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Novel controlled nonperturbative techniques are a must in the study of strongly correlated systems, especially
near quantum criticality. One of these techniques, bosonization, has been extensively used to understand one-
dimensional, as well as higher-dimensional electronic systems at finite density. In this paper, we generalize the
theory of two-dimensional bosonization of Fermi liquids, in the presence of a homogeneous weak magnetic field
perpendicular to the plane. Here, we extend the formalism of bosonization to treat free spinless fermions at finite
density in a uniform magnetic field. We show that particle-hole fluctuations of a Fermi surface satisfy a covariant
Schwinger algebra, allowing to express a fermionic theory with forward scattering interactions as a quadratic
bosonic theory representing the quantum fluctuations of the Fermi surface. By means of a coherent-state path
integral formalism, we compute the fermion propagator as well as particle-hole bosonic correlations functions.
We analyze the presence of de Haas-van Alphen oscillations and show how the quantum oscillations of the
orbital magnetization, the Lifshitz-Kosevich theory, are obtained by means of the bosonized theory. We also
study the effects of forward scattering interactions. In particular, we obtain oscillatory corrections to the Landau

zero sound collective mode.
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I. INTRODUCTION

Consistent advances in our understanding of strongly cor-
related fermionic systems depend on the development of
controlled nonperturbative computation techniques. Important
questions, such as the fate of interacting systems of fermions
at finite density in a quantum critical regime [1,2], are still
waiting to be answered. This is particularly pressing given the
“non-Fermi-liquid” behaviors seen in many systems, notably
in high-temperature superconductors in their “strange metal”
regime, and many others systems, such as Sr3Ru,07, and
heavy-fermion materials near quantum critical points.

At the theoretical level, bosonization has played an im-
portant role in developing accurate low-energy theories in
one- and quasidimensional systems [3—-8]. The applicability
of the higher-dimensional generalization of this approach to
describe the quantum critical behavior of fermionic systems
at finite density (i.e., with a Fermi surface) is still under study.
Recent significant progress has been made in the development
of bosonization dualities for theories of relativistic fermions in
241 dimensions [9-11].

The first step in the development of higher-dimensional
bosonization for Fermi fluids was made by Luther in the
eighties [12]. Intense activity in the 1990s in this area lead
to the description of the Fermi-liquid fixed point [13-19].
The essential idea is that most relevant fermionic properties
at low energies can be described by the dynamics of particle-
hole excitations near the Fermi surface. In this sense, the
Fermi surface can be considered as a quantum mechanical
extended object, a membrane in momentum space, with its
own quantum dynamics. Renormalization group methods for
fermionic systems at finite density [20] found that two-body
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forward scattering interactions, parametrized by Landau pa-
rameters, are marginally irrelevant at the Fermi-liquid fixed
point, consistent with the description provided by the Landau
theory of Fermi liquids [21].

Higher-dimensional bosonization turned out to be a power-
ful tool to study metallic systems away form the Fermi-liquid
regime. Different phase transitions, for instance, driven by
Pomeranchuk instabilities, were studied using this approach
[22], in particular the isotropic-nematic quantum phase tran-
sition [23]. It was shown that the nematic quantum critical
point and the nematic phase itself are dominated by an over-
damped low-energy mode, a Goldstone mode with dynamical
critical exponent z = 3 [24]. In these regimes, although the
correlators of the order parameter scale both in frequency
and momentum (with a certain dynamic critical exponent
z), the fermionic correlators scale only in their frequency
dependence, i.e., exhibit a form of “local quantum criticality”
[25].

A powerful experimental tool used to study the properties
of Fermi systems, and particularly their Fermi surface, are
quantum oscillation experiments, in particular the de Haas-
van Alphen effect (dHvA). In this case, the system is placed
in a strong enough magnetic field that overcomes temperature
effects, however, weak enough to be far away from the Landau
level quantization regime. In these conditions, thermodynamic
observables such as the magnetization and susceptibility, and
the heat capacity, exhibit oscillations as the magnetic field is
varied. The Lifshitz-Kosevich (LK) theory [26,27], a semi-
classical theory of free fermions in a magnetic field, relates the
oscillations with geometric properties of the Fermi surface.
This procedure has been used for a long time to study normal
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metals which are well described by the Landau theory of the
Fermi liquid.

However, more recently, quantum oscillations have been
observed in strongly correlated materials. The Lifshitz-
Kosevich theory is nowadays widely used to determine Fermi
surface properties in strongly correlated systems [28-34],
even near a quantum critical point [35]. However, the validity
of the LK theory is questionable in such extreme regimes
where Fermi-liquid theory is known to fail. Thus, understand-
ing quantum oscillations in a strong coupling regime and,
particularly, near a quantum critical point is an important and
open problem [36-38]. Generally, a magnetic field opens a
gap in the fermionic spectrum and is a relevant perturbation
that moves the system away form the critical point. How the
system scales when the magnetic field approach zero at a
Pomeranchuk instability [39] is a key question to understand
the more general problem of quantum oscillations.

The main purpose of this paper is to extend the bosoniza-
tion procedure in the presence of a weak homogeneous mag-
netic field. Here, we will focus on the case of two-dimensional
systems. The extension to higher dimensions is straightfor-
ward. In this paper, we develop a bosonization approach to a
two-dimensional spinless fermionic system, in the presence
of a magnetic field B perpendicular to the plane. Previous
attempts to bosonize a two-dimensional Fermi gas in a weak
magnetic field were done in the Landau level basis [40], i.e.,
by first projecting the fermionic fields into Landau levels. This
technique was successfully applied to solve some problems
in which static localized interactions produce transitions be-
tween, almost noninteracting, Landau levels [41]. Here, we
follow a different approach, keeping the formalism as close
as possible to the conventional bosonization of Fermi liquids.
With this tool, we expect to be able to compute correlations in
the dHvA regime in strongly coupled fermionic systems.

As usual in bosonization, we consider a high density
regime in which the Fermi surface can be taken to be locally
flat. Assuming that the low-energy physics is driven by small
fluctuations of the shape of the Fermi surface [13], we project
the Hamiltonian into a narrow shell of states, divided into
patches, around the Fermi surface. The patches are small
enough to allow the linearization of the dispersion relation,
but big enough to contain a large number of Landau levels.

In this regime, it is possible to define local Fermi surface
fluctuations in terms of densities particle-hole excitations and
show that the corresponding operators satisfy a covariant
Schwinger algebra. This algebra is at the root of the bosoniza-
tion approach, see Eq. (36) below. Within this scheme, the
fermion operator is defined as an exponential of a coherent
superposition of bosonic fields and show that this construction
is consistent with the basic symmetries of the low-energy the-
ory. Importantly, the fermion operator in each patch depends
on a superposition of bosonic excitations all around the Fermi
surface.

We also present an extension of the coherent-state path
integral formalism [13] to describe a system in the presence
of a magnetic field, suitable for the computation of correlation
functions. The semiclassical approximation of this theory
leads to an equation of motion that is a particular case of
the Landau-Silin [21] equation in the Fermi-liquid theory.
Using these methods we computed the bosonic correlation

functions necessary to characterize the linear response of the
system. This theory allowed us to study the emergence of
the dHVA oscillations from a bosonized approach. We also
discuss the effects of forward scattering interactions within
this formalism. In particular we compute the collective mode
spectrum, finding damped oscillatory corrections to Landau
zero sound. This is a manifestation of quantum oscillations in
a Fermi-liquid nonequilibrium property.

The paper is organized as follows. In Sec. II, we compute
an asymptotic form of the two-dimensional propagator of a
Fermi gas in the regime of weak magnetic fields. In Sec. III,
we present the main results of the bosonization approach.
Then, we study symmetries of the low-energy Hamiltonian
in Sec. IV. In Sec. V, we construct the fermionic operators
and compute the fermion propagator by using the bosonized
theory. In Sec. VI, we present a path integral representation of
Fermi surface fluctuations and compute bosonic correlation
functions. In Sec. VII, we show how the dHvA oscillations
can be computed from the bosonized action. In Sec. VIII, we
discuss forward scattering interactions, showing an explicit
calculation of collective modes and their dependence on the
magnetic field. Finally, we discuss our results in Sec. IX.
Details of the calculations are presented in several appendices.

II. FERMI GAS IN A WEAK HOMOGENEOUS
MAGNETIC FIELD

In this section, we present a convenient representation of
the asymptotic fermion propagator of a Fermi gas at high
density in a weak magnetic field. The Fermi gas in a magnetic
field is a very well known system. The effect of the magnetic
field is, essentially, to discretize the fermionic spectrum into
highly degenerated equally spaced Landau Levels. The gaps
and the degeneracy grow with the strength of the magnetic
field. Then, for sufficiently high magnetic field, a finite density
of electrons will occupy just the first Landau level. In the
presence of interactions, this regime leads to the integer and
fractional quantum Hall fluids. In this work, we are inter-
ested, instead, in the regime of low magnetic fields, where
there is a huge number of filled Landau levels in a small
energy interval around the Fermi energy. The motivation is
twofold. We will first use conventional methods to derive
an explicit expression for the fermion propagator computed
directly, in order to compare it with the results obtained
by multidimensional bosonization. On the other hand, the
expression for the occupation number, obtained from the prop-
agator, will be later used to derive the bosonic algebra in the
bosonization procedure. The exact propagator of a Fermi gas
is well known and was obtained by several methods, see, e.g.,
Refs. [42—44]. In this paper, we present an asymptotic form
of the fermion propagator, especially useful in the weak
magnetic field regime we will be interested in.

We begin by considering a two-dimensional degenerated
gas of spinless fermions in a perpendicular homogeneous
magnetic field. The Hamiltonian is

H— / P zi|<v +ieAE)Y )P, ()
m
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where wT(x) and 1 (x) are fermionic creation and annihilation
operators at position x, satisfying

W), y(x')) =is(x —x). )

Here, m is the effective electron mass, e is the electron
electric charge and the homogeneous magnetic field is given
by V x A = BZ. In two dimensions, the magnetic field B is a
pseudoscalar.

