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Many-body electron-electron interaction effects are theoretically considered in monolayer graphene from
a continuum effective field-theoretic perspective by going beyond the standard leading-order single-loop
perturbative renormalization group (RG) analysis. Given that the effective (bare) coupling constant (i.e., the
fine structure constant) in graphene is of order unity, which is neither small to justify a perturbative expansion nor
large enough for strong-coupling theories to be applicable, the problem is a difficult one, with some similarity
to (241)-dimensional strong-coupling quantum electrodynamics (QED). In this work, we take a systematic and
comprehensive analytical approach in theoretically studying graphene many-body effects, primarily at the Dirac
point (i.e., in undoped, intrinsic graphene), by going up to three loops in the diagrammatic expansion to both
ascertain the validity of a perturbative expansion in the coupling constant and to develop a RG theory that can
be used to estimate the actual quantitative renormalization effect to higher-order accuracy. Electron-electron
interactions are expected to play an important role in intrinsic graphene due to the absence of screening at
the Dirac (charge neutrality) point, potentially leading to strong deviations from the Fermi-liquid description
around the charge neutrality point where the graphene Fermi velocity should manifest an ultraviolet logarithmic
divergence because of the linear band dispersion. While no direct signatures for non-Fermi-liquid behavior
at the Dirac point have yet been observed experimentally, there is ample evidence for the interaction-induced
renormalization of the graphene velocity as the Dirac point is approached by lowering the carrier density.
We provide a critical comparison between theory and experiment, using both higher-order diagrammatic and
random phase approximation (i.e., infinite-order bubble diagrams) calculations, emphasizing future directions
for a deeper understanding of the graphene effective field theory. We find that while the one-loop RG analysis
gives reasonable quantitative agreement with the experimental data, both for graphene in vacuum and graphene
on substrates, particularly when dynamical screening effects and finite carrier density effects are incorporated in
the theory through the random phase approximation, the two-loop analysis reveals an interacting strong-coupling
critical point in graphene suspended in vacuum signifying either a quantum phase transition or a breakdown
of the weak-coupling renormalization group approach. By adapting a version of Dyson’s argument for the
breakdown of the QED perturbative expansion to the case of graphene, we show that in contrast to QED where
the asymptotic perturbative series in the coupling constant converges to at least 137 orders (and possibly to
much higher order) before diverging in higher orders, the graphene perturbative series in the coupling constant
may manifest asymptotic divergence already in the first or second order in the coupling constant, favoring the
conclusion that perturbation theory may be inadequate, particularly for graphene suspended in vacuum. We
propose future experiments and theoretical directions to make further progress on this important and difficult
problem. The question of convergence of the asymptotic perturbative expansion for graphene many-body effects
is discussed critically in the context of the available experimental results and our theoretical calculations.
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I. INTRODUCTION

Graphene, or more precisely monolayer graphene, is a two-
dimensional (2D) honeycomb lattice of carbon atoms with a
single-particle band structure [1] which in the long-wavelength
limit is linear and chiral: E4(q) = vpq, where + refer to
the two chiral linear (conduction/valence) bands, ¢ is the 2D
wave number (momentum), and vr the so-called graphene
(Fermi) velocity. (We use i = 1 throughout.) Graphene is
the most studied topic in physics during the 2005-2013 time
period, and the subject is well reviewed in the literature
[2,3]. Our interest in the current work is a theoretical study
of electron-electron interaction effects on graphene single-
particle properties, specifically the linear band dispersion, a
subject which was originally studied in the literature [4—7] long
before the current interest in graphene exploded following the
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experimental work of Geim and Novoselov [8,9]. The specific
issues we want to explore in great detail in this work include
the role and importance of graphene many-body effects, the
renormalization of ultraviolet divergences, and the ability of a
perturbative RG analysis to accurately capture the signatures
of electron-electron interactions in real graphene systems. We
investigate these questions by going beyond the leading-order
one-loop RG analysis, which is necessitated by the fact that,
unlike in QED where the interaction strength is given by
the vacuum fine structure constant ez/ he ~ %, the effective
coupling constant defining the interaction strength in graphene
is of order unity due to the smallness of the graphene Fermi
velocity vg & ¢/300, defining its chiral linear dispersion. A
related question to be discussed in this paper in reasonable
depth is how well (or poorly) experimental data and theoretical
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many-body calculations agree with each other with respect
to the interaction-induced renormalization of the graphene
Fermi velocity, a question of fundamental importance in
understanding the quantitative aspects of graphene effective
field theory.

Intrinsic (i.e., undoped) graphene [10], our primary interest
in this work, is a seemingly simple system of two chiral, linear
electron-hole single-particle bands with the valence band
completely full, the conduction band completely empty, and
the Fermi level pinned precisely at the Dirac point (considered
to be at zero energy with the valence/conduction band states
occupying negative/positive energy states). The system is thus
achiral, gapless semiconductor with a massless linear electron-
hole energy dispersion characterized by the Fermi velocity
vr. The long-wavelength single-particle theory is precisely
described by the chiral, massless (2+1)-dimensional Dirac-
Weyl equation. The relevant “spin” index for this effective
theory is, in fact, the pseudospin index arising from the two
sublattices of the 2D honeycomb lattice with pseudospin-
momentum locking leading to the long-wavelength description
being the massless 2D chiral Dirac equation. In addition
to the pseudospin index, graphene also has the usual spin
index with a twofold spin degeneracy and a valley index
(arising from the band structure effect at K, K’ points of the
Brillouin zone), adding an additional valley degeneracy factor
of 2 (i.e., graphene has a fourfold single-particle ground-state
degeneracy).

The bare (i.e., unrenormalized) value of the Fermi velocity
vr is given by the basic tight-binding band structure calcu-
lation for intrinsic graphene to be roughly vy ~ 108 cm/s &
¢/300. This immediately leads to a bare coupling constant
defined by

o2
o= — =22/« 1)
KVF

where k is the background lattice dielectric constant arising
from the substrate on which the graphene layer resides. For
suspended graphene in vacuum, « = 1, and thus o ~ 2.2
for suspended graphene, whereas o =~ 0.9 (0.4) for graphene
on SiO, (BN) substrates, which are two common substrate
materials used in the experimental studies of graphene. It is
worth noting that these values of « for graphene on substrates
represent typical rather than precise values; the effective
dielectric constant « can vary substantially between different
experiments. For example, the effective « for graphene on a
BN substrate has been found to range from 2.5 to 8 depending
on the specific experimental setup [11,12]. We further note
that the standard definition of the dimensionless interaction
strength in a solid-state electronic material is the so-called
(dimensionless) Wigner-Seitz radius, universally referred to
as the ry parameter [13,14] and defined as r, = (PE)/(K E),
where (PE) and (KE) refer, respectively, to the average
ground-state Coulomb potential energy and the average kinetic
energy. For an ordinary parabolic dispersion 2D (3D) electron
gas system, ry depends on the 2D (3D) electron density n as
ry ~ n~Y2 (n='/3). In graphene, however, the linear dispersion
makes r,; independent of carrier density, and it is easy to show
that r, = a = e?/(kvr) for graphene, which is independent of
density. This density-independent constant interaction strength
of graphene sets it apart from regular metals and semiconduc-
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tors in terms of electron-electron interaction effects, although
the interaction itself is the standard long-range 1/r Coulomb
interaction between two electrons in all of these systems.

In addition to the chiral, linear energy dispersion and the
density-independent coupling constant, graphene many-body
theories require an explicit ultraviolet momentum (i.e., short-
distance) cutoff because of the linear energy dispersion. Such
a momentum cutoff is unnecessary in the usual 2D or 3D
electron gas problem where the only divergence one needs
to worry about is the long-distance (i.e., low-momentum)
infrared divergence associated with the long-range nature of
the Coulomb interaction, which leads to a well-known infrared
logarithmic divergence in the self-energy at leading order (i.e.,
Hartree-Fock) in the bare Coulomb interaction. It has been
known for more than 50 years that the infrared log diver-
gence of the Hartree-Fock self-energy is regularized simply
by carrying out an expansion in the dynamically screened
Coulomb interaction, which is equivalent to the random phase
approximation (RPA) in which the infinite series of bubble
diagrams is summed up for the reducible polarizability and
the self-energy. The ultraviolet divergence in the graphene
self-energy is, however, present in both Hartree-Fock and RPA
theories, i.e., whether the perturbative expansion is carried
out in the bare interaction or in the dynamically screened
Coulomb interaction, introducing a « In(k./ k) [or equivalently
o In(E./E)] renormalization of the graphene Fermi velocity
akin to the corresponding logarithmic mass renormalization
in QED. Using weak-coupling RG (and noting the o v;l
relationship between the bare coupling constant and the
bare graphene velocity), the running of the renormalized
coupling and the renormalized Fermi velocity then imply
a logarithmic divergence of the graphene Fermi velocity as
the Dirac point is approached. One of the key questions we
explore in this work is how the higher-order corrections in the
coupling constant « modify the leading-order velocity (and
polarizability) renormalization in graphene. This question is
substantive since the bare coupling constant in graphene is not
small (e ~ 1), and as such there is no a priori reason to trust
a weak-coupling leading-order perturbation theory.

The issue of higher-order corrections to graphene many-
body effects is not just of abstract theoretical interest since a
number of recent experimental studies [12,15,16] claim to have
directly observed the expected logarithmic renormalization of
the graphene Fermi velocity, obtaining, in fact, reasonable
quantitative agreement with the leading-order theoretical
results. In (34+1)-dimensional QED, of course, the celebrated
quantitative agreement between electron g-2 experiments and
high-order perturbative diagrammatic calculations [17,18] has
now been established up to an astounding 12 decimal places,
which is amazing, but understandable, since o ~ % for QED,
and thus, the perturbation theory, although asymptotic in
nature, should give “correct” convergent results (at least) up
to 137 decimal places, in principle, before diverging at order
137 or above. In graphene, however, « ~ 1, and therefore,
it is mysterious why theory and experiment should agree
at all quantitatively. Even a qualitative agreement between
theory and experiment in graphene necessitates (at least)
estimating the higher-order diagrams at some reasonable
level of quantitative accuracy so that one has some faith
in believing that the agreement between experimental data
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and the leading-order theory is not just simply the magic of
data fitting with enough free (and adjustable) parameters (or
just a pure lucky coincidence), but is a real advance in our
fundamental understanding of the quantitative aspects of the
graphene effective field theory.

Our goal in the paper is to systematically go beyond the
leading-order perturbative theory to calculate the ultraviolet
divergent contributions to the graphene self-energy and polar-
izability function so that we can make some concrete quan-
titative statements about velocity and charge renormalization
in graphene using a perturbative expansion in the coupling
constant. Our goal is ambitious and difficult, but is clearly
necessary given that the coupling constant in relevant graphene
experiments is simply not perturbatively small for one to be
restricted to just the simple leading-order theory. We provide
complete technical details for our complex calculations so that
others may check our results and go beyond our calculations
as necessary.

The rest of this paper is organized as follows: In Sec. II,
we provide a background mentioning earlier work in the
literature on graphene many-body effects so that our extensive
calculations are set in the proper context; in Sec. III, we
provide our detailed higher-order two- and three-loop pertur-
bative self-energy and polarization results for the Coulomb
interaction, discussing the corresponding RG analysis and
questions of renormalizability; in Sec. IV, we critically discuss
the important issue of the comparison between theory and
experiment; in Sec. V, we discuss our results and open
questions along with the issue of the renormalizability of
the theory for a hypothetical zero-range electron-electron
interaction, contrasting it with the Coulomb interaction results
given in Sec. III; we conclude in Sec. VI. Two appendices
provide many technical details.

II. BACKGROUND

There has been substantial earlier work in the literature
on graphene many-body effects, which we briefly summarize
in the current section in order to put our work in the proper
context. This also seems to motivate our work, establishing its
necessity in spite of the substantial body of existing work on
this topic in the literature.

The existing many-body theoretic work on monolayer
graphene divides itself naturally into a number of different
categories arising from the complex and difficult nature of
the theoretical issues involved in the problem, where many
different approaches from complementary viewpoints can be
useful. The first category, and our work fits firmly into this
category, is the most obvious approach to the problem, spiritu-
ally following the classic perturbative field-theoretic approach
pioneered by Tomonaga, Schwinger, Feynman, and Dyson
more than 60 years ago [19-26]. Although it was already
known in the early 1950s [27] that the QED perturbative
series is only asymptotic and eventually diverges at very high
orders (order 2 137), the perturbation series analysis of QED
has remained the most quantitatively successful theory ever
developed anywhere, with an astonishing 1 part in 10'? type
agreement achieved between the perturbative results [up to
O(a®)] and precision measurements [17,18]. For graphene,
the leading-order [i.e., O(a)] perturbative calculation coupled
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with a weak-coupling RG analysis strictly at the Dirac point
was already carried out in the 1990s [5]. This leading-order
weak-coupling theory is equivalent to the many-body Hartree-
Fock approximation, i.e., the exchange self-energy calculation.
As such, the leading-order (in the bare coupling) theory fails
[10] at finite carrier density (i.e., finite chemical potential)
when the Fermi energy is no longer at the Dirac point since
it incorrectly predicts the presence of an infrared divergence
(induced by the long-range Coulomb interaction) at the Fermi
energy. This pathological feature of the leading-order theory
was corrected in Ref. [28] by summing the infinite series
of bubble diagrams so as to dynamically screen the bare
Coulomb interaction in the RPA theory. Similar analyses based
on RPA were also carried out by other groups [33], reaching
the same conclusions as Ref. [28]. Such an RPA theory is
devoid of the pathological infrared divergence of the leading-
order Hartree-Fock theory, and manifests only the ultraviolet
In(E./Er) divergence inherent in the QED nature of the
graphene problem. Thus, as the Dirac point is approached
(i.e., Er — 0), the ultraviolet logarithmic divergence in the
renormalized Fermi velocity becomes apparent and leads to
a running coupling constant ¢« (x v;l) which flows to zero
logarithmically, thus justifying the applicability of the weak-
coupling perturbative expansion in a heuristic manner. Thus,
RPA, which we will discuss in some detail in Sec. IV, remains
a powerful quantitative tool for studying graphene many-body
effects and comparing with experimental data, and indeed
there is substantial theoretical literature on the use of RPA for
calculating graphene many-body renormalization [10,28—41].

There is, however, an important shortcoming of both
Hartree-Fock and RPA theories which arises from the fact that
the bare interaction strength in graphene (i.e., &) is by no means
small, and therefore, a leading-order perturbation theory in ¢ is
questionable. One can argue that RPA, in fact, becomes exact
in the limit in which the ground-state degeneracy N diverges,
where real graphene has N = 2, corresponding to the valley
degeneracy. From this point of view, the RPA theory developed
in Refs. [28,33] can be thought of as a nonperturbative theory
that coincides precisely with the leading-order 1/N expansion.
Several other works have employed the 1 /N expansion as well,
focusing primarily on the case of intrinsic graphene [42-45],
and a subset of these works studied the influence of the critical
point at infinite coupling on the large- N theory [43,44]. In par-
ticular, the infinite-coupling critical point was predicted to give
rise to a modification of the graphene dispersion from £ = vpk
to E ~ k* with z < 1. Experiments typically report a renor-
malization of the graphene velocity rather than a nontrivial new
dynamical exponent z < 1, so the importance of the infinite-
coupling critical point has not been validated experimentally.

In addition to the extensive literature on the weak-coupling
perturbative expansion (including RPA which is still a weak-
coupling theory except for the perturbative expansion being in
the dynamically screened Coulomb interaction rather than the
bare interaction) and large-N theories, there is an extensive
literature on graphene many-body effects being studied purely
from the perspective of a strong-coupling theory [46-62].
Typically, three different approaches are used: (i) direct
numerical work using lattice QCD-type calculations [51-56];
(ii) using some sort of Schwinger-Dyson theory [57,58,63—66],
which involves solving an integral equation built from some
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infinite subset of (usually ladder-type) diagrams; and (iii)
mapping the strong-coupling problem onto some known
strong-coupling field-theoretic model (e.g., the Gross-Neveu
model [67]) through some ad hoc approximations [46,68].
All of these strong-coupling theories predict the existence of
a strong-coupling fixed point with the opening of an energy
gap at the Dirac point (i.e., the massless theory achieves a
mass through the spontaneous breaking of chiral symmetry)
provided the coupling constant is larger than some critical
value «.. There is no consensus on the value of «. in the
literature, with o, ~ 1-10 being quoted by different authors.
We mention that « > 2.2 is unphysical for graphene since
k = 1 always. It must be emphasized that the strong-coupling
theories are not yet validated by any experimental observations
since no one has reported the observation of any gap in
monolayer graphene at the Dirac point on any substrates or
in vacuum. Thus, in spite of their theoretical importance and
elegance, the strong-coupling graphene many-body theories
are all on shaky empirical grounds. This is in stark contrast
to the perturbative theories and RPA, which have been quite
successful in capturing the signatures of electron-electron
interactions observed in experiments, as will be discussed at
length in Sec. IV.

