub-diagrams contributing at order q.

For d > 3 spatial dimensions, C'| should scale as ~ (q0)2. This can be seen by counting
the availability of collision channels constraint by energy and momentum conservation in the
presence of FS [43, 1]. As we show in Section 4.4.6, in d > 3 we can parametrize the cut

sub-diagrams by

~D1(p;q) = () Sps(p) Z(@)? (wul)(p) ( T>T<>M (4.67)
1P 4) = —Y\P) OFS\P p uu')\p) (uu p (v/‘(@qu)Q’ .

P, s g) = 2N B) S () (k) (7t (p) (22T () —LILY gy )
(0(7)q) (v (F)gy)

P ks g) = — NP5 E) psp) Smslh) (2t (p)(Z2uh) T (k) —NE )
(v(P)Pqu)(v(k)Pqy)

(We have omitted the ie prescription accompanying v#g,, in the denominator; in time-ordered
correlation its sign should be —sgn(q®), i.e. sgn(qp), as usual.) In particular, the parameter

v(p), defined near the FS, is positive and regular, and is related to the imaginary part of the
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fermion self-energy via

0_ 1€ SgN
Im¥(p) = —gv(@ 1%, xulp) =2 g(mztm Ené(p) +igv(@ P (4.70)

as explained in Section 4.4.6. On the other hand, both A?(5, k) and APP(p, k), defined near
the F'S, are positive and regular, and symmetric under exchange of p’and k. Moreover, from

the computation in Section 4.4.6, A", \PP and ~ satisfy the following relation:

/k 5ps(k) Z(F) Wb () = /k 5ps(k) Z(F) WP(5,F) = (). (4.71)

Piecing up the above, the collision factor C'{ can be written as

(Zuu)(p) ¢ . (Zuwuh)T (k) ¢°
g Fs(p) C( k) Ops(k) o D)an

~C1(p,k;q) = —|¢"] (4.72)

where C(p, /;), symmetric in p), E, is microscopically defined when both p and k are on the

FS:

0rs(p) C(B,F) Sps(k) = Sps(p)Z(B)(P) 2m) 6 (p— k)

+ 0ps () Z(5) (—2A B, F) + NP (5.R) ) dps (k) Z(F) (4.73)

(since C is defined only when 7, k are on the FS, we can “remove” dpg(p)dpg(k) from the

first term on the right-hand-side unambiguously). The relation (4.71) implies

/ Crlpr ki) 35 () g, = 0 (4.74)
koo Z(k) e '
or equivalently

/k C(F.R) Spg(k) = 0. (4.75)



This is related to the Ward-Takahashi identity, as we will see in Section 4.4.3. More phys-
ically, it is related to the fact that collisions do not change the total number of fermionic
excitations, as discussed above (4.18).

For d = 2 spatial dimensions, C? h, C’fp and D1 cannot be parametrized in any simple
form, as discussed in Section 4.4.6. Moreover, they are not order ¢; they also involve order
¢ In q terms, which are less suppressed than order q. The failure of the parametrization raises
problem in the computation for longitudinal current in d = 2; but as shown in Section 4.4.6,
collisions do not contribute to the Hall current, so our main discussion about the Hall current
is not undermined. Also, despite that there is no simple parametrization in d = 2, (4.74)
must still hold (although one can no longer define C), as it is dictated by the Ward-Takahashi

identity.

Chemical Potential dependence of Propagator

Having defined the ¢-2P1 vertex iV, we are ready to find the chemical potential dependence
of the propagator. The procedure below is analogous to [59], but allowing multi-component
o

u-.

We define the notation
6F = 8/06F - apo. (4.76)

The subtraction of 8po is because our pU is defined such that p° = 0 at the FS, and we want
O to extract the effects of physically shifting the FS; for example, dp(p? — (F — ep)) =
OpE = 0E/Oep. The FS dependence of the propagator can be derived in analogy to (4.48),

but with dp, replaced with Op:
OpiG =iy 0piG~ ! — (Zuul) (1 — OpE) 6pg (4.77)

where the expression of 9pG 1, and hence dpE, are to be derived below. The second term
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in (4.77) relied on the assumption that when the chemical potential changes, the FS changes
continuously, so (4.77) (and hence all discussions below) does not apply to discrete values of
e around which the FS develops new disconnected components, as in the example Figure
4.1.

Let Gpgre be the bare fermion propagator and Gb_alre is its inverse ignoring the i€ pole
structure. In the kinetic energy sector of the bare Lagrangian, e always appears as id,0+¢€p,

therefore 8FG*1 — 0. Because G = G; !

bare bare

— Y where ¥ is the self-energy, we get
GFG_1 = —0pY. Diagrammatically, one can see in the presence of interaction, when the

propagator is varied, the self-energy varies as —i% = iV 6iG. Therefore
OpiG™1 = —0piy =iV OpiG. (4.78)
Substituting (4.77) into the above yields
OpiG™ = —9piy = —iV} (Zuul) (1 — OpE) dp. (4.79)

Recall that Vj is defined by the recursion relation iVy = iV 4 iV iAq iVjp.

Let’s focus on the change of the u-band eigenvalue of G™1, given by
Opxu = (wuhTopGa=1. (4.80)

Now take p near the FS. We can expand this in powers of p!. In particular, by comparison

with (4.41), we shall identify the coefficients at zeroth and first order in p° as

opFE 1 1
opvi= (=257 (B~ ex) oy ) +1 0 + 007 (181

To make this parallel with (4.44), we shall define vf" = dpE. Notice v has nothing to

do with “Fermi velocity” (in this thesis there is no notion of Fermi velocity, as we did not
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assume rotational symmetry).

Now, for p near the F'S, we can read-off:

op2(F) = O (~22(whTopG)

pon—shell

— 29 0 [ (Zu\T @)l R)(Zud)®) (1~ 0pEE) ors() (452
k pon—shell
and
orB() = —(Zu)TorG!| = [uE) (1-0pB(E) ors(h),
UG F) = (Zud (p) Volp. k) (ZuahYh)| (4.83)
P,k on—she

Thus we have proven (4.24). At the same time we found the microscopic expression for U,
which is the same as that in [1] except here we need to contract with the four u’s. U is even
under the exchange of p, k, because Vo = (VO)T.

We can also find the change of the eigenvector u for p near the FS. Up to an unimportant

complex phase, we have

f
Ipu®(p) = Z _w—;;) {meG_lu} , 8Fu:fy(p) = Z {UTGFG_lw} _u;?w, (4.84)

where dpG~! is given by (4.79). dpu is related to dpu in a way similar to (4.42), with v/
replaced by vf = OpE. It appears in the kinetic formalism through (4.30), which we will

prove in Section 4.4.5.
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4.4.3  Electromagnetic Coupling

Bare Electromagnetic Vertices

By our assumptions about the QFT, the only bare EM coupling vertices take the form
A”@N@D for integer n > 1. Due to the smallness of A, we only need to concern about n = 1, 2.
In particular, we denote by (ifo‘a)“(p; q) the bare ATy EM vertex with incoming fermion
with momentum p — ¢/2 and index 4, and outgoing fermion with momentum p + ¢/2 and
index a. We denote by (iéo‘é)/"/ (p; q,q') the bare AAYTY vertex with incoming fermion with
momentum p — (¢ + ¢')/2 and index ¢, outgoing fermion with momentum p+ (¢ +¢')/2 and

index «, and photons with incoming momenta ¢ and ¢'.

Since they are bare quantities, both of them are regular and analytic as ¢ — 0 (also ¢/ — 0
for E) To first order in ¢ (and ¢’ together for E) we separate them as I = Iy 4+ I'; and
== EO + El.

The EM U(1) gauge invariance of the bare Lagrangian requires

qu iTM(p) =Gy, (p—q/2) — Gy (p+q/2), (4.85)

aui=" (pia,d) =T (p— q/2:¢") — T (p + ¢/2;4),

4 i (p;q,q") = iTH(p — ' /2;q) — iT*(p + ¢'/2; 9). (4.86)
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These lead to

N —1
ZFO - ZapuGbare’

i =g gy, (4.87)

20" (p) = =0, il (p) = —0p, L), iEY"(p3q.d") = —0p, il (p;q) — Dp, il (p; ¢'(4.88)

Here (%) (p) is the bare EM dipole matrix (such as that in the Pauli term) that is

antisymmetric in pv and Hermitian in .

Full Electromagnetic Vertex

Diagrammatically, one can see the full AwTw EM vertex is given by the recursion relation
TH = iTH 44V {iG T iG} = iTH +4V {iG i7" iG} (4.89)
as drawn above. The recursion relation at zeroth order in ¢ is

TG = ilh + iV (iAo +1iAp) T

= Ly +1iVp iAp iTg, (4.90)
where we defined

iTh = (1 +iVp iAg) iI. (4.91)
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The purpose of the second equality of (4.90) is that, now the effect of A6, to be related to
the deformation of the FS later, is singled out, and I is independent of q.