The fermion propagator is defined as

iGr(x, y,t,t') = (FS|Ty (x, DY (v, t)IFS),  (3)

where 7 means time ordered product, and the filled Fermi sea

ground state |FS) is built by the applications of the fermion

creation operators cl,k on the vacuum state, filling up the

single-particle states up to the Fermi energy €p:
IFS) =[]} 100
n,k

Here, {n, k} are the quantum numbers of the filled Landau
levels. The energy eigenvalues are E, ; = fiw.(n + 1/2) with
the cyclotron frequency w. = e B/m, in units in which 1 = 1.
At zero magnetic field, the ground state |FS) is a completely
filled circular Fermi surface of radius kr, and chemical po-
tential u = ep = k% /2m. At zero or very low temperatures,
the dynamics is governed by the states laying in the small
momentum shell kr — 1/2 < |k| < kp + A/2. Equivalently,
the energy shell can be written as € — Ae < E < €p + Ae.
Since A < kr, the single-particle energy dispersion can be
linearized around kr, and Ae = vgA /2, where v is the Fermi
velocity. From now on, we use units in which ¢ =1, e = 1,
and i = 1.

The number of filled Landau levels contained in the mo-
mentum shell below the Fermi surface is Ny = Ae/w, =
M%kr/2, where we have introduced the magnetic length
0% =1/B = vp/(krw,). Even in the limit A < kr, we
choose the magnetic field in such a way that there is still a

J

macroscopic number of filled Landau levels, N; > 1, in the
energy shell. This condition can be stated as w, < Avp, or
equivalently, ¢3 > 1/(AkF).

In Appendix A, we compute the fermion propagator in this
regime, and obtain the explicit expression

ik . . 2 =
iGp(x,y, ro) = Ee_’”r“ele’*/ dy Z Gy o(r, 1o),
0

{=—00

“
where r = |x — y| is the spacial separation, and ry =, — 1,
is the time difference. This propagator depends on the choice
of gauge. This dependence is contained in the phase 6. For
instance, in the Landau gauge, A; = —Bx,, A, = 0, where
we have chosen a cartesian coordinates system x = (xy, x3),
y = (31, ¥2), the phase 65 is

1
Op(x,y) = —5(x1 — y)(x2 + y2). (5

20%
Instead, in the symmetric gauge A; = —Bx,/2, A, = Bx;/2,
the phase is

1
Op(x,y) = —(x1y2 — y1x2). (6)
202

The rest of the expression for the propagator is gauge-
invariant.
In Eq. (4), we used the following notation:

eikFrcoqu

(N

Geolr.r0) = rcos ¢ — vprg + 2mll3kp +iasgn(rg)’
where ¢ denotes the direction normal to the Fermi surface,
i.e.,cos¢ =r - kp/rkp,and £ is an integer. Equations (4) and
(7) are the main results of this section.

In order to check the B — 0 limit, it is convenient to sum
over ¢ in order to have a closed form for the propagator. We
obtain

iGr(x,y,ro) = ”C—Fef"e""oem" /dgo elkrrcosg ! cot |: ! (rcosg —vprg +ia sgn(ro))i|. (8)
202k |20 kr

21

Expanding the cotangent in powers of 1/¢gkr, we obtain

1

iGp(x, y, "0) — izk_Fe—ieprgeiGB /d@ eikprcos¢p|:
T

rcos@ — vpro + o sgn(rp) B 12@‘}3

1
k2 (r COS ¢ — UFF())}, (9)
F

where the first term is the asymptotic Fermi-liquid propagator, first computed by Luther [12], and the second term is the leading

order correction in the small magnetic field expansion.

Returning to Eq. (7), and after Fourier transforming its expression, we find the asymptotic propagator in momentum and

frequency space,

~ 1

Gy(q.0) =

Thus the propagator oscillates as a function of the energy of
the particle-hole pair vy - ¢ with period w, /¢, damped by the
number of filled of Landau level N;. In the limit of w, —
0, Ny — oo and only ¢ = O contributes, recovering the well-
known Fermi gas result.

w—Vf-q+ivpisgn(w) -

o0
3 e cos <2ne o 'q>. (10)
=0

(OR

(
A. Occupation number

We will now discuss the structure of the occupation number
to check the consistency of the asymptotic propagator given
by Eq. (4). It will be needed below to develop the bosonization
technique. The occupation number, n(k), is given by the
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equal-time expression

n(k):/dzx iGp(x,0,0)e** . (11)
Replacing Eq. (4) into Eq. (11), we write
2w d(p
k)= — n,(k 12
n(k) /0 znnw(), (12)

with

+00
ny(k) = ikp Y / d*x %™ Gy ,(x,0) e . (13)

{=—00

To compute the integrals, we define a local coordinate system
for fixed direction ¢. Since kr = kr(cos ¢, sin ¢), we define
a local frame of two orthonormal vectors f, and Z,, respec-
tively, defining the local normal and tangential directions to
the Fermi surface. In this basis, position and momentum are
decomposed as x = xR, + x,1,, and k = k,f, + k;,. Thus,
in the local frame, Eq. (13) reads
2

. i a
ne(k) = ikp exp <—ﬁm)5¢z(kn, ko), (14)
B n

where we defined

S‘P (kna k[)
400 2/ 2/A | |
= Z / dxn / dx, G€,¢(xn’ 0) e_lk”x"_’ktxz
{=—00 —2/x —2/A

(15)

with A =2mkp/N is a momentum cutoff in the tangential
direction to the Fermi surface, with N >> 1 a large integer.
Here, we have chosen the phase 65 in the Landau gauge,
Eq. (5).

These integrals can be easily done in the limit A — 0
and A — 0. However, this limit should be taken carefully.
Remembering that the number of filled Landau levels is
Ny = M%kp/2, we need to take A — 0 and £ — 0o keep-
ing Ny > 1. Only in this way we recover the Fermi-liquid
behavior as B — 0. The result is

+00
ng(kn. ki) =kp8(k)Okr —kn) D" 8, 24, ¢6-k0)
n=—00
2

1 d
— ikpsin { - ——— 8(k)O(kp — ky).
i FSln{E% aktakn} (k:)O(kF )
(16)

This equation will be important when computing the algebra
of Fermi surface fluctuations in the bosonization approach.
Firstly, we observe that n,(k,, k;) is given by very localized
distributions. This is a consequence of the thermodynamic
limit. Any technical difficulty that could eventually emerge
for this reason, can be easily overcome by smoothing the
distributions, keeping the cutoffs A and A small, but finite.
An important observation is that n, is gauge dependent. In
particular, the second term in Eq. (16) comes form the phase
0p in the Landau gauge. Then, it should give no contribution
in the computation of any observable.

— 2 —]

- . kp I

Bkr

FIG. 1. Schematic representation of the fermionic occupation
number in a weak magnetic field. The level spacing is 1/¢3kr, while
the number of filled levels near the Fermi surface is N, = Al3kr /2,
where A is a momentum cutoff. In the limit of {3 — 0o keeping A
fixed, the set of Landau level is dense and we have the usual Fermi
gas expression n(k) = O(kp — k).

By replacing Eq. (16) into Eq. (12), we can compute
the full occupation number of the fermions. As stated,
the second line of Eq. (16) gives no contribution upon
integration over ¢. When written in terms of the an-
gle ¢, the first line reads ny(k, ¢) = kpd(ksing)O(kr —
kcosg), Sn,2kp(kcosp—kp)- UPON integration over ¢, we
find

+00
nk) = O(—q) Y 8pitg + 0<kq—F> (17)

n=—0o0o

where g = k — kp with k = |k|. The Kronecker deltas simply
indicate the location of the Landau levels,

g=—— —E<&)kﬂ (18)

CCkr 2\er

which are equally separated in intervals Ag = I/Z%kp. The
sum over n is actually limited by the cutoff A to the range
—Np < n < Np. The Heaviside function just locates the po-
sition of the Fermi surface. We depict this function in Fig. 1.

In the limit £3 — oo, the filled Landau levels, forg < A/2,
diverges and become a dense set of points, such that the
following limit holds:

+00 +00 "
Jim D S ak e = Jim ) =1, (19)
n=-—00 l=—00
where the last limit is taken in the sense of a distribution,
i.e., for huge values of g, terms with £ # 0 are strongly
oscillating, giving no contribution when applied to smooth
test functions. In this regime, the only relevant term is £ = 0,
obtaining the well known occupation number of a Fermi gas
at zero temperature, n(k) = O(kr — k).
An additional consistency check of the asymptotic propa-
gator deduced in this section is the computation of the density
of states

1
N(w) = —sgn(w — €p)—ImGpr(x, x, w) . (20)
g
Using Eq. (4), we obtain (see Appendix B)

N(@—€r) =N©0)Y_ Sn(werrfor @1)
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where N(0) = kr/vp is the density of states at the Fermi
surface of a two-dimensional Fermi gas.

III. BOSONIZATION

To proceed with bosonization, we follow closely the ap-
proach outlined in Refs. [13-15,22]. The main idea is to
project the fermion operator into a restricted Hilbert space,
built by restricting the momentum space to a small shell
around a Fermi surface. We expect that this restriction cor-
rectly dure the low-energy and long-distance physics at high
density, even in the presence of a small magnetic field, pro-
vided there is a very large number of Landau levels inside the
shell.

