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We study theoretically the magnetoresistance oscillations near a half-filled lowest Landau level (v = 1/2)
that result from the presence of a periodic one-dimensional electrostatic potential. We use the Dirac composite
fermion theory of Son [Phys. Rev. X 5, 031027 (2015)], where the v = 1/2 state is described by a (2 + 1)-
dimensional theory of quantum electrodynamics. We extend previous work that studied these oscillations in
the mean-field limit by considering the effects of gauge-field fluctuations within a large flavor approximation.
A self-consistent analysis of the resulting Schwinger-Dyson equations suggests that fluctuations dynamically
generate a Chern-Simons term for the gauge field and a magnetic field—dependent mass for the Dirac composite
fermions away from v = 1/2. We show how this mass results in a shift of the locations of the oscillation minima
that improves the comparison with experiment [Kamburov ef al., Phys. Rev. Lett. 113, 196801 (2014)]. The
temperature-dependent amplitude of these oscillations may enable an alternative way to measure this mass. This
amplitude may also help distinguish the Dirac and Halperin, Lee, and Read composite fermion theories of the

half-filled Landau level.
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I. INTRODUCTION AND SUMMARY
A. Motivation

In recent years, there has been a renewed debate about
how effective descriptions of the non-Fermi-liquid state at
a half-filled lowest Landau level (v = 1/2) of the two-
dimensional electron gas might realize an emergent Landau-
level particle-hole (PH) symmetry [1,2], found in electrical
Hall transport [3-5] and numerical [6,7] experiments. The
seminal theory of the half-filled Landau level of Halperin,
Lee, and Read (HLR) [8], which has received substantial
experimental support [9], describes the v = 1/2 state in terms
of nonrelativistic composite fermions in an effective magnetic
field that vanishes at half-filling (see [10,11] for pedagogical
introductions). However, the HLR theory appears to treat
electrons and holes asymmetrically [12,13]. For instance, it
is naively unclear how composite fermions in zero effective
magnetic field might produce the Hall effect ofyf = —ﬁ that
PH symmetry requires [12]. (We use the convention kg = ¢ =
h=e=1).

Two lines of thought point towards a possible resolution.
The first comes by way of an a priori different composite
fermion theory, introduced by Son [14]. In this Dirac com-
posite fermion theory, the half-filled Landau level is described
by a (2 4+ 1)-dimensional theory of quantum electrodynamics
in which PH symmetry is a manifest invariance. This theory
is part of a larger web of (2 + 1)-dimensional quantum field
theory dualities [15]. On the other hand, it has recently been
shown that HLR mean-field theory can produce PH sym-
metric electrical response, if quenched disorder is properly
included in the form of a precisely correlated random chem-
ical potential and magnetic flux [16-18]. (Mean-field theory
means that fluctuations of an emergent gauge-field coupling
to the composite fermion are ignored). Furthermore, both
composite fermion theories yield identical predictions for a

2469-9950/2019/100(16)/165122(16)

165122-1

number of observables in mean-field theory [14,16,19-21],
e.g., thermopower at half-filling and magnetoroton spectra
away from half-filling. These results suggest that the HLR
and Dirac composite fermion theories may belong to the same
universality class.

To what extent do these results extend beyond the mean-
field approximation? How do alternative experimental probes
constrain the description of the v = 1/2 state? The aim of
this paper is to address both of these questions within the
Dirac composite fermion theory. Prior work has identified
observables that may possibly differ in the two composite
fermion theories: Levin and Son [22] have derived a linear
relation between the Hall conductivity and susceptibility that
any PH symmetric theory must satisfy; Wang and Senthil [23]
have determined how PH symmetry constrains the thermal
Hall response of the HLR theory; using the microscopic
composite fermion wave function approach, Balram et al. [24]
found that Friedel oscillations in the pair-correlation function
are symmetric about v = 1/2.

B. Weiss oscillations and the v = 1/2 state

Here, we study theoretically commensurability oscillations
in the magnetoresistance near v = 1/2, focusing on those
oscillations that result from the presence of a periodic one-
dimensional static potential [9]. These commensurability os-
cillations are commonly known as Weiss oscillations [25-28].
For a free two-dimensional Fermi gas, the locations of the
Weiss oscillation minima, say, as a function of the transverse
magnetic field b, satisfy

d
2=
2k

where ¢, = 1/4/|b| is the magnetic length; d is the period of
the potential; kr is the Fermi wave vector; and ¢ = +1/4

(1.1)

p+e¢), p=123 ...,
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for a periodic vector potential, while ¢ = —1/4 for a peri-
odic scalar potential [29,30]. (Expressions for the oscillation
minima when both potentials are present can be found in
Refs. [31,32]).

Early experiments [9] saw p = 1 Weiss oscillation minima
about v = 1/2 due to an electrostatic scalar potential, upon
identifying, in Eq. (1.1), b = B — 4mn, with the effective
magnetic field experienced by composite fermions (B is the
external magnetic field and n, is the electron density) and
kr = «/4mn, with the composite fermion Fermi wave vector,
and choosing ¢ = +1/4. These results, along with other com-
mensurability oscillation experiments [9], provided strong
support for the general picture of the v = 1/2 state suggested
by the HLR theory. In particular, the phenomenology near the
v = 1/2 state could be well described by an HLR mean-field
theory in which composite fermions respond to an electronic
scalar potential as a vector potential.

Recent improvements in sample quality and experimental
design have allowed for an unprecedented refinement of these
measurements. Through a careful study of the oscillation min-
ima corresponding to the first three harmonics (p = 1, 2, 3),
Kamburov et al. [33] came to a remarkable conclusion that is
in apparent disagreement with the above hypothesis (see [34]
for a review of these and related experiments): Weiss oscil-
lation minima are well described by Eq. (1.1) upon taking
kr = /4mn, for v < 1/2, as before; but for v > 1/2, the in-

ferred Fermi wave vector, kr = V4w (% — n,), is determined
by the density of holes. In both cases, ¢ = +1/4. Might a
theory of the v = 1/2 state require two different composite
fermion theories [13,33]: a theory of composite electrons for
v < 1/2 and a theory of composite holes for v > 1/2? If kp =
/4mn, is instead taken for 1/2 < v < 1, there is a roughly
2% mismatch between the locations of the p = 1 minimum
obtained from Eq. (1.1) and the nearest observed minimum;
this discrepancy between theory and experiment decreases in
magnitude as p increases [33]. While the mismatch is small,
it is systematic: it persists in a variety of different samples of
varying mobilities and densities, as well as two-dimensional
hole gases, which typically have larger effective masses (as
well as near half-filling of other Landau levels [34]). [This
mismatch is the same magnitude as the difference between the
electrical Hall conductivities produced by an HLR theory with
ot = 0and an HLR theory with oy = —1/4x, the composite
fermion Hall conductivity required by PH symmetry; an equal
value of the dissipative resistance [9] is assumed in both cases
for this comparison. See Eq. (48) of [12]].