The recursion relation at first order in ¢ is
T} —iVp iy Ty = (1+4Vp i) ily +iVp (iA] +4A] +4iA] — Cq) il
+ (1 414V i8g) iV (iAg +iAp) T (4.92)

Of course the recursion (4.92) can be expressed in many equivalent ways; we have chosen to
express it such that on the right-hand-side there is no A6 (including those hidden in I'fj) to
the left of any quantity of order ¢q. For the purpose of deriving the Boltzmann equation, we
want to further rewrite (4.92) so that each I'j has A{; or A} or C} on its immediate left. We
can achieve so by substituting (4.90) for those I'g’s in (4.92) whose immediate left are not

yet A6 or A’l or C1. The result is
LY = 4T +4iVy iAf iTf + iV A TG + +iVy (—Cq) i0h + iV iAg a0,  (4.93)
where

iV = (1+4V ig) iV1 (1 +iVp idg) T + iV (AT +iA%) iV, (4.94)

iy (1 + iV ilg) il +4Vh il il + iVp (IA] +iAF) T

= (1+4Vp i) (iT] +iVq iAo iTf) +iVp (AT +iAT) T (4.95)

are partial sums at first order in ¢ that involve no factor of A’ or Cq. By construction, iV;
and i1 are analytic in ¢ as ¢ — 0. Thus, in (4.93) we singled out the A6, A’l and C' effects,
which are to be related to the quasiparticle excitations.

We do not need to consider the “full AA@DJW vertex”. In fact, the only place = shows
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up in our proof is the expression of the current, in which we will immediately use (4.88) to

eliminate =.

Ward-Takahashi Identity

Later in Section 4.4.4 we will show how the Boltzmann equation (4.19)(4.20) follow exactly
from (4.90) and (4.93). Before that, we need to answer a question: In QFT), it is the matrix
['Y governing the coupling to A, while in the kinetic formalism, it is the velocity v¥ (plus
order ¢ couplings such as EM dipole). How to relate I'V to v¥? The answer is the generalized

Ward-Takahashi identity [72]:

{iG(p +q/2) iT"(p; q) iG(p — q/2)} qv = iG(p — q/2) — iG(p + ¢/2). (4.96)

We want to extract its implications at leading and sub-leading orders in ¢ in the presence of

FS.

At leading order in ¢, the Ward-Takahashi identity reads
(iAo +iAL) TG g = —ilg ﬁpyGfl Q@+ i(ZuuT)épséfviqy (4.97)
using (4.48). This is equivalent to

14

One can easily verify the equivalence by contracting iAg + iA6 on the left of (4.98), with
the aid of (4.47), to recover (4.97). We will see the result (4.98) is related to the gauge
invariance of ¢ fj).

We can extract more detailed information from (4.98) — we gain an identity similar to the
original Ward identity [78], but in the presence of FS. For this purpose let’s treat |g]/ ¢¥ as

an independent small expansion parameter, and expand (4.98) to its zeroth and first order.
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This gives us two equations, about fg and f% respectively. Solving them with the help of

(4.90) and the explicit expression for A, we find the Ward identity in the presence of FS:
TY = —0,,G 1 + Vo (Zuu")dpgs?o'. (4.99)
We can equivalently express (4.99) as
iy T = =0y, iG + (1 + 0 iVp) (Zuu')dpgd? o’ (4.100)

using (4.48). As we will see later, this result will help us relate the EM vertex in QFT to
the velocity in the kinetic formalism.

At sub-leading order in ¢, the Ward-Takahashi identity reads
(Ao +AH) TY v+ (AT + AT+ A +iCy) Tf qv = 0. (4.101)

The C1T'fqy term vanishes on its own, due to (4.98), (4.47) and (4.74). For the remaining

terms, we can conclude
Ao T gy + AT T gy = 0= A T g + (AF + A} TF g, (4.102)

The two sides must vanish separately because the right-hand-side involves the singular factor
d(&(p)), while the left-hand-side does not. Later we will see (4.102) is related to the gauge

invariance of ¢ fy.

4.4.4 Boltzmann Equation

Having extracted (4.99) from the Ward-Takahashi identity, we are ready to prove the Boltz-
mann equation (4.19)(4.20) from the recursion relations (4.90) and (4.93). The distribution

of excitations 0f will be defined in terms of QFT quantities, and as one should expect,
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our definition agrees with the Wigner function approach. Our derivation also provides the

microscopic expressions for V¥ and pt”.

Zeroth Order in ¢

When an external EM field of small ¢ is present, the propagation of a quasiparticle is no
longer translationally invariant — the two-point propagator now depends on both p and q.

More precisely,

iG(p) — iG(p) +{iG(p+q/2) iT"(p;q) iG(p —q/2)} Av(q) (4.103)

at linear response. We will focus on the shifted piece.
At zeroth order in ¢, using the identity (4.99), we can express the recursion relation (4.90)

as
iTY Ay = —idy, GL Ay, — iVy(Zuul) Wy, (4.104)
where 0W) is a quantity restricted on the FS:

T |
SWy = (““Z) Al TYA, — SpgviA;. (4.105)

We can see 6W) is gauge invariant from (4.98) and (4.47). Substituting (4.104) into (4.105),

we find the recursion relation for 6Wj:

,UZ

vhq, —ie sgn(qY)

oWy =9dpg (—iF;0 — q; U SWp) . (4.106)

This proves the Boltzmann equation (4.19) at zeroth order in g, if we make the identification

276(p° — (E(D) — €p)) 01 (7 q) = W (p; q) (4.107)
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to factor out the on-shell condition. Note that the computation above is time-ordered,
therefore the ie prescription depends on sgn(qo); when computing the physical quasiparticle
distribution in kinetic theory, retarded boundary condition should be used, which corre-
sponds to removing the sgn(qo) factor in the ie prescription. This proof is a generalization
to that in [1], with multi-component spinor / Bloch state u® and the presence of external
EM field, and without rotational symmetry.

The definition (4.105) of dWj agrees with the quasiparticle Wigner function to first
order in A and zeroth order in ¢q. The first term of (4.105) corresponds to the singular
part of (4.103) projected onto the u band (at zeroth order in ¢), which we identify as the
distribution of excited quasiparticles; the factor of Z difference is the quasiparticle wave
function renormalization. The second term of (4.105) is due to the Peierl’s substitution in
the equilibrium part 6(ep — E) of the Wigner function; Fourier transforming to the position

space, it corresponds to the Wilson loop at first order in A in the Wigner function.

First Order in q

At first order in ¢, we assert we should define

(A) TYA, + A} TGA, +iC1 TGAY) . (4.108)

Its gauge invariance follows from (4.102) and (4.74). It also agrees with the order ¢ singular
part of the Wigner function — as can be seen from (4.103) — projected onto the u band. In
particular, the projection onto the u band should be done by the momentum space Wilson
line

tim (wul ) (p+a/2) (wral,) 0+ atn = 1)/20) - (w02al) (0= 0/2). (4109)

n—oo

It equals u® (p)uk (p) + O(¢?), so we can just use (uu)T(p) at first order in ¢.

Now we derive the kinetic recursion relation for 6Wj. Substituting (4.90) and (4.93) into
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(4.108), we have

"I _ _ _
oWy = (““Z) [—A) Vi AYTY — Ay Vo Ab TY +iCy T — Al ¥ iCy T

— (Af Vo A + A7 Vo AY) TG + (Ap T + A TE)] Au. (4.110)
We use the identity

A’l = (uuT)(uuT)TAll—i—A’l(uuT)(uuT)T

= (uuT)(uuT)TAll +igy A Af = A i AN + Al (uu) (uul)T (4.111)

and the fact (uuT)TA'l (uul) = 0 to rewrite 617 as

A/ nva 3 _ B _ _
oWy = # = (V2 + i A Vo + Vg iapA™) A T + (T + igyA* TF)
W 1 "I A/ v A/ v . V1A
o(uu')(uu ) (Ag If + A} Tf +iC1 IG) | Ay
T
(uuZ ) icy oA, (4.112)

The second line can be easily identified as (1/Z2)A’ U §W7. In the first line, we substitute
(4.105) for A{THA,. Then we define the gradient interaction potential via
iqu V(0. k) =

(Zuuh)T (p) [Vi(p, k5 9) + iqu (A" (D)Vo(p, k) + Vo(p, k) A* ()] (Zuu) (k) \p L (413)

(note that even if the microscopic interaction is contact interaction, in kinetic theory V* is

still non-zero) and define the EM dipole moment via

iqu M (p) = (Zuuh)T (LY + iguA* TF) ‘p — gy VI Spgdtul. (4.114)

on FS
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As we will show explicitly below, p#” is antisymmetric in pr. With these definitions, the

recursion relation for W becomes

T . F
SWi = Opg e (MV*LA U SWL =V gy 5W0)
vhqy, — iesgn(q?) 2
WT
(““Z) iCy THA,. (4.115)

(The gauge invariance of §W7 also implicitly requires the antisymmetry of p#”.)

The last step is to rewrite the C term:

(uul)”
Z

iC1 TYA, = 019 5 ¢ o (:ﬂgl - 1) (Zuuh)T T4 A,
m

= o5 C (W0 + psv'Aj)
—pg(Zuuh)T (—apyGflAy — Vo (Zuul) (5W0>}

= ——— 0pg C(OWy +dpg U 0W)) (4.116)
vhqy

where in the second equality we used (4.105) and (4.104), and in the third equality we used
(4.47) and (4.74).