For simplicity, we illustrate de procedure by considering
a circular Fermi surface with Fermi momentum |kr| = kf,
which we coarse-grain by introducing N patches, each of
width A and height X, as shown in Fig. 2. The precise shape of
each patch is not important. At the end of the calculations, the
limit A — 0, N — oo should be taken, with the constraint
that, in the continuum limit, they add up to the size of the
Fermi surface, i.e., NA = 2wkp. Each patch is labeled by
an integer S = 1,..., N or, equivalently, by an angle ¢5 =
SA/kp, indicating the angular position of the patch on the
Fermi surface with respect to some arbitrary chosen axes (see
Fig. 2). Quite generally, we have that any set of functions f,
label by N integer numbers, S =1, ..., N, are equivalent,
in the continuum limit, to periodic functions f(¢s + 27) =
f(@s), in such a way that

A 2w
. Y fs— / dos f(¢s)
F 5 0

df (es) _

22
dos (22)

k
XF(fS+1 — fs) —

We introduce fermionic field operators ¥g(x), w; (x) on
each patch, S, defined as

1 ) .
Ys(x) = Ze-l"” ijszs(lo cr e*x (23)
N 1 . .
wg(x) — zew‘tk&x Xk: Qs(k) C]]; eftk~x ) (24)

Here, the operators c,t (cx) create (destroy) a fermion with
definite momentum k (for the moment, we are ignoring the
spin degree of freedom). Here, kg is the Fermi momentum k&,
at the center of the patch S, and Qg(k) is a compact support
distribution that takes the values: one, for k inside the patch
S, and zero otherwise. We work in a large but finite volume,
of linear size L, and area L2, in such a way that k form
a dense set of discrete values. Eventually, we may take the
thermodynamic limit L — oo, for which Zk — L2 f d?k.
We are using the normalization factors in the Fourier trans-
forms, Egs. (23) and (24), in such a way to have the following
bare field scaling dimensions: [cx] = [c,t] = land [¢s(x)] =
[yico] =Lt

The usual fermionic anticommutation relations

{eh, e} = Sk (25)

FIG. 2. Segmentation of a circular Fermi surface of radius kr in
patches of width A and height A. Two patches label by the angles
s and ¢, separated by an angle 6, are displayed. The shaded area
represents a set of filled Landau levels inside the patch.

imply, for the coarse-grained fermions,

W), Yr(x)) = 85,787 (x — x). (26)

The complete Fermi field can be reconstructed by summing
over the entire Fermi surface,

N
Yx) = e FTyg(x) . @7

S=1

The patch fermions ¥s(x) belong to a mixed coordinate-
momentum representation, where x is a configurational space
variable and S, or equivalently, ¢y is a momentum vari-
able. Eq. (27), is the generalization of the well-known one-
dimensional expression, ¥ (x) = e* *yrp(x) + e K ¥y (x),
that relates the microscopic field operator to the slowly vary-
ing right and left moving fields. Clearly, ¥s(x) generalizes
the concept of left, ¥z, and right, ¥z, moving fermions. To be
consistent with quantum mechanics, i.e., with the Heisenberg
uncertainty principle, the fields ¥g(x) are slowly varying
functions on a length scale ~k' (the mean distance between
fermions in real space).

The low-energy effective Hamiltonian can be obtained by
projecting the free fermion Hamiltonian of Eq. (1) to the
restricted Hilbert space spanned by states in the small shell
around the Fermi surface. We find

He=ivp ¥ / Px ylx) Ghs - Dys(x),  (28)
S

where vy is the Fermi velocity, fig is a constant unit vector
normal to the Fermi surface, pointing outward in the patch S,
and we have represented the covariant derivative acting on the
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projected space spanned by ¥s(x) = ¥ (kg, x), as

0

D,:V,+zk i 5 €iT—— .
ST Bk

(29)
Here, the covariant derivative has two parts. The first term acts
on the slowly varying position variable x, while the second
part is in the momentum representation and acts on the Fermi
surface. We will show that, since both parts commute with
each other, this scale separation has important consequences
on the symmetries of the system.

Equation (29) was obtained by fixing the symmetric gauge
A = gei_jx_j. The term proportional to ik contributes to the
energy of the ground state (e = vpkr) and can be ignored,
since it cancels out upon normal ordering the Hamiltonian
with respect to the filled Fermi sea. We decided to keep it in
the definition of the covariant derivative, since it is important
to study symmetries of the low-energy Hamiltonian, as we
will see in the next section.

To obtain the effective low-energy Hamiltonian of Eq. (28),
we linearized the dispersion relation in each patch, con-
sidering that the momentum excitations have |k —kp| <
A< A <kp. We have also ignored terms of the order
1/(£gkp)? <« 1.In other words, we have neglected subleading
terms in w./vrkr < 1, meaning that the energy difference
between Landau levels is much smaller than the Fermi en-
ergy. The Hamiltonian Hp is the generalization of the usual
low-energy Hamiltonian considered in bosonization of Fermi
liquids [13-17,19,22]. In the presence of a weak magnetic
field, the chiral fermionic components are coupled with the
derivative term proportional to 1/(¢%kr).

Particle-hole excitations are created by acting with the
operator 7ix(q) = c}t +q/2Ck—q/2 O the reference state |FS).
Deformations of the Fermi surface can be parametrized by a
normal ordered particle-hole operator, smeared at each patch.
We define

Sns(q) =y stk —q/2)Q2sk +q/2)
k

X {Chy q/2Ck—q/2 — (FSIch, 4 nCh—q2[FS)}. (30)

As before, Qg(k) is a distribution with support inside the
patch S. By definition, in the ground state, with an undistorted
Fermi surface, (FS|6ng|FS) = 0, since the operator is normal
ordered with respect to this state.

The dynamics of the Fermi surface is governed by the
Heisenberg equation

3sns(x)
at

Using the fermionic anticommutator algebra, Eq. (25), we find
that this equation of motion has the form of a collisionless
Boltzmann type equation:

3sns(x)

= i[Hr, $ns(x)] . 31)

dons(x)
s

While the second term rules the excitations normal to the
Fermi surface, the last term, coming form the Lorentz force,
induces an evolution of the patch variable around the Fermi
surface. This equation is a particular case of the Landau-Silin
[21] equation obtained by means of a phenomenological treat-

+ vg - Véns(x) — o, 0. (32

ment of a Fermi liquid in an electromagnetic field. A similar
quantum Boltzmann equation was deduced previously in the
context of the quantum Hall effect at filling factor v ~ 1/2,
by applying nonequilibrium Green function techniques to a
fermion model coupled to a Chern-Simons field [45]. More
recently, a related magneto transport equation with similar
structure was deduced in a context of disorder strange metals
[46].

The question is whether we can get this equation of motion
from a pure Bosonic approach. To answer it, we firstly com-
pute the commutation relations of éns(x). Using Eqgs. (30) and
(25), we find

[8n5(q). Snr(—g)] =804 Y _ Qslk — q/2)Qr(k +q'/2)
k

X (g5 (q) — ng, (—q")) (33)

where n,,(q) and n,, (—q) are the occupation numbers at
the patches S and T, respectively, computed in the previous
section [Eq. (16)]. Expanding these quantities for small values
of g, we find

2

/ LA\ -
[6ns(q), dnr(—q)] = <7)D5(q)5S,T5q,qH (34)

where Dg(q) is given by

i 0
Gkr dgs”
Fourier transforming Eq. (34), we have the commutation
relation in real space,

Ds(q) =hs-q — (35)

A
[Bns(x), dnr(y)] = _<E>iDS[82(x —y¥srl, (36

where

1 0
Ckp s
This equation is the key of the bosonization procedure, and,
for this reason, it is important to comment on its meaning and
its range of applicability.

In Eq. (37), Dy is essentially the normal component of the
covariant derivative at each patch S. At zero magnetic field,
the expression Dg = i - V reduces to the usual Schwinger
term analogous to the one found in one-dimensional bosoniza-
tion (where S = R, L) and in bosonization of Fermi liquids
[13,16,18]. The effect of the magnetic field is to produce a
new term tangent to the Fermi surface. In this way, in the
presence of a magnetic field, the commutation relations are
no longer diagonal in the patch basis, and hence mix states on
different patches of the Fermi surface. The algebra of Eq. (36)
can be regarded as a covariant Schwinger algebra. Essentially
the same commutation relations have been recently proposed,
computed by means of semiclassical arguments, in the (quite
different) context of fractional Hall states [47].

As usual in the treatment of multidimensional bosoniza-
tion, in order to close the algebra, we have discarded terms
proportional to the ratio A/A < 1. Then, the limit of a large
number of patches N should be taken satisfying A < A < kp.
While this is well established in the bosonization of a Fermi
liquid, special care should be taken in the presence of a

Ds =g -V + (37
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magnetic field. Indeed, we need to guarantee that, even in
the limit of very small A, there should be a huge number
of Landau levels N; = )\,K%k}:‘ /2 > 1 inside the momentum
shell around kp. This requirement thus relates the number
of patches N with the number of Landau levels N;. In fact,
the limits N — oo, {5 — 0o do not commute. To clarify this
point, suppose that we may (wrongly) take the limit N —
oo, fixing the magnetic length £5. Then, the width of the
energy shell around the Fermi energy gets smaller than the gap
between Landau levels, Ae < w,. In this case, the concept of a
Fermi liquid with a well defined Fermi surface is lost. As a last
interesting remark, notice that in Eq. (36), the magnetic field
contribution is exact, i.e., there are no higher-order correction
terms in a 1/¢gky expansion.

Having established the bosonic character of the field dng,
we can introduce the local quadratic Hamiltonian

Hy = Z;’[F\ Z/dz L on2(x) (38)

where the colons mean normal order with respect to the filled
Fermi sea state |FS). By computing the Heisenberg equation
of motion,

3sns(x)
at

using the bosonic algebra of Eq. (36), we find that it is exactly
the same equation, Eq. (32), that we have found above by
direct computation in terms of the fermionic fields.

Thus we established that the low-energy fermionic Hamil-
tonian Hp, of Eq. (28), with the standard anticommutation
relations, leads to the same equation of motion for the particle-
hole excitations that the one derived by using the quadratic
bosonic Hamiltonian Hpg, of Eq. (38), with the bosonic co-
variant Schwinger algebra, Eq. (36). This is the main result of
this section.