The hypothesis that composite fermions respond to an
electric scalar potential as a purely magnetic one approx-
imates HLR mean-field theory. In fact, an electric scalar
potential generates both a scalar and vector potential in the
HLR theory. (This observation by Wang et al. [16] is crucial
for obtaining PH symmetric electrical Hall transport within
HLR mean-field theory). However, the magnitude of the scalar
potential is suppressed relative to the vector potential by a
factor of £5/d ~ 1/50 [13]. Cheung et al. [20] found that
upon including the effects of the scalar potential in HLR
mean-field theory, there is a slight correction to the expected
locations of the oscillation minima both above and below
v = 1/2. The nature of the corrections are such that HLR
mean-field theories of composite electrons or composite holes
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FIG. 1. Weiss oscillations of the Dirac composite fermion theory
at fixed electron density 7, and varying magnetic field B about half-
filling By/» (¢p,,,/d = 0.03 and kT = 0.3,/2B). The blue curve
corresponds to Dirac composite fermion mean-field theory [20]. The
orange curve includes the effects of a Dirac composite fermion mass
m o |B — 4mn,|'*B'/% induced by gauge fluctuations. Vertical lines
correspond to the observed oscillation minima [33].

that take either kr = +/4mn, or kr = V4n( % — n,) produce
identical results. In addition, the shifted oscillation minima
are in agreement with the mean-field predictions of the Dirac
composite fermion theory (at least within the regime of elec-
tronic parameters probed by experiment). Unfortunately, the
small disagreement between composite fermion mean-field
theory and experiment persists, in this case for all values of
0 < v < 1: for a given p, the observed oscillation minima
are shifted inward relative to the theoretical prediction by an
amount that decreases as v = 1/2 is approached (see Fig. 1).

C. Outline

In this paper, we consider the mismatch from the point of
view of the Dirac composite fermion theory. In perturbation
theory about mean-field theory, we argue that the comparison
with experiment can be improved if the effects of gauge-
field fluctuations are considered. Our strategy is to include
their effects by determining the fluctuation corrections to the
mean-field Hamiltonian. We obtain this corrected Hamilto-
nian through an approximate large N flavor analysis of the
Schwinger-Dyson equations [35] for the Dirac composite
fermion theory. The resulting Dirac composite fermion prop-
agator specifies the input parameters, namely, the chemical
potential and mass, of the corrected mean-field Hamiltonian.
We then follow the analysis by Cheung ef al. [20] to deter-
mine the corrected Weiss oscillation curves. Our results are
summarized in Fig. 1.

To understand our results, it is helpful to reinterpret
Eq. (1.1) as a measure of a Dirac fermion density n by
replacing kr — +/4mn (we set the Fermi velocity to unity).
Any decrease in the density induces an inward shift of the
Weiss oscillation minima determined by Eq. (1.1) towards
b = 0. Dirac fermions of mass m, placed at chemical potential
w have a density n = (u? — m?) /4. Our leading order anal-
ysis of the Schwinger-Dyson equations indicates that gauge
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fluctuations generate a mass m away from v = 1/2, while the
chemical potential is unchanged.

Such dynamical mass generation in a nonzero magnetic
field is known to occur in various (2 + 1)-dimensional theo-
ries of Dirac fermions (see [36] for a review). For example,
in the theory of a free Dirac fermion at zero density, a
uniform magnetic field sources a vacuum expectation value
for the mass operator. Short-ranged attractive interactions then
induce a nonzero mass term in its effective Lagrangian [37].
We show how a similar phenomenon occurs in the Dirac
composite fermion theory. This effect is also expected from
the point of view of symmetry: PH symmetry forbids a Dirac
composite fermion mass (see Sec. II). (Manifest PH symmetry
is the essential advantage that the Dirac composite fermion
theory confers to our analysis). Away from v = 1/2, PH sym-
metry is broken and so all terms, consistent with the broken
PH symmetry, are expected to be present in the effective
Lagrangian. Note there is no symmetry preventing corrections
to the Dirac composite fermion chemical potential; rather, it is
found to be unaltered to leading order within our analysis.

We also comment upon the finite-temperature behavior of
quantum oscillations near v = 1/2. This behavior is interest-
ing to consider because at finite temperatures, away from the
long-wavelength limit, differences in the HLR and Dirac com-
posite fermion theories should appear. We discuss how the
temperature dependence of the Weiss oscillation amplitude
might exhibit subtle differences between the two theories.

The remaining sections are organized as follows. In Sec. II,
we review the Dirac composite fermion theory. In Sec. III,
we obtain an approximate solution to the Schwinger-Dyson
equations. In Sec. IV, we use the chemical potential and
mass of the resulting Dirac composite fermion propagator as
input parameters for the “fluctuation-improved” mean-field
Hamiltonian and determine the resulting Weiss oscillations.
We discuss a few consequences of this analysis in Sec. V and
we conclude in Sec. VI. The Appendix contains details of the
calculations summarized in the main text.

II. DIRAC COMPOSITE FERMIONS: REVIEW

Electrons in the lowest Landau level near half-filling can be
described by a Lagrangian of a two-component Dirac electron
v, [14]:

Ee = aeya(iaot +Aat)\l"e - mewe“ye

1
+ ge“/S"Aaa,gA(, +..., .1

where A, with o € {0, 1, 2} is the background electromag-
netic gauge field; W, = \Ifl'yo; the y matrices y° = o3, y! =
ioc!, and y? = io? satisfy the Clifford algebra {y%, y#} =
2n*F with n*f = diag(+1, —1, —1); the antisymmetric sym-
bol €”'? = 1; and we set the Fermi velocity vz = 1 here and
in the Dirac composite fermion dual. The benefit of the Dirac
formulation is that the limit of infinite cyclotron energy w, =
B/m, can be smoothly achieved at fixed external magnetic
field B = 0;A; — d,A; > 0 by taking the electron mass m, —
0. The ... include additional interactions, e.g., the Coulomb
interaction and coupling to disorder.

The electron density,

B
ypt
Consequently, when v = 27n,/B = 1/2, the Dirac electrons
half-fill the zeroth Landau level. For m, = 0 and v = 1/2, the

Dirac Lagrangian is invariant under the antiunitary (i = —i)
PH transformation that takes (¢, x, y) — (—t, x, y),

U, > —y0wr

ne=Ww, + (2.2)

2.3)
(Ap, A1, Az) > (Ao, A1, A2),

and shifts the Lagrangian by a filled Landau level £, — L, +
T e*P7 A, 0pA,.

Son [14] conjectured that £, is dual to the Dirac composite
fermion Lagrangian,

_ _ 1
L=Yy*(idy + au)y — myyr — Ee“ﬂ“aaaﬁAg

1 2
[+ (2.4)

42
where V is the electrically-neutral Dirac composite fermion;
ay is a dynamical U (1) gauge field with field strength f,p =
dyap — dga, and coupling g; and m o< m, is the Dirac com-
posite fermion mass. A, remains a nondynamical gauge field,
whose primary role in £ is to determine how electromag-
netism enters the Dirac composite fermion theory. As before,
the ... represent additional interactions, which can now in-
volve the gauge field a,. The duality between £, and L is
obtained in the low-energy limit when g — oo. See [7,38-45]
for additional details about this duality and [15] for a recent
review.