Now we have

J ~ F,
W = — £S {v’qi (,ﬂﬂ —U SWy — VY g, 5WO)
vhqy, — iesgn(q?) 2

+ g% C (sWy + dpg U SW)) } . (4.117)

The computation done here is time-ordered. When computing physical quasiparticle distri-
bution, we should use retarded boundary condition, which corresponds to using the retarded
versions of A’ and C' — that is, to remove the sgn(qo) on the ie prescription, and remove the

absolute value on |¢°| in the collision term. This proves (4.20).
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Electromagnetic Dipole Moment

The definition (4.114) of p#¥ is unusual, and its antisymmetry in g is not manifest. Now
we present it in a more familiar form that is explicitly antisymmetric. Using (4.99), (4.100)

and the explicit expressions of I'; and V3, we can express the EM dipole moment as
" = Hhare + Hhana T Hanom. (4.118)

which we explain term by term below.

The bare EM dipole moment is due to the bare EM dipole matrix (e.g. the Pauli term):

Mgclzjre = (ZuuT)T (1 - V()Ao) ﬂw/

- (4.119)

where [i#” has been introduced in (4.87) and is antisymmetric in pr. In non-interacting
theory this reduces to (2.58).

The band EM dipole moment, due to the p dependence of u, is

g = = (Zuuh)T A 9,67 = iz {o,,ut G710, . (4.120)

pon FS pon FS

In the second equality we used the trick (4.43). It is explicitly antisymmetric in pv. In
non-interacting theory, v depends only on 7 but not pY, so Upand Would be purely magnetic
(e.g. the g = 2 magnetic dipole of free Dirac fermion), and reduces to (2.57). In interacting
theory, © may or may not depend on p?, so Upang May or may not have electric dipole
components.

The anomalous EM dipole moment, due to interactions, is defined via

i tirom. = = (Zual )V (= (AT + A7) 9, 671+ iguA” (Zuu)opgs}')

p on FS

— (zuuh)T (1= VyAg) V4 akyz'G‘ (4.121)

pon FS'
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To get a better understanding of zthyom., we do the followings. For the term with A", we

use the explicit expression of A]. For the term with A, we use the identity
A§ O G =AY (Zuuh)opgdto® ig, (4.122)

which again follows from the trick (4.43). For the term with Vi, we use the fact proven

diagrammatically in Section 4.4.7:

/(M) 5 (ki) 34,167 8)

[ G751 04,0GD) 0, iG ), (1123)

where ¢Y is a sum of connected diagrams:

e Diagrams satisfying the following conditions are summed in Y with plus sign:

There is a fermion line running in with momentum and index (p,d) and running out
with (k,7), a fermion line running in with momentum and index (k, ) and running
out with ([,£), and a fermion line running in with momentum and index (I,{) and

running out with (p, «).

Moreover, among the internal fermion propagators on these three fermion lines, none of
them is dictated by momentum conservation to have momentum p, k£ or [, and no pair
of them is dictated by momentum conservation to have same momenta. Equivalently,
among those fermion propagators, one cannot cut any one or two of them to disconnect

the diagram.

VNN

A




For example, the diagram on the left contributes to iY, while the three on the right

do not.

e Diagrams satisfying the conditions above, but with (k’,Vﬁ) and (l,gc) switched, are

summed in 7Y with minus sign.
Notice that Y is a totally antisymmetric 3-tensor in the double fermion linear space, i.e. it
is antisymmetric under the exchange of any two of (p,%), (k, Vﬁ) and (U, fc). Piecing up all
the above, the anomalous EM dipole moment is given by

dhivom. = — (Zuu"TV ({G(0,67)G(0,)G7G} + 240 (Zuul)spse) o)

pon FS

+ (Zuuh)T (1 = VyAg) 0y, (iV4 8kViG)’ (4.124)

ponFS'

The antisymmetry in pv is manifest in the first line; in the second line the antisymmetry is
due to (4.123). Generally p20 0, so even when there is no bare electric dipole matrix
and when v of the full propagator is independent of p¥, in general the quasiparticle will still

acquire an electric dipole moment due to interactions.

4.4.5 Current

We now prove the expression of the current (4.22)(4.23). Previously we have defined éW, U,
VY and pH” from QFT, but we have not shown they are real in the position space. But these
immediately follow once we have (4.21), because in position space the quantum expectation
of the current must be real for arbitrary A, ¢, interaction strength and initial / boundary
conditions of §W. (However, we note that ,ugayn g and L om. are not separately real in general

— due to interactions, the x(p)’s are generally complex near the FS, and hence is ug:n d‘)

q

-«

p Ay
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As drawn above, the expectation of the current induced by A at linear response is given

by

i6J"(q) = — [ tr {il"(p; —q) iG(p+ q/2) iT" (p;q) iG(p — q/2) } Auv(q).

tr {i=" (p; —q, q) iG(p)} Av(q) (4.125)

S

where the negative sign is due to the fermion loop. In the second line, we use (4.88) and
integrate p by parts to eliminate =. Below we work in double fermion notation, at zeroth
and first order in ¢ separately.

We emphasize that here we are computing the time-ordered correlation of §.J and A,
while in linear response we should compute the retarded correlation. This difference only
shows up in the recursion relation that W satifies, i.e. the Boltzmann equation, and there

we have already handled this difference. The expression of §J in terms of §WW is the same

for time-ordered and retarded correlation.

Zeroth Order in ¢

At zeroth order in g,
i0J8 = —(TH)T (iDg iT§ +iAy T4 + p,iG) Ay (4.126)

where the integration over p is understood. For the iI'j in the first term, whose immediate

left is not A6, we apply the recursion relation (4.90), and get

0N = (T (1 +ilg V) iAf iT§Ay — (T (i8¢ T + 9y, iG) Ay (4.127)
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Due to (4.100) and the facts (V)T = Vp, (Ag)T = Ag, the above reduces to
sJH = (T (Ag % A, — (Zuu) 5F55;/vi> Ay = ([T (zuuhy oWy, (4.128)
Finally, applying (4.99), we obtain
ft mT Hot g
sJb = (7T 5wy + (52. v 5FS) U W, (4.129)
The transpose on the left implies integration over p. This is (4.22).

First Order in q

At first order in ¢,
W0J =~ (—q)" (ing +iAp) iTH A, — (iTH)T (iAg +iAh) iTY () Ay
— (0T (1AL + AT +iAS — C1) (q) iTH Ay

— (T (=) 0y,iG Ay — (iT{(q))" 8),iG A,. (4.130)

We rewrite this according to the following: If the immediate left of an I is not A6 or A’l
or C, we apply the recursion relations (4.90) to it; similarly, if the immediate left of an T}

is not AE), we apply (4.93) to it. We find

0l =~ (AL T (q) +iA)(q) T4 — C1(q) iTH) Ay — (T4 (—q))T iAf) iTh Ay

+ (terms regular in q). (4.131)
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We will take care of the terms in the second line of (4.131) later. To terms in the first line,

we apply the identity (4.111), and get
T (Zuul) 67 + ((if/f(—q))T + (iTHT iq/\AA> (Zuu®) (5W0 + 5FSUJ‘Aj) (4.132)

Now use (4.99) in the first term, and (4.114) and the facts A* = —(AMNT, V(5 k) =

—

—V¥(k,p) in the second term, the first line of (4.131) becomes
. T noq T .
i(vM) W + <5i v 5FS) iU SWq
+ ((WW)T + (5F55§‘vi)TWV) iy (5Wo + 5FSUJAJ-) . (4.133)

Notice that the 0WW dependence agrees with (4.23).

The second line of (4.131) — terms regular in ¢ — can be read-off diagrammatically:

—(T (=) (i T + iy, G) Ay — (180 )T + (8, G)" ) iTY (9) Ay

—(iTHT (AT +iAF) (q) iTHA, — (iAg z‘fg)Tz’f/l(q) (iAo iTh) Ay (4.134)

—_

where the 0,G terms follow from the = terms in (4.125). There are many equivalent ex-
pressions; we have chosen to express it so that it appears “symmetric” to read from left to
right and from right to left. Now, substitute (4.99) into the (A} + Af) term, and substitute
(4.100) into the rest; next, for each of the two terms in the second line above, we expand
like —acb = —acby —agcb+ agcby —aycby for a = ay + ag, b = by + by. The result is
—(iT} (=) (Zuu")opgdhr! A,
—(5F55£Lvi)T(ZuuT)T iy (q) Ay + (5FS545LUi)T(ZuuT)T iV1(q) (ZuuT)épg(S;-/vjAy

—(i0p, G~ N (AT +iAT) (q) 10y, G~ Ay — (i0p,G) iV1(q) 10k, G Ay (4.135)
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The last term is to be expressed using (4.123); it vanishes, as we show diagrammatically and
combinatorially in Section 4.4.7. The remaining terms, inspecting the definitions of p#* and
V¥, can be expressed line by line as
- ((WA)T + (6pgoto)Tivy — (TIHT AN (Zuu! )) iqy OpsdYul Ay
—(5F551Hvi)T (i,u/\y — (Zuu")T AN il
+ (Zuuh)T (A)\iVO — ZVO.A/\> (ZUUT)§F55§Uj> ig\Ay

—(i0p, G (iAT +14AY) (q) i, G Ay (4.136)
Substituting (4.99) for Iy, and using the definition of uZ:n o> We find

- ((W“ M+ (Opgolt vi)TWA) iqy Opgdiv! Ay — (Opgoto") i igy Ay
.U .
(i) 5750507 iy Ay + (050} o) ipgin, g iarAy

— (10, G N (IAT +iA]) (q) iy, G Ay. (4.137)

Finally, for the Al term, use its explicit expression, and for the Aj term, use (4.122) and

the definition of uéf;n g+ We arrive at

- ((wﬂ”)T + (6pgotv’)T z’V”) iqy Spsvl Aj — (8pgdt o) Tin F,y /2

+ io"AE ) /2, (4.138)

where the Hall conductivity tensor o, totally antisymmetric in pv, is defined by o#VA =
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af«”/)‘ + Uéty)‘, with

ol = /p tr{(a[pMiG_l)iG (8, iGY) iG (8pA]iG_1)iG},
SN — 3 / Spg v 5@[/1 Ngﬁm- (4.139)
p

One may notice the similarity between the definitions of o#*#* and pZ,,, (except in o,
the V' term vanishes due to the proof in Section 4.4.7).