It is convenient to have a representation of the Fermi sur-
face deformations, and the low-energy Hamiltonian, in terms
of canonical Bose fields. Since dng(g) does not annihilate the
ground state, we define the following operators:

2
as(@) =\ 73x % Y lets.s (@05 (@O
S/

= i[Hpg, dng(x)], (39)

+al o (@)8ns (—)O(—gu)], (40)
2
al(q) = || T35 x Yleh s @)6n5 (0O (g,)
S/
+as.5(q)8ns (@)O(—gy )], (41)

where a5 ¢(q) is a set of matrices to be determined, g, =
iy - q, and O is the usual Heaviside distribution. It is imme-
diate to verify that

as(q)[FS) =0. (42)

In addition, the requirement that the bosonic operators as and

ag satisfy canonical commutation relations

las(q). ay(g)] = 85,7 (q.q + 8q—q)- (43)

fixes the matrix as 7(q) to satisfy

Y ot p(@ar s(g) = Dgi(g), (44)

T

where D;g,(q) is the Green function

R i 0

{ns q Chr 8@3} D5y(g) =455 - (45)
We will see that this Green function plays a central role in the
bosonization theory. It will recurrently appear in the structure
of the bosonization construction, as well as in the computation
of all correlation functions. In Appendix C, we study in detail
its mathematical properties.

Inverting Eqgs. (40) and (41), we obtain the desired relation
that describes the Fermi surface deformation in terms of a set
of canonical harmonic oscillators,

L
ons(q) = A2 [Bssas (9)0(qn)
-

+ B sal (@O (=g, (46)

where we introduced the matrix 8 = a~!. We see that a local
deformation of the Fermi surface dng(q) is given by a linear
superposition of canonical harmonic oscillators around the
Fermi surface.

Replacing Eq. (46) into Eq. (38), we obtain the bosonic
Hamiltonian in terms of canonical harmonic oscillator fields,

Hy=vr Y Y alq) Ds(g)asq).  (47)
N

q

As expected, the quadratic bosonic Hamiltonian is not diag-
onal in the patch basis, when written in terms of canonical
fields.

IV. SYMMETRIES OF THE LOW-ENERGY EFFECTIVE
HAMILTONIAN

Symmetries of a microscopic model should be checked in
an effective low-energy model. On the other hand, low-energy
Hamiltonians often tend to exhibit larger symmetries, that are
broken at a more microscopic level. A standard example is
rotational symmetry which is broken down to the (discrete)
point group symmetry of a lattice but becomes continuous at
a critical point. Another example more relevant here is the
case of a Fermi liquid. A microscopic interacting fermionic
Hamiltonian should have global gauge U(1) invariance, re-
lated with the conservation of particle number. Of course, any
low-energy effective theory, such as Landau theory of Fermi
liquids, or higher-dimensional bosonization, should at least
have this same symmetry (provided the total particle number
is still conserved.)

However, new symmetries can emerge at low energies. In
fact, in the Landau theory of the Fermi liquid, the low-energy
Hamiltonian is invariant under a global phase transformation
at each point (patch) of the Fermi surface. Then, the system
with N patches has a U(1)"Y symmetry, related with the
particle number conservation at each patch. In the thermody-
namic limit, the theory formally has a huge U(1)> invariance.
In the language of the renormalization group, we say that
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the microscopic interactions that break U(1)*° symmetry are
irrelevant operators at the Fermi-liquid fixed point [15,20,48].
We will now see that something similar occurs in the Fermi
gas in a magnetic field.

A. Global U(1) symmetry

Let us begin with the symmetries of the projected low-
energy Hamiltonian. Since the particle number is glob-
ally conserved, the Hamiltonian should be invariant under
global phase transformations, ¥¢(x) = exp(ie)y¥s(x), for
S=1,..., N and « a constant. However, unlike the Fermi-
liquid fixed point which has a U(1) symmetry for each patch,
the Hamiltonian of a Fermi gas coupled to an external uniform
magnetic field is not invariant under phase transformation
on each patch, ¥s(x) — exp(iag)¥s(x), since the magnetic
field breaks this symmetry, thus implying that the charge is
not conserved separately at each patch.

This effect has a close relation with the chiral anomaly.
If we take for instance a one-dimensional subsystem by con-
sidering two opposite patches, say S; and —S;, the Hamilto-
nian is invariant under the chiral transformation 1//;5, (x)=
exp(Lia)y¥is (x). In the presence of an external electric
field along ng, the divergence of the chiral current is not
zero, meaning that the charge is not conserved in each patch
independently. In this case, the system develops a charge
density way, breaking translation invariance [49]. This chiral
anomaly is a direct consequence of the Schwinger term in the
U(1) current algebra. The magnetic field has no effect on each
one-dimensional subsystem. However, it breaks translation
symmetry to magnetic translations. To take this effect into
account, the chiral anomaly (the Schwinger term) should be
modified by the magnetic field, mixing different patches as we
have already described in Eq. (36). This term should transfer
charge from path to path along the Fermi surface.

At the quantum level, the generator of the global U(1)
symmetry is the particle number operator AN, normal ordered
with the filled Fermi sea reference state |[FG). In the bosonic
representation, it can be written as

AN =Y " ANs= Z/dzx Sng(x) , (48)
S S

where we have introduced the number operator at each
patch ANg. Using the bosonized Hamiltonian Hp, given by
Eq. (38), and the covariant Schwinger algebra of Eq. (36), it
is simple to derive the commutation relation [ANg, Hg] =
—iw. N5 - Consequently, the equation of motion for the

dos
particle number at each patch is

dANg dANg

+ w, =0. (49)
ot Qs
A general solution, ANy = ANg(¢s — w.t), is a local charge
perturbation wrapping around the Fermi surface with velocity
We / k F-

In the absence of magnetic field, . — 0, [ANg, Hg] = 0,
and the system is U(1) invariant at each patch, independently.
However, even for a weak magnetic field, this huge symmetry
is broken. Of course, by summing up over the patches of the
hole Fermi surface, we obtain [AN, Hg] = 0, as it should be,
since the total charge is conserved.

B. Magnetic translations

The full Hamiltonian, Eq. (1), is not invariant under trans-
lations, due to the presence of the uniform magnetic field.
Instead, it is invariant under the transformation ¥ (x) —
exp{—i(B/2)a x x}{¥(x + a), that characterizes the group of
magnetic translations. Its infinitesimal generators are D} =
d; — ieA;, which satisfy

[D}. D¥] = iBe; , (50)

[Df,D;1=0. D

Elements of the group, i.e., finite magnetic translation labeled
by a vector a, T, = exp(a - D*), satisfy the algebra

[Ta, Tp] = 2i sin (gﬁ -(a x b)) Tasp . (52)

Using Egs. (1), (50), and (51), we easily show that [T, H] =
0, confirming that this is indeed a symmetry. Evidently, this
symmetry should also be obeyed by the (patched) low-energy
Hamiltonian.

It is instructive to see how the infinitesimal generators of
magnetic translations are represented on the fermionic basis
for each patch, ¥s(x). Considering the projection of D} on
the small shell around the Fermi surface, we have

. . 1 ad
D =V; +iks; + 2 €j Ty (53)
It is very easy to check that these operators in fact satisfy the
algebra of Egs. (50) and (51). In fact, Eq. (51) guarantees that
these generators commute with the Hamiltonian, [ D}, Hr] =
0, implying that the low-energy Hamiltonian is invariant under
the infinitesimal transformation

1 0
SYs(x)=(a-V+ia -ks+ —ax — |ys(x). 54)
Ly oksg
The action of a finite magnetic translation on a patch fermion
is

Ve(x) = T,ps(x) = €55 Ygas(x +a),  (55)

where AS = ity - a/Z%kp. The net effect on g is, not only to
translate the position x — x + a, but also to shift the patch
parameter S by AS. The transformation also changes the
phase by an amount ks - a.

To clarify that the transformation of Eq. (55) is in fact a
magnetic translation, it is necessary to reconstruct the full
fermion operator by adding up the contributions over the
patches of the whole Fermi surface. We then have

Y =) ety as(x + a)
N
=Y Ry ey, (56)
N

where in the last equality, we have shifted S — § — AS. In
the limit of small magnetic fields, 1/¢gkr < 1, we can write
ks_as-x =ks-x —(x xa)-ZB/2, and then

¥ (x) = € TE@N Y (x 4 a), (57)
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which is precisely a magnetic translation of the full fermion
operator.

Our next task is construct a bosonic representation of the
magnetic translation generators. It is known that the elements
of the group can be represented as nontrivial linear super-
position of fermion bilinears [50,51]. In our case, it is more
convenient to use a nonlinear representation in terms of the
bosonic excitations éng or, equivalently, ag, a}. The desired
representation of the generators of magnetic translations is

Al _ |
m= B L ;/dzx (szSns(x) + s :8n§(x):),

(58)
which coincides with the canonical momentum of a Fermi
liquid [18]. The covariant Schwinger algebra, Eq. (36), guar-
antees that this expression satisfies the magnetic translation
algebra, Eq. (50). It is possible to rewrite Eq. (58) in terms
of the canonical bosonic fields ags and ag. However, in that
representation, IT is not diagonal in the patch variable S.

C. Translations

As anticipated, the low-energy Hamiltonian, Hr, has more
symmetries than the full Hamiltonian H. In fact, Hr is also
invariant under translations ¥(x) = ¥s(x + a). This hap-
pens because the projection process brings about a splitting
of scales, as was already observed in the structure of the
covariant derivative, Eq. (29). Indeed, the rapidly oscillating
part, proportional to kp -x, has been extracted from the
definition of {r5(x), leading to a slowly varying field on scales
[x] > k;l. The infinitesimal generator of translations, P =
—iV, commutes with all the other symmetry generators and
with the Hamiltonian, i.e., [P;, P;] = [FP;, D;‘] =[P, D] =
[P;, Hr] = 0. The bosonic representation of P is written in a
simpler way in terms of the bosonic fields ag and aé,

P=)" / d’q q al(q)as(q) . (59)
N

Notice that, if rewritten in terms of the fields dng, this is a
nonlocal function of the patch variable S.

V. THE FERMION OPERATOR

To push forward the bosonization program, we need to
build the fermion operator in terms of canonical bosonic
fields. The fermion operator should satisfy the following
commutation relations:

[AN, ¥s(x)] = —s(x),

) 1 0
[IT;, ¥s(x)] = <Vi +iks; + gﬂj@)@”s(x),

[P, ¥s(x)] = —iVis(x), (60)

where AN, II, and P are the infinitesimal generators of the
main symmetries of the low-energy system, already described
in the previous section. Their bosonic representation is given
by Eqgs. (48), (58), and (59), respectively.