Our current work makes an attempt to bridge the gap
between the existing weak-coupling leading-order [i.e., O(«)]
graphene many-body theories and the strong-coupling theories
by going to O(a?) in the perturbation theory exactly and to
O(a®) approximately. Given that the most common values of
the graphene coupling strength (¢ &~ 0.4-2.2) range around
unity, it is important to go beyond O(«) theories at least to
make sure that there is no manifest problem in the perturbation
series in higher orders. We calculate the polarizability and
the self-energy at the Dirac point exactly to O(a?), and
the self-energy approximately to O(a®). These results are
presented in detail in the next section.

There have been a few earlier theoretical attempts to go to
higher orders in graphene many-body perturbation theories,
often obtaining conflicting (and partial) results. For example,
Refs. [69,70] calculate the polarizability to O(e?), finding
different results. Our completely independent calculations
agree with Ref. [70], but not with Ref. [69]. The self-
energy correction to O(a?) has earlier been calculated by
Refs. [71,72]. We find that our O(a?) self-energy results
disagree with Ref. [72], albeit in a fairly minor way. The
O(a?) results of Ref. [71] are incomplete in that they only
include the zero-energy limit of the self-energy correction.
Our partial O(a?) self-energy calculations are provided mainly
to show explicitly that higher-order ultraviolet logarithmic
terms [e.g., In>(E./E)] indeed arise in graphene at third order
as is necessary for the renormalizability of the theory at
higher orders. Our estimated O(o®) perturbative self-energy
corrections indicate that the graphene perturbative series is
probably asymptotic only up to O(«) terms, and as such, RPA
may very well be the best quantitative theory we can have, and
going to O(a?) or O(a®) may make the agreement between
theory and experiment actually worse since the expansion may
have already started diverging at O(a?)!

Given the highly technically demanding nature of our
O(a?) and O(o®) perturbative results and the fact that the
existing higher-order results in the literature disagree with each
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other, we have decided to provide all the technical details of
our theory so that others can check our results for consistency.

III. PERTURBATION THEORY WITH BARE
COULOMB INTERACTION

It may be instructive to carry out a simple dimensional
analysis to explain why the graphene many-body problem in
condensed matter physics resembles a field-theoretic problem
with an ultraviolet logarithmic divergence in contrast to the
usual situation (i.e., parabolic electronic energy band disper-
sion) where such large momentum singularities are considered
to be fundamentally absent in solid-state systems by virtue
of the actual physical existence of a large momentum lattice
cutoff. This dimensional analysis also serves to distinguish
the graphene condensed matter effective field theory from
its relativistic quantum field-theoretic analogs, (341)- and
(241)-dimensional QED.

First, it must be emphasized that the Coulomb interaction
for graphene is a true 1/r-type Coulomb interaction (in
contrast to the Inr Coulomb interaction of the purely 2D
world) as in 3D systems since graphene is a 2D membrane
in the 3D world, and the electric field and potential lines exist
in the 3D world. Thus, the corresponding momentum space
interaction in graphene is 1/¢, and not 1/, as it is in both
(3+1D)D and (2+1)D QED. Second, the electron propagator in
graphene scales as 1/g (as in QED) for large momentum since
the energy dispersion is linear in momentum, distinguishing it
from the usual 1/¢” scaling at large momentum of the ordinary
parabolic-dispersion electron propagator. This distinguishes
graphene from typical solid-state systems. Graphene thus
shares features of both QED (in energy dispersion) and
solid-state physics (2D membrane in a 3D world with a
true ultraviolet cutoff g, ~ 1/a, where a is the graphene
lattice constant associated with the existence of a physical
honeycomb lattice comprised of carbon atoms). In addition,
the bare Coulomb interaction in graphene is not retarded since
it is nonrelativistic by virtue of the graphene velocity vy being
only ~¢/300, in contrast to QED.

The fact that the Coulomb interaction for graphene scales
as 1/g in momentum space instead of 1/¢* is one of two
important differences between 2D graphene and (2+1)D QED
(the other important difference being the nonrelativistic nature
of the interaction due to vp < c¢). This difference leads to the
fact that the electron self-energy in graphene is logarithmically
divergent in the ultraviolet (large momentum) regime, unlike
(24+1)D QED, which is a superrenormalizable theory. On
the other hand, the ultraviolet behavior of the self-energy in
graphene coincides with that in (34+1)D QED because the
difference in the Coulomb interactions (1/g versus 1/g?)
is compensated by the difference in the number of spatial
dimensions. Technically speaking, the interaction in graphene
is marginal from a RG perspective rather than irrelevant [as it
is in (24-1)D QED]. Thus, graphene effective field theory has
the same logarithmic ultraviolet divergence with a running
effective coupling constant as in (34+1)D QED. Graphene
effective field theory is thus a (2+1)D theory that shares several
common features with (3+1)D QED.

What about the corresponding Schrodinger-type parabolic
energy dispersion situation common to most solid-state sys-
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tems (where no one ever worries about logarithmic ultraviolet
divergences or running coupling constants)? For a parabolic
electron energy dispersion, the large momentum structure of
the self-energy integrals (for the physical Coulomb interaction
going as 1/g or 1/q* in 2D or 3D, respectively) goes as
the integral of dg/q” in both 2D and 3D, thus rendering the
corresponding effective field theory superrenormalizable, with
the Coulomb interaction being irrelevant and the ultraviolet
cutoff a nonissue. If the 2D Coulomb interaction is assumed
to be 1/g? (i.e., logarithmic electron-electron interactions
in real space instead of the physical 1/r interaction), then
both graphene with its linear energy dispersion and ordi-
nary solid-state systems with parabolic dispersion become
superrenormalizable field theories in two dimensions with no
ultraviolet divergences.

Thus, 2D graphene field theory, because of the linear
energy dispersion and the 1/r Coulomb interaction (both
are necessary), suffers from exactly the same ultraviolet
self-energy divergence as one faces in the usual (3+1)D QED,
except that the effective coupling constant is of order unity
rather than aggp ~ ﬁ because of the fact that the graphene
velocity is vy ~ ¢/300. We note that since the one-loop self-
energy correction enhances the graphene effective velocity
as one approaches the Dirac point (i.e., at lower momentum
or energy scales), it seems that the weak-coupling theory is
always applicable very close to the Dirac point since the
effective coupling approaches aqgp at the Dirac point. This
argument (which has been repeatedly made in the literature),
while technically correct, is completely impractical since there
is absolutely no justification in constructing the graphene RG
flow starting with the one-loop self-energy calculation since
the measured effective coupling (determined via the velocity)
at experimentally relevant energy scales (corresponding to
carrier densities on the order of n ~ 10'? cm~2) is not small
but instead of order one. Because of the logarithmically slow
running of the effective coupling, one would need to further
reduce the energy scale or carrier density by roughly six
orders of magnitude to achieve a factor of 10 reduction in
the coupling, a task which is far beyond current experimental
capabilities. Thus, even the fact that the effective running
coupling decreases with decreasing energy in the graphene
effective field theory may very well be an artifact of the
one-loop approximation which can not be justified for an
effective coupling of order unity. It might very well be
that the graphene theory at experimentally relevant energy
scales is more QCD-like rather than QED-like, and becomes
asymptotically free at high energy with the effective coupling
(velocity) going to infinity (zero) at the Dirac point. This is
the weak-coupling versus strong-coupling conundrum at the
heart of our work. We want to study the graphene effective
field theory at higher-loop orders to see the extent to which
a weak-coupling perturbative RG makes any sense at all
for a seemingly strong-coupling problem with o ~ 1. Thus,
graphene is truly a strong-coupling QED problem where
experiments (so far) tend to indicate a weak-coupling behavior!

It may also be worthwhile to mention that for a hypothetical
short-range Coulomb interaction (i.e., a constant in momentum
space), the same dimensional analysis indicates that the
self-energy terms will have power-law divergences that scale
with the order of perturbation theory, leading to a horribly
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complicated and possibly nonrenormalizable interacting the-
ory (see Appendix B for details). We emphasize that later in
the paper we make these dimensional arguments rigorous by
systematically carrying out the dimensional analysis to infinite
loop order, showing that the above conclusions remain valid
to all loop orders in the graphene effective field theory, but the
perturbation series in loops may only be asymptotic to the first
or the second loop orders for the actual physical values of the
graphene effective coupling constant.

Finally, what is the role of the nonrelativistic Coulomb
interaction in graphene (in QED of course the interaction is
manifestly relativistic)? It turns out that the nonrelativistic
(i.e., nonretarded) form of the Coulomb interaction plays
no important role in graphene except to assert that if the
weak-coupling theory remains valid with the graphene velocity
increasing logarithmically to arbitrarily low energy, then
the theory must eventually be cut off at an astronomically
low momentum scale where vy ~ ¢, and relativistic effects
come into the theory at these exponentially (¢=3% cm~!!)
small momentum scales. Thus, the effective coupling constant
reaches o ~ %, and the graphene velocity becomes c, with
the RG flow saturating at that point.

We mention that the screening of the Coulomb interaction
(i.e., the insertion of polarization diagrams in the interaction
lines) does not change the above dimensional analysis at
the ultraviolet scale since screening is not operational at
high momenta. Screening does serve a very important pur-
pose however: it serves to eliminate the infrared divergence
associated with the bare Coulomb interaction at any finite
doping. Thus, the graphene theory at any finite carrier density
(again, a complication not arising in QED) must use the
screened Coulomb interaction and not the bare Coulomb
interaction in order to avoid logarithmically divergent infrared
singularities arising from the long-range nature of the bare
Coulomb interaction. Screening, however, plays no role in the
ultraviolet divergence and in the running coupling constant
of the graphene field theory since the logarithmic divergence
structure of the theory remains unaffected by screening, with
only the subleading terms being affected quantitatively.

In this section, we compute first-, second-, and third-order
corrections to the electron self-energy and vacuum polarization
using an effective field theory diagrammatic expansion that is
perturbative in the strength of the bare Coulomb interaction,
which is quantified by the effective graphene fine structure
constant «. The results are then used to determine the renor-
malized polarization, the Fermi velocity, and the running of
the effective coupling strength. We are particularly interested
in testing the reliability of perturbation theory in light of the
fact that the expansion parameter « is of order unity in real
graphene experiments.

First-order results for the Fermi velocity and vacuum
polarization have already been shown to give good qualita-
tive (and perhaps quantitative) agreement with experiments
[15,70]. We find that while second-order corrections improve
the agreement between theory and experiment in the case
of the vacuum polarization [70], second-order corrections to
the Fermi velocity lead to a strong-coupling critical point
at o = o, =~ 0.78, suggesting either a phase transition or
a breakdown of perturbation theory when it is applied to
experimental setups with & > «,, such as graphene suspended
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in vacuum. We find support for the conclusion that perturbation
theory is failing for o > «, by estimating the order where
the perturbative asymptotic series in o« begins to diverge
from the true result, finding that this happens around first
or second order. This evidence is also consistent with the
fact that no indication of a phase transition has been seen
in any experimental measurements of many-body effects in
single-layer graphene.

We further provide in this section a general analysis of
the divergence structure of the graphene effective field theory.
We show that only logarithmic ultraviolet divergences can
arise in higher-order corrections to the electron self-energy,
with higher powers of logarithms arising at third order and
above. Only the linear-log divergences contribute to the
renormalization of the Fermi velocity and effective coupling,
while all the higher-power log divergences can be determined
from the linear-log terms through a set of recursion relations,
which we derive explicitly. These recursion relations reveal
that if graphene is to remain renormalizable at higher orders,
it must be the case that In? divergences arise at third order,
while higher-power logarithmic divergences can not appear at
this order. We verify this explicitly by computing third-order
diagrams which are expected to be the most divergent, namely,
those which contain divergent self-energy subdiagrams.

Although several groups have already reported results
for the second-order polarizability [69,70], the electron self-
energy, and the velocity renormalization [71,72], these results
generally conflict with one another and with our own findings
as we discussed in the previous section. Because of these
disagreements, we felt it necessary to provide the full details
of our calculations in the main text and to point out the specific
places where our results agree or disagree with previous
findings as they occur. On the other hand, the first-order results
are well established in the literature; we include a detailed
review of these results as well for the sake of completeness and
because these results are used in the higher-order calculations.
We have attempted to keep the calculation of each diagram as
self-contained as possible for the sake of readability.

A. Conventions, Feynman rules, and useful identities

We follow the conventions of Ref. [43] and work with the
Euclidean action

N
S=-) f dt > x(Yay d0Wat+vrVay divatAoay Vo)
a=1

1
+ 5= / dt d’x(3; Ag)*. Q)
28
The fields v, are four-component fermion fields describing
electrons and holes, with a labeling the fermion species.
The number of species N is equal to 2 in real graphene,
corresponding to the spin degeneracy. vr denotes the Fermi
velocity. The y’s are Dirac matrices satisfying the Euclidean
Clifford algebra {y*,y"} = 26*", which will we choose as
yV=o®0 v =0®lL 3)
where the o; are Pauli matrices. A useful identity involving the
gamma matrices is

Tr{y y yPy°} = 4(§H8P7 — §HP8Y7 + 81968"F).  (4)
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The coupling g is given by

, 2 & 4ne?
_1+eeo_ K

g ; ®)
where e is the electric charge, € is the vacuum permeability,
and € and « are two different definitions of the dielectric
constant of the substrate (SI and cgs units, respectively).
Combining these quantities with the Fermi velocity, we can
define an effective fine structure constant for graphene:

2 2 2
g e e
- 6)

o= =
drvp 27 (1 + €)egup KVF

We find it convenient to make use of the quasirelativistic
notation

p=7"po+vry b, p*=pj+vElpl* 7

The free-fermion propagator is

Go(p) = - = ®)
olp)=—=—,
PP
the effective propagator for the Coulomb interaction is
dp. 1 g
Dip)=¢ | 5= 5= =7=> ©))
2 p2+1pl* 2Ipl

and the interaction vertex is iy°. Every closed fermion loop
contributes an overall minus sign to the value of the diagram.

B. One-loop electron self-energy

Both for the sake of completeness and to make our
conventions more transparent, we begin by rederiving the
result for the one-loop electron self-energy (Fig. 1), which
was originally computed in Ref. [5]. The diagram evaluates to

d*k 0 0
Xi(q) = —/ ¥ Golk + q)y " Do(k)

(2m)?
__ig? [ &% )0 kK+qg yoi
2 Qr)3" (k+92" k|
-2 2
ig dk 1 > 9
=—— =y Y(g,k)y", (10)
2 ./(27T)2|k|y By
. dky ¥+¢
Tk = | ——2_
q.5) /271 k+q)
:/@ v+ @7 k!
2 | K2Rk + g2 K+ vilk + gl
=(%+ZI)J7 an
20k +ql|
ig? [(d®k 1 k+q)-7
D= | S (12)
@r)* k| |k +q|

FIG. 1. One-loop correction to the electron self-energy.
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In order to perform the remaining integrals, we choose
the coordinate system such that g = (|g|,0) and adopt the
transformation to elliptical coordinates used in Ref. [70]:

4l lq

k, = (coshpcosv—1), k, = > sinh w sin v,

T2
2 g1° 2 2
d°k = T(cosh u—cos“v)dudv, (13)
yielding

1027 27 Hmax
ig”lq| / /

z = . d d

1) =737 v w

X (1 4+ cos v cosh w, sin v sinh w). (14)

We have regulated the integral by including the cutoff jtpax.
We would like to relate this cutoff to a more physical cutoff on
the momentum: A > |1€ |. The mapping to elliptical coordinates
given above implies

k| = %(coshu — cosv), (15)
so that
_ gl
A = 7(cosh Mmax — COS V)
L (2A
= Umax = cosh ﬁ +cosv . (16)
q

The three integrals in (14) then evaluate to

2 Mmax
/ dv/ du
0 0
2 2A
:/ dv cosh™ (T—i- cos v)
0 Iq]

=27 In(4A/Ig)) + OG>/ A?),

2 Mmax
f dv cos v/ du cosh
0 0
= 2A :
=/ dvcosv <ﬁ+cosv> —1=n+0(G1*/A%),
0 q
27 Mmax
/ dvsinu/ du sinh
0 0

2 21\
:/ dvsinv(T—}—cosv) =0.
0 Ig]

Plugging these results into (14), we obtain
ig : g1 J/l
3272

: 52

% JE—
167

a7

)
27 In(A/|g)+4r In2+ 7]+ O <ﬂ>

Yi(g) = A2

)
G-y [In(A/Ig)+2In2+1/2] + 0 (|j]\_|2>

(18)
In the final step, we have reverted to a general coordinate
system, i.e., § = (gx.qy). We therefore have
)

Ti(g) = %Zz -7 In(A/13]), (19)

where the finite part has been absorbed into a redefinition of
the ultraviolet cutoff A. Since the full two-point function is
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given by

_ i
WPy ©O) = —=—, (20)
p—ix(p)

the one-loop self-energy leads to a renormalization of the
Fermi velocity:

L
vy = vp(q) = vF — IWTT[‘I Y Zi(g)]

g2 . o -
vr + Jo In(A/1G]) = vf[l + — ln(A/IqI)]. 21
- 4

The one-loop velocity renormalization of Eq. (21) can be
inverted using the definition of the graphene coupling constant
[Eq. (6)] to express the coupling itself at a momentum || in
terms of the bare coupling «, which is to be interpreted as the
coupling strength at the ultraviolet cutoff momentum scale A
in Eq. 21):

o

I — 22
%= T <A 1g) &%)

Equation (22), sometimes referred to as the equation for the
running coupling constant (i.e., a scale-dependent coupling
constant), connects the effective interaction strength at a
particular momentum scale |g| with that at the ultraviolet
cutoff momentum A. Since the ultraviolet momentum scale
A is arbitrary and unknown (physically, it is of the order of
the inverse lattice spacing of graphene, but its precise value is
arbitrary), it is preferable to eliminate the unknown parameter
A from the theory by considering the relationship between
two momentum scales |g| and |l;|, which is easily done by
writing two equations similar to Egs. (21) and (22), but with ||
replaced by |I€|. It is then easy to eliminate the unknown cutoff
scale A from the equations to obtain the following relationship:
2= 21 SRl 1g). 23)
Uk ay 4
Equation (23) connects the physical velocity (and coupling
strength) at one momentum |k| with that at another momentum
|G| with no reference to the unknown ultraviolet scale A,
and is thus the appropriate equation for the running coupling
and the velocity renormalization in graphene up to one-loop
interaction corrections. We emphasize (this seems to have been
completely missed in the graphene literature) that Eq. (23) or
its equivalent counterpart in higher-loop orders, connecting the
graphene velocity at one scale with that at another scale, is the
correct formula to use in comparing theory and experiment in
graphene, and not Eq. (21) which has the unknown ultraviolet
cutoff explicitly in the formula. Of course, there is still the
problem of the theory being explicitly done for undoped
intrinsic graphene, whereas experiments are done as a function
of density in doped extrinsic graphene (and not as a function
of momentum in undoped graphene), but as discussed later
on in Sec. IV, the substitution of the density-dependent Fermi
momentum for || and |k| is justified by the RPA theory [28,33]
carried out for doped graphene [with the Fermi momentum
being proportional to the square root of density, Egs. (21)—(23)
pick up an extra factor of 2 so that all the factors of 4 become
factors of 8, and the momenta |k| and |g| are replaced by two
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different densities n; and n,]. Then, Eq. (23) connects the
graphene velocity or coupling strength at two distinct carrier
densities by the following equation:

V]

U_ % 1+%ln(nz/n1), 24)
1) o] 8

where n; and n, are two distinct carrier densities with Fermi
velocities v; and vy, respectively.