After combining (4.133) and (4.138) into (4.131), we arrive at

oI = @ Tow + () igudWo + (Spsiv) T (i By /2 + U 6WL VY ig oW

+ oMAF, /2. (4.140)
This is (4.23).

Detour: Coleman-Hill Theorem

Interestingly, our derivation for 5J{L above, most crucially the cancellation in Section 4.4.7,
provides an alternative diagrammatic proof to the Coleman-Hill theorem, for QFT's restricted
to our assumptions (which are less general than in the original proof). The theorem states
that in a gapped fermionic system, the Hall conductivity is unaffected by the interactions.
When the system is gapped, i.e. in the absence of F'S, our result reduces to o Jf = of! V/\FV 2/ 2,
that is, the full Hall conductivity is equal to of YA Let g be some interaction strength, we

have

VA
Jyg of!

9, tr {(a[pua—l) G (9,67 G (9,67 G}

Db

_—— o

49y, tr{(apua—l)a(apyc;—l)a(a ]G_l)G}. (4.141)
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In the second equality we added some total derivative terms so to antisymmetrize the dy
altogether with the three 0,’s. But because of the antisymmetrization, the integrand actually
vanishes. This means the full Hall conductivity is independent of interaction strength. This
proves the Coleman-Hill theorem, for QFTs restricted to our assumptions. In asserting
“the integrand vanishes”, we implicitly made use of the fact that 0iG = {iG 2iG~1 iG} in
the absence of FS, the fact that Gb_alre by definition is independent of g, and the physical

assumption that the dependence of the self-energy ¥ on g is non-singular.

Chemical Potential Dependence of the Hall Conductivity Tensor

Now we prove (4.30), the important result relating the Hall conductivity to the Berry cur-

vature on the FS.

We first consider the ep dependence of o” A,

OpotV = — / 40 tr{(apua—l)G(apya—l)a(ama—l)a}. (4.142)
p

The integrand is non-vanishing because in the presence of FS, the derivative outside the
trace acts on the p? pole structure of the iG’s, and the pole structure depends on p; and ep.

In fact, by similar reasoning that led to the F'S term in (4.45), here we are led to

QFJ,AWA = 12/ iﬂé(po—f) O psgn§ x
p

+ 12/ i (—8p05(p0 _§)> 8[Fsgn§ X
p

-1 -1
Xwa{ (09, GV wul (3,671 w'u't (8,,G )u}

2

Zf—w{uﬁ (0, G 1) wat (9,G~ )uuT(amG—l)w}. (4.143)

The first term arises from the single pole (appearing as 1w (pO —¢&)sgn¢ in principle function
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decomposition) when one of the three G’s is in the u band; the second term arises from the
double pole (appearing as iﬂ(—apoé(po —¢)) sgné) when two of the G’s are in the u band.
The triple pole contribution when all three GG’s are in the u band vanishes under the total

antisymmetrization. We can evaluate the above using the trick (4.43). We find

aFUan)\ _

12/ i (p°) I psgn§ {8puuT (1 — wul) Z((?pyGfl) (1 — wul) apk]u}
p

l
- 12/@#5(p0) I psgn O {%MUT Z26p,,)(uz (Xu — Xw)? el p)\]u} . (4.144)
p

w Xw

In the first line, 1 — uu! can be further replaced by 1 thanks to (4.43) and the antisym-

metrization. In the second line, we need the following relevant terms, according to (4.70):

—720 . 2’ — ZuVy 2 4145
Dy Xu (Xu Xw) pon FS U Xw ( )
2 2
ap() (_Z apl,Xu (Xu B Xw) )‘p on FS
= 200,05 + (0,7 + 2027 0, 10°]) X — 20" (4.146)

Similar results hold when 0y, x4, is replaced with Opxy; recall that vI" = 9pE. The remaining
problem is, how to understand 6(p0)8po 17°]? We should understand it as 0, because in
this thesis, the generalized function (po) always arises as the approximation to a narrow
rectangular function over an interval centered at p° = 0 (more precisely, the rectangular
function is 8(p — ¢°/2) — 0" + ¢¥/2), see Section 4.4.6), and 5(p0)8p0\p0| corresponds
to taking the difference of \p0| between the two sides of the interval, which is obviously 0.
(Note that in d = 2, the parametrization (4.70) does not apply; however, general analytic

properties of 6% still requires it to be odd in pV [48, 1], and therefore the corresponding
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contribution here must still vanish.) Thus, at the end, we have
Opol? = 12/ i2m6(p°) I plb(ep — E) x
p
~1
(—21# {apyuf amu} + (apu + v“(?po> {apyuT ZG amu}) . (4.147)

Note that the derivatives of —20(e — E) are always the same as those of sgn &; we choose to

express as the former because it admits the intuition as the “Fermi sea”, at least near the

FS.

Next, from the expression of uy é‘n g2 We observe ot YA can be expressed as

A . _
o = 3/p 216(p" — (E = €p)) Oy, 0ep — E) i {apyuf ZG™1 amu}. (4.148)
Now we take Op and find
dpat = 12/8[F <27T5(p0 —(E —¢p)) Oy, b(ep — E) i{ﬁpyuT fent 8p/\]u}>
p
_ : _ 0V 0 t 1
= 12/ i2m Ojpf(ep — E) <5(p )Op,, — " 0,00(p )) {(‘3qu ZG 6’p/\]u}
p
— 12 / 275(p") Oyp8ler — B) (0p, + 0" 9,0 {Op,uf 2671 0, pu} (4.149)
p
In the second equality we used
0p, 00" — (B = ep)) = =019 06(p" — (E — ep)) (4.150)

and likewise for Op.

Finally we combine (4.147) and (4.149) and obtain

Opot A =12 /

2m8(p°) O pb(ep — E) P (~2i) {apyuT amu} . (4.151)
p

134



Due to (4.42) (and the similar version for dp) and the antisymmetrization, we can replace
u with u, and perform the pY integral to obtain

Opot =12 /

—

p

Opf(ep — B) v oY, (4.152)

Expanding the antisymmetrization explicitly, this is (4.30).
If d =2, or if d > 2 and the Berry curvature is an exact 2-form on the FS, we can
continuously define u(p) over the FS, and derive (4.32) via integration by parts:

dpotA = 24/

—

pa[F (apue(eF — B a)‘]>

= Ip 6 [ S(ep — E) 5g“vv a (4.153)
p

where in the first equality we used the fact that v* and v are respectively _8pu and —0p

acted on p¥ — (E — ep), and in the second equality, total 7 derivatives vanish due to the §

integral, while total pg derivative vanishes trivially as the integrand has no po dependence.
If d > 2 and the Berry curvature is not an exact 2-form on the FS, we need to integrate

by parts in another way. We can rewrite (4.152) using the Pg‘ introduced below (4.39):

Opaiit = 12 /p Op0lep — E) b 9, P (4.154)

where the total antisymmetrization is in indices [F'ijk]|. Using the assumption that there is

no band degeneracy near the FS and hence (9[pk bl = 0 near the FS, we have

Opotit =12 / p (—apke(eF — B) bV P,@) . (4.155)
7

When we proceed further, note that if the fermions are in a lattice and if the FS intersects
the boundary of our choice of first Brillouin zone, then for A = 0 we cannot drop the total

p-derivative terms because py is not continuous when we identify the opposite boundaries of

135



the first Brillouin zone [32]. We have

Do — 0 (3 / S(ep — BT P 46 [a[pk (d(ep — B) v o P,Q)) (4.156)
p p

(we used the Bianchi identity dpdb"A = 20,,b” 1) This proves (4.37) and (4.38), and hence
(4.39).

We remind that the derivation above fails at discrete values of e around which the F'S
develops new disconnected components (e.g. Figure 4.1). Across those values of ep it is

unclear whether oV may have a jump, as commented in Section 4.3.4.

4.4.6  Cutkosky Cut and Quasiparticle Collision

In the proof present above, we have left behind the technical discussion of the Cutkosky
formalism and the computation of quasiparticle collisions. In this section we complete the

relevant discussions. More exactly, we present the followings:
e First we present the Cutkosky cutting rule for our fermionic system.

e Then we introduce how to count the power of ¢ in a cut diagram, and show D1, C’]f h
and Cfp are the only cut sub-diagrams that contribute at order ¢. Then restrict to
d > 3 and justify their parametrization (4.67), (4.68) and (4.69), and show the relation
(4.74).

e Then we discuss the difficulty of parametrizing quasiparticle collision in d = 2, and

explain why (4.74) still holds in d = 2 despite the difficulties of parametrization.

e Finally, we show (regardless of d > 3 and d = 2) that collisions have no contribution
to the antisymmetric part T[#7] of the current-current correlation. So collision are

“uninteresting” to the main focus of this thesis.
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Review of Cutkosky Cut

The formalism of Cutkosky cut is a formal procedure to compute discontinuities (with respect
to external momenta) in Feynman diagrams. A Feynman diagram has a discontinuity if, in
an intermediate step of the process described the diagram, all intermediate particles go on-
shell. We have seen an example of this in the derivation for A’ following (4.57). From the
derivation for A/, we have the sense that all it matters is the ie prescription whose effects
can be extracted by principle function decomposition; other details of the propagator are
irrelevant. This suggests the method can be generalized to other diagrams. Indeed, Landau
made pioneering contribution in this direction [42], and the full formalism was established by
Cutkosky [22]. The Cutkosky cutting rule was originally developed for bosons. Here, based
on our needs, we present the rule for fermions; the modifications have clear physical meanings
as long as one is familiar with some basic analytic properties of fermion propagators [48, 1].