At weak coupling, the @ equation of motion implies the
Dirac composite fermion density,

+ ! “Bo A 35A
_6 a (7_
8 b

vy = b
T 4rn’
At strong coupling, the right-hand side of Eq. (2.5) receives
corrections from the ... in £ and should be replaced by
—% + 7. In the Dirac composite fermion theory, the
electron density,

@2.5)

ne = L(—b + B), (2.6)
4

where the effective magnetic field b = 9a; — d,a;. In the
Dirac composite fermion theory, the PH transformation takes
(I,X,y) = (_I,X,)}),
v =YY,
(ao, a1, az) = (ao, —ay, —az),

(Ap, A1, Ar) = (—Ap, A1, Ay),

Q2.7)

and shifts the Lagrangian by a filled Landau level. Intuitively,
the PH transformation acts on the dynamical fields of £ like a
time-reversal transformation. As such, PH symmetry requires
m = 0 and forbids a Chern-Simons term for a,,.

Away from half-filling, PH symmetry is necessarily
broken since Eq. (2.6) implies the effective magnetic field
b= B —4nn, # 0. Consequently, we can no longer exclude
any PH breaking term allowed by symmetry. In particular, we
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generally expect a Dirac mass to be induced by fluctuations.
Scaling implies the mass m = \/1_9f(v), where f(v) is a
scaling function of the filling fraction v. Unbroken PH
symmetry at half-filling requires f(v = 1/2) = 0; away from
v = 1/2, it is possible that m can have a nontrivial dependence
on B and n,, as determined by f(v). In the next section, we
study the Schwinger-Dyson equations to determine how
fluctuations generate a mass m away from v = 1/2 within
an expansion where the number of Dirac composite fermion
flavors N — oo.

III. DYNAMICAL MASS GENERATION IN AN EFFECTIVE
MAGNETIC FIELD

Beginning with the works of Schwinger [46] and Ri-
tus [47], there have been a number of studies on the effects
of a background magnetic field on quantum electrodynamics
in various dimensions. In this paper, we rely most heavily on
Refs. [48-50]; see Ref. [36] for an excellent introduction to
this formalism and for additional references. We first sum-
marize the relevant aspects of this formalism. Then, we ana-
lyze the Schwinger-Dyson equations for the Dirac composite
fermion theory away from half-filling when the fluctuations
of the emergent gauge field a, about a uniform b # 0 are
considered.

A. Dirac fermions in a magnetic field

At tree level, i.e., in mean-field theory, the time-ordered
real-space propagator Gy(x, y) for a massive Dirac fermion
in a uniform magnetic field (ay, a;, a>) = (0, 0, bx;) can be
written in the form

Gutx.) =20 [ L2 gnsor Gy, @)
b (2” )3 b
where the Schwinger phase,
b
Q(x,y) = —E(Xz —y2)(x1 +y1). (3.2)

The tree-level pseudomomentum-space propagator,

o0
—iGo(p) = i / ds eis{(po+uo+ie,,0)zfm(z]JriB*[(p%er%)/bs] tan(bs)}
0

X {(Pat108a,0)y* —ibl(po + o)l +moy°]

Mo is a chemical potential, my is a mass, €,, = sgn(py)e with
the infinitesimal € > 0 ensures the Feynman pole prescription
is satisfied, § > 0 is an infinitesimal included for convergence
of the s integral, and I is the 2 x 2 identity matrix. Expanding
in b:

o 8 * I
—iGo(p) = (pa + 108a,0)y* + my

(po + 1o + i6p0)2 —p; —mg

(po + o)l + moy®

b i
((po + o + i€p,)” — p} — md)

5+ O00).

(3.4)

We imagine applying this formalism to the vicinity of v = 1/2
when the effective magnetic field b is small. As such, we drop
all O(b?) and higher terms in the pseudomomentum-space
propagator. For convenience, we use Gy(p) to denote the
linear expansion in Eq. (3.4) with higher order in b terms
excluded.

The tree-level inverse propagator G, (x, y) satisfies

/ d*y Gyl (x, »)Go(y, 2) = 8 (x — 2). (3.5)
It takes a particularly simple form:
f— id(x,y d3p ipe(x—y)*
lGol(x,y) = Py Wepa( y)
X [(Pa + 108a,0)y™ —mol].  (3.6)

In contrast to Gy(x,y), the magnetic field dependence is
entirely parametrized by the Schwinger phase in G;; Y, y).

Both the propagator and its inverse are obtained after
performing an infinite sum over all Landau levels. Thus,
Go(x,y) and Gal(x,y) in Egs. (3.1) and (3.6) allow for a
straightforward expansion about their translationally invariant
forms at b = 0; see [49] for further discussion. In the Dirac
composite fermion theory, G, '(x,y) defines the mean-field
Lagrangian, from which the Hamiltonian readily follows; the
Schwinger phase ®(x,y) reminds us to include a nonzero
magnetic field by the Peierls substitution.

We use the following Ansatz for the exact real-space
propagator:

&p

G()C, y) — eiCD(x,y) (27T)3 eipu(x—y)a G(p)

(3.7)

For the exact pseudomomentum propagator G(p), we write

x tan(bs) + p;y' tan®(bs)}, (3.3)
_: — iy _ 1D
where the pseudomomenta p = (py, pi1, p») are analogous to iGp) iGT(p) =G (p), (3.8)
the conserved momenta in a translationally invariant system, where
|
o 80{ - Za ¢ Em H
—iGO(p) = [P + 1o 0 . PIy* + (pz) — (3.9)
[po + o — Zo(p) + i€p, 1> — [pi — Zi(p)I* — Z5,(p)
+ o — Zo(PIL + Z,,(p)y°

{[Po + 10 — Zo(p) +i€p,|” — pi — TP — Z2(p)}
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In contrast to the tree-level pseudomomentum propagator,
Go(p), both GO (p) and GV (p) are expected to depend on b
through the self-energies X,,(p) and X, (p), in addition to the
explicit linear dependence that appears in G)(p). We write
the exact inverse propagator as

3
l’Gil(X,y) — el'(b(qu)/ (;1 I;S eipa(xfy)“
T

x {[ps + MOSa,O - Ea(P)]Va - Em(p)ﬂ}‘
3.11)

In G(p) and G~'(p), we set the tree-level mass my = 0; this is
consistent with the assumption of unbroken PH symmetry at
v = 1/2. The Ansditze for the exact propagator and its inverse
are simplifications of that which symmetry allows for a Dirac
fermion in a magnetic field [49]. Nevertheless, our Ansditze are
consistent to leading order in a 1 /N analysis of the Schwinger-
Dyson equations described in the next section.

In general, the self-energies X,,(p) and X,(p) are non-
trivial functions of the pseudomomenta p. We expect the
low-energy dynamics of the fermions to be dominated by
fluctuations about the Fermi surface. Thus, we replace the
self-energies as follows:

n(pes +8p) = Eu(prs), (3.12)

o (prs +8p) > 800 Zo(prs) + 8pa Z,, (PEs), (3.13)
where prs = (0, p;) lies on the Fermi surface (in mean-field
theory, this is defined by plz = /1,(2) and py = 0), |dpa| <K Ko,
2., (prs) = 0p, o (p = prs), and there is no sum over o in
Eq. (3.13).

G~ '(x,y) determines the “fluctuation-corrected” Dirac
composite fermion mean-field Hamiltonian. The tree-level
chemical potential and mass are corrected by the fermion
self-energies X, and X,,. We define the physical mass,

Xm X
_ ({7FS) _ . (3.14)
1= Sy(prs) 1 -5
and chemical potential,
>
Y e (3.15)
1— X

The Schwinger phase ®(x,y) in G~'(x, y) reminds us to in-
clude the effective magnetic field b via the Peierls substitution.