The existence of the logarithm in Egs. (21)—(24) is entirely
due to the linear graphene dispersion, which leads to properties
at the ultraviolet scale (very high momentum or very high den-
sity) being reflected in the corresponding velocity or running
coupling at very low momentum or carrier density, something
that usually does not happen in ordinary Fermi liquids with
parabolic energy dispersion. We emphasize that our discussion
above connecting the infrared and the ultraviolet scales in
graphene did not refer at all to a RG flow or beta function,
although the same results can also be obtained by constructing
the graphene effective beta function and integrating it. We
do not think that it is necessary to appeal to a RG analysis
to discuss the results derived in Egs. (21)—(24); in fact, we
believe that the graphene effective field theory is a beautiful
example of the innate simplicity of the RG analysis developed
by Wilson which was designed specifically to handle large
log divergences in a theory through the systematic use of a
momentum cutoff and then eliminating the cutoff in terms
of effective physical quantities calculated at physical scales.
Invoking the RG terminology to discuss the graphene one-loop
calculation does not in any way give us any deeper insight than
the simple analysis given above; the two are in fact completely
equivalent since they deal with the logarithmic divergence
in the theory arising from the linear dispersion, leading to
the influence of the ultraviolet cutoff scale showing up in the
infrared through a logarithmic divergence without the explicit
presence of the arbitrary ultraviolet cutoff itself showing up in
the theory. In the rest of this paper, we will critically investigate
the extent to which the same remains true in higher-order
calculations, which is necessitated by the graphene coupling
constant being of O(1) in real laboratory systems.

C. Vacuum polarization function bubble diagram

We also review the calculation of the vacuum polarization
bubble diagram [5] shown in Fig. 2 as this diagram will enter
into our two-loop calculations later on. This diagram translates
to the expression

d’k 0 0
Mp(g) = Nf sTrly " Go(k)y " Go(k + )]
(2m)

_ d3k ok o Kk+4g
=N <2n>3Tr[ 2 Gt qr

} . (25)

FIG. 2. One-loop bubble correction to the vacuum polarization.
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The trace over gamma matrices evaluates to
Tely y "y %y "] = 4(28%8" — ), (26)

leading to

My(g) = —4N / s
ko(ko-i-é]o)—vpk k+q)

X —. (27
(k3 + v31k2)[(ko + q0)* + vE Ik +G 2]
Performing the integral over kg, we find
d*k K| + [k + G|
Ma(q) = =2Nvp | S5 — oL
Qm)” v (k| + 1k 4+ 1)* + g5
k-(k+g
NI FEaCEN (28)
|1k +q|

We again choose the coordinate system such that ¢ = (|g],0)
and transform to elliptical coordinates:

k, = M(coshMcosv -1, k= % sinh u sin v,
2 lg1* 2 2
d°k = ——(cosh” u — cos“ v)du dv, 29)
yielding

Ng vp|q|% 2” cosh p sin? v
() = — du AETEPY
qo + vi|g|* cosh”

(30)
The integrals are trivial, and we obtain

N q1”
Mp(q) = ——

8 Ja2 + 213

Performing the analytic continuation go — —iw, this becomes
the well-known result

€19}

N|q| 1
[p(q) = — A — (32)
8vp /1 — y2
where we have defined
w
y= —. (33)
vrlq|

D. One-loop vertex diagram

Here, we will consider the remaining one-loop diagram,
namely, the vertex diagram shown in Fig. 3. We will not

FIG. 3. One-loop correction to the vertex function.
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compute this diagram explicitly since the result is not needed
for our higher-order calculations of the vacuum polarization
and electron self-energy. However, we do wish to demonstrate
that this diagram has no ultraviolet divergences as part of our
general analysis of the divergence structure of the graphene
effective field theory. The vertex diagram evaluates to

0 q—i‘k o1
—. (34
w2 qrir’ w OY

j g2 4’k +
Vl(P’C])Z%f(zn)ﬂ/o Ptk

This integral has a potential logarithmic divergence which can
be isolated by setting p = ¢ = 0 in the integrand. We then
obtain

) 3
ig &k Kk K o1
Viev=— | —=V 57 SV =
1,d 2 (27_[)3)/ kzy kzy | |
) 3
18 d’k 1 2.0 oS 2,702.,0
=" | ———=—(kiy" —2vrkok -y —vy|k
2 | Gy jigua o~ orkok ¥ —vr kY
=0. (35)

The final expression vanishes due to the integration over k),
demonstrating that the vertex function is ultraviolet finite. We
will comment further on this result in our general discussion
of ultraviolet divergences later on in Sec. III L.

E. Self-energy correction to vacuum polarization function
1. Computing the diagram

In this section and the next, we compute the two-loop
corrections to the vacuum polarization function. The results
can be used to calculate corrections to the dielectric function
and to test the conjecture that all ultraviolet divergences can
be absorbed into the renormalized Fermi velocity and electron
field strength. These corrections were previously computed in
Refs. [69,70], with conflicting results. Our calculation of the
first two-loop correction, given in this section, finds agreement
with Ref. [70].

The diagram corresponding to the self-energy correction
to the vacuum polarization function is shown in Fig. 4 and
evaluates to the expression

se(q)

A’k
=N / Tely *Go(k)y " Golk + @)1k + )Golk + )]

Q)
_N_gz d’k ok o K+g . k+g ]
/ Tr[ K2 kit qp Ykt g7

~l6r | 2n) K2
x In(A/|k +G)). (36)

k+q)-

FIG. 4. Two-loop correction to the vacuum

polarization.

self-energy
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We begin by focusing on the trace of gamma matrices, which
can be expressed as

Tely 'y "y Oy vy ]
_ 0. v, i A W,V i A
=80 Trly y "y 'y 1 = (1 = 8,0)Trly y "y y"]
= 48,,0(8v08ix + 6208iv)
- 4(1 - 5u0)(5uv8iA - 8;Li8vk + Sukaiv)s (37)

where w,v,A =0,1,2 and i = 1,2. To arrive at the second line
above, we made use of the identity in Eq. (4). The expression
for ITs£(q) therefore breaks up into a sum of five contributions:

Ng2vp [ d*k kotko + qo)lk + I .
T, = In(A/|k ,
= | G RGiagr MA/k+dD
T, =T,

Ng*vi [ dk k-(k+q)lk+3P -

T3 = — In(A/|k s
) i | G Rasr n/k+aD

Ng2vp [ d% k-(k+7) 5,
Ty = In(A/|k ,
=2 | Gy Bk gy MK
T5s = T;. (38)

The function ITgg(q) is then given by
Mse(q) = 2T + 215 + 1. (39

The k integrals appearing in the above approximations can be
evaluated directly:

I = /‘ dko ko(ko + qo)
27 (kR + w3 IK)[(ko + qo)* + v} Ik + 1)’

_ 1 ROkl + 1K+ — g
4vplk + G| [v2 (K| + 1K + 317 + ¢2]°
/ /dko 1
= | — = = o2
27 (k3 + vE1kP2) [(ko + qo)? + vEIK + 12

v2(K| + [k + GDX(K| + 21k + 1) + klg]
A0[RI + P[0k + 1k + D2 + 2]
dky 1
2 (k2 + vEEP)(ko + g0) + V21K + G ]
____ K+lk+q , (40)
20p k1K + gI[v2 (k] + Ik + G2 + ¢2]

yielding

Iy =

Ng2vp d*k
47 (2m)?

+ QUAK+G1P T — Ik - (k+ @)1 In(A/ [k +G])

_ Ng* [ d% k-(k+3)— IkIk +4|
81 ] (2n)? k|

Mse(g) = — [—21k + 11,

y [v2(K] + 1k +G)* — 2]

— In(A/Ik+Gl).  (41)
N 2
[vZ(1k| + [k +G1)* +q2]
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In order to perform the remaining integrals, we first change
variables according to k— —k— g, and we choose the
coordinate system such that ¢ = (|¢|,0). We then transform
to elliptical coordinates defined by

k, = @(cosh,ucos v—1), k, = % sinh p sin v,
d*k = @(coshz w —cos>v)dudv (42)
to obtain
Mse(q)

N82|q|3 00 2 2A
= du dvin| =
12873 J, 0 |g|(cosh &t — cos v)

021G |2 cosh’ u — g2

- 2°
[v31g1? cosh?® 1+ g3 ]

x sin® v(cosh u — cos v) 43)

We first focus on the term proportional to In(A/|g]):

Ng?|gl?
12873

e} 2
/ du/ dvIn(A/|G]) sin® v(cosh . — cos v)
0 0

vg|? cosh® i — g3

" 2
[1)12;|q|2 cosh? u + qg]

Ng?lq|? Y
= 1282 1n(A/|c1I)/0 dpcosh p

vg|? cosh® i — g3

- 2
[v214]? cosh® i + ¢ ]

Ng*j| .
= In(A =
2560t "M G g
Nalj| q
= —In(A 44
64v, n( /|CI|)[1 — (w/vFlc‘]'|)2]3/2’ (44)

where we have performed the analytic continuation gg — —iw.
Note that this analytic continuation must be performed after
the integration over u and v; otherwise, the final expression
in Eq. (44) only holds if w < vr|g|. The above result for
the coefficient of the logarithmic divergence [Eq. (44)] agrees
with that obtained in Ref. [70]. It should also be noted that an
apparent factor of 2 difference comes from different definitions
of the fermion degeneracy factor N. In that reference, real
graphene corresponds to N = 4, whereas here it corresponds
to N =2. It is also worth noting that the factor sin®v
appearing in the integrand of Eq. (43) is missing in Eq. (35) of
Ref. [70]. However, this appears to be merely a typo; this factor
effectively produces an additional factor of % which appears
to have been included in the final result (19) of that paper.

Returning to the full expression for the self-energy correc-
tion to the vacuum polarization, we may write

Nalg| [«
Msx(g) = q[

1 >
327vp | 2 (1= y2)32 In(A/lql) + Ia()’)] , (45)
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with

1
1) = —/dudvln[—]
b4 cosh yu — cosv

h2 2
x sin’ v(cosh  — cos V)M (46)
(cosh” pu — y?)?
and
w
vrlq]|
1,(x) can be expressed analytically as [70]
1142x2 x5-—2x? 1 —x
I,(x) == - = 1
=377 12 n<1+x>
7 3—12In2 + 6x2 — 4x*
12 (1 — x2)3/2
i 7'[2 . \/72
_m T—L12(x—|—t 1—x?)
FLig(—x — iv1 — x2) + % InCx + iv/1 — XZ)},
(48)

where Li,(z) denotes the dilogarithm function. In conclusion,
the result for [Tgz(q) [Eq. (45)] is equal to the result obtained in
[70]. Reference [69] also computes the self-energy correction
to the vacuum polarization, but considers only the static limit
y = 0. In that reference, the constant term %Ia(O) is absorbed
into the definition of A. However, as pointed out in Ref. [70],
absorbing this constant into A is inconsistent with the original
definition of A, which was set by the one-loop electron self-
energy calculation given above. We therefore follow Ref. [70]
in retaining this constant contribution.

2. Renormalization

In the one-loop calculations, we have seen that only the
electron self-energy is ultraviolet divergent, meaning that only
the Fermi velocity is renormalized to first order, and not,
for example, the electric charge as well. It is expected that
this trend will persist to higher orders. This can already be
checked at second order using the result we have just obtained
for the self-energy correction to the vacuum polarization. In
particular, this correction should combine with the first-order
bubble diagram contribution in such a way that the In(A/|g|)
divergence is naturally absorbed into a renormalization of the
Fermi velocity, i.e., the bare velocity v is effectively replaced
by the one-loop expression for v, [Eq. (21)] in the one-loop
vacuum polarization [70]. Here, we verify explicitly that this
is indeed the case.

Recall that the bubble diagram contribution is

Nigl 1
Ip(g) = - —— (49)
8UF 1— yZ
while the self-energy contribution is
Nalq| 1 . Nalg|
I1 = In(A 1,(y).
se(q) AT n(A/lgl) + 32nop )
(50)
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The net contribution to the vacuum polarization function from
the self-energy diagram receives an extra factor of 2 due to the
symmetry of the diagram. We therefore consider

N|E,|[ 1 a 1
1

Mp(g) + 2Mse(q) = — 8uy —y2 4(1—y2)32

x In(A/|G]) — %Ia(y)]. (51)

First, consider the static limit y = 0 [69]. Renormalization
amounts to the second (divergent) term in Eq. (51) getting
absorbed into the first such that v is replaced by v,:

o - VF
1- Zln(A/Iql) - —
v,

! (52)

- - Nlg
= [p(q,w = 0) 4+ 2I[se(g,0 = 0) > — Squ 4+
q

This replacement seems to assume that %ln(A /1g1) can be
treated as a small quantity, so that

1
1+ ¢ In(A/Ig))

However, we have already assumed that the ultraviolet cutoff
satisfies A > |g|, so one can not assume that this is a
small quantity. This replacement is more properly justified
by systematically expanding the bare coupling « in terms of
the renormalized coupling

- §1n<A/|a|>. (53)

g’ a

o, = = = . 54
" 4mv, 1+ (a/9)In(A/|g)) ©4)
This expansion is easily constructed up to second order:
og ~ 3
a=a,+ Y In(A/|q]) + O(aq). (55)

This expansion is sensible and works even for large In(A/|g|)
since in this limit a{? In(A/|g|) ~ ay is still small. Using this
expansion, we can justify the above approximation:

i (1- 3 ma/1dn)

_ dro

= (1= /@)

dra o R
- gz" (1 + = In(A/1g) + o(aj))

x (1 - ‘%" In(A/|G]) + o(a;))

dra
= gzq (1+

The basic procedure works even if we do not restrict
attention to the static limit [70]. In general, renormalization
amounts to throwing away the log term and replacing all
occurrences of vy by v,:

1
0(e))) = " +0(eg).  (56)

Mg+ 2Mge(q) — — N[ L2y
B SE 8vq m 27_[ a ’

(57)
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where
w

vglgl

X

(58)

To check explicitly that this is the correct prescription, let us
first define the “small” quantity

o -
&1 = 1 In(A/lql), (39)
so that the variables y and x are related by

y =x[1+ &1+ 0@?). (60)

We first focus on the disappearance of the log term. Begin by
expressing the y dependence of I1p in terms of x:
(1= ~ [ —x? = 26007 + 0@

x2

1 —x2

~(1—x2)"1? [1+s1 ]+ O?). (61)

Similarly, the y dependence of the log term in I1gg can be
expressed as
&1 =1 A =51 =27 4 0@ (62)
Combining these two results gives
[ =y 172 =&l =y

2 1 5
xz—éll_x2:|+0(01)

~ (1 — x2) 12 [1 +& lf

=1 —x)H 1 - &1+ 0. (63)
Finally, using that

1 1
—[I=&]~ —, (64)
Vf Vg
we see that the log term effectively disappears and vp is
replaced by v, to arrive at Eq. (57).