Consider a two point correlation IT with momentum ¢ (say, running from the right to the
left of the diagram). In this section, unless otherwise specified, II refers to the current-current
correlation I1#¥(q), and Rell and ImII really mean the Hermitian and anti-Hermitian parts
of IT*¥. The Cutkosky cutting rule gives the difference between the retarded correlation and

the advanced correlation:

eyt = —i(Ilp — I 4) = ImIlp — ImIl 4 = 2ImIlp = —2ImIT 4 = Heyr— — Heyry. (4.157)

The three equalities in the middle follow from general analytic properties of two-point cor-
relations [48, 1]. In the last equality, I1.,s+ is defined as the following. Consider a certain
Feynman diagram in II, with a certain Cutkosky cut — a cut through a number of inter-
nal fermion propagators such that the Feynamn diagram is disconnected into two; clearly
the total momentum transfer through the cut is q. For those fermion propagators that are

cut, we place the fermions on-shell, which, according to the rule, means to replace each cut
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propagator by

iG(p) — 27Z(p) 6(p" — &) sen(@")0(F"), (4.158)

where H(IFpO) is taken if the fermion runs through the cut along / against the way ¢ runs
(from right to left / from left to right, given ¢ runs in from the right). Then we sum over
all possible ways of cutting over all Feynman diagrams, and the result is defined as Il ;—.
ITey¢+ is defined in a similar mannter, but with 0(:|:p0) is taken if the fermion runs through
the cut along / against the way ¢ runs.

An important consequence is, by energy conservation, all these cut propagators must
O|'

have energies between =+|q This is because, those step functions require the on-shell

quasiparticles’ energies to appear in energy conservation in the form “the sum of positive

energies minus the sum of negative energies is equal to F¢°”

respectively in ey (so ey
is non-vanishing only for negative / positive ¢° respectively, which explains the F subscript).
In retrospect, this justifies why we could restrict to the v band in a multiple band system, and
why we could ignore the possibility of cutting through an interaction mediator: Because by

the assumptions about our QFT, neither the other bands of the fermion nor the short-ranged

interaction mediator(s) has any low energy on-shell excitation.

Computation of Quasiparticle Collision d > 3

Below we discuss how to count the power of ¢ in a cut sub-diagram. We have to note that
the power counting introduced below has missing piece. In d = 2 the missing piece is order
qIn g (less suppressed than order ¢ when ¢ is small) and lead to complications to be discussed
later. For now we work with d > 3, where this missing piece is neglected as they are beyond
order ¢q. After introducing the power counting, we will argue the only cut sub-diagram that
contributes at zeroth order in ¢ is a cut through double propagator, leading to A/, and the

only ones that contribute at first order in ¢ are those three pairs of cut sub-diagrams for Dy,

138



CP" and CPP.

Consider a cut through n > 2 internal fermion propagators. Generically they all have
different internal momenta. As discussed above, all their energies are restricted by \qo\, hence
the integration over the n internal energies yields a suppression of order (qo)”; on the other
hand, the argument of the delta function of energy conservation is of order ¢?. Therefore,
the contribution of the n cut propagators is of order (qo)”_l.

The case of n = 2 has a difference. For n = 2, when one on-shell fermion is low
energy, and hence near the FS, the other one, due to spatial momentum conservation and
the smallness of ¢, is automatically near the FS too, and hence low energy too (because of
on-shell). This means the smallness of their energies provides only one constraint, instead
of two independent constraints. This lowers the power counting of q0 by one. Thus, the cut
through two propagator is not first order but zeroth order in ¢. In particular, let’s compute
the cut through the double propagator of momenta p &+ ¢/2. According to the cutting rule,

the cut sub-diagram is equal to
2ImA’, (q)
= 27 Z(F+ §/2)5(p° + /2 = £(F+ 7/2) 27 Z(7 — /260" — /2 — {5 — /2))
(=1) (0= "+ ¢"/2)00° — ¢°/2) = 00 + ¢ /2)0(~ (" — ¢°/2) )
= 27Z()* " 0(") 60" — £()) S P)au) + O(d?). (4.159)

To relate this to the time-ordered A’ we use the Kramers-Kronig dispersion relation of a

general two-point correlation [48, 1]:

' IT
ill(q) = 2 dw cut(w,’ 7 + i (real terms unrelated to Cutkosky cut)(4.160)
2 0 0
T —q’ +w —1esgnyq

Performing the integration yields the time ordered iA’(g) presented in the text, as desired.

The integration generally involves II.,; at non-small values of w. But ImA’ in particular is
g g y
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non-vanishing only when w equals the small value viqz-.)

For n > 2, the n cut propagators contributes order (qo)”_l, and for current-current
correlation n must be even (with n/2 cut propagators running through the cut along ¢, and
the other n/2 against ¢). So it seems the corrections from Cutkosky cut beyond A’ (beyond
n = 2) are at least of order ¢3; how can we have order ¢ sub-diagrams? Consider the following
situation. Given that all cut propagators are on-shell, if there is a pair of propagators, one
cut and one uncut, whose momenta are dictated by momentum conservation to differ by ¢,
then that uncut propagator will be nearly-on-shell, and contributes a factor of order 1/q.
There can be at most one such nearly-on-shell propagator on either the left or the right
of the cut, so there can be at most two of them in total. Therefore, there are order ¢ cut
sub-diagrams — those with four cut propagators and two nearly-on-shell propagators, one on
either side of the cut. These propagators can be organized in six different ways, which are
the three pairs of cut sub-diagrams for Dy, Cf " and C’fp respectively, presented in Section
4.4.2.

Now we evaluate the sub-diagrams for Dy, C’f " and C’fp according to the cutting rule.
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First,

2(DRr)1(p;q)

- /k,l (‘%> <—q0 - 5<;Z—(§*/E>qfé<ﬁ+ @/2>>2

P2Vp—q/2,k+1—k—q/2,p+1)

—

(2m)' 2G5+ §/2) 2(k — /2 25+ D2 (k + 1)

0" +a"/2 = 67+ d/2)) (" — ¢ /2 — £(k — G/2)

o(p" +1° = €+ D) 6k +1° — £(k +1))

[ 0=" + ¢ /2)00° = ¢ 2)6(— (K + 1)’ + 1°)

=0(0" +¢"/2)0(= (K = ¢°/2)0 (k" + 1°)0(—(p° + 1))
— (with ¢ <> —q). (4.161)

The —1/2 is due to fermionic statistics. The products of step functions restricts the energies
Y, k0 and 19 to order ¢¥; for example, the first product of step functions restricts ¢" /2 <

KO < =10 < p0 < —¢V /2. We already argued that the g suppression in the cut sub-diagrams

is dictated by the step functions, so in the Z’s, the V’s and the on-shell delta functions, we
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can neglect the g-dependences, as well as the p¥, k0,10 dependences. We are then led to

2(DRr)1(p;q)

L PZ@P 202G+ DZE LD ,
2 /k,l (v () qp)2 V(p,k+1—k,p+1)|

(2m) 6 (€(P))S(E(R))I(ED + 1) (E(k + 1))

000+ /200K — °/20(~ (K + 106" + 1)

—0(p" +¢°/2)0(= (k" — ¢°/2))0(k° + 1")6(—(p" + 1))

+0(— (K + ¢°/2)0(p" — ¢°/2)6(= (" + 1°)8 (k" +1°)

—0(k" + ¢°/2)0(—(0" — ¢°/2))0(p" + 10)0(—= (k" +1)) | . (4.162)
Inspecting the p, ¢ dependence, together with power counting, we justify the parametrization

(4.67) with non-negative v (what is remained to be shown is that the 7 here is the same 7

that appears in ImX). In particular, the sign of (Dp) is given by the sign of ¢V, and so the
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time-ordered Dy = (Dp)1sgn ¢ is non-negative. Next,

2(CPM 1 (p, k; )

_ /<_1 iZ2(5— q/2) iZ(k+ q/2)
! 0 —E(F—G/2) +EF+T/2) O — &k +q/2) + £k — q/2)
iVip—q/2,k+1—k—q/2,p+1)iV(k+q/2,p+1—p+q/2,k+1)

— —

Cr) 25+ /225 - 3/2)2(F+ D20k +1)

0 +4°/2 = £+ d/2)) 5(k" — ¢°/2 — £(k — 7/2))
6" + 10 = &5+ 1)) 6(K” +1° = £(k +1)

[ 6= +a°/2)00K0 — ¢°/2)0(— (K" + 190" + 1°)

=00+ ¢°/2)0(= (K = ¢°/2))0(k° + 1)0(= (0" + 1))

+ (with p <> k, except the arguments of the Vs kept unchanged).