B. Schwinger-Dyson equations: Setup

The Schwinger-Dyson equations [35] are a set of coupled
integral equations that relate the exact fermion- and gauge-
field propagators to one another by way of the exact cubic
interaction vertex ['* coupling the Dirac composite fermion
current to a,. We will not solve the equations exactly; rather,
we seek an approximate solution that one obtains within a
large flavor generalization of the Dirac composite fermion the-
ory. We hope this approximate solution reflects a qualitative
behavior of the Dirac composite fermion theory.

Specifically, we consider the Lagrangian,

- N wpo
‘CN = an (laa + aot)"ﬂn — —€ aaaﬂAa

4
N 1
afo 2
—€"PPAL08A; — — figs 3.16
+ & B 42 faﬂ ( )
where the different fermion flavors are labeled by n =
1,...,N. When N =1, we recover the Dirac composite

fermion theory. In Ly, n, = 8Ly/8Ag = 7-(B — b); thus, in
our large N theory, half-filling means v = N/2. To make
contact with the formalism of Sec. IIl A we introduce a
SU (N )-invariant chemical potential pg = VB and we fac-
tor out the uniform effective magnetic field (ayp, a;, ay) =
(0, 0, bx;) that is generated away from half-filling from the
dynamical fluctuations of the emergent gauge field a,,. Setting
A, =0, Eq. (3.16) becomes

N = T 1 2
Ly = an (i0y + Gq +aa)¢n+ﬂownwn - @ af:

(3.17)

This is the large N theory that we analyze.

To leading order in N, the Ward identity implies that
there are no corrections to the cubic interaction vertex at v =
1/2 [51]." Taking I'* = y*, the Schwinger-Dyson equations
for Ly become

iG™(x,y) = iGy ' (x, ) = y*Glx, )y Mg (x —y), (3.18)

i (x —y) — MY (x — y) = N a[y*G(x, y)y P G(y, 1)),
(3.19)

where T1%#(x —y) is the gauge-field self-energy, Hgﬁ (x —
y) is the kinetic term for a, contributed by its Maxwell
term, and we have taken the fermion propagator G, ,y(x, y) =
G(x, )8, to be diagonal in flavor space. G(x, y) and Go(x, y)
are defined in Egs. (3.8) and (3.4). The factor of N in
Eq. (3.19) arises from the N flavors in the fermion loop.

Upon substituting the Fourier transform IT#(p), defined
by

d’p e
naﬁ(x_y):/melpo(x y) Haﬁ(p),

and Eqs (3.6), (3.8), and (3.11) into the Schwinger-Dyson
equations, (3.18) and (3.19) become [49]

d3p
2n)?

(3.20)

iZo(@)y® +iZn(g)l = / v G(p+ @)y T (p),

(3.21)

3
in*# (3q) = N / L G Gp+ 59, (3:22)
2n)

where g = ggs + 6q. We aim to solve these equations.

'Furthermore, there are no corrections to this vertex if the Dirac
composite fermion is given a nonzero bare mass m3 < u3 at b = 0.
We thank N. Rombes and S. Chakravarty for correspondence on this
point.
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Our Ansatz for the fermion self-energies is motivated by
similar studies of (2 4 1)-dimensional quantum electrody-
namics at zero density [52-54]. We consider the 1/N expan-
sion for the fermion self-energies,

Ty =X 45D 4

T,=XP+32@ 4 . (3.23)

All terms and all ratios of successive terms in Eq. (3.23)
vanish as N — oo. Ignoring terms with i > 2, we set X, =
£ =0and £,, = £V, and find a self-consistent solution to
the Schwinger-Dyson equation in terms of (! and T1%#. This
choice is consistent with the Ward identity, to leading order
in 1/N. From Egs. (3.14) and (3.15), the resulting solution
implies m = £ and = o to leading order in 1/N. We
then calculate the leading perturbative correction £(? to %,
and verify that 2@ /2() — 0 as N — oo.

C. Gauge-field self-energy

The gauge-field self-energy factorizes into PH symmetry
even and odd parts:

n“f(q) = M2 (q) + 25, (@) (3.24)

As the PH transformation acts like time reversal, Hg‘fen(q)
contains the Maxwell term for a,, while Hf)‘fd(q)—which can
only be nonzero when PH symmetry is broken—can contain
a Chern-Simons term for a,,.

To leading order in b, we substitute G(p) = G (p) into
Eq. (3.22) and first compute

%% (8q) = i€"P7 8q, Toaa(8q)

; dp © ©)
—-iv} [ S Pty GO GOl
Qm)y odd

(3.25)

where {-},qq indicates the PH odd term is isolated. We find
N P P
[Toaa(0) = — [ O(Zn] — Ho) o= + O(ro — [Znm)— |,
4r | Zm] Mo
(3.26)
where ®(x) is the step function. See Appendix 1 for details.
Additional momentum dependence in I1,44(g) is subdominant

at low energies. For o > |2, |, Eq. (3.26) implies an effective
Chern-Simons term for ¢, with level

N X%,

k=——

2 o

is generated if X,, # 0. (This nonquantized Chern-Simons

level is reminiscent of the anomalous Hall effect [55]).
Next, consider

et (8q) — 1’ (59)

even

(3.27)

. d’p © ©)
= _iN uly* GOy GO+ 591}
Q)

even

(3.28)

where {-}even indicates the PH even term is isolated and we
have again substituted G(p) = G?(p). The Maxwell kinetic

term is
5% (q) = ¢’n** — q°4”. (3.29)
Reference [56] finds
n%..(qo. g1) — Y’ (q) = (g0, gi),
i i ‘]i
nY . (qo. g1) — MY (q) = 610?1'11(610, )
i i o4
Hejven(qov Qi) - Hg (Q) = (8 ! = _2>Hz(6]0, 6]:')
k
ad'q’
+ =5 g0 g1, (3.30)
(qk)
where
q2
(g0, g) = poN | | 5—— — 1,
qy — 4;
2 2
do — 4;
C LT(q0,q:).  (3.31)

I1;(q0, gi) = moN — ——

i
We have simplified the expressions for I1; and I1, by taking
g3 — g7 > 0 and by setting the common proportionality con-
stant to unity. The precise behaviors of I1; and I1, and their
effects on a, depend upon whether |go| < |g;| or |g;| < |qol-
For instance, when |qo| < |g;| (small frequency transfers, but
potentially large ~2kr momenta transfers) and in the absence
of Hf)‘(’fd, [1; gives rise to the usual Debye screening of the
“electric” component of a, and II; results in the Landau
damping of the “magnetic” component of a, [56], familiar
from Fermi-liquid theory [57]. These corrections dominate the
tree-level Maxwell term for a,, at low energies.

In our analysis of the fermion self-energy in the next
section, we focus on the regime |g;| < |qo|. In this case,
IT; and TII; provide nonsingular corrections to the Maxwell
term for a, and will be ignored. At low energies, g — oo,
the effects of the Maxwell term are suppressed compared
with the Chern-Simons term [58]. Thus, to find the effective
gauge-field propagator H;}; (g) for use in Eq. (3.21), we drop

Hgvﬂen(q), add the covariant gauge fixing term —éqaqﬁ to

Hgfd(q), and invert. Choosing Feynman gauge & =0, we
obtain

_ 27 €4poq’®
M,(q) = 7";—2, (3.32)
where k is given in Eq. (3.27). It is with this gauge-field prop-
agator that we find a self-consistent solution to the Schwinger-
Dyson equation for the fermion self-energy %, in Sec. III D.