A similar analysis can be performed for the finite term in
Eq. (51). However, this is now completely trivial since the
finite term is proportional to «:

al,(y) ~ al,(x) + 0@ ~ a(l — &), (x) + O(@?). (65)

Again, the (1 — &) factor combines with the overall 1/vg in
Eq. (51) to produce 1/v,.

In summary, the renormalization prescription of absorbing
ultraviolet divergences into the Fermi velocity appears to be
self-consistent in both the static and nonstatic regimes. Note
that this result already implies that the second two-loop correc-
tion to the vacuum polarization, namely the vertex correction,
is ultraviolet finite since the self-energy correction has fully
accounted for the renormalization of the Fermi velocity in
the expression for the one-loop vacuum polarization. The
finiteness of the vertex correction is verified explicitly in the
next section.

F. Vertex correction to vacuum polarization function

The diagram corresponding to the two-loop vertex correc-
tion to the vacuum polarization is shown in Fig. 5. This diagram
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FIG. 5. Two-loop vertex correction to the vacuum polarization.

evaluates to

d’k dp
- [ G | Pt =)
x Ty °Go(k)y *Go(p)y"Go(p + @)y’ Go(k + )]
__gzN/ d*k / d’p 1
-2 ) @) @)l k- pl

ok oP o PTd o K+dg
XT{V 2V 2 rar? tq2

IMy(q) =

] . (66)
The y-matrix trace in the integrand is

Tely y "y 'y 'y Oy Py Oy ]
= 46,,0600(28,0850 — Svo) — 46,108£0(8108 po + F5081p)
—468,,:20800(8,:b850 + 8,5800)
+ 48,200 ,20(8,108 05 — 81p0vo + 8,58up)- 67)

We therefore have nine contributions

2Nf d*k 1
(2m)} (271)* lk — p|

ko po(po + qo)(ko + qo)

e 2<p+q>2<k+q>2’
1 ko(po+go)pk+q)
R, =2 2N/
2= 280 2ny (271)3|k P (p+qPk+q)?

&k [ dPp 1
Ry = 2g°N 2/ / -
B N R T

kopo(p+q) - (k+§)

R = —

K2p2(p+q)*(k+q)*

&k [ dBp 1

R, = 20*Nv2 =
=S G ) @ny R = p

ko(ko 4+ qo)p - (P +q)
X 9
k2p2(p+q)*(k+q)*

d’k d*p 1
@r)y ) @n) k- p

(po+qo)ko + qo)k - p
X 9
k2p2(p + q)*(k +q)?

&k [ dp 1
@n2) @nP k- pl
Po(po+qo)k - (k+§)
kK2p*(p+q)*(k+¢)*’

Rs = 2g°Nv?

Rs = 2g°Nv%
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Pk [ &3 1
R7E—2g2Nv‘;/ 3/ L
@2n)J Qr) |k — p|
k-p(p+q) - (k+q)
x 212 2 27
k*p*(p+q)*(k+q)
&k [ Pp 1
@r)y ) @) k- p|
k-(p+@p-k+q)
X 212 2 27
k*p*(p+q)*(k+q)
&k [ dPp 1
@n)y ) Q) k- p|
k-(k+@)p-(P+3)
K2p2(p+q)*(k+q)*

Ry = 2g*Nv?

=
=)
Il

—2¢*Nvf.

(68)

As before, we first perform the integrations over ko and py.
There are three basic integrals over these frequencies that
appear in the R;:
0" = / duo uo(uo + qo)
! 21 (ud 4+ v2|ul?) (o + qo)* + vili + 12
vr(lid] + i +q)
2[vEidl + lid +GD* + 5]

(69)

.
Il

dugy )
/ 21 (2 + 21 ) [(o + q0)* + v2 i + 1]
_ q0

2vplii + I[vE(il + i + G2 +q2]’

(70)

0y= [ 52 1
27 (ug + v |ul?)[(wo + go)* + vilu + G
_ li| + |i 4 g
— 2vplalli + gl [vA(E] + i+ G2 + g3

(7D

The R; can be expressed in terms of these three functions:
d’k
—4g>N /
) <2n)2 |k — 7l
d’k d? 1
RzngzN/ ay R
2m)*J @Qm)* |k — p
x[Q}0f + 5 - (k+§)05(0F +400))]:
d’k d’p 1
@n2 ) @n)? k- p|
x (B+@)- (k+§)0505,
d’k d’p 1

oyor,

R; = 2g*Nv%

Ry = 2¢°Nv? ——p-(p+§) k05,
4 8 F (27_[)2 (27_[)2 |k—ﬁ|p )4 q 1¥3
&2k [ dp 1
R< = 2 2N 2 _ > k k
s=28Nve | 55 | g T (05 +q00%)

x (05 +400%),
2k [ dlp 1

Re = 2¢°Nv> — k-(k+§) 0k
6 g UF (27[)2 (27[)2 Ik_ﬁ| ( +‘I)Q3
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2 2 k k 2= 7 ook
Ry = _2g2Nv?r/ ; kz/ w1 ip x[(Q2+49003) Q7 +vip - (k+9Q503].
(277) (277) |k - p| 5 de dZ 1
I Ry = -2 Nv/ (k+ q)
x (5 +3)- k+30502, V=T e ) e i 1
d*k d? 1 - . . 5.(0+a)Oko?

2 207 _ 3
@Qm)=J @m)° |k — pl Adding together these contributions, we find

My(g) = —2¢°N / ak / @p 1 10407 — v [p-(h +§) 040} +k-(k+§) 04 0]
@2m)? ) @n)? k- p| ;

— ik P k(P +@) + pKk+§)+(p+§) (K +§)10505
— viqolk-p + pr(k + 105 0% — viqolk-p + k(5 +§)1 0505
+VE[—qdk-p+ vEk-B(5 +§) (K +§) +vik- K+ p-(p+§) — vik-(P+Pp-k+D]OSOT). (73
First collect all the terms proportional to qu
—Vikp + KB+ + bk +§) + (5 +§)-k+ 310505
— viqolk-p + p-(k+ 0L 0% — viqolk-p + k(5 + 04 0F — vigik-p 0404
w_ ! <kp ;§~<1?+c7)_l{(ﬁ+é>+<§+c‘i>-<ﬁ+e}>>' )
4 [vp(lkl +1k+q12 + g3 |[viUpI+1P+ G2+ a3 ] \Ikllpl  [k+4qllpl  Ikllp+4l  lk+4llp+4ql

The remaining terms are proportional to v and sum to

0407 —vi[p-(p+ QL 0% +k-(k + )OOV + vilk-p(p + @)k + @) +k-(k+Dp-(p + ) + k(b + @) p-(k +§)1 04 0F

2
(kI + 1k +GDApI+ 15 +3d) e
= - - (K> + k-G — KIIk+G1)P1 + 5@ — 1PIF+dD)
[v3(k| + 1k + 12 + g3 ] [v}( Bl + |5 + 31>+ 43]
. 1
+ kPG — k-G p-q)) = —. (75)
K| pIIE +G11p + 4|

Combining these two results gives
2N d*k 1 1
Iy(g) = — 5 2 > 5
2m) <2n> k= Bl [VE(IK| + 1k + 17 + g3 [[vE (51 +15 + 1P +45]

{_ 2( k-p _P'(k+61)_k~(p+61) (k+61)-(p+61)> v2(|k|+|k+q|)(|ﬁ|+|ﬁ+él)
kllpl lk+4llpl  |kllp+4l  |k+4llp+4l kI pllk +411p + 4|

x [k-pIg1> = (k-q)(p-3) + (k1> + k-G — K|k + GBI+ p-G — 1P| +a|>]}. (76)

This result agrees with Eq. (34) of Ref. [70]. Note that an apparent discrepancy by a factor of 2 is accounted for by the different
definitions of the fermion degeneracy N. To proceed further, we again make use of elliptic coordinates:

k, = %(cosh/xcos v—1), k):% sinh u sin v,
lq] lgl .. .

Px = —(coshu cosv' — 1), Py=" sinh i sinv’, amn
Iql4

d*kd’p = (cosh2 — cos? v)(cosh? ' — cos> vV)dudvdu'dy,

and set g=(|g|,0). The Coulomb propagator becomes

2
k—p|  1glv/cosh(u—+ ) — cos(v + 1) y/cosh(u — ') — cos(v — ')’

(78)
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the additional overall factor in the integrand becomes

1 1

I a— — = = = : (79)
[vE(kI+ 1k +G17? + g3 [vE(pI+ 15 +d1?+a3]  (vi1g1? cosh® u +g5) (v31G1? cosh® u' + 45)
the factor proportional to qg reads as
o FP _pEED  EG+D | K+Dr(+d)
—Yo - 5 T = S o s 3 N =3 oS .
lkllpl lk+qllpl  |kllp+ql  lk+qllp+ql
) sin v sin v’/ (cosh W si iny 4 ' sinh 1 sinh 12) (80)
= cosh p cosh ' sin v sin v’ + cos v cos v’ sinh y sin ,
% (cosh? 1 — cos? v)(cosh? u' — cos2 V') H ” # H
and the factor multiplying v% is
(KL HK+GDUPIHIP+GD 7 = 2g  oa o oy o e
vp == [k-p|q|” — (k-q)(P-q) + (kI” +k-G — ||k +G))II* + p-q — | PlIp +GD]
[kllpllk+qllp+ql
. cosh u cosh p’ sin v sin v’ . . . .
=402 sin v sin v’ + sinh p sinh ). 81
rldl (cosh? u — cos? v)(cosh? ' — cos? v’)( ’ w) S
Combining all these results gives
M) = Nl|g|a dudu/dvdv cosh w cosh u’ sin v sin v’
Vi) = 1673vr ) /cosh(u + i) — cos(v + v')y/cosh(uu — i) — cos(v — V') (cosh? u — y2)(cosh? u/ — y2)
x [(sin v sin v’ + sinh p sinh ;') 4 y?(sin v sin v’ + tanh g tanh p’ cos v cos V)], (82)

with y = igo/(vr|q|). This result differs from Eq. (37) of Ref. [70]: in that reference, the factor multiplying y? in the numerator
contains a term cosh p cosh p/, whereas in the above result, this term is replaced by sin v sin V',
The integrals over v and V" in Eq. (82) can be performed exactly. To do these integrals, it helps to first define

c=v+v, t=v—v, dvdv'=1/2do dr. (83)
Since
sinvsinv’ = sin[(o + 1)/2] sin[(0 — 7)/2]=—1/2(cos o — cos T),
cosvcosv' = cos[(o +1)/2] cos[(oc — T)/2] = 1/2(cos o + cosT), (84)
and

2 2 2 o 4 47 — 0o 2 2
/ dv/ dv' fv+v,v—) = |:/ da/ dt—i—/ dU/ dr:| f(a,t):/ da/ dtf(o,7), (85)
0 0 0 0 2 0 0 0

if f(£o +2n, £t +27) = f(0,7), the integrals over v and v" amount to computing the following three integrals:

2 mo sinv sinv’ 1
I, = dv dv
0 0 Jcosh(u + u') — cos(v + V) /cosh(u — ') — cos(v — V')

1 m m COSO — COST
= —=Jwiw_ do dt , 86
2V /0 /0 J1—wycoso/1—w_cost (86)
I /2”d /‘2”d , sin® v sin” v/ 1
= v v
? 0 0 Jcosh(u + n') — cos(v +v') /cosh(u — ') — cos(v — V')
1 27 2 _ 2
= —4/w+w_/ daf dt (coso — cos ) ) (87)
4 0 0 J1T—wyicoso/T—w_cost
I fz”d /hd , sinvsinv’cosvcosv’ 1
= v v
: 0 0 Jcosh(u + u') — cos(v +v) /cosh(u — ') — cos(v — V')
1 2 2w 2 2
L [ do f dr—— SN T ST , (88)
4 0 0 JT—wicoso/1—w_cost
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with wy = sech(u & @'). These integrals can be performed with the help of the following results:

Fiw = [ R ! ( 2w ) (89)
w) = u = s
° 0 JT—wcecosu 1T4+w \l+w
2 4./1 2 4 2
Tiwy = [ a0 ““E( v )+ K( v ) 90)
0 V1 —wcosu I1+w w1+ w 1+w
2 2 841 2 42 2 2
Ta(w) = o8 u _ 8 —iz—wE< w >+ 2+ w?) K( w ) 1)
0 1 —wecosu 3w 1+w 3w/l +w I+w

where K and E are complete elliptic integrals of the first and second kind:

7'[/2 d@ 7[/2
K(z)=/ —_— E(z)=/ do+/1—zsin26. (92)
0 +/1—zsin%28 0

In terms of the 7;, the Z; are

Iy = =5 Jwrw- [Ti(w)Jo(w-) = Jo(w)Ti(w-)],
I = 3Vwiw_[Hw)Jow-) = 2T (w) T (w-) + To(wy) To(w-)], 93)
T3 = — 3 Jwiw_[D(w ) To(w-) — To(ws) Ja(w-)].

In terms of the Z;, the vertex correction reads as

cosh w cosh u’

[My(g) =

We can make the following coordinate transformation:

_ N|qla / wdi
1673 vy (cosh? 1 — y2)(cosh? /' —

w4 = sech(a),

[Z, sinh wsinh 1’ 4 (1 4+ y*)Z, + y*Z3 tanh e tanh '], (94)

¥

w_ = sech(b). (95)

The symmetries <> ' and ' <> — u’ of the integrand translate to b <> — b and a <> b, allowing us to express the integration

/Oodpl,/oodu/f(,u,u/) = 1/‘Ooda/ﬂl db f'(a,b) = /Ooda/adb f'(a,b) = l'/ooa'a‘/xoodb f'(a,b). 96)
0 0 2 Jo —a 0 0 2 Jo B

a=p+up, b=p—u,
limits as
‘We then have
[My(g) = —
with

wy +w_

Nlgla
81)[:

Ip(y), o7

1

1 1 1
I = — dwydw_
o) 2n3f0 /0 * [l — w2 1—w? 4w w?yt —dwiw (1 +wiw )y + (wy +w_)?
+ —

w-_ —w
x [—+L(w+,w-)+(1 + Y Twsw) +

2wiw_

We have checked numerically that this double integral appears
to agree with the plot shown in Fig. 2(a) of Ref. [70]
despite the differences occurring at intermediate steps of
the respective calculations and the different forms of the
final expressions. We therefore conclude that our final result
for the dielectric function coincides with that obtained in
Ref. [70], where it is shown that the second-order corrections
lead to an improvement in comparing the theoretical results
to experimentally measured values. In the next section, we
will see that this improvement does not persist in the case
of the Fermi velocity, at least for graphene suspended in
vacuum.

—wy
Wfs(w+,w—):|~ (98)

G. Two-loop corrections to electron self-energy
and a strong-coupling quantum critical point

We now move on to our calculation of the second-order
corrections to the electron self-energy. Our results differ from
previous results reported in Refs. [71,72]. In the course of the
calculations, we indicate the specific points at which these
differences arise. Our results for the electron self-energy are
used to compute the renormalized Fermi velocity and the
running of the effective coupling to second order, where
we find a critical point o in the RG flow, signifying either
a breakdown of perturbation theory or a quantum phase
transition.
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e

FIG. 6. Two-loop self-energy correction to the electron self-
energy.