Making the small ¢ approximations we made for (Dp)1, we are led to

2(CP) (p, ks q)

SN i R
L (@) ()
(s )

(2m) S (E())I(ER)S(E + D)3 (E(k + 1))

(,)g 32\V(p,k+l—>k,p+l)|2
0=+ ¢°/2)0(k° — ¢0/2)8(~ (k0 + 10" + 1)
—0(p° + ¢°/2)0(—(k° — ¢°/2))0(k° + 1%)o(~ (" + 1))
+0(—(K° +¢°/2)0(° — ¢°/2)0(—(p° + 19)0(k° + 1Y)

=0k +¢°/2)0(= (0" — ¢ /2))0(0" +1")0(= (K" +1°)) | .
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This justifies the parametrization (4.68) with non-negative PR And last,

2(C)1(p, k; q)

_ /(_1) iZ(p— q/2) (k—q/2)

I\ 2) =0 =€ —q/2) +EF+T/2) —q0 — ek — q/2) + £(k + 7/2)
Vip—q/2,k+q/2—>k—-Lp+l)iV(k—Lp+l—p+q/2,k—q/2)
Cm)ZF+q/2) 2k +§/2)Z(F+ D) Z(k 1)

5" +d°/2 — €5+ q/2)) 6(k° + ¢¥/2 — £(k + /2))
S+ 10 —e(+1)) ok —1° — &k — 1))
[9<—<p0 +q%/2)0(— (k" + ¢°/2))0 (k" — 190 (p° + 1°)

—0(0" +¢°/2)0(k" + ¢° /2)8(= (K = 1))8(= (0" + 1))

— (with ¢ <> —¢, except the arguments of the V’s kept unchanged).  (4.165)

Making the small ¢ approximations we made for (Dg)1, we are led to

2(C¥)1(p, k; q)

_ 1 /z’zz(m? (R)22(5+ D2 (F ~
20 (0 (D) (04 (R)gp)

(2m) S(E(B))S(E RS+ D)3k — 1))

—

El)) 2 PV(pk—k—1Lp+1)]?
{ 0(— (" + ¢°/2)0(— (k0 + ¢ /2))8 (k" — 19))8(p° + 1°)
—0(p° + ¢ /2)0(k° + ¢°/2)0(— (K0 — 1°)0(—(p" + 1))
+0(k° — °/2)0(° — ¢°/2)0(—(p° + 19)0(— (k" — 1))

~0(— (k" = ¢°/2)0(= (" = ¢°/2)0° + ")o(k* — )| . (4.166)
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This justifies the parametrization (4.69) with non-negative APP.

From the exact above, we can easily see

- -

— v (K)qu , ph oV (D) ) — v (k)ap :
/k—Z(E) (CE1(p, ks q) =2 7 (DR)l(p,Q)—2/k 70 (CEP)1(p, k5 q)-(4.167)

In particular, to see the second equality, we shift & — k+1F¢/2 in the two cut sub-diagrams
contributing to (C’%p )1. This leads to (4.71) and (4.74), where the latter is required by the
Ward-Takahashi identity.

The computed four cut propagators contribute to ImIlp. Is there an associated part in
Rellp through the Kramers-Kronig dispersion relation (4.160)7 It is known that there is no
associated real part, roughly speaking because the purely imaginary i(q0)3 in IIR that arose
from the four cut propagators can be analytically continued into the w upper-half-plane as
iw?3 (recall that I (¢°) should be viewed as I1p(w), analytically defined in the w upper-half-
plane, in the limit w = ¢¥ + ie [48]), without the need of any real part. This differs from the
case two cut propagators, where A’ has both real and imaginary parts.

It remains to show the ~ in the parametrization of Dy is the same v that appears in Im>..
Now we apply the Cutkosky cutting rule to —Y(p) with small p?. The leading cut diagram

is order (p?)2, involving three cut propagators [48]. More explicitly, at this order we have

— — —

2Im(—Xg)(p) = /kl (—%) PV k+1—kp+D? @r)3Z2(K)Z(k+DZF+1)

—

O(K? — &(R)S(k” + 17 — (K +1)6(p° +1° — (5 + 1))
[ (=12 0(=k)9(K + 10)0(~ (" + 1))

— (=1) 0()0(— (k0 + 1))0(p° + 1°) ] . (4.168)

We can see —ImYp is explicitly positive, as it should [48, 1]. Combined with power counting,

/

we justify the parametrization Im¥ = o/ p0|p0| at small p¥ with positive ~'. To verify

7" = (3/2), we compare the evaluations of —ImXp and (Dpg); and restrict to order ¢, we
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find

2(DRr)1(p;q)

272
= G 2720 (A + /206"~ /2) + 00+ 2010 o' 2)
[san(s” — ¢*/2)(~20mEp(p + /2)) — sen” + ¢°/2)(~2mTp(p — 0/2) |

3 ™
= Q%lf)(f)sgn(qo)e(lqow_,p0|)(_ImZR(p—q/2)_Ing(erq/Q)). (4.169)

The last factor is equal to 7/(p) (2(p°)? + (¢%)%/2) to leading order. Now, we average p°
between +|¢°| /2 before replacing the step function with & (po)qo; this is equivalent to making

the approximation

2 0 3
5(pY) ¢° 0%,0(p”) q°
sen(a®) 0(1q")/2 — ) =220 S (T am)

where the second term is needed to take into account the (p?)2 from ImXp. This leads to

(4.67), and in particular, verifies 7/ = (3/2)7.

Difficulties in d = 2

As we mentioned previously, the power counting of ¢ presented there has missing piece. Here
it is: The power counting relied on the assumption that the internal momenta carried by
the cut propagators are generically not close to each other. However, in the integration over
the internal momenta, there must be some region where this assumption does not hold —
the internal momenta, restricted near the F'S, can appear collinear with one another. To
estimate the scale of the the contribution from the collinear regime, one views this regime as
a quasi-one-dimensional system [6]. Take the self-energy ¥ for example. In d = 1 dimension,
the self-energy ¥ ~ pVlnpY — this leads to the well-known non-Fermi liquid behavior. In

higher dimensions, quasi-one-dimensional power counting estimates the contribution from
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the collinear regime to be ~ (po)dln pY. For d = 2 this is less suppressed than the usual
(r")%.

Denote the collinear regime contribution to > as 6%; the leading contribution has three
intermediate collinear on-shell fermions. Based on the quasi-one-dimensional power count-
ing, along with the general analyticity requirements that —Xp(w,p) is analytic in the w
upper-half-plane and —ImXp > 0 [48, 1], it is tempting to parametrize the collinear regime

contribution as
—6% p(w, P) = ia(p) w? In(—iw/pp) + (higher order contributions) (4.171)

for small w in the upper-half-plane. Here pp is the size scale of the F'S, and a is positive; the
branch cut of In is placed along the negative real axis. Taking w = p? + ie gives —0% r(p).
Unfortunately, when £(p) is of the same order as pY, such parametrization is wrong. It is
known [17, 18] that —0% p has complicated dependence on p? and p¥ — £(5), but still scales
as (p°)2Inp? when &(p) and pY are of the same order.

Now that there is no simple way to parametrize —dIm3, there is no simple way to
parametrize the decay factor —Dj (despite the 1 subscript, here it also involves terms of
order ¢lnq), because the latter can be expressed in terms of the former, with pV being order
¢ and pY — ¢ being order vF'qy. The collinear regime contributions to —C’f " and —C'pr are
terms of order ¢In ¢ proportional to (5d+1(p F k) (respectively corresponding to forward and
back scattering); this terms have no simple parametrization either.

Although the collision term in d = 2 is not parametrized, we know (4.167) must still

hold, as it is required by the Ward-Takahashi identity.

Collision being Uninteresting

Finally we want to show that collisions are “uninteresting” to the focus of this thesis — the

collision term C' has no contribution to the antisymmetric part T1[#¥] of the current-current
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correlation, and therefore has no contribution to the anomalous Hall effect or the chiral
magnetic effect. First, we note that C7 (despite the 1 subscript, in d = 2 it also involves

terms of order ¢ln ¢) has a special property

C1(p,k;q) = C1(k,p; q). (4.172)

In particular, the Dy term in C7 has this property simply because it is proportional to
61 (p — k). On the other hand, inspecting the exact expressions (4.163) and (4.165), we
see Cf " and Cfp are symmetric under p <> k£ up to the g-dependences in the V’s. But the
g-dependences in the V'’s can be neglected, for theirs effects would be further suppressed by
order ¢, i.e. contribute to order ¢? (and order ¢?Ingq in d = 2) which are beyond order ¢.
Therefore (4.172) holds to order ¢ — including in d = 2, since the argument here did not rely

on power counting. The collision contribution to i(:ImII#") is given by

—/kiReFff(p; —q) (=C1(p, k; q)) iReT'g(k; q)

)

- [ ) (s -0) (~Calp ki) {GlrE) (k). (4173

)

The ¢-dependence in Fg comes from A’ which is even in ¢, so Fg is also even in ¢q. Thus,
due to (4.172), the expression above is symmetric in puv. Now that C7 does not contribute
to ImITH” ], by the Kramers-Kronig dispersion relation it has no associated contribution to

Relll#”] either, and thus our claim is proven.