Instantaneous density-density interactions between elec-
trons give rise to additional gauge-field kinetic terms in L.
Such terms, which should therefore be included in the tree-
level Lagrangian Ly, generally contribute to Hgﬁ cn,.
To understand their possible effects in the kinematic regime
lgil < |qol, we set ap = 0 and decompose the spatial com-
ponents of the gauge field in terms of its longitudinal and
transverse modes:

ai(q) = —igiar(q) — i€;igjar(q), (3.33)
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where the normalized spatial momenta §; = ¢;/|g|. An un-
screened Coulomb interaction dualizes to a term in L pro-
portional to |G| 'ar(—q)ar(g) with z = 2; a short-ranged
interaction gives z =3 (see Sec. IIl D of [40]). (We are
working in momentum space for this analysis). On the other
hand, the effective Chern-Simons term is proportional to
igoar(—q)ar(q); there is no ar —ap or ar —ar Chern-
Simons coupling. We consider z > 2 in our analysis below.
In this regime, the effects of any such screened interaction
are expected to be subdominant compared with those of
the Chern-Simons term, as such interactions correspond to
higher-order terms in the derivative expansion.

D. Fermion self-energy

We now study Eq. (3.21) for the X, and X, components of
the Dirac composite fermion self-energy using the effective
gauge-field propagator in Eq. (3.32).

1. %,

Taking the trace of both sides of Eq. (3.21) and setting
8q, = 0, we find
iZn(grs) = iMP (grs) +iMD (grs), (3.34)

where

iM©(grs)

o 27 €qpa P’
/(2 )3tr|: GO(p+ grs)y” (k 2 )}
(3.35)

iMD(grs)

o 2T €4B0 P
/(2 )3tr|: GV (p+ grs)y”? (k ‘;2 )}
(3.36)

and G°(p) and GV (p) are given in Egs. (3.9) and (3.10).
Recall that we set ¥, = 0 and only retain X,, when using
GO(p) and GV (p) to evaluate M® and M. The details
of our evaluation of M© and M are given in Appendix 2.
Here, we quote the results:

MO — _ZMOSgn(Zm)’ (3.37)
N
2 bu?
o= Ko (3.38)
3NIZ.P?
Thus, %,, solves
2 ) 2 bul
5 = posgn(E,) 2 bugy ‘ (3.39)
N 3N|Z,

When b = 0, the only solution is X,, = 0, consistent with
our expectation that PH symmetry is unbroken at v = 1/2.
Dimensional analysis and 1/N scaling implies

3
_ f(bN )
“o

(3.40)

We find that X,, has the following asymptotics: for fixed
|bl/ug ~ 1071,

bl ) w "
PO b —-— 0 ol
Hosen( )<M%N> [C1+”(|b|N3) i ]

(3.41)

where ¢ ~ 0.9, ¢, & —0.5, and the ...
N — oo; while for fixed N,

b1 BIN* "
2m=uosgn(b)<—2> c3+c4< 5 ) +...
Mo Mo

(3.42)

are suppressed as

where ¢3~0.69, and the vanish as

|61/ — 0.

cy~ —0.08,

2. %,

We now consider the leading perturbative correction to
%o. This allows us to calculate the corrections to X and the
chemical potential p.

To evaluate the leading correction to X that one obtains
when G(p) = G (p), we multiply both sides of Eq. (3.21)
by y° on the left and take the trace to find

) 1 d3p o 27 €486 P
i%o(q) = E/ (27;)3“[ GV (p+q)y’ (k ’;2 )}

(3.43)

where g% = gfg + qo8%°. As detailed in Appendix 2, we
find the leading correction 2(()2) to ¥o [see Eq. (3.23)] for
lqol/ 10 < =i/ 1455

i (qrs) = (4o + 120)- (3.44)

2u

3N |E |
At large N, we use Eq. (3.41) for X,, to find Xy ox X
N~3/4_ This vanishes by a factor of N~'/2 faster than X, and
so it is relatively suppressed as N — oco. Next-order terms
in ¥, and X, are obtained by self-consistently solving the
Schwinger-Dyson equations with propagators corrected by
the leading self-energy corrections. We have checked that
the other components of X, are likewise suppressed at large
N; as such and because they do not enter our subsequent
calculations, we will not discuss them further. Because X%,
vanishes at half-filling, we may only ignore X for sufficiently
large |b|/u3 at large N.

3. Dynamically generated mass and corrected chemical potential

We are now ready to evaluate Eq. (3.14) for the dynami-
cally generated mass. We extrapolate our large N solution for
¥, to N = 1 using Eq. (3.42):

»

m= 1_—’;(1) ~ 0.69sgn(b)|b|'*B'/°,

(3.45)
where we set o = ~/B. The specific behavior of the mass
m, away from v = 1/2, depends on whether the electron
density n, or external magnetic field B is fixed. At fixed B,
the magnitude of m is symmetric as a function of n, about
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half-filling; on the other hand, |m| is asymmetric for fixed
n, and varying B. Using Eqgs. (3.15) and (3.23), the chemical
potential

_ 5
p="0"%_ _ /B

T (3.46)

These results imply that the Dirac composite fermion density
and mass are corrected in such a way that the chemical
potential is unaffected.

In our analysis of the Weiss oscillations in the next section,
we ignore all higher-order in 1 /N corrections and assume that
a mass term is the dominant correction to the Dirac composite
fermion mean-field Hamiltonian away from v = 1/2. The
chemical potential for this fluctuation-improved mean-field
Hamiltonian will be taken to be u = \/E

IV. WEISS OSCILLATIONS OF MASSIVE DIRAC
COMPOSITE FERMIONS

Following earlier work [20,59-61], we now study the effect
of the field-dependent mass of Eq. (3.45) on the Weiss oscilla-
tions near v = 1/2 using the fluctuation-improved Dirac com-
posite fermion mean-field theory. We find that a nonzero mass
results in an inward shift of the locations of the oscillation
minima towards half-filling.

A. Setup

We are interested in determining the quantum oscillations
in the electrical resistivity near v = 1/2 that result from a one-
dimensional periodic scalar potential. In the Dirac composite
fermion theory, the dc electrical conductivity,

1 1
|:€ij - Eeik(avl)k[lel/},

O = —
Y 4

where oV is the (dimensionless) dc Dirac composite fermion

conductivity. This equality is true at weak coupling; at strong

coupling, (W)/,'W(—CIQ)EVJ'W(QO)) should be replaced by the
exact gauge-field a, self-energy, evaluated at g; = g, = 0.