1. Two-loop rainbow correction to self-energy

The first potential two-loop correction to the electron self-
energy is shown in Fig. 6. This diagram evaluates to

d*k
Zu@) = - [ S Dl = 0y Go) B 0 Gtk
it [ &Pk 1

g g —>k
=-° — In(A/ k)Y’ =k - 7 =°.
327 | @ry G n(A/|kDy 2k vy

99)

Straightforward algebra reveals that the integral over kg
vanishes identically:

dko 1,
7 (koy® + vrk - )k - 7 (koy + vk - 7)y°

L [ dky k32— 3|k
_. /_0—0 VPRI (100)
27 (k2 + vk |?)
Therefore, the full contribution vanishes identically:
Xop(g) = 0. (101)

2. Two-loop vertex correction to self-energy

Reduction to a quadruple integral. The second two-loop
correction to the electron self-energy is shown in Fig. 7. This
diagram has the value

dk d3
Yoa(q) = e ) any Do(q —k)Do(q — p)
x y°Go(k)y Gotk + p — q)y°Go(p)y°
_ —ig* [ &k d’p 1 1
4 ) err) @eny |q_/2| g — pl
(k+p—q)*

The product of gamma matrices in the mtegrand can be
expanded as

vty Yy’
— 8#081)08,00,)/0 —8“05”0(1 _ apO)yp
B 8"0(1 _3v0)5p0yv _ 5#0(1 B 8”0)(1 _ SpO)yvypy()
— (1 =885y — (1= 8"%)8"(1 — ")y y "y
—(1=38")(1 = 8")s"y "y y°
+(1=8")(1 =81 =8y y”, (103)

S
s

FIG. 7. Two-loop vertex correction to the electron self-energy.
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which leads to

EZa(Q)
_—igt [k [dPp 1 1 1
4 J@n)) @n)\G—k|lg—plk>p*(k+ p—q)?

x {kopoko + po — q0)y° — vrko(ko + po — qo) -7
—vpkopo(k + p — §)¥ — vikoy K+ p — )V -7

- > -

— e potko + po — qo)k-7 — vE(ko + po — 40)y k- -7
— v} poy kv k+p—§)7 +vik-yk+p— Vb7 -
(104)

As usual, we first perform the integrals over the energies kg
and pg:

B /dko dpo kopo(ko + po — qo)
= 2 Mk, p)

qo
4qo +vi(k| + |+ [k + p — g])>

B — /dko dpo ko(ko + po — qo)
2= 2t Mk,p)

k| + 1P|+ |k + p— 3§l
"2 |p|[qO + 0L (k| + 1|+ Ik + p—G1)?]

dk
33/0

. (105)

. (106)

dpo kopo
27 M(k,p)

1 k| + 151+ Ik + 5 —
4lk+ p —Gl[gd + vi(kl + [Pl + 1k + p — G1)2]

(107)
B /dko dpy ko
‘e 27 M(k,p)
q0
4UFIPIIk+5—51|[q§+v%(IkI+|ﬁ|+|k+ﬁ—§|)2]’
(108)
B /dko dpo po(ko + po — qo)
T 2t M(k,p)
Q415+ Rp—q
|kl +|pl+|k+ p —q| (109)

T4 |k|[qo +oR(k|+ 151+ 1k + 5 —g1?]
dpo ko ko + po—qo

dko
By = o

- Mk,p)
_ q0
a 4vF IKI151[g3 + vE(kl + 151+ 1k + 5 —G)?]
(110)
5= /dko dpo _ po
2r M(k,p)
q0
4vF|k||l¥+ﬁ—c7|[q§+v§(|l?|+|ﬁ|+|/€+ﬁ—a|>2]’
(11)
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B = /dko dpo 1 _ 1 kI + 151+ Ik + 5 — g a12)
2 M(k,p) — 4vg [KI|pIIk + b — G1[q3 + vi(kl + 15| + [k + p —GD?]
with
Mk, p) = (k2 +v2IkI2) (p2 4+ v21 1) [(ko + po — qo)* +vEIk + 5 — 1] (113)
We then have

_ 2 2 N N
Taulg) = —8 / & f T 1L B0 B - BaurG 4 - )7 — Bty R+ f— )77
4 Qm)* ) 2m)* |G —k| g — Pl

- > -

— Bsvpk-y — Beviy k-7 p-7 — Bivky k- vk + p— §)-7 + Bsvpk- 7 (k+ p — )V 57 }. (114)
The ° component of this is
d’k [ d*p 1 1
16 ) @n2J) @n)? 15—kl 1G—pl
_ —igtqo [ d*k d*p 1 1 1
16 J @n) @2 |G-k G — Pl g2 +vE(kI+ 15|+ 1k + F —§1)?

[4B) — 4Byv2 p-(k + p — §) — 4Bevrk-p — 4Byvik-(k+ p — §))

1T oy
Z 1‘[7/ 2u(q)]

q-
k

| g
X{l_ﬂerq ﬂi_i’j*l’;}, (115)
Pl \k4+p—q| |kl 1Pl k| |k+p—ql
while the spatial components are
ey g = 5[0 LU g 4Byeth 4 pi— a0 — 4Bsurk,
4 16 J @m)?) @n)? |G —k|lg— pl
+4BSU%[kiﬁ'(E+ﬁ_‘7)_ki+pi_Qi)z'ﬁ+pi;'(z+ﬁ_a)]}
_ —igtvp [k [ dPp 1 1 k| + 1Bl + 1k + p— G|
16 Qr2J) Qr) |G —k| G — Pl g2+ vi(lk| + |l + [k + p— 1)
x{—ﬁ—@ ki"—pi_%‘+ki(|ﬁ|2_pQ)+pl(|k| —kq)+qlkp} (116)
k| Il k+p—ql |kl pllk+p —ql

If we choose the coordinates such that ¢ = (|g|,0), then it becomes apparent that the terms of the integrand which are proportional
to k, or p, are odd functions of these variables, implying that these terms vanish upon integration. We may then make the

replacement k; — q,»l?-c} /|g|?, and similarly for p;. The total integral is therefore proportional to g;:

s, () =~ [k [ dp 11 k| + 151 + 1k + 5 3]
4 ¢ 16lg1> ) @m)2) @n)? |G —k|1d— Pl g2 +vi(k|+ ||+ |k + p — G)>
ki pq G+p—@-q PPk +IKPp-G+13P%k-p —2k-§)(p-q)
Xy — = — 5 = = = + = . (117)
kI 1Bl k+ 54| kI pIIk + p — G|

Extracting the divergence in the temporal part. To extract the divergent logarithm term in the temporal part of the two-loop
self-energy [Eq. (115)], we must examine the behavior of the quadruple integral in the region |k|,|p| 3> |¢|. In this regime, the
integral reduces to

-

—iglqo [ d%k [ dp 1 1 ! {1 p+p)  kE+p) |k }
16 J o) @r)? k| 15| g2 + vi(K| + 5l + 1k + pI)? Blk+ 5l kik+pl knpll
(118)

1T ) =
Zr[y 2(q)] =

where we have discarded terms which become odd under the change of variable k— — ié, p — — p in the limit of large |l€|, 1Pl
It helps to consider each of the four terms above separately:

—igtqo [ d*k [ d*p S(k,p) _iglqo [ d*k [ d’p pk+ p)S(k.p)

\IJ = = N - > B - 9

‘ 16 Jamr) e kg 7T 16 J@mr) @ear o kiprk (119)
v, ig'q [ d’k [ d*p k-(k+ p)S(k,p) = —ig'qo [ d*k [ d*p k-pSk,p)

‘ Qr2J) Qr? |kPIpllk+pl 16 J @n)) @r? kP |p)?
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with
1
g5 + Vi (kI + 151 + [k + >
It is clear that W, = W3, so we need to only compute one
of these integrals. In each of W, W3, W,, we first perform
the integration over p. This is facilitated by choosing the
coordinate system such that k = (|k|,0) and then switching
to elliptic coordinates:
k k
png(coshy, cosv—1), py:% sinh p sin v,

Sk, p) = (120)

(121)

for which

LIk Sk
Ipl = %(coshu —cosv), lk+p|= |—2|(coshy,+ cos V),

K+ | Bl + Ik + p| = |K|(cosh 1t + 1),

k|2 IO
d’p = %(coshz,u — cos?v)dudv = |p|lk+ pldudv.

(122)

We then have
_ o4 d2k 00 2w
U, = '8 do / du/ dv
12872 J 2n)* ), 0
cos v+ cosh
X - b
g3 + v2|k|2(1 + cosh u)?

- 4 2 00 2
ig"qo d°k / /
Y3 = —— d d
3 128712,/(271)2 , )4

1+ cosvcosh
) g2 + v 1k|2(1 4 cosh )’
w, = 180 [ 4% / " du / T
12872 J (27)? ), 0
cos v+ cosh u
* q2 +v%|£|2(1 + cosh p)? coshp — cosv

(123)

coshpucosv —1

Next, we restore k to being a general vector k= (Il_é [,0) >
(ky,ky), and switch to polar coordinates |k| and ;. The
integrations over 6 are trivial, while the integrations over v
can be performed exactly, with the result

. 4 ') A 7

—18°q90 > |k| cosh 1

Y, = > / du/ dlk| 5 ,
12872 Jo 0 g3 + v |k|2(1 + cosh p)?
. 4 00 A 7
1840 > |k|

Vs = 2/ d,u/ dlk| = ,
12872 J, 0 g5 + vilk|>(1+ cosh p)?
- 4 o0 A 1,2
FA0) > |k|e™=

\114 = —2/ d,u/ d|k| 2 57 .
12872 J, 0 g5 + vilk|>(1+ cosh p)?

(124)

The integration over |k| is the same in each case and evaluates
to

A k
/ ik _ Lq
0 g3 +v:k|2(1 + cosh p)?
UZAZ 2
ln[l—i— = (1+Cosh,u)]
= 0 . 125
2v%(1 + cosh p)? (125)
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Plugging this result into the above expressions for W, W3, Wy,
assuming vp A 3> |qo|, and keeping only the term proportional
to In(vrp A/|qo|) yields

F o4 o)
—18°90 cosh i
— 5D dp———-" ) In(vrA
1287202 (/0 Fas coshy,)2> (wrA/lgol)

.4
— 1840

= ——— In(vpA ,
1927702 (vr A/lqol)

gy = 800 / "4 : In(vrA/lqol)
= — _— v
: 12872v% \Jo M(l + cosh )2 F&/190
- 4
1890
= —" In(vpA ,
38dn20? (vrA/lqol)
ig*qo (/w e
1287202 \ Jo M(l + cosh )2
. 4
1890
= In2—2/3)In(vp A .
327121)%( /3)In(vrA/lqol)

W, =

v, = ) In(vrA/lgol)

(126)

We see that W, +2W; =0, so that the divergence of
Tr[yOEQa(q)] comes solely from W,. We may rewrite W, in
the following way:

v, = ﬂanz—z/S»)ln(va/lqol)
327202
- 4
1890 g
In2—-2/3)In(A . 127
T /3)In(A/13)) (127)

Here, we have restored the renormalization scale |g| in the
argument of the log divergence with the expectation that
this dependence on |g| arises from the integration region we
have neglected, namely, the |l€| < |G| region. In particular,
it must be the case that this region produces a term of the
form In[|qo|/(vr|g|)] as follows from two simple observations
regarding the integral in Eq. (115). The first observation is that
this integral can be rewritten as a dimensionless function of two
dimensionless parameters ve A/|qo| and vp |@1/1g0. The above
calculation shows that the large-|k| portion of the integral
depends only on the former parameter, while the sma11-|lz|
portion depends only on the latter. The second observation is
that Eq. (115) is finite in the static limit go — 0, implying that
the apparent divergence of In(vrA/|qo|) in this limit must be
canceled by a similar term coming from the small-|k| region.
The only possible term that would cancel this divergence
is In[|go|/(vr|g])], leaving behind In(A/|qg|). We therefore
arrive at the following expression for the divergent term in
the temporal part of X,,(g):

%@ = =59 (02— 2/3) In(A /1)
4 327120,2:
3I2-2 3
=2 A /g). (128

Extracting the divergence in the spatial part. To extract the
divergent logarithm term in the spatial part of the two-loop
self-energy [Eq. (117)], we must examine the behavior of the
quadruple integral in the region [k|,| 5| > |7|. It helps to first
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redefine k — k + g

PHYSICAL REVIEW B 89, 235431 (2014)

Lty S (q)) = —8dive [ Ak [ dp 11 [k +3G1+151+ K+ p| {(12+c7>.c7
" 2a = = == = > ——=
4 16lg1> J @n)*) Q@) |k| 14 — Pl g3 +vi(k+ql+Ipl+1k+p* L lk+4]
CPd k+pd | 1P+ G+ Ik +é|2ﬁ~a+|é|212~13—2<12é><ﬁ~a)—|c7|2ﬁ~a} (129)
Pl lk+ pl Ik+qlIplk+ pl
We then make the following expansions in the large momentum limit:
_— 1}'67 1 k-G 1 1 pg
lk+ql~ |k|+ = _,%T_a_y = QNT-FA—%,
kI" lk+gl Ik kBT p—ql 1Bl 1Pl
k4Gl +1pl+k+pl 1

g2+ vE(k + G+ 1P| + 1k + pI)>?

ek
Ok, p) + R(k,p)ﬁ.

We then have
1 : —igtqivr [ d%k d’p 1
Ty 22 (q)] = = — 1+
4 16|q1? Qm)* ) Q2m)? k|| p|
pd  k+pri (k+§)g
X{——=+——7FT7— = 1-—
¥l |k + p| Ld

—»2]_("—> ]_c'.—>
4 Jakr (k4
kIl pllk + p k|

The terms that scale as the inverse fourth power in the momenta
k, p give rise to a logarithmic divergence. These are the terms
we are interested in. There are also terms in Eq. (131) which
scale as the inverse third power and so would seem to produce
a linear divergence. However, these terms vanish identically
as can be seen by performing a coordinate transformation
k— —k, p — — p. We isolate each of the terms which
contribute to the logarithmic divergence in the following series
of integrals:

o _ [k [ &p QEp) (RGP |Gl 13
o = (27‘[)2 (27’:)2 > ->3 = R ( )
KIpL\ Ik K|
wzz_/ 4%k / d’p 0k.p) 1p| ((/2-@2_@)
Qr2J) QY (k|ipl lk+pI\ kP k)
(133)
o / &’k / *p 0kp) kDFD a0
Q@r2J) Qr? (kpl Iklpllk+ Bl
2k [ d? k.p) 1G12Gk-p
E4=/ 2/ p2 Qf f)) qlqlq (q p)w (135)
Qm)2) @) (k||p| |k||pIIk + pl

[x]
wn
1

B / &k / &p 0kp) kDGD _ o

Qm)2) @y |k|Ip| IKIIpIIK + Pl
(136)
&k [ d? k.p) (k-g)(p-G
5, = . p2 Qf f))( i])(ﬁM) (137)
Q) @y (kIpl (kPP

a2 + V23K + 1P|+ |k + Pl

k_) +|p|(k+q)q<1

L, kG ( ka\ __laPpd (,_kd
KIPIK+ I\ 1k2)  KIBIK+ I\ kP

2 27 - 7 >N2 7 2

- e qp = vp(kI B+ k4 D) kg
[|k|+|p|+|k+p|+°2 P TR Y
g3 +v3(KI + |l + [k + p)? [k

(130)

Ik|1k + p|

(

o[k [ & 0k B
Qmn)2) Qo2 kpl PP
oy [ Lk [ Lp QKR GDEEPG o
@m)2) @m? (klpl PPk + pl
gy [k [ Ep QKP) EDED o0
@m)* ) @m0 |klipl Ikl pllk+ pl
g, = [ Lk [ dp 0kp) KGar
Q) @ Jklpl |pPIk+ Bl
~ [ d% [ dp RK.p) Kk’
g = . S (142)
@n)2 ) @ k|pl (kP2
&’k [ d’p RK,p)(k-g)(p-d)
Eip = | S L ED PRI (143)
@m)2 ) Qm* kl1pl Ikl
o [ Lk [ o RED) RDE+DIG (0
Qm)*) @m)? Jkl|p|  |kllk+ p
g [k [ Lr RED PR o
Q@) @ry k||| KRk + Bl
_ d’k [ d*p RK.p) K9)(p-d)
s > > 7o — - (146)
@2 ) @ry kIl 1pIk+ pl

In each of these integrals, we first choose the coordinate
system such that k= (|k| 0) and then replace p by elliptic
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coordmaies: i g, = 28, (154)
Px = E(cosh;u:os v—1), p,= @ sinh wsinv, (147)
2 2 Es = —2&3, (155)
for which
I | R I | E¢ = &3, (156)
|p| = —(cosh,u —cosv), |k+p|= ?(coshu—i— cos V),
- - _ | g|?
k| + | p| + |k + p| = |k|(cosh s+ 1), (148) E7= q / duf dlk|O(u, Ik Dlcoth w — 1/2], (157)
Ik|? 2 2 =
d? p= —(cosh — cos“v)ydudv = |k||k+ pldudv. ~ | |2
= oL / f ARBGIED,  (58)
Under this coordinate transformation, we also have
k|(cosh w + 1) By = 83, (159)

ok, p) — - = O, [k,
P g3 +vE|k|2(cosh pu + 1)2

g2 — v2:|k|*(cosh 1+ 1)

m

lgP [~ o~
~ 4 2[ dﬂ/ dlk|Q(w,|k])eschp,  (160)
TT 0 0

R(K.p) — ——= 5 = R [kD). (149)
[45 + vEIkI*(cosh pu + 1)?] GR [ A
After making this coordinate transformation, we first perform En=- IZ 2 / dp / d |k|§(ll«, |k|)|l_é| coshp, (161)
the integrations over v, which can all be done exactly. We then 7 Jo 0
restore k to a general vector by making the replacements lg1> [ AL L
B = di | dIkIRG, kDIkle™",  (162)
1672
L.z 7.7)2 = Jo 0
k-q ~n  (kq)
qx —> m, qy — lg|* — |]_€|2 . (150) |q|2
B3 = / / d|k|R(. K ])IK]. (163)

The integration over k is then expressed in terms of polar
coordinates |k| and 8, where 6 is defined by k-G = |k||G| cos 6.
All the 6 integrations are easily done, and we arrive at the
following expressions for the integrals:

[1]

14 = —8&11, (164)

IqI2 -
dlklR(M Ik])Ik|e (165)

[I]

|é’|2 0 A N
21 =05 [ an | dfiGunRncoshp, sy
7= Jo 0

[1]

2= —Ey, (152) -
We separately combine the contributions containing Q and
| q|2 those containing R to obtain the following formula for the
/ / d |k| Q(,u |k|)e”‘, (153) spatial part of the two-loop self-energy:

J

63}
w

1 i —ig*qivp | [ _ AL
—Trly' Zou(@)) = — o dp[2 —3e™" —2coth u+2cschu] | dlk|Q(, k)
4 12872 | J, 0
o) A oo N
+2/ dp e " sinh?(11/2) d|k||k|R(,u,|k|)}. (166)
0 0

The integrations over |l¥| can be performed exactly:

AL In[1 1)?]
fo dlk|Q(u,|k]) = 22 (cosh e+ 1) , (167)
AL . Zv%AZ(cosh,u,—l- 12— {q%—i—v%Az(coshu—i— 1)2} In [1 + UF{\ 1)2]
/0 AIRIIKIR G K]y = 2v%[gd + vEA2(cosh pu + 1)?](cosh p + 1)2 ' (168)

We assume vrpA/|go| > 1 for simplicity. We may then neglect the 1 in the argument of the logarithm and keep track of only
the term proportional to In(vg A /|qol):

Ao~ o In(vrA/lqol) In(A/Ig1)
/o d|k|Q(M’|k|)_>v%(cosh,u+1)_)v%(coshu+1)’ (169)
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Ao In(vr A /lgo)

| R R > TS
0 vp(cosh w4+ 1)
In(A/131)

_ . 170
v2(cosh p + 1)2 (170)

In the final step, we restore the renormalization scale || in the

argument of the log divergence following the same reasoning

as in the case of the temporal part of ¥,,(g) discussed above.
The remaining integrals over u evaluate to

/‘X’d 2—3e " —2cothu+2cschu _4—6Mn2,
0 coshpu +1
00 —1 h2 2
_/ dMLW) —4/3-21n2.
0 (cosh 1 + 1)2
(171)

The result for the divergent term in the spatial part of the
two-loop self-energy is then

YTy £aa(@)] = i(In2 — 2/3)a*vrg; In(A/|G)).
The full value of the diagram in Fig. 7 is finally

¥2u(q) = i(In2—2/3)a* [1q0y° + vrG-¥ ] In(A/IG]).
(173)

This result disagrees with both Refs. [71,72]. It disagrees with
Ref. [71] because that reference did not include the correction
coming from the temporal part, although the expression for
the spatial part obtained in that reference does agree with the
present result. On the other hand, Ref. [72] obtained a different
result for the spatial part, although the result for the temporal
part found in that reference does agree with the present result.