4.4.7 Some Cancellation of Diagrams

In the presentation of the proof, there are two technical diagrammatic cancellations that are
left unproven. One is (4.123) in the EM dipole moment, and the other is the vanishing of
the V1 term in (4.135) in the Hall conductivity tensor. Here we complete these technical

steps.
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In Electromagnetic Dipole Moment

Let’s prove (4.123). Consider diagrams in the ¢-2PI sum @"N/O‘(svﬁ(p, k;q). We can separate
these diagrams into two types (a subtlety about whether a diagram in iV always belongs to

one of these two types is addressed at the end of this Appendix):

e Type I: The ¢-2PI diagram has a fermion line at the top, running in with momentum
and index (p — ¢/2,6) and running out with (k — ¢/2,~), and a fermion line at the
bottom, running in with momentum and index (k + ¢/2,) and running out with
(p + q/2,a). Type I diagrams are summed in V with plus sign. Some examples are

shown below

—— ———— ——————
\ ! | . H |
\ ] | | ! |
v 1 |
v | --¢
\ S !
v/ /4’ N S\ !
-+ = ——l - —~—————

For Type I diagrams, we can assign momenta on the internal propagators, so that —¢q/2
runs through the fermion line at the top, 4+¢/2 runs through the fermion line at the

bottom, and all other internal propagators are independent of q.

e Type II: The ¢-2PI diagram has a fermion line on the left, running in with momentum
and index (p—¢q/2,0) and running out with (p+¢/2, «), and a fermion line on the right,
running in with momentum and index (k + ¢/2, §) and running out with (k — ¢/2,7).
Type 1I diagrams are summed in V with minus sign, because of fermionic statistics.

Some examples are shown below

- \\\ - P _-*
N\
\\\ -7 o ——O

For Type II diagrams, we can assign momenta on the internal propagators, so that

internal propagators on both fermion lines on the left and the right are independent of

q.
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Below we are going to show that when contracted with 9, G ~(k) and integrated over k, the
contributions of Type II diagrams cancel out.
To show the cancellation of contributions from Type II diagrams, we use a diagrammatic

technique developed by Ward [78]. Consider the diagram below.

-
,/
-
-
- —— //
~
\\

Let’s call the loop on the right the k-loop, and let its loop momentum be k. Among the three
propagators making up the k-loop, we can pick one to replace the iG with dj, iG. There
are three such resulting diagrams; we say they are of the same “prototype class”, with the
diagram above being their common prototype. The sum of diagrams in any given prototype
class always vanishes, for the sum is equivalent to, up to a symmetry factor, taking the total
k derivative in the prototype diagram and then integrating over k; we will address later
why the vertices on the k-loop have no k dependence. (We say there is a symmetry factor,

because for example the prototype below

s

has a symmetry factor 1/2. But this is unimportant, for 1/2 times 0 is 0.) Obviously, the
Type II contributions to iV@kViG are partitioned into prototype classes, and therefore have
zero contribution.
Now only Type I diagrams contribute to iV@kin . By expanding the propagators on the
top and bottom fermion lines in Type I diagrams to order ¢, it is easy to see (4.123) holds.
Two subtleties are to be addressed. Both of them are related to our assumption about

the QFT that any bare interaction vertex has no coupling to A, i.e. there is no e.g. Agb@/ﬂL@D
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bare vertex or A@/}T@b@DT@D bare vertex.

The first subtlety is whether a diagram always has well-defined “fermion lines” — this
would be violated if fermion lines can join together. The assumption above avoids this
problem. This assumption, along with EM U(1) gauge invariance, requires $“(x) in bare
interaction term to appear inside p(z) = 1&&(9&)1&0‘(1‘) (properly regularized). Now, consider

for example a p28%p bare interaction term. We can draw it like

A
G
where the double dash line indicates the p with derivative, so that fermion lines never join
each other. Thus, fermion lines are always well-defined and interacting through neutral lines.
So any diagram in iV is either Type I or Type II.
Another subtlety is why vertices on the k-loop have no k dependence. This is because EM
U(1) gauge invariance requires that, if a bare interaction vertex depends on the momentum
running along the charged fermion lines, then A must have bare coupling with this vertex.

This contradicts our assumption. So a bare interaction vertex at most depends on the

momentum running along the neutral lines (which maybe auxiliary), for example in p2a§p

or in p 926.

In Hall Conductivity Tensor

Here we show
oA = (10, )" 04,1V 1(q) 01, G, (4.174)
which appears in (4.135), vanishes. By (4.123) we can express it as

MVA /// 5, . p,l,k) 8p#ZG (p )WG%(Z) %z’G@(/{;). (4.175)
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We can describe diagrams in aéﬁl})‘ as the following:

e The diagram has a fermion loop, which we call the outer loop (formed by connecting the
three fermion lines in iY with the three differentiated propagators). We redefine p so
that it is now the loop momentum running around the outer loop. Interaction vertices
separate the outer loop into n > 3 segments. Three of the segments are differentiated
propagators Jp,iG, 0p,iG and Jp,iG, the remaining n — 3 segments are propagators
1G.

Moreover, the interaction lines inside make the outer loop 2PI; that is, among all
segments on the outer loop, no pair of them are dictated by momentum conservation

to have the same momentum.

It Op,,, Op,., Op, appear on the outer loop in the cyclic order against the fermion arrow,
then the diagram is summed in aéﬁy)‘ with coefficient —1/2 (the minus sign is because
now we have an extra fermion loop — the outer loop — compared to 17) If they appear
on the outer loop in the cyclic order along the fermion arrow, then the diagram is

summed with coefficient +1/2.

To show aéﬁw\ = 0, below we introduce four notions.
First, let’s be blind between iG and 9,iG on the outer loop. Then we are led to consider

prototype diagrams like this one

A prototype diagram defines a prototype class: Diagrams are in the same prototype class
if, after ignoring the distinction between 0piG and iG on the outer loop, they reduce to the
same prototype diagram. In fact, the sum SH A (we drop the pr indices from here on) of

diagrams (with coefficients +1/2 assigned as before) within a prototype class vanishes, as
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we will show later. This leads to oy = 0, because clearly diagrams in oy are partitioned
into prototype classes.

Second, let’s fix a prototype class, and consider the placement of the three 0,iG’s on
the outer loop. For simplicity, in the below we will restrict to prototype classes with no
symmetry factor (there will be a symmetry factor of 1/N if the prototype diagram has a Z
cyclic symmetry with respect to the outer loop, where N divides n); we will return to the

case with symmetry factor later. Now consider for example the diagram

This diagram represents the sum (with coefficients £1/2 assigned as before) of all diagrams in
the given prototype class such that the three d)iG’s appear on the three thickened segments.
This sum is manifestly antisymmetric in uv. Let’s call the set of diagrams contributing to
such sum an “antisymmetrization class”. Obviously a prototype class can be partitioned into
antisymmetrization classes. The purpose of introducing this notion is only for introducing
the next notion.

The third notion to introduce is a partitioning finer than a prototype class (still, we
restrict to those without symmetry factor) but coarser than an antisymmetrization class.
In an antisymmetrization class, the three 0yiG’s are separated by a number of :G’s, for
example, in the previous antisymmetrization diagram, the three 0,iG’s are separated by 0, 1
and 2 iG’s. But there are other antisymmetrization diagrams whose three 0,iG’s are also
separated by 0,1 and 2 iG’s. Let’s introduce the notation (012), which represents the sum

of them:

DEEOOHBO



In general, we call the set of diagrams contributing to (abc) a “cyclic class”. The name is
because (abc) is by definition the same object as (bca) and (cab). Clearly, a prototype class
is partitioned into cyclic classes, and a cyclic class is partitioned into antisymmetrization

classes. It is easy to see the sum S of diagrams in the prototype class can be expressed as

, 1/3 ifa=b=c
S = Z T Sape (abc>7 Sabc = (4'176)
a+b+c=n—3 1 otherwise

where a, b, c are non-negative integers, and the prime on the sum means we only count
(abc), (bca) and (cab) once because they are the same object. We will see soon that by
introducing the notion of cyclic class, we boil the Feynman diagram cancellation problem to
a combinatorial problem.

In general (abc), the sum of diagrams in a cyclic class, is not equal to zero. We need to
introduce the fourth notion that bridges between prototype class and cyclic class; but unlike
the three notions above, this fourth notion is not a partitioning. Given the prototype class,
consider the following diagrams with two 0piG’s: along the fermion arrow on the outer loop,
we have 8puz’G, then m iG’s, then 0p,iG, and then the remaining (n — 2 —m) iG’s. We
assume m < n — 2 —m. Sum up all such diagrams. But before we integrate over the outer
loop momentum p, we take a total dp, derivative. Then we totally antisymmetrize between

puvA and multiply by 3. We denote the result by (m). By construction, (m) = 0 due to the
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total derivative. But on the other hand, it is easy to see (m) is a sum of cyclic classes:

/

(m) = Z supe - (abe), (4.177)

a+b+c=n—3
1 if only one of a, b, ¢ is m,

and the other two do not sum up to m — 1

1+1=2 if two of a, b, c are m, the other is not m
m f— .
Sabe =\ 1 ifa=b=c=m
-1 if two of a, b, c sum up to m — 1, and the other is not m

1-1=0 if one of a, b, ¢ is m, and the other two sum up to m — 1

0 otherwise.