Wy (—qo) ¥y v (qo)) ‘

“.1)

T
. = lim 4.2
12 Go—0 iqo ( )
Thus, the longitudinal electrical resistivity,

Pii X |6ij|0‘;§, 4.3)

where there is no sum over repeated indices. When a one-
dimensional periodic scalar potential Ag = V cos(Kx;) with
K =2n/d is applied to the electronic system, the a, equa-
tion of motion following from the Dirac composite fermion
Lagrangian (2.4) implies

vy = _ﬂ sin(Kx).
4

We accommodate this current modulation within Dirac com-
posite fermion mean-field theory by turning on a modulated
perturbation to the emergent vector potential,

8a = [0, W sin(Kx)], (4.5)

where W = W (V) vanishes when V = 0. (Fluctuations will
also generate a modulation in the Dirac composite fermion

4.4)

chemical potential; we ignore such effects here) Putting to-
gether Egs. (4.3) and (4.5), our goal in this section is to
determine the correction to aj'./;. due to éa,
Apii o |€ij| Ac . (4.6)

In Dirac composite fermion mean-field theory, corrected by
Eq. (3.45), the calculation of Ao;f simplifies to the determi-
nation of the conductivity of a free massive Dirac fermion. We
use the Kubo formula [62] to find the conductivity correction:

1
A6 = —— 5[0, foEn) ]t (Ex o v,

= 4.7
i T oL 4.7

where L, (L) is the length of the system in the x| direction
(xp direction), ,8" =T is the temperature, M denotes the
quantum numbers of the single-particle states, f, "Ey=1+
exp [B(E — w)] is the Fermi-Dirac distribution function with
chemical potential u = /B, t(Ey) is the scattering time for
states at energy Ey, and v = 0p,Epm is the velocity correc-
tion in the x; direction of the state M due to the periodic
vector potential. As before, the Fermi velocity is set to unity.
Assuming constant T(E) = t # 0, we only need to calculate
how the energies Ey, are affected by &d, which in turn will
determine the velocities v}. We will show that the leading
correction in W to Ej only contributes to v4’. Calling x; = x
and x, =y, this implies the dominant correction is to Apy,
Aay‘f,. There are generally oscillatory corrections to py, and
Pxy; however, their amplitudes are typically less prominent
and so we concentrate on A p,, here.

B. Dirac composite fermion Weiss oscillations
The Dirac composite fermion mean-field Hamiltonian, cor-

rected by Eq. (3.45),

0
H=6'<ﬁ+&>+ma3

0x 4.8)
where
a = [0, bx; + W sin(Kxy)]. 4.9)
To zeroth order in W, H has the particle spectrum,
V2nlb|+m?2, n=1,2,...
EO —
Im|, n=0.
with the corresponding eigenfunctions,
NP tting, sy | for n=1,2,...
N IR
wn,pQ (x) = 0
Nelr* (%(”,:*”)) for n=0,

where the normalization constant

N = n|b|
I,Ly(m? + 2n|b| — m\/m? + 2nb])’

165122-8



FLUCTUATIONS AND MAGNETORESISTANCE ...

PHYSICAL REVIEW B 100, 165122 (2019)

k) € Z is the momentum along the x, direction (Lz — 00),

X},(pz) =Xxp = 2[5, lb 1 |b|, and ®,(z) = W H,(2)
for the nth Hermite polynomial H,(z). Thus, the states are
labeled by M = (n, p»). We are interested in how the periodic
vector potential in Eq. (4.5) lifts the degeneracy of the flat
Landau-level spectrum and contributes to the velocity v¥.
(Finite dissipation has already been assumed in using a finite,
nonzero scattering time 7 in our calculation of the oscillatory
component of py,).

First-order perturbation theory gives the energy level
corrections,

A2 2n|b
E,il) =W " nlb| cos(Kxp)e /2
P2 K1, m? + 2n|b|

X [Ln—l(z) - Ln(z)]a

where L, (z) is the nth Laguerre polynomial, z = K*I7/2, and
terms suppressed as Ly, L, — 00 have been dropped. Thus, to
leading order, v;"”> = 0 and

oE(") 2n|b|
n.pa n.pa / : —z/2
= —==-W[~2 K
v, 3ps »V2n 1 2uib) sin(Kxp)e

X [Lp-1(z) — La(2)]. (4.11)

We substitute these v;"”* into the Kubo formula (4.7) to
find Aa}ﬁg. To perform the integral over p,, we approximate
the Fermi-Dirac distribution function by substituting in the
zeroth-order energies E(” (which are independent of p,).
Thus, we obtain the periodic potential correction to the Dirac
composite fermion conductivity:

~ 2nlb|
Aol ~ W°T
o ﬁ2<m2+2n|b|>

xe* [Ln—l (Z)

(4.10)

nexp [B(E” — u)]
{1 +expp[(E — )]}’
(4.12)

- Ln(Z)] )

where T o« t has absorbed nonuniversal O(1) constants.
Aoy‘g in Eq. (4.12) exhibits both Shubnikov—de Haas (for
large |b|) and Weiss oscillations (for smaller |b|). We are in-
terested in extracting an analytic expression that approximates
Eq. (4.12) at low temperatures near v = 1/2, following the
earlier analysis in [31]. In the weak-field limit, |b|/u? < 1, a
large number of Landau levels are filled (n — 00). Thus, we

express the Laguerre polynomials L, as
1
@) 7 ) (4.13)

212508 (2ynz—1%)
Next, we take the continuum approximation for the summa-

L
n(2) n—00 (7'[2nz)1/4
tion over n by substituting

l2
n—>§(E2— ;—sz/EdE
into Eq. (4.12):
BePE=1)

2 2 2 z_z
eﬂ(E e sin (le E*—m 4),

Yy

Aa‘/’—C/ dE

4.14)

where C = W2%#[?K and we have approximated 2n|b|/(m* +
2n|b|) by unity. (The substitution for n is motivated by the
zeroth-order expression for the energy of the Dirac composite
fermion Landau levels). Anticipating that at sufficiently low
temperatures the integrand in Eq. (4.14) is dominated by
“energies” E near the Fermi energy u, we write

E=p+sT (4.15)
so that Eq. (4.14) becomes for |s|T < 1 = +/B,
oo .
AO’;,/;, = C/ ds 6—2 sin
—oo (1+e%
2 slezK T
x | [,KvB —m?> + —— — — (4.16)

m? 4
VIi=%

Performing the integral over s, we find the Weiss oscillations
[see Eq. (4.6)]:

T/T, 2mi12/B—m?
APy X 1_# 1—2sin? [ VO~ T i
sinh(T /Tp) d 4
4.17)
where
A 418
A I 1
- B

we have substituted K = 27 /d, 1> =|b|7!, and the propor-
tionality constant is controlled by the longitudinal resistivity
atv =1/2.
Equation (4.17) constitutes the primary result of this

section. The minima of A p,, occur when

1 d

bl 2+/B —m?
where m is given in Eq. (3.45). For either fixed electron
density n, or fixed external field B, the locations of the
oscillation minima for a given p [either B(p) or n.(p)] are
shifted inward towards v = 1/2. This is shown in Fig. 1 for
fixed n, and in Fig. 2 for fixed B. The magnitude of this shift
is symmetric for fixed B, but asymmetric for fixed n., given
the form of the mass in Eq. (3.45). Mass dependence also
appears in the temperature-dependent prefactor ﬁf;’m In
principle, this mass dependence could be extracted from the
finite-temperature scaling of A p,, at the oscillation extrema.