(172)

3. Two-loop bubble correction to self-energy

The two-loop bubble correction to the self-energy is shown
in Fig. 8. This diagram evaluates to

dk
Doe(g) = — / (Zn)3y°co<q — by TE[Dy()*,  (174)

where I[1g(g) is the result for the one-loop bubble diagram
given in Eq. (32). We therefore have
iNg* [ &k

q—k
en3! 7"

(q —kPVk?
Extracting the divergence in the temporal part. The temporal
part of 2,.(q) is

Yoe(q) = (175)

1 iNg* [ d°k  qu—k,

—Tr[y"Zoc(g)] = =

ST e = TR [ 25 e
_ iNg4 d3k C]o—ko

Q) (g —k2VE2

Trly"y°]

(176)

FIG. 8. Two-loop bubble correction to the electron self-energy.
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To evaluate the integral over k, it helps to remove the square
root in the denominator using the identity

- = 177
/ Z +k2 (177
We then have
1 iNg4 o d3k qo—ko
Ty’ Sac(g)] = —= [ d )
gy @l 16n/o Z/ Q) (q — A2+ 1)
(178)

Next, we introduce a Feynman parameter via the identity

1 ! dw
-— =/ ) (179)
AB o [wWA+(1—w)B]?

yielding

o d*k
dz

| .
Z T " Taclg)] = :

167

y qo — ko
[w(g —k)>+ (1 —w)(22+kH)]*

(180)

We can simplify the denominator by changing variables to
k = k — wq to obtain

lT[°2<>]—"Ngf /df
g Dl = e Y] any

y (1 —w)go —ko
(k2 +w(l —w)g?+ (1 — w)z2]?

N 4 [} 1 d3]€
! “0/ dz/dw/—
167 0 0 (27[)3

1

R+ —wwg+ 2P

(181)

In the last step, we discarded the ko in the numerator because
that term is odd under a change of sign of k and so vanishes
identically. The integral over k is now easily done using
spherical coordinates, with the result

1 0
ZTT[V Yc(g)]
iNg* QO[ /
= dw———=
1287‘[ 1/wq +Z
iNg"qo [ 1 2, .2 ~1
= m\/o dZ;[—L]Z-F(q +z )tan (q/Z)]

(182)

Note that here ¢ = v/¢; + v%|g|*>. The integral over z is of
course ultraviolet divergent, and the upper integration limit
must be replaced by a finite cutoff. Since z has units of energy,
the natural choice for this cutoff is g A/|g|. The integral can
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be done exactly:

qA/ldl s X
f dz;[—qz+(q +z7)tan" (g /2)]
A _

= 6@3[7“\2 —2A|q| +3m|g)?

_ o1 _
—2@3|g* + A*)tan~ (A /G D]+ 3 Ind +A%/1g1)

2 - 8 =12 22
= §ln(A/ICI|)+§+0(|q| /A7). (183)
We therefore obtain
1 iNg*qo 2 .8
—Tr[y°25.(q)] = —>22 | ZIn(A 2
7 1l 22c(9)] 1287202 | 3 n(A/lgh+3
i()lqu N
=% [In(A/lq|) +4/3]. (184)

Extracting the divergence in the spatial part. The spatial
part of X,.(g) is
iNg* [ d’k  qu—ky,
128 | @2n) (g — k)>Vk?
—iNg* [ d’k —k ;
= Ty ")
128 Qr) (g — k)22
—iNg* [ &k i — ki
SELAL — . 185)
32 Q) (g —k2Vk2

The final expression is almost identical to Eq. (176), and the
same integration steps can be followed, with the result

Trly' vy vl

1 .
ZTr[)/’ Zae(@)]

— iOlZUFqi

3 (186)

1 ; -
ZTr[J/’Ezc(tJ)] = [In(A/lg]) +4/3].

Therefore, we have

)
Yoc(q) = %[qm/o —vrq-yllin(A/lgh +4/31.  (187)

The spatial part agrees with that found in Ref. [71]. However,
that work does not appear to include the temporal part. Both the
spatial and temporal parts agree with those found in Ref. [72].
Combining Egs. (101), (173), and (187), the full two-loop
self-energy is then

¥2(q) = Zoalg) + Zap(q) + Xoc(q)

1 1
=ia’ [(5 In2— E) q0y° + <ln2 — g) qu.);}
x In(A/|gl). (188)

In this result, we have neglected all finite contributions to the
electron self-energy as they do not affect the renormalization
of the Fermi velocity, which is calculated in the next section. A
proper justification for neglecting the finite terms is somewhat
subtle and will be postponed until Sec. III15 since we must
first derive some general properties of the divergence structure
of the graphene field theory.

4. Renormalization of the Fermi velocity to order o®

We now use the result we have just obtained for the second-
order electron self-energy to compute the corresponding
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correction to the renormalization of the Fermi velocity and
the running of the effective coupling. For brevity of notation,
let us define the following quantities:

—1 RN
= ——Trlg-vyX R
3 PREE tlg-y X1(g)]
—1
£y = 4—Tr[y°22<q>1, (189)
q0
—i
= ———Tr[G-7% .
& TP 1[g-y X2(q)]

The two-point function may then be expressed as
(W (PP O) = i{[1+ &y’ po+ 1+ +Exxlvry-p)~!
= i[1+&]7 {y po+[1+& +82
— &+ 0@)]vry-py " (190)

This then implies that the second-order correction to the
renormalization of the Fermi velocity reads as

vy = vr [1+& +&x —&x].

Using Eq. (188), we have the following explicit forms of the
parameters:

(191)

g = Z1nA/lG
1—111( /1q0),

3In2—1
by =—F—

£ = (In2—5/6)a” In(A/|G]).

o? In(A/|g1), (192)

Combining these expressions, we obtain

1 (i (Gm2-5) o}
vg=vpyl+ =+ |zIn2—=)a"|In(A/lg]);. (193)
4 2 3

This disagrees with the result quoted in Ref. [71] because the
contribution from the temporal part of the two-loop self-energy
was not included in that reference. We therefore conclude that
the velocity renormalization formula obtained in Ref. [71]
[Eq. (12) of that reference] is incorrect. Equation (193) also
disagrees slightly with the result obtained in Ref. [72] due
to the discrepancy between the respective results for the self-
energy correction X,,, as discussed above.

We would like to convert the above expression for v,
into a proper RG flow; this would allow us to compare the
renormalized velocity at two different, arbitrary momentum
scales. We begin by writing the renormalized coupling:

o
= — 194
%= T hat ) nA/G) (199
with
1 3In2—4
leZ» f2=—6 ) (195)

This expression can be inverted to obtain a systematic
expansion of the bare coupling « in terms of the renormalized
coupling:

o = oy + fia2 In(A /1) + [ f2 In(A/1G)

+ L In*(A /1G], + O(ey). (196)
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Writing a similar expansion, but with g replaced by a different
momentum k, and equating the two expansions allows us to
obtain an expansion for oy in terms of o:

a —ay = fio2 In(lk|/13]) + [f2 In([k1/1G])
+ fEn*(A/1G]) — In*(A/[k])
—2In([k|/Ig ) In(A/IkD)]ery + O (o)) (197)

Dividing both sides by |k| — |G| and taking the limit || — |§|,
we find

G192 — 2 + foay) (198)
9= =a,(1 204 ).
digl * !
Thus, we may define a beta function for the effective coupling:
Blay) = ag(fi + faoy). (199)
Integrating the RG flow equation, we obtain
o o, —« o + fao
(g1 = 2% 4 L2y, (M> o0
fiaga  f; aq(f1+ fran)

Given the effective coupling o at moment scale |l¥|, this
equation allows us to predict the coupling at a different scale
|g|. We may convert this to a similar relation for the Fermi
velocities:

.2 Lo (htdnfiv
In(lg|/[k]) = _flgz(v‘i o) + 12 n <g2f2+4nf1vk> .
201)

When the two scales are close to each other, |/€ | ~ |q|, this
relation can be approximately expressed as

vy ~ v [1+ (fiew + fra) In(lk1/13D)]. (202)

It is interesting to note that when sign( f] f>) = —1, there is
an interacting fixed point of the RG flow:

a. =—fi/fo. (203)

This is indeed the case for the values of fi and f, we obtained
earlier:

3
T 8—6In2

The existence of this critical point is one of the main results
of this work. This result means that if the flow begins at
high energy/momentum at a value of « such that ¢ < «,,
then the theory becomes weakly interacting in the infrared,
as is the case when only the leading-order term in the beta
function is retained. On the other hand, if o > «, initially,
then the theory flows to a strongly interacting fixed point in the
infrared, indicating that either a phase transition has occurred,
or that perturbation theory is failing at these larger values of
the coupling.

It is important to note that the value of o, we have obtained,
0.78, lies in the middle of the spectrum of values of «
relevant for experiments, where graphene on a BN substrate
corresponds to o &~ 0.4, while for graphene in vacuum, o ~
2.2. This implies that if the critical point is physical, then a
quantum phase transition should occur in suspended graphene.
Since no such phase transition has been seen in experiments,

~ 0.78. (204)

o
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this suggests that the critical point we have found is more
likely unphysical and indicative of a breakdown of perturbation
theory. Further evidence for such a breakdown will be given
in the next section, where we perform a semiclassical analysis
to estimate the order at which the perturbative series ceases to
be asymptotic. A more complete discussion of comparisons to
experiment will be given in Sec. IV.

H. Estimating the breakdown of perturbation theory

Itis generally the case that a perturbative field theory expan-
sion does not converge, and instead constitutes an asymptotic
series approximation to a physical quantity, implying that any
such expansion will inevitably begin to fail if calculations are
carried out to sufficiently high order. In light of the critical point
discovered in the previous section, we would like to estimate
the order at which graphene perturbation theory begins to fail
to check if it is in fact this failure which gives rise to the critical
point and not a real phase transition.

We can obtain an estimate following Dyson’s argument
[27] for the breakdown of perturbative QED. In that context,
Dyson argued that the point in parameter space where the
electric charge vanishes can not be analytic since the theory
in which the Coulomb interaction between electrons is taken
to be attractive rather than repulsive does not have a stable
ground state. The latter follows from the observation that the
total energy can be made arbitrarily negative by producing
a sufficiently large number of electron/positron pairs and
grouping all the electrons in one region of space and all the
positrons in another, distant region of space. If the number
N of electron/positron pairs is sufficiently large, the potential
energy will dominate the kinetic energy of the particles since
the kinetic energy scales like N, while the potential energy
scales like N2. This implies that there is a critical number N..
of such pairs beyond which the pressure due to the zero-point
motion of the electrons is insufficient to counteract the inward
pull of the Coulomb force, leading to a collapse of the electron
cloud. In terms of the real theory with a repulsive Coulomb
interaction between electrons, this instability manifests itself
as a failure of perturbation theory at higher orders where the
number of virtual electrons appearing in a typical Feynman
diagram is comparable to N,.

Dyson’s argument applies equally well to our effective
graphene theory. We may therefore estimate the order at
which perturbation theory breaks down by considering a
gas of massless two-dimensional electrons with an attractive
Coulomb interaction and determining the critical number of
electrons N, beyond which the gas collapses on itself. This
problem is very similar to that of gravitational collapse of a
star, in which case N, corresponds to the Chandrasekhar limit
[73,74]. Our approach will therefore be to adapt the standard
semiclassical derivation of the Chandrasekhar limit to the case
of graphene electrons. In the context of QED, this approach
was recently advocated for in Ref. [75]. To make the discussion
as transparent as possible, we first review the gravitational
problem.

1. Review of the Chandrasekhar limit

Consider a gas of massless neutral spin—% fermions in three
spatial dimensions interacting pairwise under the Newtonian
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gravitational potential

vt
:

(205)

where r is the distance between two particles and 8 = Gm?>.
There exists a critical number of fermions N, such that for
N < N,, the system is in a stable configuration in which the
gravitational attraction is balanced by the outward pressure
due to the Pauli exclusion principle, while for N > N,, no
such stable configuration exists, and the fermion gas implodes,
forming a black hole. We wish to calculate N,.

For simplicity, we assume that the fermions form a
static ball of radius ry, and that the number density can be
characterized by p(r), with

o
N = N(rp) = 471/ dr r?p(r).
0

When the system is in equilibrium, it can be described
semiclassically by the Lane-Emden equation

r’P'(r) + BN(r)p(r) = 0, (207)
where P(r) is the pressure of the gas at radius r from the center.
This equation is obtained simply from the condition that the
gravitational attraction must balance the outward pressure on
an infinitesimal volume element at each radius  inside the gas.
In order to solve this equation for p(r), we must first determine
the equation of state P(p). This can be determined by using
the ultrarelativistic result for the relation between pressure and
average momentum:

(206)

cp

P = ?<p),
where ¢ is the speed of light. Combining this with the
expression for the density of a three-dimensional Fermi gas

in terms of the Fermi momentum pp,

(208)

3

PFr
=L 209
P=33 (209)

we obtain
_ppdm "t dppt G s
- 972 47 3 - 4 P ( )
3 PF

Using this equation of state, we can rearrange Eq. (207) to read
as

X2 f3x) + 4 (xzif(x)) =0 (211)
dx dx ’

where we have defined dimensionless quantities f and x via

p=pf’ (212)

1/6
v = <£> \/Epgﬁr.
3 c

Here, p. is some characteristic density that we have introduced
solely for the purpose of rendering f(x) dimensionless. In
terms of f(x), the number of particles can be written as

x/§<c>3/2/)‘° 2 3
N=YT (¢ d
AV, ; xx” f7(x)

32
V3m (%) x3 f'(x0).

and

(213)

> (214)
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From Eq. (211), it is straightforward to see that if f(x) is a
solution, Af(Ax) is also a solution for any real constant A.
Therefore, it suffices to solve Eq. (211) with initial conditions
f(0) =1, f/(0) = 0 since solutions with other values of f(0)
can be obtained from this solution by choosing A appropriately.
These observations also make it clear that N is independent
of the initial conditions, implying that there is a unique value
of N corresponding to the critical value. Solving Eq. (211)
numerically and plugging the result into Eq. (214) yields

N
N, =3.09797( — .
(5)

The uniqueness of this result is due to the fact that we are
working in the ultrarelativistic limit; in order to obtain stable
configurations with N < N,, we would need to move away
from the ultrarelativistic regime. Since there can not be stable
solutions for N > N,, we see that N, is a critical value beyond
which the fermion gas collapses. This value of N, is the
Chandrasekhar limit [73,74]. This expression was used in
Ref. [75] to estimate that perturbative QED breaks down at
approximately the 5000th order.