We used the fact that the vertices on the outer loop are independent of p, whose reason is
explained in Section 4.4.7. Diagrams contributing to a fixed (m) do not form an equivalence
class, because clearly a given (abc) can appear in several different (m)’s.

Now that every (m) is equal to 0, it would be desirable to express S as a linear combination
of (m)’s. Indeed, now we shall show that

m<(n—2)/2
S= Y (n-2-2m)-(m). (4.178)
m=0

This is a simple combinatorial problem that can be shown by matching the coefficient of
each (abc) on both sides, using equations (4.176) and (4.177). Due to the cyclic property of
(abc), we can assume a < b, a < ¢. Then we discuss over 8 possibilities:

1. a<b<ec<(n—2)/2: On the right-hand-side, (abc) appears in three different (m)’s:
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e m = a: The coefficient of (abc) is (n — 2 — 2a) - 1.
e m = b: The coefficient of (abc) is (n — 2 — 2b) - 1.
e m = ¢: The coefficient of (abc) is (n — 2 — 2¢) - 1.
The sum of these coefficients is n, matches with the coefficient on the left-hand-side.

The case a < ¢ < b < (n — 2)/2 works in the same manner.
2. a <b<c=(n—2)/2: On the right-hand-side, (abc) appears in three different (m)’s:
e m = a: The coefficient of (abc) is (n — 2 — 2a) - 1.
e m = b: The coefficient of (abc) is (n — 2 — 2b) - 1.
e m = ¢: The coefficient of (abc) is 0.
The sum of these coefficients is n, matches with the coefficient on the left-hand-side.

The case a < ¢ < b= (n —2)/2 works in the same manner.
3. a<b<(n—2)/2 < ¢ On the right-hand-side, (abc) appears in three different (m)’s:
e m = a: The coefficient of (abc) is (n — 2 — 2a) - 1.
e m = b: The coefficient of (abc) is (n — 2 — 2b) - 1.
e m — 1 =a+ b The coefficient of (abc) is (n —2 —2(a+b+1)) - (—1).
The sum of these coefficients is n, matches with the coefficient on the left-hand-side.
The case a < ¢ < (n — 2)/2 < b works in the same manner.
4. a=b<c < (n—2)/2: On the right-hand-side, (abc) appears in two different (m)’s:
e m = a = b: The coeflicient of (abc) is (n —2 —a —b) - 2.
e m = c: The coefficient of (abc) is (n —2 — 2c¢) - 1.

The sum of these coefficients is n, matches with the coefficient on the left-hand-side.

The case a = ¢ < b < (n — 2)/2 works in the same manner.
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5. a =b< c=(n—2)/2: On the right-hand-side, (abc) appears in two different (m)’s:

e m = a = b: The coeflicient of (abc) is (n —2 —a —b) - 2.

e m = c¢: The coeflicient of (abc) is 0.

The sum of these coefficients is n, matches with the coefficient on the left-hand-side.

The case a = ¢ < b= (n — 2)/2 works in the same manner.
6. a=0b< (n—2)/2 < c: On the right-hand-side, (abc) appears in two different (m)’s:

e m = a = b: The coeflicient of (abc) is (n —2 —a —1b) - 2.

e m — 1 =a+b: The coefficient of (abc) is (n —2—2(a+b+1)) - (—1).

The sum of these coefficients is n, matches with the coefficient on the left-hand-side.

The case a = ¢ < (n —2)/2 < b works in the same manner.
7. a <b=c< (n—2)/2: On the right-hand-side, (abc) appears in two different (m)’s:

e m = a: The coefficient of (abc) is (n — 2 — 2a) - 1.

e m = b= c: The coefficient of (abc) is (n —2—b—c¢) - 1.
The sum of these coefficients is n, matches with the coefficient on the left-hand-side.

8. a = b = ¢: On the right-hand-side, (abc) appears only when m = a = b = ¢, with
coefficient (n — 2 — 2(n — 3)/3) - 1 = n/3. This matches with the coefficient on the

left-hand-side.

This completes our proof, for prototype classes that have no symmetry factor.

For a prototype class whose prototype diagram has a Zp symmetry with respect to the
outer loop, we can pick one segment on the outer loop to be “the special segment”; in the
sum of diagrams, this leads to over-counting by a factor of N. But now that there is no Zp
symmetry any more, we can show the sum is zero as before. The factor of N has no effect

on the zero.
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4.5 Summary and Outlook

In this chapter, we have extended Landau’s Fermi liquid theory to incorporate Berry cur-
vature effects. Among other effects, we showed the anomalous Hall conductivity receives
two contributions: the non-quasiparticle Hall conductivity tensor, plus the contribution of
electric dipole moment of the excited quasiparticles. The latter can be viewed a new effect
due to interactions, because a non-interacting fermion usually has no intrinsic electric dipole.
As for the former, it can be further separated into a chemical potential dependent part and
a chemical potential independent part. Remarkably, we showed the chemical potential de-
pendent part is a Fermi surface property given by the Berry curvature around the Fermi
surface, as in non-interacting Fermi gas. On the other hand, some puzzles about chemical
potential independent part remain, as we will comment about below.

One can see several directions to extend our theory. First, we assumed the Fermi level
crosses only one band; one can generalize this to multiple bands. Two scenarios are of
particular physical interest: either that the multiple bands crossing the Fermi level are
completely degenerate [62], or that these multiple bands have completely disjoint Fermi
surfaces. The generalization of our theory to both scenarios is straightforward. Second,
our discussion is limited to linear response. It would be interesting to extend the scope of
the kinetic theory to include also nonlinear response, so that important effects such as the
(34 1)d chiral anomaly can be captured. Third, we assumed that the quantum field theory
describing the fermions does not have couplings of the type Agbvﬂ@b. It would be interesting
to see if the kinetic theory can be extended to include couplings of this type in the QFT.
Also, one may try to understand if long-ranged interactions can be included, to the extent
that these interactions do not destroy the Fermi liquid ground state.

Some interesting questions are raised in the context of our Berry Fermi liquid theory. We
have found that, beside a € p-dependent piece, the Hall conductivity contains a constant piece
oh YA in Section 4.3.4. Ts this contribution topological and not renormalized by interactions?

Does it receive jumps at discrete values of € p around which the FS develops new disconnected
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components (e.g. in Figure 4.1)? In gapped system, o} VA ot A s topological [34].

More broadly, one may ask: Is it possible to have a notion of topologically equivalent
/ distinct Fermi liquids? For example, are the Fermi liquids in normal metal and in Weyl
metal topologically distinct under some notion? In this thesis, we see both a puzzle and a

hint regarding such notion. The puzzle is the possible jump of o2

mentioned previously.
The hint is the manifestation of anomaly-related transport effects in the distinction between
(4.38) and (?7). It would be interesting to study if such problems can be covered under a
coherent framework.

We note also that the matching between the microscopic theory and the Fermi liquid
theory is done here at the level of dynamical equations. If there is a way to do the matching
at the level of action and path integral measure, like that in Berry Fermi gas [14] (see Section
2.4), it would provide a much more transparent derivation of the Berry Fermi liquid theory.
It may also help to extend the kinetic theory beyond linear response.

Finally, given the generality of the assumptions, the formalism should have broad appli-

cations in physical systems. It would be interesting if predictions of the Berry Fermi liquid

theory can be directly compared to experiments.
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CHAPTER 5
CONCLUSION

In this thesis we first studied general Berry Fermi gas theory and its microscopic justifica-
tion. Then we studied the chiral kinetic theory of Weyl fermions as a specific example, and
discussed how Lorentz invariance is non-trivially realized in chiral kinetic theory. Finally
we studied general Berry Fermi liquid theory and its microscopic justification. The Berry
phase physics being non-trivial and interesting in these systems should now be evident. At
the end of each chapter, we have a “Summary and Outlook” section, summarizing the im-
portant ideas and results in that chapter, and more importantly, discussing future directions
of study relevant to that chapter. We are not going to repeat those summarizations and
discussions here. Here we discuss some more general possibilities.

From our study of Berry Fermi liquid, it is clear that to define momentum space Berry
curvature, all it needs is the eigenvector u of the full propagator; the eigenvalue part of the
propagator is irrelevant to the definition. This suggests we should be able to define the
momentum space Berry curvature even for non-Fermi liquids. Then, we should wonder what
we can say about Berry curvature in such systems. For example, at least for non-Fermi
liquids that are “sufficiently similar” to a normal Fermi liquid (for instance those whose Y
in the denominator of the propagator is renormalized to the form pY ln(po)), can we still
explore the relation between anomalous Hall effect and Berry phase? If something can be
said, it will not only be theoretically satisfactory, but may also have potential application
value to important systems such as the composite Fermi liquid at half-filled Landau level.

Another problem worth thinking about is a more theoretical one. In d spatial dimensions
the Berry curvature defect where (9[pibj Kl # 0 is generally d — 3 dimensional. So for d > 3
the Berry curvature defect would be an extended object. Then there may be non-trivial
topological phenomena, arising from the interplays between the path of the particle in the
momentum space, the Berry curvature defect, and the topology of the Brillouin zone.

Yet another interesting thought would be to study Berry phase effects on non-point-like
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objects. In particular, one can consider a “gluon string” with “quarks” (chiral fermions)
attached to its ends, and study if there is any non-trivial interplay between the Berry phase
and the string.

And there must be many other hidden aspects of Berry phase physics awaiting for us to

uncover.
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