1
<p+Z), p=1,23,..., (419

V. COMPARISON TO HLR MEAN-FIELD THEORY AT
FINITE TEMPERATURE

A. Shubnikov-de Haas oscillations

In [63], Manoharan et al. found the Shubnikov—de Haas
(SdH) oscillations near half-filling to be well described over
two orders of magnitude in temperature by the formula

Apxx I~ éNR
£o sinh(§yr)

2 . .
where &yg = 27;—T, w. = |b|/m*, m* is an effective mass,

v is the electron filling fraction, and p( is the longitudinal
resistivity at half-filling (measured at the lowest accessible

(5.1)

cos(Qmv — 1),
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Apyxx (Arb. Units)

-0.04 -0.02 0.00 0.02 0.04
(n—n,,)iny,

FIG. 2. Weiss oscillations of the Dirac composite fermion theory
at fixed magnetic field B and varying electron density n, about half-
filling /2 = Bij2/47 (€s,,,/d = 0.03 and kgT = 0.3,/2B>). The
blue curve corresponds to Dirac composite fermion mean-field the-
ory [20]. The orange curve includes the effects of a Dirac composite
fermion mass m o |B — 4mn,|'/3B'/¢ induced by gauge fluctuations.
Vertical lines correspond to the observed oscillation minima [33].

temperature). (Note that these experiments were performed
without any background periodic potential and so no Weiss
oscillations were present) Recall that we are using units where
kg = h = e = ¢ = 1. In particular, it was found that m* /B
for sufficiently large |b| = |B — 4mn,| and that m* appeared
to diverge as half-filling was approached. Interpreted within
the HLR composite fermion framework, m* corresponds to
the composite fermion effective mass. The /B behavior of
the composite fermion effective mass is consistent with the
theoretical expectation [8,64] that the composite fermion mass
scale at v = 1/2 is determined entirely by the characteristic
energy of the Coulomb interaction. (Away from v =1/2,
scaling implies the effective mass can be a scaling function
of B and n,).

Applying previous treatments of SdH oscillations in
graphene [65,66] to the Dirac composite fermion theory,
the temperature dependence of the SdH oscillations is
controlled by

Apxx ED
q .— b
Po sinh(§p)

5.2)

where &p = 2”2@"@. Thus, &vg  &p if m* o« +/B. Conse-
quently, the Dirac composite fermion theory is consistent
with the observed temperature scaling with v/B. We cannot
account for the divergence at small |b]| attributed to m* in our

treatment.

B. Weiss oscillations

In [20], it was shown that the locations of the Weiss
oscillation minima obtained from Dirac and HLR composite
fermion mean-field theories coincide to 0.002%. This result
provides evidence that the two composite fermion theories
may belong to the same universality class. However, the
(possible) equivalence of the two theories only occurs at long
distances and so the finite-temperature behavior of the two
theories will generally differ.

In HLR mean-field theory, the temperature dependence of
the Weiss oscillations enters in the factor [31],

T /Tnr

APy X ————— 53
P & ST Ty (53)

where the characteristic temperature scale,
4 471213 m* 5.4)

Tol=—"—2 .
NR d Jamn,

Assuming the effective mass m* /B, the characteristic
temperatures 7p and Tyg generally have very different be-
haviors as functions of B and #n,.. It would be interesting to
study the effects of fluctuations in HLR theory, along the lines
of the study presented here, and compare with our result in
Eq. (4.17).

VI. CONCLUSION

In this paper, we studied theoretically commensurabil-
ity oscillations about v =1/2 that are produced by a
one-dimensional scalar potential using the Dirac composite
fermion theory. Through an approximate large N analysis of
the Schwinger-Dyson equations, we considered how correc-
tions to Dirac composite fermion mean-field theory affect the
behavior of the predicted oscillations. We focused on correc-
tions arising from the exchange of an emergent gauge field
whose low-energy kinematics satisfy |G| < |go|. In addition,
we only considered screened electron-electron interactions.
Remarkably within this restricted parameter regime, we found
a self-consistent solution to the Schwinger-Dyson equations
in which a Chern-Simons term for the gauge field and mass
for the Dirac composite fermion are dynamically generated.
The Dirac mass resulted in a correction to the locations
of the commensurability oscillation minima which improved
comparison with experiment.

There are a variety of directions for future exploration. It
would be interesting to consider the effects of the exchange of
emergent gauge fields with |gg| < |7 |. In this regime, Landau
damping of the “magnetic” component of the gauge-field
propagator is expected to result in IR dominant Dirac com-
posite fermion self-energy corrections [67-69]. In particular,
it would be interesting to understand this regime when a
dynamically generated Chern-Simons term for the gauge field
is present. These studies are expected to be highly sensitive
to the nature of the electron-electron interactions. Atv = 1/2
when the effective magnetic field vanishes, single-particle
properties depend upon whether this interaction is short or
long ranged [70]. It is important to understand the interplay
of this physics with a nonzero effective magnetic field that
is generated away from v = 1/2 and its potential observable
effects.

The corrections to the predicted commensurability oscil-
lations relied on a solution to the Schwinger-Dyson equa-
tions, obtained in a large N flavor approximation, that was
extrapolated to N = 1. The study of higher-order in 1/N
effects may provide additional insight into the validity of this
extrapolation. Alternatively, study of the ’t Hooft large N
limit of the Dirac composite fermion theory dual conjectured
in [71] may complement our analysis.
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Recent works [16-18] have shown that PH symmetry
at v = 1/2 and reflection symmetry about v = 1/2 rely on
precisely correlated electric and magnetic perturbations. (This
correlation is implemented by the Chern-Simons gauge field
in the HLR theory). Specifically, a periodic scalar potential
V (x) generates a periodic magnetic flux b(x) via

b(x) = —2m*V (x). 6.1)

How might fluctuations about HLR mean-field theory affect
Eq. (6.1) and potentially modify its predicted commensurabil-
ity oscillations and other observables?
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APPENDIX: INTEGRALS

In this Appendix, we give details for the calculations of the
gauge and fermion self-energy integrals quoted in the main
text.

1. Gauge-field self-energy

We begin with the gauge-field self-energy given in
Sec. Il C. We are interested in computing the PH odd com-
ponent of the gauge-field self-energy IMqyqq:

M7 (q) = Mgl (@) + i€ g Toaa(q).  (AD)

To leading order in b, we substitute G(p) = G (p) from
Eq. (3.9) with ¥, = 0 for « € {0, 1, 2} into Eq. (3.22):

i€’ ¢, Moaa(q) = N{/ 2 3tr[VaG(0)(P)J/ﬁG(O)(p + q)]}
) odd

Pp [ Wiy (Ps +1085.0) + Zwl 5 ilyT(pr +qr + 1108:.0) + Zin
=-N 3|y 72 2 VX 2 2 _v2 - (AY
(27) (Po+ 1o)* — pi — X5, (Po + qo + 10)* — (pi +q)* — i 1) oua
We have suppressed the i€, factor in Eq. (3.9) that defines the Feynman contour for the Minkowski-signature po integration
because we will evaluate the above integral in Euclidean signature. In subsequent sections of this Appendix, we will likewise
suppress the i€, factor for the same reason without further comment. Recall that the factor of N arises from the fermion loop

over N flavors of Dirac composite fermions and that pg > 0.
To leading order in the derivative expansion, i.e., [1oqq(g = 0), the expression for IT1,44(0) simplifies to

d*p 1
Q1Y [(po + po)? — p? = T3]