215)

2. Breakdown of graphene perturbation theory

We can apply the same steps for a gas of electrons (with
fourfold degeneracy coming from spin and valley degrees
of freedom) in two dimensions with a repulsive Coulomb
interaction, in which case we have 8 — e?/k. The number
of electrons is given by

o
N = N(ryp) =2m / drrn(r), (216)
0
where n(r) is the number density. Since the form of the
interaction is the same as in the previous subsection, the

stability equation remains the same except that now the

pressure P(r) is a force per unit length:
r2P'(r) 4+ BN(r)n(r) = 0. 217)

We can obtain the equation of state from the relations (again
using the ultrarelativistic limit, but with ¢ — vp)

p=2"0, n=PE (218)
2 b4
with the result
P= —”anﬁ (219)
Plugging this into Eq. (217) and defining
U= 2./7m6£r =2 /mn.r, n@r)= hz(u)nc, (220)
Vfr
we find
d d
uh®(u) + — <u2—h(u)) =0, (221)
du du
while the number of electrons is
1 " 2 1 217
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Solving Eq. (221) numerically and plugging the result into
Eq. (222), we obtain the critical number of electrons:

N, =0.701 14/, (223)
For graphene suspended in vacuum with o = 2.2, we find
N. = 0.14, while for « = 0.5, we obtain N, = 2.8. This
behavior is more or less consistent with our perturbative RG
analysis, assuming that the critical point we obtained earlier
signifies the breakdown of graphene perturbation theory at
second order. Of course, o measures the ratio of the potential
energy of an electron pair relative to the kinetic energy, so it
is not surprising that when o ~ 1, the vacuum is becoming
unstable to electron/positron pair creation even with only one
or two virtual electrons present when the Coulomb interaction
is attractive. Given that the breakdown appears to happen at
very low order, it should be possible to perform a more precise
analysis since this corresponds to solving a few-body problem.
We leave this to future work.

I. Divergence structure of graphene effective field theory

The classic BPHZL theorem states that for a general
renormalizable field theory, physical observables can be
rendered finite by introducing a finite number of counterterms,
one for each divergence appearing in superficially divergent
amplitudes [76-80]. This theorem immediately implies that
an arbitrary amplitude in the graphene effective field theory
can be made finite by renormalizing a finite number of
parameters in the Lagrangian. Determining which and how
many parameters must run with the coupling in order for the
renormalization procedure to work requires a detailed analysis
of the divergence structure of the theory. In the following, we
will show that there are three superficially divergent classes
of diagrams, two of which potentially exhibit both linear
and logarithmic divergences, while the third can have only
logarithmic divergences. Nominally, this would suggest that
we may need several different parameters to absorb these
divergences if we also take into account the fact that the
temporal and spatial components of the electron self-energy
can diverge independently. However, there is an expectation
that all these divergences can be removed to arbitrarily high
order in the perturbative expansion by renormalizing only the
Fermi velocity and electron field strength. Since we have
already seen that the renormalization of the electron self-
energy requires the renormalization of both these quantities, in
order for these parameters to absorb all possible divergences
in the graphene theory, it would have to be the case that all
such divergences can be traced back to divergent self-energy
corrections or possibly to divergent vertex corrections as well
since the vertex can be renormalized through the field strength
renormalization. We would like to demonstrate this explicitly.

1. General diagram statistics

The superficial degree of divergence of a Feynman diagram
is defined to be the total power of momenta in the numerator of
the integrand minus the power of momenta in the denominator.
Defining the number of independent loops in the diagram to be
L, and the number of internal photon (Coulomb) propagators
and fermion propagators to be P and F, respectively, the
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superficial degree of divergence D is easily seen to be

D=3L—-F—P, (224)

in the case of Dirac fermions in 2+ 1 dimensions interacting via
an effective 2D Coulomb interaction. For a general Feynman
diagram in this theory, the number of loops can be expressed
in terms of the number of vertices by observing that in the
position space Feynman rules, every propagator contributes
an integration over a distinct three-momentum, every vertex
comes with an associated delta function, and an extra delta
function imposes total momentum conservation. Therefore,

L=F+P—V+1. (225)

A general diagram with E external lines must also obey the
topological identity

2(F+ P)+ E =3V. (226)

The above three relations together imply the following simple
result for the superficial degree of divergence of a diagram
with E external legs:

D=3-E. (227)

This result immediately implies that diagrams contributing
to either the electron self-energy or the vacuum polarization
have D = 1, while diagrams contributing to the vertex function
(with two external electron lines and one external photon) have
D = 0, as do diagrams with three external photon lines (e.g.,
the triangle diagram). All other diagrams in the theory have
D < 0, and are thus superficially convergent. Diagrams with
three external photon lines vanish identically due to charge-
conjugation invariance (under which the gauge field acquires
a minus sign) [81]. We therefore have three types of diagrams
whose divergence structure will dictate the renormalization
procedure.

2. Absence of linear divergences in electron self-energy

Using the simple relation between the superficial degree
of divergence and the number of external lines [Eq. (227)],
we have just seen that diagrams contributing to the electron
self-energy have D = 1. This result can also be derived
another way by making further observations about the structure
of diagrams contributing to the electron self-energy. These
additional observations will allow us to show that all such
diagrams never exhibit linear divergences, instead possessing
at most logarithmic divergences.

We begin by noticing that for diagrams contributing to the
electron self-energy, every vertex is connected to one photon
propagator while every photon propagator joins two distinct
vertices, so that we have

V =2P, (228)
which implies
L=F—-P+1. (229)

Furthermore, it is not hard to convince oneself that the
additional relation also holds for this class of diagrams:

L=P. (230)
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This relation can be seen by imagining that every diagram
contributing to the self-energy is built up by starting from
the fermion propagator and adding photon propagators and
fermion loops, one at a time. Since every additional photon
propagator either creates a new loop or joins a new fermion
loop to the diagram, we see that L = P. Using Egs. (229) and
(224), this result immediately implies

F=2P—1 (231)

and

D=1. (232)

The former relation means that every diagram contributing to
the electron self-energy contains an odd number of fermion
propagators, while the latter means that every such diagram
superficially has at most a linear divergence, as we have
already seen. However, since every diagram contains an odd
number of fermion propagators, it is easy to show that this
linear divergence always cancels, leaving at most a logarithmic
divergence. This can be seen by noting that when one expands
the integrand of a diagrammatic contribution in the limit where
all loop momenta are taken to be large, the leading term is
independent of the external momentum ¢. Since the number
of fermion propagators is odd, this leading term will be odd
under the operation in which all the signs of the loop momenta
are flipped. Since the measures of the loop integrations are
invariant under this operation, as are the Coulomb propagators,
this leading term must vanish, eliminating the possibility
of a linear divergence. The absence of linear divergences
in diagrams contributing to the electron self-energy means
that these diagrams are at most logarithmically divergent.
Diagrams containing divergent subdiagrams will generally
diverge like the power of a logarithm.

3. Linear divergences in corrections to vacuum polarization

In the previous subsection, we showed that there are no
linear divergences arising from diagrams that contribute to the
electron self-energy. Therefore, if it is true that all divergences
are due to divergent self-energy or vertex corrections, then
we would expect that no linear divergences appear anywhere
in the theory. We have seen that linear divergences also
potentially arise in diagrams that contribute to the vacuum
polarization function, i.e., diagrams with two external photon
lines (which have D = 1), as well as diagrams which contain
these diagrams as subdiagrams. The fact that linear divergences
do not arise in contributions to the electron self-energy strongly
implies that no linear divergences are present in any subdia-
gram, and since all vacuum polarization corrections appear as
subdiagrams in some electron self-energy contributions, this
suggests that linear divergences do not arise in any vacuum
polarization corrections either. However, it is still possible
that a certain symmetry results in an exact cancellation of
self-energy diagrams that contain linearly divergent vacuum
polarization subdiagrams even if these subdiagrams do not
themselves vanish identically. Therefore, it is worth taking a
closer look at this issue.

We have seen in Sec. III C that the one-loop vacuum polar-
ization has neither linear nor logarithmic divergences, while in
Sec. IIT E we showed one of the two-loop corrections contained
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a logarithmic divergence coming from the appearance of the
one-loop electron self-energy as a subdiagram. It was further
shown that this logarithmic divergence could be absorbed into
aredefinition of the Fermi velocity, demonstrating the absence
of charge renormalization up to second order. In the course of
these calculations, however, it was not made clear why linear
divergences did not appear in either the one-loop or two-loop
corrections to the vacuum polarization, nor is it clear whether
such divergences can arise in higher-order corrections. Let
us first consider why there was no linear divergence in the
one-loop vacuum polarization. This diagram has the value

d’k ok o K+d
Qny Tr[ 27kt g2

Ih@)=—N/ }. (233)

The leading linear divergence can be extracted by taking the
limit ¢ — 0. In this limit, the integral can be shown to vanish
because of the integration over the loop frequency ky:

© kg — vilk|?
dkg———— =0. (234)
i

—00
This identity also ensures the absence of a linear divergence
in the two-loop vertex correction to the vacuum polarization.

The above identity is one of a family of identities:

dko =0, (235)

2
o k m

/00 (3 —2m)k3 + vk

where m > 2 is an integer. It can also be shown that the
absence of a linear divergence in the two-loop self-energy
correction to the vacuum polarization is due to the identity
with m = 3. Thus, these identities ensure the absence of linear
divergences in first- and second-order perturbation theory. This
family of integral identities is also responsible for the fact that
the one-loop vertex diagram is finite. Furthermore, it leads
to the vanishing of the rainbow diagram corrections to the
electron self-energy. One of these identities also gives rise
to the vanishing of a third-order correction to the electron
self-energy, as shown in Appendix A 4. These identities also
play an important role for nonrenormalization theorems in
the context of ladder-diagram expansions [66]. It is not clear
whether the appearance of these identities is due to a hidden
symmetry of the theory or whether these identities continue to
ensure the cancellation of linear divergences at higher orders
in perturbation theory. We will thus leave it as a conjecture that
it is these identities that allow all divergences to be attributed
to electron self-energy or vertex corrections.

4. Recursion relation for coefficients of divergences

In this section, we show that only linear-log divergences
in electron self-energy diagrams contribute to the Fermi
velocity renormalization (and to the running of the effective
coupling). We also show that higher-power log divergences are
completely determined by the linear-log terms and explicitly
derive the recursion relations that govern this dependence.

The fact that only logarithmic divergences appear in the
expansion of the electron self-energy means that we may write
the following expansion for the Fermi velocity and effective
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coupling:

L= L o1+ Y R (A /),

Vf (oM

(236)

n=I

where we have introduced the shorthand notation pu = |g|
for the renormalization scale, so that v, and «,, denote the
renormalized Fermi velocity and coupling, respectively. This
expression can be inverted to obtain an expansion for the bare
coupling in terms of the renormalized coupling:

@ =0, + ) Gule)n"(A/p),

n=1

(237)

where G, can be calculated systematically as a power series
in «,, with the coefficients given by combinations of the
coefficients appearing in similar expansions of the F,. In
particular, one finds

Gi(a,) = a, Fi(a,), (238)
Go(ay) = G230!i + G2405i + stai +---
= F;, + GFi1 Fio + Fx)at,
+ (2F, +4F 1 Fis+ Fu)a, + ..., (239)
where, e.g.,
Fi(a) = Flia 4+ Fipo® + Fza® + ... . (240)

In terms of the notation introduced earlier, fi, f>, for the
coefficients of the first- and second-order terms in the Fermi
velocity expansion, we have simply F; = fi, Fio = f>.

The fact that the bare coupling « is independent of the
renormalization scale p means that we can differentiate
Eq. (237) with respect to u and then multiply by ¢ everywhere
to obtain

dG
0= ey, — Gy + e, In(A /i) = 2G2 In(A /)
Ay
dG
+ W;lf In>(A/p) —3G3In*(A/p)+ ..., (241)
"

where the prime denotes differentiation with respect to .
Since the renormalized coupling «,, is independent of the
cutoff, it must be the case that the coefficients of each power
of In(A/p) vanish separately, leading to the following set of
relations:

e, = Gi(a,), (242)
1 dG
Gaay) = - par), —, (243)
K2 day,
1 ,dG
Giloy) = e, (244)
w
1 dG,_
Gloty) = —puet, — (245)

day, ’
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We see that the beta function for the coupling B(wx,) is
determined solely by the coefficient of the In(A/u) term in
the expansion of the bare coupling [Eq. (237)], which in turn
is determined by the coefficient of the In(A/u) term in the
expansion of the Fermi velocity in terms of the bare coupling
[Egs. (236) and (238)]. The coefficients of all higher powers
of In(A /) are fully determined by B(c,,):

Gi() = Bla,) = Fuia, + Fa,, + Fiza, + ..., (246)
dG,_

Gul,) = P ) dGnt (247)
day,

These relations between the different G, imply relations
among the coefficients appearing in the F,,, i.e., the coefficients
appearing in the perturbative expansion of the Fermi velocity.
Going up to fifth order in perturbation theory, we find explicitly
the following:

From G»,:
F» =0, F3= _%FIIFIZ» Foy = —%Flzz — Fi1 Fis,
Fys = —3(FaFi3 + Fi1 Fu). (248)
From G;:
Fy3=0, Fyy=—3F F,—4F Fy3, (249)
F35 = —%FMF]QQ — 4F} Fi3 — 5F12Fy3 — 5Fy1 Fay.
From Gg4:
Fiy=0, Fy5=—2F) F—10F] Fx—5F F.
(250)

For example, the second equation in (248) shows that the
coefficient of the In?(A/u) term in the third-order result for
the Fermi velocity is completely determined by the first- and
second-order coefficients of the In(A/u) term. In Sec. II1J,
we will verify explicitly that such terms arise at third order
as required by the recursion relation. The first equation in
(248) implies that there is no In?(A/u) divergence term at
order a?, as we have already seen in our explicit calculation
of the two-loop Fermi velocity renormalization. In the next
subsection, we will see that the condition F»>; = 0 is in fact
required by the standard theorem on the renormalization
scheme independence of the first two terms of the beta function
for the effective coupling. The first equation of (249) states that
no In*(A /) divergence terms can arise at third order. We will
check this explicitly in Sec. II1J.

5. Redefining A at higher orders in o and scheme dependence

We now finally return to the question of why we can
neglect the finite part of the second-order self-energy. We
raised this issue briefly at the end of Sec. III G, but postponed
addressing it until after we presented some general properties
of the divergence structure of the perturbation theory. In
particular, it may not be clear why we can neglect the finite
contributions since we have already given a precise definition
of the ultraviolet cutoff A when we computed the first-order
self-energy ¥(g). Once this definition is made, we must take
care to maintain consistency with this definition, and it may
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not be immediately obvious why we can absorb a new constant
into A when we compute ,(g). To be more precise, suppose
that we have not absorbed any constants into A at all, and
consider the renormalized Fermi velocity to second order
ino:

vy = ve(l +afilln(A/|g]) + Cil+ o folln(A/IG]) + Cal).
(251)

Here, C; and C; are the finite parts of X; and X,, respectively,
and we have found above that
fi= 1 f= 3In2-4
1 = 47 2 = 6 .

When we computed X; in Sec. I[II B, we absorbed C; into the
definition of A. If we then absorb C, into A, it would appear
that we have an inconsistency since the A’s appearing in X,
and X, would not be the same.

In order to understand how to resolve this apparent
discrepancy, it helps to first make a few observations about
the scheme dependence of the renormalization procedure.
Suppose that we have computed the self-energy to all orders
to obtain a renormalized velocity of the form

(252)

;}_Z = 14 C(a) + Fi(@) In(A/|g])

+ F(a) In*(A/1gD) + .. ..,

where C (@) is the all-orders finite contribution, where we know
that

(253)

Fi(@) = fia+ fHa*+ 0@@),

and where we have used the result that the self-energy and
hence the Fermi velocity can be expressed in terms of a
power series in In(A/|qg|). Because of the appearance of
higher-power logarithms, if we change the definition of A,
then the coefficients F, of the logarithms will get modified.
As we explained in the previous subsection, the beta function
B(oy) is determined by F1, so that it too will be modified by a
redefinition of A. However, since the higher-power logarithms
occur only at third order and higher, the first two terms of
Bloy) = a4 Fi(a,) will remain invariant. This is a reflection of
the well-known scheme independence of the two lowest-order
terms in the beta function. Here, we see that it was necessarily
the case that higher powers of divergent logarithms appear
only at third order and above since otherwise the standard
scheme-independence theorem would be violated.

When we choose to expand the Fermi velocity as in
Eq. (236) (i.e., where the finite term has been completely
absorbed into the cutoff), then we are supposing that we first
redistributed the finite part according to

(254)

;’—i =1+ Y F(@I[n(A/I7) + C@)]",

(255)

n=1

in the process fixing the definitions of the F, to all orders
(where the F), in this scheme obey the recursion relations
derived in the previous subsection), and then we absorbed
the all-orders constant C(«) into A. This quantity also has a
power-series expansion in o:

C(a) = Ci +a(Cy — C)) + 0(a?), (256)
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where C; and C, were defined above. It is then apparent that
the cutoff A naturally gets redefined at every order in «, and
that it is not the finite contribution at order « that gets absorbed
into the A appearing in the self-energy at that order, but rather
a combination of all the finite contributions occurring up to
and including that order. What this means effectively is that
we simply ignore the finite contributions appearing in the self-
energy at every order in «.