Interestingly, these three commutation relations are simul-
taneously satisfied by simply using

[Ys(x), dnr(y)] =8(x — y)ds r¥s(x) . (61)

For consistency, Eq. (61) can be independently confirmed by
means of the definition of n ¢ and the usual fermionic algebra.

Similarly to the Fermi-liquid case [15], we propose the
following ansatz for the fermion operator:

1 .
Ys(x) = gw\x Kg '™ (62)

where K are the Klein factors (that ensure anticommutation
relations of the fermion operators at different patches), and
¢s(x) is a bosonic phase field. Both operators will be deter-
mined below.

Upon replacing Eq. (62) into Eq.(61), and additionally as-
suming that [K, dnr] = 0, and [¢s(x), dnr(x')] = ¢, where
¢ is a complex number, we find that the bosonic field ¢g(x)
must obey

[Bns(y), ¢r(x)] = —id(x — y)ds,7 - (63)

Evidently, the fermionic phase ¢s(x) is the canonical conju-
gate field to Sng(x). This algebra is then exactly solved by
defining

A
dng(x) = WDsqﬁs(x) , (64)
with the commutation relations
(n)?

[Ps(x), pr(¥)] =

il —1
DshE =y . (69)

Equations (64) and (65) are an elegant (and important)
generalization of the usual expressions of bosonization of
Fermi liquids. Indeed, in the limit w, — 0, the covariant
derivative becomes Dg — fig -V and the Green function
approaches the limit DS’,IT(x —y) — sgn(x — y)ds.r, thus
recovering previous existing results [13-17].

By inverting Eq. (64), we obtain the desired relation be-
tween the phase ¢gs(x) of the fermionic operator and the
bosonic particle-hole excitations

2\ 1 N A
¢s(x>=—z<7> X;e ‘ ;Ds,éf<q>any<—q).

(66)
We can now see the main change between bosonization in the
absence of a magnetic field and with the application of a weak
enough field. In the former case, the phase of the fermionic
patch operator is a local function of the density fluctuation
dng. In the latter, instead, the phase at a single patch § is
defined by the contribution of dn g on the entire Fermi surface.
The structure of the patch superposition is coded in the Green
function of the normal covariant derivative, ES_ ls
It is useful to rewrite the phase of the fermionic field in
terms of canonical fields operators. By replacing Eq. (46) into
Eq. (66), we obtain

2 .
b(x) = =i D e x Zsj{as,s«q)a;(q)@(qno
- ,

— ok o (—q)as (9)O(—q,)}. 67)
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Here, the phase operator is written in terms of a coherent
superposition of harmonic oscillators, defined on the whole
Fermi surface. The corresponding weight is given by the
functions oy g, that can be roughly thought as the square
root of the Green function, o ~ DS_I/ 2 The precise definition
of ag ¢ is given in Eq. (44). In the limit of zero magnetic
field, the Green function becomes local in the patch basis, and
Eq. (67) reduces to the usual local expression [15,19,22].

The Klein factors K g should be built in order to ensure anti-
commutation relations between fermions defined on different
patches. Consider, for instance,

|
Ks = ‘}iir%)eln 25’215”5’(11)’ (68)

where we have chosen an arbitrary reference S = 1 and we
have ordered the patches counterclockwise. It is then straight-
forward to show that the Klein factors commute with each
other, [Kg, K7] = 0, and that they are their own inverse, i.e.,

Ks KST = 1. Moreover, by using Eq. (63), we have

—ys fT>S
+ys TS

This construction completes the definition of the fermion
operator.

KiwsKr = { (69)

A. The fermion propagator at equal times

As an example and to check the consistency of the con-
struction, let us compute the fermionic equal time expectation
value on the same patch. Using the definition of the fermion
operator, Eq. (62), we have

AA

(Wi)Ys(0) = 2 )2< e IPsX)eiPs Oy (70)
Using the Baker-Hausdorff formula,
eﬁeé — eA+1§ : e<A1§+(1/2)(A2+1§2)>’ (71)
we can write
(Wi)ws(0) = (2 Gy ¢G5, (72)

where we used the notation

Gy(S, x) = (FS|¢s(x)ps(0) — ¢5(0)[FS)

1
= —5 (FSl(¢s(x) — ¢s(0)’FS) . (73)

Using the representation of the bosonic field ¢g in terms of
harmonic oscillators, Eq. (67), and the fact that ag|FS) = 0, it
is simple to obtain

27\* 1 ,
Gy(S.x) = (Tn> ~ 2 (T =1)D5se) . (74

q.9,>0

where D;ls(q) is the diagonal sector of the covariant deriva-
tive Green function given by (see Appendix C for its compu-
tation)

e 2mt(vs-q/wc)

Dy | = _ . 75
5s@) XKj a (75)

Replacing Eq. (75) into Eq. (74) and integrating over ¢, and
q; (in the local frame), we find

i 77002 F A
Gy(S.x)= {Ze In [ | forla xxia <1
—00, for | x x|A > 1
(76)
Plugging this result into the equal-time propagator of the patch
fermion, Eq. (72), we find

1-[ 1+ i2mel3kph

(2 )2 x+i/n+ 2mtlky
1

(271)2 Z A-x +2m00%kp +i /A

(Yh)Ys(0) =

+ O(/Np) a7

for |fig X x|A < 1 and zero otherwise. The last expression
coincides with the result for the fermion propagator, Eq. (7),
at equal times ro = 0, with corrections at least of order N,

VI. QUANTUM DYNAMICS OF THE FERMI SURFACE
IN A MAGNETIC FIELD

To describe the Fermi surface dynamics, we write the
generating functional in a coherent state path integral repre-

sentation [15],
:/(HDaTSDM) e"s[”s’“g], (78)
s

where the action is
Slas.af] = > / dtd*x{alid,as — Hglas, all}.  (79)
S

Using the explicit form of Hg, Eq. (47), the action takes the
form

Sla] = f Pgdo’y” al(q. @M} (g, 0ar(g, o) (80)
S, T
with
M 1(q. ) = {o — v Ds(@)}bs.r 81)

and the covariant derivative, D s(q), is given in Eq. (35).
The Bosonic correlation function,

(al(@, @), ar(w, q)) = M(w, ¢, 95, 1), (82)

is found by solving the linear differential equation,

a
<w—vs q+lwca¢ )Msr—5 (ps —e@r),  (83)

where 8,(¢s) = ), 8(¢s + 2mn) is the periodic Dirac delta
function.

We can express the Green function in terms of eigenvalues
A, and eigenfunctions ¥, (w, ¢, ¢s) of the operator Mng We
have

1
Msr =3 = (@s)¥nlpr) (84)
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provided A, # 0. The eigenvalue equation reads

(a)—l)g q+lwc )% MnWu s (85)

with periodic boundary conditions ¥, (¢s) = ¥, (s + 27).
The solutions of this equation are the orthonormal eigenfunc-
tions,

1 VR
Un(ps) = Ee’"‘”_"?sm“’s , (86)

and the eigenvalues are A, = w — nw., with n integer. By
replacing Eq. (86) into Eq. (84), we obtain

Vpd g G
—i= (sin ps—sin 7))

e

Msr(w,q) = )
X pin(ps—or)

with the desired property, Msr = M7 . We observe that
My 1 has poles at frequencies corresponding to the energies
of the Landau levels, w = nw,. To the best of our knowledge,
this is the first time that the Landau level quantization appears
in a bosonization procedure. An equivalent phenomenon has
been described in the context of a hydrodynamic description
of composite fermions in a half-filled Landau level [45]. Here,
the Landau levels appear as zero modes, A, = 0, of the op-
erator Mg '— & — Dg(q), upon imposing periodic boundary
conditions around the Fermi surface. Thus, in our context,
Landau quantization is a global property of the Fermi surface,
and cannot be seen in a single patch expansion.

The limit of small frequencies, w < vrq, and in particular
the limit w — 0, is highly singular an needs to be handled
with care. To this end, it is useful to rewrite the Green function
in terms of the dual Fourier series of the Landau levels. Using
the Poisson summation formula, we have

x me

D

n=—oo

z (0—27 L)

Z/ s e (88)

Defining 6 = ¢g — ¢r as the angle subtended by two patches
(see Fig. 2) and performing the z integration (analytically
continued to the complex plane), we find

l .
M(w,q,¢s5,0) = o 2rl)exp(ice) , (89)

where we defined the phase

w Vs-q .
ap(w, q,0s,0) = 07(0—21'[()— sin 0
_ U X _ osh). (90)
Wc

Equation (89) is completely equivalent to Eq. (87).

In order to compute the intrapatch (diagonal sector) Green
function, we coarse-grain the bosonic Green function on each
patch, by integrating over the variable 6 on one patch. We
define

+A/2kp
Gy = [ a0 M@.q.05.0). O
—A/2kp

In the limit |6] < 1, sin@ ~ 6, and 1 — cos @ ~ 6. Thus, at
leading order, the phase «; becomes

@ Us-4q
a(w, q,¢s,0) = w—é) - @+ 270),

where we have shifted 6 — 6 + 27¢ in order to have a well-
defined limit for small frequencies w < vy - . The result of
the integration in Eq. (91) is, in the limit N, /N > 1,

eﬂ'er[(%)
G b = ’ 92
ss(@, q) ;w—vs-q+iA€Sgn(w) 02

where we have performed the analytic continuation v — w +
i A€ sgn(w).

The ¢ = 0 term in Eq. (92) is the well-known result for the
particle-hole correlation function of a Fermi liquid. The effect
of the magnetic field is to introduce oscillatory terms, which
lead to the discretization of the spectrum. This is depicted
schematically by the shaded area in Fig. 2. Finally, we note
that this expression has the correct low-frequency behavior
since

lim Gss(w, q) = —Dgg(9) (93)

is used above in Eq. (75). An independent detailed computa-
tion is presented in Appendix C.