Moqa(0) = —2iNE,, (A3)

Here, we have used the trace identities,

uly®yP1=2n"F, wly®yPy'] = —2ie*f". (A4)

To compute this integral, we first Wick rotate, py — i(pg); and d*p — id®pg, and then sequentially integrate over (pg); and
the spatial momenta (pg); (i = 1, 2) to find

d3pE 1
Q7Y [i(pe)s + nol? — [(pe)? — 22T
dspE 1
=2NX,,
/ Q1) [(pe)s — 01 PL(pE)s — o
NS, [ dpe OUZal — o)+ Oo — 1Z,DO[1(pe)il — /i — B3]
-2 ) @ny (1ol + 22172

Moaa(0) = 2N %,

i
P

N
= —[®(|Em| — o) (AS)

P
+ O(uo — |Em|)—:|,
4n Ho

where the step function O[|(pg)i| — V ,u% — Efn] in the third line ensures the double poles w1 = i[ug = vV (pe )1‘2 + 231] occur

on opposite sides of the real (pg)3 axis. Equation (AS5) implies that, for o > |%,| > 0, the gauge field obtains a correction to

its propagator that corresponds to an effective Chern-Simons term with level,
N %,

k= .
2 o

(A6)
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2. Fermion self-energy

Next, we calculate the fermion self-energies X,, and ¥ quoted in Sec. III D.
We begin with X,,. Taking the trace of both sides of Eq. (3.21) and setting ¢, = 0, we find

i%(grs) = iM® (grs) + iMP(grs), (A7)
where
1 d*p 27 €45 P°
MO () = & tr| y*G® Pl A8
IM ™ (grs) 2/(271)3 T[)’ G (p+qrs)y <k = >} (A8)
1 d*p 27 €4p5D°
A (D) _ 2 tr| v2G®» B apo i A9
IM(grs) 2/(27”3 T[V (P +4qrs)y <k = >i| (A9)

G(p) and GV (p) are given in Egs. (3.9) and (3.10), k is given in Eq. (A6), and gps = (0, poit) for the unit vector 7 [e.g.,
7 = (cos(g), sin(p)) where ¢ parametrizes a point on the Fermi surface] normal to the (assumed) spherical Fermi surface. As
before, we set X, = 0 for « € {0, 1, 2} and only retain X,, when using G (p) and GV (p) to evaluate M@ and MD, as well
as X below. It is convenient to define Q = (g, poit) so that

. 1 [ oIy (P+ Qo + T 27 €apep”
M) = 5 (2n1;3tr[y (l[y(p(i Q)Qz)— = ])yﬂ<7n”}—f>} o
. 1 [ &° of PP+ 0o + YO, 27 €qpe "
MVare) =3 | (2nl;3tr[y (l [[<;p+ QQ;O— zyz]2 ])yﬁ(fm 3 >] A

We first consider M© = M@ (gps). Using the trace identities in Eq. (A4), we find
. 3 ; .
l‘M(O) — E d p tr ya (V (17 + Q)(T + 2:m) )/ﬁ Eaﬁrp
kJ Qn)3 (p+0)2—-13%2 »

4m [ dp (p+Q)ep”
k) @uy[(p+0»-x22]p

(A12)

Next, we combine denominators using the Feynman parameter x and then shift the integration by defining £, = py + Qnx:

4 3 1 " o
MO — T dP}/ I P+ Qop :

k J @2m) Jo (P* + 2pQx + Q%x — E2x)
47 d3e /1d 2 +20(1 —2x) — x(1 — x)Q?

=— | —= X
k) @nyto ™ [+ 01 —x) - 3]
4 ae ! 2

i —3f dx———, (A13)
ko J @r)*Jo (62— 22x)

where we evaluated Q% = 0 and dropped the linear in £ term in the third line since it vanishes upon integration over £. Next, we
Wick rotate by taking £y > i(¢g)s, €2 > —{%, and d*€ > id>{g, integrate over £z via dimensional regularization, and finally
integrate over x:

. 3 1 2
Mo = 2[4 / do—'E
o

k J @) 2+ 32x)
__12r)%,| ldxxl/z
k()32 )y
|2
= —i
k
2 Zﬂl
= —i—’“’s%;l( ) (Al4)

where we substituted in the Chern-Simons level given in Eq. (A6) in the final line.
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Next, consider M1 = M (ggs). Using the trace identities in Eq. (A4), we find

iMD = _47szm / d’p Po
kol en p+or-51p
dn b, 2
=" 1(%,,, Q). (A15)
With the help of the formal identity,
1(23,0) = —052J (21, Q) = —052 p Po , (A16)
" ") ey [(p+ 07 - 5]
we rewrite
47bE,, d?
iMD — 4 p Do (A17)

Oy .
ko) @ay i+ P - 220
This integral has the same basic form as the one we encountered in calculating M@ and so we will follow the same steps as

before: combine denominators with the Feynman parameter x, shift the integration £, = p, + Qqx, and substitute in Qy = o
and 0% = 0:

iMD =

47b3,, de !
_ 05k / — > (A18)
o

2 .
k =) e - x2x)

Next, we Wick rotate by taking £y — i(€g )3, integrate over £ via dimensional regularization, integrate over x, take the derivative
with respect to E,ﬁ, and then evaluate k = %%

4nbx g !
iMP = —i TO%mko Ox2 E3/ X a 2
k ")y b (e + s
b, 1 :
= —j Ho Oy:2 1/2/ dxx'?
k m (an/l) 0
2 bud
_Z§N|Em|3' (A19)

Finally, we calculate ¥o(grs) and X (grs), which we obtain from evaluating the derivative with respect to g of Xo(P) at the
Fermi surface:

, 1 [ d&p 27 €apo P’
iZo(P) = 3 / 2y tr[y°y“G<°><p+P)yﬂ(7;—2>}, (A20)

where P = (qo + Mo, o). First, we note that

[y vy yP1p + P)op €apr = 200" n°F — 0% 0P + 0" 5% )(p + P)o p" €ape

= (p+PYp eop: + (p+ P)*peqor
=0. (A21)

Therefore, only the term proportional to %, in the numerator of G’ contributes. Using the trace identities in Eq. (A4), we find

4%, d’p P°

iXo(P) = X any [(p TPy Ei]pz'

(A22)

As above, we combine denominators, shift the integration variable ¢, = p, + P,x, and drop any linear in £ terms in the
numerator:

. _ 4nZa(qotpo) [ Pt (! x
iXo(P)=— . / o) /0 dx (& 420 0P E%x]z. (A23)
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We assume E,fl > |P?| & |2j1q0|. Wick rotating £ > i(£x)3; and sequentially performing the £; and x integrals, we find

. Ar Em(on + NO) dSEE ! X
=TT & ), o e
o [ —x(1—x)Q2puogo) + T2x]
Znlqo + po) [! x
= om0 TR gy —
2k 0 [Z2x = 2pogqox(1 — x)]
. Zm(qo + o) 2140490 )
= om0 TROT Gy 200 oy
Sz g, tO@)
=i 2 ot o) (1+ 290 L o@). (A24)
3N|Z,l 51Z?

Taking the derivative of Xo(P) with respect to go, evaluating at ¢ = (0, o), and retaining only the first term (ogo < | Zml?),

we obtain

i%(grs) =

NS

2
Ho (A25)
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