In the same way, we can compute the interpatch (off-
diagonal) bosonic correlation functions. Consider 6 = +
860, where 8 is the finite angle subtended by the patches S and
T, and integrate over |§6| < A/kp. The result is

Gsr(w, q)
sin[ka(w vs-qcosé—i-vsxqsiné)] .
_ _ —iae(9)
— w—Us ~gcosf +vg x gsind + i Ae sgn(w)
94

with |6] > A/kp. For weak magnetic fields, this a strongly
oscillating function of w. Due to the analytic continuation,
w — o+ i A€ sgn(w), the Fourier transform yields an ex-
ponential factor of the form Gg 7 (¢, x) ~ exp(—N./N) that
enforces the condition that the limit lim,, .0 G5 7(t,x) =0
as it should be.

VII. DE HAAS-VAN ALPHEN OSCILLATIONS

A distinct characteristic of metals in weak magnetic fields
is the presence of quantum oscillations [52,53]. They encode
the main features and existence of a Fermi surface. The
de Haas-van Alphen effect (dHvA) [27,53] consists of the
periodic oscillation of the magnetization as a function of
an external magnetic field. It is widely used as a tool to
investigate the structure and topology of the Fermi surface.
In this section, we show how the dHVA can be computed by
using the bosonization approach. In particular, we show that
the structure of the oscillations is contained in the bosonized
action, and depends on the dynamics of the collective modes
of the Fermi surface. This is important because, on the one
hand, confirms that the bosonization procedure we present
here correctly dures the structural properties of the Fermi
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surface. On the other hand, it opens the possibility of com-
puting quantum oscillations in extensions of the present work
to strongly correlated systems, e.g., the nematic Fermi fluid.

We begin with the bosonic path integral representation of
Eq. (78). Integrating over the bosonic fields ag and a}, we find
the zero temperature limit of the thermodynamic potential,
F = —1InZ. We find

F(w,) = —Trin(M™"), (95)

where the operator M~! is the kernel given by Eq. (81).
The orbital magnetic moment M can be computed as

M= (B ()28
2)aB = M\k1? ) o,

o \py(p M (96)
= — |Tr .
AV Yo

Here, up = 1/2m = vp/2kp is the Bohr magneton in the
natural units for our system. The operators M and M~! are
diagonal in both frequency and momentum variables (w, q).
However, they are not diagonal in the patch index S. Then, the
trace can be computed as

( ”“)
Tr| M x
dw,

_ / dod? ). O7)
Here, for simplicity, we use the notation |S) = |§, w, q).
On the other hand,
aM~! .0
(T| |S) =i —368(ps — @r)- (98)
dw, s
Then the magnetization takes the form
KB 9 MS T
M= 99
l (kF ) / q Z ©9)

Here, the condition T = S should be understood as ¢ = ¢g
in the sense of a coarse-grained expression on a patch, i.e.,
—A/2kp < o5 — @7 < A/2kp. Thus,using 0 = @5 — @7, we
have
A/2kp
Msr| __ m do
007 |7—g AJkp=0 J_p g,

where M (¢g, 0) is given by Eq. (89).

Now, we choose a local coordinate system in each patch,
d*q = dq,dq,, and integrate over g, and w. After taking the
continuum limit (A/kr) > ¢ — fOZ” des, we find the follow-
ing expression for the orbital magnetization M:

2w
— __ d d i2me F[" cos g
M=) S dose
7TUF
<ka)Z/ dqJo2rtvrq/w.)

where Jy(z) is the Bessel function of the first kind. Finally, we
compute the g integration, remembering that we are working
in the asymptotic limit vgA/w, >> 1. Disregarding constant

dM(gs, 0)

, 100
70 (100

(101)

FIG. 3. Orbital magnetization M./ g, Eq. (102), as a function
of vpA/w.. We have considered the first twenty terms in the sum.
Higher harmonics make no difference within the graphic precision.
Each time the variable vpA /@, is an integer, the magnetization has a
cusp, corresponding with an additional complete filled Landau level
inside the patch.

terms, we find for the oscillatory part of the magnetization the

result
We 1 . 27[@1)1?)\. T
B,/—vaﬂ\;msm( o +Z> .

(102)
We see that, the magnetization oscillates with the vari-
able 1/w., with period 1/(£vpA). Each harmonic is weakly
damped by the power law £%2. The overall oscillating
function is damped at low fields with an envelope func-
tion (w./2mvpA)'/2. This result coincides with the zero-
temperature limit of the well-known Lifshitz-Kosevich for-
mula [27]. From a geometrical point of view, the envelope
function is the flux of the magnetic field through the area
1/2mkgA, corresponding (in momentum space) to the area
limited by the shell of width A around the Fermi surface. It
is interesting to note that the argument of the sin function,
vrpA/we, is the number of Landau levels contained in each
patch. Thus the magnetization completes one period every
time an additional Landau level enters the patch, as the
magnetic field is lowered.

In Fig. 3, we depict the orbital magnetization, Eq. (102),
where we have summed the first twenty harmonics. Higher
harmonics make no difference within the graphic precision. In
Fig. 4, we present the magnetic susceptibility y = dM/0B.
We observe divergencies, each time a new Landau level
enters the region bounded by |¢| < A/2. The divergence arises
because higher harmonics are damped with the extremely low
power £~/ producing a divergent series at each Landau
level. Even though, this is a zero-temperature computation,
temperature fluctuations put another energy scale in the prob-
lem. For relatively strong fields, w, > kT (where kp is the
Boltzmann constant), the results essentially coincide with the
zero temperature expression. For weak fields, w, < kg7, tem-
perature exponentially damps out higher harmonics, and only
the leading term, £ = 1, survives. In this case, the divergencies
of the susceptibility are rounded by temperature.

Mosc = _2M
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FIG. 4. Magnetic susceptibility dM,/dB, as a function of
vrpA/w.. We have considered the first twenty terms in the sum. For
vrA/w,. = integer, the susceptibility diverges, corresponding to the
inclusion on an additional complete filled Landau level inside the
patch.

VIII. FORWARD SCATTERING INTERACTIONS

The power of bosonization as a nonperturbative technique
is due in part to the fact that two-body forward scattering in-
teractions can be written as quadratic operators in the bosonic
basis. The more general two-body interaction term in the
low-energy Hamiltonian can be written in terms of products of
four fermionic operators, w;l (x)w;z( YWs, (x)¥rs,(y), where
{S1, S5, S5, S4} is a set of patches over the Fermi surface.
Symmetries strongly constrain the possible terms that should
be considered. Momentum conservation, ks, + ks, + kg, +
ks, = 0, selects two kinds of processes: forward scattering
interactions for which S; = S3 and S, = S4, and BCS type
interactions for which S = —S, and S3 = —S4. Moreover,
exchange processes (5] = Ss, S» = §3) are absent in the spin-
less model with reasonably local interactions. In the absence
of magnetic fields, these types of low-energy Fermi surface
interactions were extensively studied both in the fermionic
basis [20,54] as well as with bosonization techniques [13—
19,22,24,25].

Considering a simple model, based on a circular Fermi
surface, couplings between different patches can be classi-
fied according with irreducible representations of the rotation
group. Each representation is labeled with an angular mo-
mentum quantum number £. Then, it is possible to consider
forward-scattering interactions between charge densities (¢ =
0), dipole moment density (¢ = 1), quadrupole moment den-
sity (£ = 2), and so on. The simplest term is a density-density
interaction of the form

Hu =Y / d*xd’yfo(x — YL Yr(p),
S, T

(103)

where in the Fermi-liquid phase, the interaction potential
can be considered as being essentially local, fy(x — y) =
fod2(x — y).

By carefully computing the point-splitting product of
fermion operators, lim._,¢ : w;(x + en)Ys(x — €n) :, using
the fermion operator defined in Eq. (62), we find the usual

bosonization rule
Y ws(x) = (1/L) ns(x).

Notice, however, that the bosonization of the local charge
density operator p(x) = 1//T(x)w(x) contains, in addition to
this contribution, other operators involving fermion operators
on different patches, e.g., the charge-density-wave operator
that involves patches on opposite sides of the Fermi surface.
We will not consider these interesting effects in this work.

With this identification, the interaction Hamiltonian,
Eq. (103) is bosonized to a quadratic operator

Hyy = gfd%z;ans(x)anr(x): .
S. T

(104)

(105)

Thus the interacting fermionic model is mapped onto a system
of nontrivially coupled harmonic oscillators.

The bosonization of forward scattering interactions with
higher angular momentum, such as, for instance, quadrupo-
lar interactions, is more involved. The reason is that the
quadrupole density contains second-order covariant deriva-
tives that do not commute. Thus, in order to bosonize them, it
is necessary to carefully implement a point-splitting compu-
tation on the Fermi surface variables. We postpone this study
for a separate future presentation. We finish this section by
showing a calculation of collective modes in the simpler, but
nontrivial, case of density-density interactions.

A. Collective modes

An instructive application of the bosonization technique in
a magnetic field is the computation of Fermi surface collective
modes. Let us consider the interacting Hamiltonian

H = Hy + Hin, (106)

where Hy and Hj, are given by Eqgs. (38) and (105), re-
spectively. Using the covariant Schwinger algebra, Eq. (36),
we can write the Heisenberg equation of motion, 9,6ng =
—i[H, éns], as

26 26
ng(x) b vg - Vons(x) — o, ng(x)
at dps

+ Fovs- V) dnr(x)=0, (107)
T

where we defined the dimensionless parameter Fop = N (0) fo,
where N(0) = kr/vr is the one-particle density of states at
the Fermi surface. Fourier transforming in x and ¢, we find

a
<w —Vs-q+ iwcw)&is = Fo(vs-q)p(q, w), (108)
S

where we have introduced the (long wavelength) density
p(q, w) =) ¢éns(q, w). This equation can be inverted as

Sns(g, @) = p(g, @)Fo Y Msz vr-q,
T

(109)

where the Green function My r is defined in Eq. (87), or
equivalently, Eq. (89). This is a formal solution, since dng is
present on both sides of the equation, thorough p(q, w). In
order to find the self-consistent condition for the collective
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modes, we sum up Eq. (109) over the patch variable S, and
we take the continuum limit. Thus we find

(110)

v / d(p d(p M(QD (pT) or = —1
s Ccos .
(2 )2 S T S T F

For weak magnetic fields, the Green function M (s, ¢r) is
strongly picked at ¢g ~ ¢r. Then, in that limit, the integral
over ¢ can be easily done. At leading order in the magnetic
field, we obtain

S 27
Z dQDS COS ¢s eiZNE% cosps __
0 27T §—CoS@g

{=—00

! (111)
F’

where we have introduced the usual Fermi-liquid parameter
s = w/(vpq). Solutions of Eq. (111) provide the dispersion
relation w(q) of the collective modes of the system. The term
with £ =0 is the zero magnetic field condition, found in
usual Fermi liquids. The presence of a weak magnetic field
produces highly oscillatory components for £ # 0. In order
to compute corrections to the Fermi-liquid result, we need to
integrate over ¢g. This calculation can be done exactly using
the expansion [55]

+00
UL Z ika(Z)elk(p, (112)

k=—00

where Ji(z) is the k™ order Bessel function of the first kind.
By replacing Eq. (112) into Eq. (111), calculating the angular
integrals over ¢y, and taking advantage of the symmetry prop-
erties of the bessel functions, Joi(z) = J_2k(2), Jars1(z) =
—J_2k+1)(2), we find that Eq. (111) takes the form

= Vrq
Xo(s)|:l +2)° Jo(27r€ o )}

=1

[o.¢] [o.¢]
1
+4 X)) Jan <2ne qu> - an
n=1 =1 We 0
where x,(s) are multipole Fermi-liquid susceptibilities
2w
d .
xn(s)z/ 2P _COP e, (114)
o @m)s—cosg

When needed, we have analytically continued the variable
s — s +iesgn(s). Fors > 1,

Xn($) = =80+ \/%(S —Vs2—=1D".

In the second line of Eq. (113), the sum over n can be
exactly performed in the asymptotic limit vpg/w. > 1. We
have found the following expression:

3 X2 () <2n£ qu>

[ON
n=1 ¢

G-V, <2ne”Fq>
Y- o1e o,

o))

(115)

=-(+ Xo(S))1

(116)

Replacing this result into Eq. (113), we finally get
As?—1 i J vrg\ | 1
§ =1 ’ ¢ R

2t
This is a nontrivial algebraic equation for w(q). In fact it
is a nonanalytic equation in terms of the two dimensionless
variables, s = w/vpq and w./vrqg. We have solved Eq. (117)
perturbatively in the parameter (w./vrq)'/?, considering
s > 1, and obtained

1+ F

JA+ Fo)? — F§

1/2 %0 dnle/w, 278
W, e nlvpq T
+ A(F )< ) E cos < — —)
Norg) & VI e 4

3/2
W
+ 0 ( ) b

[ qu
where we have defined the quantity
4 Fy
A(Fy) = = >
T (Fo+ D[(1+ Fy)? — F§]

Equation (118) is the main result of this section. It rep-
resent the corrections to the zero sound dispersion relation
at leading order in (w./vrq)'/?. Taking the limit @, — 0 in
Eq. (118), only survives the first line of the equation, i.e.,

1+ Fy

JA+ Fo)? = F§

which is the well known linear dispersion relation of the
underdamped Landau zero sound in two dimensions [14].
The second line in Eq. (118), is the leading order correction
due to the presence of the homogeneous magnetic field. The
corrections are highly oscillatory terms whose periods are
integer multiples of w,./¢. The damping factor in the sum
over ¢ appears due to the analytic continuation w — @ +
i€ sgn(w), necessary to properly define the Green function. In
the presence of a magnetic field, it is subtle to take the limits
w:, — 0 and € — 0. If we take ¢ — 0 at fixed magnetic field,
all harmonics contribute to the sum, producing singularities
each time the energy of the particle-hole pair, vrg, which
coincides with the energy of a Landau level. Conversely, if we
take the limit w. — O first, all harmonics are damped to zero.
In practice, the scale of € is given by temperature, that blurs
the finely discretized dense spectrum. Thus, if w, < kpT,
only very few harmonics contribute to the sum, producing a
nicely oscillatory behavior. On the other hand, if w. 2 kT,
more and more harmonics contribute to the sum, producing
peaks whenever a Landau level coincides with the energy
of the particle-hole pair. In the extreme case of w,. > kT,
equivalent to zero temperature, the result turns out to be
discontinuous peaks. However, in this regime, the gaps are
important and the Fermi-liquid-type description breaks down.
We depict this behavior in Fig. 5. Using Eq. (118), where
we have plotted w/w,, as a function of the dimensionless
variable vpq/w.. The straight line is the classical result of
Landau, for a typical value of Fy = 1. In Fig. 5(a), we fixed

(117)

w

Xo(S)|:1 +4

S =

(118)

= (119

(120)

S =
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FIG. 5. Dispersion relation for the collective mode described by
Eq. (118). In both figures, we have fixed Fy, = 1. The straight line
is the classical Landau result for the zero sound mode. In (a), we
have fixed €/w. = 0.15, corresponding to a weak magnetic field
regime (w. < kgT.). In (b), we fixed €/w. = 0.05, corresponding
with stronger values of the magnetic field (w. = kgT.). The peaks
coincide with values of vrq/w, integers.

the damping term € /w, = 0.15. In this case, only the very few
first harmonics appreciably contribute to the sum, producing
the oscillatory behavior shown in the figure. In Fig. 5(b),
we fixed the damping term one order of magnitude weaker,
€/w, = 0.05, corresponding to a regime with stronger mag-
netic fields. We observe pronounced peaks for integer values
of vrg/w,,i.e., when the energy of the particle hole excitation
is commensurate with the energy of a Landau level.

In Fig. 6, we have fixed the value of the particle-hole
excitation energy vrq, and have depicted the frequency of
the collective mode in terms of the inverse magnetic field
a);l, in the same scale, using Eq. (118). To draw the picture,
we chose Fy = 1 and €/vpg = 0.002. We observe a damped
oscillation as we decrease the magnetic field. This behavior
is another manifestation of quantum oscillations. However,
different form the dHvA effect, it is proper of a Fermi liquid
and it is not present in the Fermi gas. Indeed, the amplitude
of the oscillations is governed by A(Fp). As we can see from
Eq. (119), limg,—o A(Fp) = 0 and, in this case, there is no
correction to the free dispersion, w = vpq.

VF(Q
1191

1.18
1.17

1.16 1

;
N

30 35 40 45 50 wc

P
|

FIG. 6. Energy of the collective mode excitation in units of vrq,
for fixed ¢, as a function of the inverse magnetic field in the same
scale, vpq/w.. The curve was depicted with Eq. (118) where we have
fixed Fp = 1 and €/vpg = 0.002. The horizontal line is the value
of the zero sound energy in the absence of magnetic field, given by
Eq. (120).

IX. DISCUSSION AND CONCLUSIONS

In this paper, we have presented a bosonization technique
that describes a 2D system of fermions at fixed density in a
weak magnetic field. We focused on a regime in which there
is a large number of Landau levels in a small energy band
around the chemical potential. In this way, the system is, in
some sense, near a Fermi-liquid regime, since the concept
of Fermi surface still make sense. The main idea of the
bosonization approach is to project the states of the system
onto a restricted subspace, spanned by states very near the
Fermi surface. At very low temperature, it is assumed that
fluctuations of the Fermi surface are responsible for the main
properties of a fermionic system. Processes originating from
transitions deep inside the Fermi sea are completely irrelevant
in this low-energy regime. Within this perspective, we coarse-
grained the fermion operator in small patches of the Fermi
surface, in which we can linearize the dispersion relation.
Fermi surface deformations can be parametrized by a set
of bosonic operators describing the creation of particle-hole
excitations in each patch.

We showed that these operators satisfy a magnetic-field-
dependent covariant Schwinger algebra. In addition to the
usual Schwinger term, proportional to the normal derivative
of the delta function, there is now a tangential term, propor-
tional to the magnetic field, that mixes neighbor patches. This
algebra is one of the important results of the paper, and it is
the cornerstone of bosonization construction. The bosoniza-
tion program is completed by constructing the full fermion
operator in terms of bosonic excitations. Unlike the case of
bosonization of the Fermi liquid, the phase of a fermionic
operator on each patch depends on a coherent superposition
of bosonic fields all around the Fermi surface. With this
construction at hand, we computed the fermionic equal time
propagator, showing that it coincides with the one computed
with standard procedures. Moreover, we have shown that the
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low-energy fermionic Hamiltonian can be exactly mapped to
a local quadratic bosonic Hamiltonian.

The dynamics of the Fermi surface can be represented by a
path integral coherent state formalism. The effective action is
written in terms of a set of couple canonical bosonic fields. We
showed how to use this formalism to compute bosonic corre-
lation functions. As an example, we have computed the orbital
magnetization and showed that the bosonized action correctly
dures quantum oscillations responsible for the de Haas-van
Alphen effect. The fact that quantum oscillations can be
obtained from the bosonized action opens the possibility of
computing them at strong coupling. We have also studied
the bosonization of forward scattering interactions, encoded
in the Landau parameter Fy. We computed the spectrum of
collective modes, in particular, corrections to the Landau zero
sound mode. We have shown that the corrections are damped
oscillations, in terms of the momentum, and either in term of
the inverse magnetic field. These results resemble the problem
of quantum oscillations and, in fact, have the same origin.
However, this oscillation, in a nonequilibrium property, is
completely due to interactions. In fact, the correction vanishes
in the limit of Fy — O.

In this work, we considered the case of a fluid of spinless
fermions at finite density with the main goal to establish
the bosonization rules for a system in a uniform magnetic
field. We have also discussed some effects of Fermi-liquid
corrections due to forward scattering interactions. An impor-
tant and challenging extension is to apply these ideas and
techniques to the more interesting case of 2D Fermi systems
at and near quantum criticality. Higher-dimensional bosoniza-
tion was used before to study the quantum phase transition to
anematic state driven by a Pomeranchuk instability [25]. Such
systems are the simplest examples of non-Fermi liquids. In a
separate publication, we will study the effects of a uniform
magnetic field in these non-Fermi-liquid phases of matter and
quantum critical points. The great interest of such studies is
how non-Fermi-liquid behavior affects quantum oscillations
and similar magnetic field driven phenomena.

Note added. After this work was completed, we became
aware of a recent paper by Nguyen and Son [56] on an
algebraic approach to the fractional Hall effect. Although the
problem that these authors study is formally different than
ours, their formalism is in spirit similar to the theory of
higher-dimensional bosonization of dense Fermi systems that
we use here.
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APPENDIX A: THE FERMION PROPAGATOR
IN A UNIFORM MAGNETIC FIELD

The propagator for two-dimensional spinless free fermions
in a uniform magnetic field, with p filled Landau levels, can
be written as [57]

iG(xv yat_t/)

ad dk
=0 — f/) Z / Eeﬂwm(z_r )ka(x)(p;;k(y)

m=p

P rdk
—e -nY. / e g () (3. (AD

m=0

where w,, = w.(m + 1/2) and the eigenfunctions of the
Hamiltonian of Eq. (1), in the Landau gauge A, =
—Bx,, A, = 0, are given by

1
2mm !/l

2
et G (2 )

Pmk (x) =

B

where H,, are the Hermite polynomials of order m.
Integrating over k, we find

2
iGx,y,t—1t)= e*(ﬁ) i

2703

oo
x 10 —1) Y e L, [(r/2€5)]

m=p
p—1
— O =0 e TOL0/26)] 1. (A3)
m=0
where r = |x — y|,rg =1, — t,,
1
Op(x,y) = EB(XI —y)(x2 +¥2) (A4)

with x = (x,x2), y = (¥1, »2), and L, are the Laguerre
polynomials.

In the weak magnetic field regime, the number of filled
Landau levels is huge, p > 1, and €f = k%/ZM ~ w.p. We
are interested in the limit w. — 0 (or £3 — o0) and p — o0,
while keeping the chemical potential constant, w.p = € =
. To this end, we will use the following asymptotic property
of Laguerre polynomials [58]:

Lo(x) = e* Jo(2v/nx) ,

which is valid for n > 1 and x > 1/(4n). Here, Jy is the
Bessel function of the first kind of order zero. Using this

(AS5)
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property, we find

iGx,y,t—1t)= el (A6)

27 %

p+A P
x{@(z—t’)Ze—"wm”—”)Jo[\/%(r/zB)]—@(z’—t) > e_i‘“”’(’_”)Jo[\/%(r/EB)]}, (A7)
m=p

m=p—A

with p > 1, and kpr > 1. The cutoff A = (E — w,)/w, is the number of Landau levels near the Fermi energy.
To go further, we use the Poisson summation formula

b +00 b
F F(b .
ZF(n) = % + Z f dx F(x)e' (A8)
n=a {=—00
Then, the propagator reads
i p+A . . /
iGx,y,t —1)=—>¢ Z o — t’)/ dm 7 m e =it 1oL 2m(r /€ p))
2 ly P m=p

P . . / ; ; /
—o@ —1) / dm ¢ tme=ion( >Jo[«/%(r/23)]} + e e = Iy (kpr) sgn(t — ).
m=p—A

2703
(A9)
Upon the change of variables m = (1/2)¢%k?, we obtain
1, krt2./2 e ,
iGx.y.t—t)=—€" Y {o@-1) dkke' ™tk pmiont=1) o gy
27'[ oo kr
kr . 272 . ’ . . ’
— O —1) dkke' ™k gmioni=t )Jo(kr)} + —e e Jo(kpr)sgn(t — t). (A10)
kp—2/2 2wl

We now define g = k — kp in the first integral and ¢ = kr — k in the second one. We next use the integral representation of the
Bessel function,

2w

do .

Jo(x):/ 2—‘pe”‘°°w (A11)
0 T

to obtain

k +0o 27 d A2
lG(x, y7 t— t/) — _Fe_ifF(l—t’)eieB Z / _(peikprCOS(p @(t _ t/)/ dqeiq(rCOSW_UF(I_Z/)+27TZZ%EICF)
2 oo 0 2 0

22
— e —1) / dqe—’“ﬂ’°°W—UF<’—Z’>+2”“%’<F>} +0(t5"). (A12)
0

Implementing a smooth cutoff for the momentum integrals, we finally find

iGx,y,t—1)= HRF —ier(t—1) ity Z / do
. Y 27 = Jo 2mrcosg —vp(t — 1) + 2w bepkp +iasgn(r — 1)

eikpr cos ¢

(A13)

(

which coincides with Eq. (4). where

Gr(x,x,w)

dt Gp(x,x,1)e"

APPENDIX B: DENSITY OF STATES / oo

The density of states can be computed from the imaginary 00

part of the self-correlation function as kp +oo  Lom +00 .
== > / dy / dt Gy ,(0,1)e™F="  (B2)
2 P 0 —o0 '

Notice that N (w) is Gauge invariant since g (x, x) = 0 in any
Gauge. By computing the time integral in the complex plane,

N(w) = —sgn(a)—eF)%ImGF(x,x,a)) , (B1)
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we find

dt =

—2mi _jom
e

¢ (w—wc¢)
we

—1 +00 e*i(elew)t
Grglw) = — f —
VF J-ooo z—2nz’;—:—|—ia sgnt

Replacing this expression into Eq. (B1), we obtain

N(@—epr)=N©0)Y 8, ver (B4)

where N(0) = kp/vp is the density of states at the Fermi
surface of a two-dimensional Fermi gas. Equation (B4) is
just another consistency check of the asymptotic propagator,
Egs. (4) and (7).

APPENDIX C: GREEN FUNCTION OF THE COVARIANT
DERIVATIVE

The covariant derivative
i 0

DS =Ry = A
K%k[: B(pg

(ChH
as well as its inverse D;T(q) play a central role in the
bosonization procedure. For this reason, it is useful to have
a deeper understanding of their properties. There are two
simple, however, instructive limits £5 — oo (with q # 0),
and ¢ — 0 (with B # 0). In the former case, Dg = g -q.
The only solution of the homogeneous equation Dgy = 0 is
the trivial one, ¥y = 0. Then, given proper initial conditions,
the Green function is uniquely determined and it is given by
DEIT = d5.1/fis - q. The latter case is also quite simple. When
q = 0, the periodic solution of DS(O)W = 0is trivial, ¢ =0,
and then, the Green function is well defined. It is given by

_ 2k
D(0) =i =253 Tsgnlps —or —2nm) . (C2)

However, in the presence of a finite ¢ particle-hole pair
excitation and a finite magnetic field €5 # oo, the homoge-
neous equation Dg(q)y¥ = 0 has a nontrivial periodic solu-
tion, ¥ (q, ¢s). Therefore the operator D s(q) has a zero mode
and, rigorously, its inverse does not exist.

Then, we can look for a modified Green function by limit-
ing the functional space to be orthogonal to the zero mode.
To be concrete, consider one wants to solve the following
inhomogeneous first-order linear equation:

Ds(q)¥(q, vs) = f(q, ps), (C3)

where f(q, ¢s) is a smooth function of ¢ and ¢g. Since the
homogeneous equation

Ds(9)¥0(q, ¢s) =0 (C4)

has a nontrivial solution, then, for any f(¢s), Eq. (C3) has no
solution. However, it has an infinite number of solutions if the
function f(¢y) is orthogonal to the zero mode [59] vy, i.e.,

2
/0 dosf*(q, s)Vo(q, ¢s) =0. (C5)

[O(w — €p)BO(=)—O(ef —w)O)].  (B3)

(

Restricting the domain to the orthogonal functional space, the
solutions of Eq. (C3) can be written as

2
lﬁ(<ps)=/ dor Gu(ps, o) f(er), (Co)
0
where we have defined the modified Green function
G (@s, or) satisfying
i
E%k{? 8<p5

{ﬁs q — }Gm(q,ws,wr)

1
=68,(ps —or) — Elﬁg(fﬂs)lﬂo(wr)- (C7)

It is immediate to show that the inhomogeneity of Eq. (C7) is
orthogonal to the zero mode .
We can now solve Eq. (C7) for g5 # ¢r + 2nm, obtaining

Gu(ps, 1) = ilgkro(ps)

1 Ps
X {w(’{(wr) = 5 Voler) [ (@)1 dso’}
(%4 (C8)

(to simplify notation we are not displaying the momentum ¢
explicitly). We complete the calculation by imposing that
lim Gu(gs, r) — lim_Gul(ps, ¢r) = ilzkr.  (C9)
¢r—¢5 P95
The result is

il2kp

G (ps, o7) = sgn(ps — @1 )¥o(@s)

¢s

1
x [wz;«oT) = 5 Voler) [ (@) dgo’}

(C10)

(%3

with 1(0) = 1. By solving Eq. (C4), we see that the zero
mode with the required boundary conditions is given by

iy .
Yolps,q) =e itykr(gxis)

The orthogonality relation with respect to the zero mode has
important consequences in the form of the Green function. In
fact, we are interested in the response to reasonable smooth
and isotropic electromagnetic fields. In this cases, f(gs) ~
f = constant. As a consequence, the inhomogeneous equa-
tion of motion will have solutions provided

(C11)

2w

Yolp)de = 27 Jo(qlykr) = 0. (C12)
Thus the momentum should be quantized in units of 1/¢%kF
and is given by the zeros of the Bessel function. At low
magnetic fields, the argument of the Bessel function is large
and, from the asymptotic expression, we can infer that the
zeros are equally spaced. We can implement this condition
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introducing the quantization in the following way:

G(q, 95, 91) = Y _ 8,464, Gn(q, 95, 01)

=Y )G s 0. (€13)

14

Finally, in order to compute Dgsl, we need to coarse grain the
Green function in the patch. For concreteness,

ps+A/2kFp
Dy = / G(ps, pr)dor . (C14)
%

s—A/2kF

Disregarding terms of higher order in a 1 /£ gk expansion, we
obtain
e!2ml(vs-q/we)

D5 (q) = (C15)

fic-
7 s q

We use this expression in Eq. (75) to compute the fermion
propagator. Equation (C15) also coincides with the zero-

frequency limit of the diagonal Green function
Dss(q) = — lim Gss(w,q) (C16)

computed in Sec. VL.
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