J. Three-loop corrections to electron self-energy

There are 16 distinct diagrams contributing to the electron
self-energy at third order; these are displayed in Fig. 9. Note
that diagrams (b), (d), (k), and (1) each represent a pair of
diagrams that are related by symmetry and thus give equal
contributions to the self-energy. In our first- and second-order
calculations, we have seen that the graphene effective field
theory renormalizes through the renormalization of the Fermi
velocity and electron field strength. In this section, we will
test whether the theory continues to be renormalizable at third
order by computing the leading ultraviolet divergences at this
order. In particular, we saw in Sec. III14 that the coefficient
of the In® divergence at third order is fully determined by the
coefficients of the log divergences arising at first and second
order. Therefore, on general grounds it must be the case that
In? ultraviolet divergences arise at third order, while higher
powers of log should not arise at this order. We will confirm this
expectation by calculating the leading divergences in several
of the diagrams shown in Fig. 9.

Our first- and second-order results show that, at least up to
those orders, ultraviolet divergences only arise in corrections
to the electron self-energy. Therefore, among the 16 diagrams
depicted in Fig. 9, we expect that the strongest ultraviolet
divergences will come from those diagrams which contain
divergent self-energy subdiagrams. Nominally, there are eight
such diagrams, corresponding to those labeled (a), (b), (c),
(e), (g), (), (G), (1) in Fig. 9. However, it is clear that diagram
(a) vanishes identically since it contains the two-loop rainbow
diagram as a subdiagram, and we have already shown that this
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FIG. 9. Distinct diagrams contributing to third-order electron
self-energy.
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diagram vanishes identically in Sec. III G 1:

Y3a(g) = 0.

Also notice that diagram (g) would appear to have a In®
divergence since it contains two logarithmically divergent
subdiagrams, potentially violating the recursion relations
derived in Sec. II1 14, which would in turn endanger the renor-
malizability of the theory. However, we show in Appendix A 4
that diagram (g) vanishes identically,

ESg(q) =0,

thus avoiding this potential danger and leaving only six
nontrivial diagrams containing divergent subdiagrams at third
order. [Also note that diagrams (n) and (o) vanish identically
due to Furry’s theorem [81].] The leading divergences of
diagrams (b), (¢), (e), (i), (j), (1) are computed explicitly in
Appendix A, and we summarize the results here:

(257)

(258)

S@) =i | ——qor® + — (~2 4 81n2) 077
= — — n .
3(q l 480401/ 128 3 Vrq-y

x @ In*(A/1g) +- ..,

i 2 . R
Tsel@) = —1¢ <1n2— §) aPvpg-y In* (A1) +. ..,

2()_'141 In2 0
(@) =il-|—=—1In
@ =il gl e qoy

(Y oim2 ) vay
— n .
128\ 15 VFTY

xed In>(A/1G) + .. ., (259)

_ N 0 = =\ 3102 >
¥5i(q) = —@(4610)/ —3vrq-y)a’ In" (A/lg]) +...,

iN .. 5, -
X3i(q) = ~ g Vrd v In" (A/lg]) +...,

iN 0 = S\ 302 -
X31(q) = —5=Bqoy” —vrq-y)e” In“(A/lgD) + ...,

240
where the ellipsis in each case represents subleading In (A /|G |)
terms. These results demonstrate explicitly that the expected
In? divergences are indeed present at third order, and they are
strongly indicative that no In® divergences arise at this order,
as is fully consistent with the analysis presented in Sec. 1114
and with the overall renormalizability of the graphene effective
field theory at higher orders.

We can test whether we have obtained all of the In®
contributions at third order by making use of the second
relation given in Eq. (248): Fy3 = —%F11F12- Defining the
quantities &3, and &3, in analogy with the second-order analysis
of Sec. Il G4, it is straightforward to show that

Fyo IN*(A/|G]) = &0 — &3 — E16ay,

where &1, &, and &, were defined in Eq. (192). Recalling the
values of Fy; and Fi, from Sec. 111 G 4, namely, Fy; = § and

F12 = %11’12— %,weﬁnd

(260)

(261)
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which implies
E3c — &3 = (3 + 15 In2)o’ In*(A /|G

On the other hand, summing up the results shown in Eq. (259)
for N = 2, we obtain the following net difference between the
spatial and temporal components

&3 — &3 = (11—2 -

The fact that this last result differs from the correct answer
[Eq. (262)] indicates that additional In? terms must arise
from some of the other diagrams in Fig. 9, in particular
from diagrams which do not contain divergent subdiagrams.
These additional terms must be parametrically small given that
Egs. (262) and (263) differ by only a few percent. It is most
likely the case that these additional contributions arise from
diagrams containing higher-order vertex corrections, namely,
diagrams (h) and (k) in Fig. 9. We leave the explicit verification
that additional In? contributions exist to future work.

To give an example of a linear-logarithmic divergence, we
consider the simplest such contribution, which is provided by
diagram (p). This diagram can easily be calculated from the
full RPA self-energy correction, as shown in Appendix A. We
quote the result here for convenience:

(262)

76 In2)e’ In*(A/|g)). (263)

5 im’a?
ap(q) = ED)
It is clear that this contribution is in no sense small when o ~
1, suggesting that the third-order corrections to the electron
self-energy and velocity are again likely to be comparable to
the first-order results, as were the second-order corrections. It
is possible that the additional contributions to the linear-log
divergence coming from the remaining diagrams in Fig. 9
will lead to some cancellations, but in the absence of special
symmetries and given the lack of such cancellations at second
order, we believe that X3, is indicative of the magnitude of
the full third-order correction. Therefore, the full third-order
contribution to the velocity renormalization could significantly
alter the value of the coupling at the quantum critical point o,
we obtained from the two-loop analysis above.

We conclude the perturbation theory analysis by making a
few general comments regarding the structure of higher-order
diagrams. First of all, it must be the case that at higher orders
in perturbation theory, the divergence structure of the theory
is such that at nth order, logarithmic divergences of the form
In"(A/|q|) arise, where m < n — 1. This follows immediately
from the recursion relation analysis developed in Sec. 11114
and is required by the renormalizability of the theory. Thus,
at fourth order, for example, the most divergent terms will
scale as In*(A/|G|); some of the diagrams contributing to this
leading divergence are shown in Fig. 10. We further anticipate
that the generalized rainbow or “sunrise” diagrams, of which
Figs. 9(a) and 9(g) are examples, will continue to vanish at
higher orders in perturbation theory. This class of diagrams
consists of all graphs that do not contain fermion loops and
are such that, if every Coulomb line is drawn above the main
fermion line, then no two Coulomb lines cross. Of course, any
diagram containing a sunrise diagram as a subdiagram will also
vanish. Furthermore, Furry’s theorem will continue to hold at
higher orders, so that any diagram containing a fermion loop

[—qoy" +2vrg - Y1In(A/IG]).  (264)
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FIG. 10. Examples of diagrams contributing In® divergent terms
to the fourth-order electron self-energy.

connected to an odd number of Coulomb lines will vanish as
well.

IV. COMPARISON WITH EXPERIMENTS

Although the coupling constant « in graphene being of
order unity (e.g., @ =~ 0.4,0.8,2.2 for graphene on BN, SiO;,
vacuum respectively) in relevant experimental systems of
interest indicates that perhaps a weak-coupling perturbative
expansion in the coupling constant is not the appropriate
theoretical tool to use for a quantitative understanding of
the data, the fact is that many recent detailed experimental
studies [11,12,15,16,82-96] have been carried out to study
graphene many-body effects which are then (almost always)
successfully compared with the leading-order perturbation
theory. This presents a conundrum that, in spite of « being not
particularly small, it appears that perturbative theoretic results
are in good agreement with a wide variety of experimental
results. In particular, there is absolutely no signature in any
reported experimental data of a strong-coupling quantum
phase transition or a gap opening near the Dirac point. Thus,
the weak-coupling perturbative analysis appears to be at least
in qualitative agreement with all existing experimental results
on graphene, putting our current work in the proper context of
graphene phenomenology.

In comparing theory and experiment, we first mention a
key issue which is not always appreciated in the literature
(particularly in experimental publications claiming agreement
between theory and experiment). Many-body theories (or in
general, any theory) restricted precisely to intrinsic graphene
(i.e., undoped pristine graphene with the chemical potential
at the Dirac point) are, by their very construction, about a
hypothetical and idealized system which can not exist in a
laboratory. All real systems are extrinsic (i.e., doped) graphene
with a finite chemical potential (and finite carrier density).
Thus, experimental results should only be compared with
theories for extrinsic graphene with a finite Fermi level. Of
course, at finite temperatures, when kgT > E, there is no
essential difference between intrinsic and extrinsic graphene
[97], but such a theory must incorporate qualitative finite-
temperature effects for it to be realistic.

Thus, the only existing theory enabling a direct quantitative
comparison with experiment is RPA since the Hartree-Fock
theory (i.e., the leading-order self-energy in the bare Coulomb
interaction) has a pathological infrared divergence at the Fermi
energy which is due to the long-range nature of the Coulomb
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FIG. 11. The RPA self-energy is obtained by summing the
infinite series of bubble diagrams, which have the structure depicted
here. There is one such diagram in each order of the perturbative
expansion, where the nth-order diagram contains n — 1 fermion
loops (“bubbles”). The sum of all such diagrams (over all orders)
is equivalent to a one-loop expansion in the dynamically screened
Coulomb interaction. Details for the RPA self-energy calculation can
be found in Refs. [28,30,41].

interaction and which gets regularized by the screening effect
in RPA (see Fig. 11), giving a meaningful result at the Fermi
energy. This is easily seen by writing out the leading-order (in
«) results for the renormalized graphene velocity in various
theories:

vp(E) _ 1+gln(Ec/E), (265)
Vf 4
vpEr) _ @ (é + lna> + S In(E/ER),  (266)
Vfr T 3 4
() o, @
v 41 +ma/2) (Ee/E). on
VE(Er) ! L (L
= 1+a{Zln(Ec/EF)_1_Zln< 4o )}
(268)

Equations (265)—(268) above correspond respectively to the
leading-order (in the bare interaction) single-loop result at
the Dirac point [5], the analytical RPA result [obtained by
summing the series of diagrams depicted in Fig. 11 and
expanding to O(x)] at a finite Fermi energy Ef (or at the
finite Fermi momentum k) [28], the leading-order result in
the statically screened Coulomb interaction at the Dirac point
[15], and the RPA result obtained for a finite Fermi energy
at k = 0 [28]. We emphasize that, whereas Eqs. (266) and
(268) correspond to a realistic situation with a finite Fermi
energy Er, Egs. (265) and (267) correspond manifestly to the
Dirac point for the undoped intrinsic system where the concept
of a Fermi energy does not apply. Therefore, any carrier
density-dependent graphene Fermi velocity measurement, as,
for example in Ref. [15], where one simply substitutes Er o
kr o< 4/n so that the In(E./EF) term becomes %ln(nc/n),
can only be described by Egs. (266) and (268), and not by
Eqgs. (265) and (267). This makes complete sense because
neither the concept of a Fermi energy nor the concept of a
carrier density applies to the Dirac point [i.e., Egs. (265) and
(267)], where the ultraviolet In(E./E) term only describes a
flow where energy (not the density) is changing, but Egs. (266)
and (268) indeed describe the dependence of the renormalized
Fermi velocity on the carrier density. This subtle point has
not often been appreciated in the literature, and often pure
Dirac point intrinsic theories which give v} (E) have been
utilized in comparing theory with experiment simply by
interpreting vy = vi(Er) = vj.(n), which has no a priori
theoretical justification at the Dirac point where the concept
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of a changing carrier density or Fermi energy does not apply
since Ep o n = 0 at the Dirac point! We emphasize, as has
already been discussed in Ref. [10], the simple leading-order
formula (265) being equivalent to the Hartree-Fock self-energy
expression, does not apply at the Fermi energy [i.e., one can
not just put £ = Ep in Eq. (265)] because of the intrinsic
infrared divergence of the Coulomb interaction.

We should also emphasize that RPA, being the infinite-order
sum of the bubble diagrams (and thus the leading-order
expansion in the dynamically screened effective interaction,
see Fig. 11), represents the correct leading-order result in
an expansion in the coupling constant o, whereas the loop
expansion in the bare interaction represents the leading-
order result only in the most ultraviolet divergent term, as
represented by the product « In(E./E) in Eq. (265). There
are nondivergent corrections in o which are missed by the
loop expansion, but which are correctly captured in RPA,
as is evident in Egs. (266) and (268). Such nondivergent
corrections are of course not important at (or close to) the
Dirac point (i.e., for hypothetical intrinsic graphene), which
is the (experimentally inaccessible) quantum-critical infrared
fixed point in the problem, but away from the Dirac point (i.e.,
for any realistic experimental situations where the system is
extrinsic, and has a finite chemical potential and finite doping),
such nondivergent many-body corrections could very well
be quantitatively important depending on the details of the
situation (e.g., carrier density, the value of « itself, etc.). In
particular, in the very high-energy (or high-density) limit,
the divergent contribution vanishes logarithmically, but the
nondivergent RPA contributions still provide a many-body
correction to the graphene velocity renormalization.

With the above comments in mind we note, however, that
the leading ultraviolet divergence in all the theoretical formulas
for the interacting Fermi velocity is, of course, exactly the same
In(E./E) term, as necessarily follows from the fundamental
renormalizability of the underlying graphene effective field
theory. This indicates that perhaps purely on a heuristic level
(and perhaps without any rigorous theoretical justification),
one can replace In(E./E) by %ln(nc /n) in all of the above
formulas, noting that Er o +/n. Such a heuristic procedure
may not be unreasonable when the ultraviolet divergence
dominates the velocity renormalization over all the subleading
terms [for example, the other terms in the RPA expansion of
Eq. (266)]. In comparing experiments with theories, this is the
procedure we adopt below when we use pure intrinsic graphene
Dirac point theories with the experimental data giving the
velocity as a function of carrier density.

In Fig. 12, we show a comparison between several theo-
retical results and the rather impressive experimental data of
Ref. [15] on the renormalized Fermi velocity as a function of
carrier density for graphene suspended in vacuum. We choose
this particular experiment because this experiment reports a
large velocity renormalization covering a large (exceeding
two orders of magnitude) density range, and thus this is the
experiment which is most suitable for the possible observation
of the ultraviolet divergence associated with the logarithmic
term in the theory.

In Fig. 12, we compare the experimental data with six
independent theoretical results. Three of them are given in
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FIG. 12. (Color online) Comparison of the experimental results
(squares) from Ref. [15] for the effective cyclotron mass versus
carrier density for graphene suspended in vacuum (¢ = 2.2) with
six different theoretical predictions: (a) the one-loop RPA result
for extrinsic graphene given in Eq. (266) and first computed in
Ref. [28]; (b) the one-loop (bare Coulomb interaction) result for
intrinsic graphene given in Eq. (265), which was first calculated
in Ref. [5] and rederived in the current work in Sec. III B; (c) the
two-loop with geometric resummation result for intrinsic graphene
first derived in this work and given in Eq. (269); (d) the one-loop
result with the statically screened Coulomb interaction for intrinsic
graphene quoted in Eq. (267) and used in Ref. [15]; (e) the full
RPA off-shell solution obtained in Ref. [41] by solving Dyson’s
equation for the self-energy self-consistently; (f) the full RPA on-shell
solution obtained in Ref. [41] by solving Dyson’s equation for the
self-energy (with the noninteracting energy inserted) numerically. In
all cases, we have used that the effective cyclotron mass is related to
the renormalized Fermi velocity via m* = /7n/v} and have made
the replacement In(E./E), In(E./Er) — %ln(nc/n) as explained
in the text, with n. = 10'> cm™2. my is the free-electron mass, and
the bare velocity is taken to be vy = 108 cm/s.

Egs. (265)—(267) above, respectively, and the other three
are full RPA on-shell theory, full RPA off-shell theory, and
our two-loop theory given in Sec. III of this paper. We
leave out Eq. (268) above in the experimental comparison
since this formula provides the RPA velocity renormalization
in extrinsic graphene at k = 0, where quasiparticles are ill
defined. The full RPA theory for extrinsic graphene has been
described elsewhere by two of the authors [28,30,41], where
the word “full” implies an exact numerical calculation of
the RPA many-body self-energy without any expansion in
o involved. The leading-order analytic expansion in o« of
the full RPA theory gives Eq. (266) for both on-shell and
off-shell approximations, which respectively refer to using
just the noninteracting energy in the Dyson equation for
the self-energy (“on-shell”) or the full numerical solution
of the RPA self-energy with the Dyson equation solved
self-consistently. We refer to Refs. [28,30,41] for the full
details of the extrinsic graphene RPA many-body theory.
Finally, we mention that the two-loop results used in Fig. 12 for
experimental comparison require a geometric resummation of
our direct intrinsic two-loop results given in Sec. III since the
direct two-loop self-energy has a strong-coupling divergence
for @ > 0.78 (as discussed in Sec. III), and the experimental
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system under consideration here [15] is graphene suspended
in vacuum where o = 2.2 (>0.78). The relevant two-loop
formula with a geometric series resummation gives

~1
VE(E) = vp|:1 T %{1 4 (2 - 21n2)a} ln(EC/E)].

(269)

It is easy to see that the leading-order expansion in o of
the denominator on the right-hand side of Eq. (269) leads
to our two-loop velocity renormalization [Eq. (193)] derived
in Sec. III. Here, we have assumed a geometric resummation
in order to avoid the unphysical negative velocity result (for
o = 2.2) that the naive two-loop result would imply.

To compare theory and experiment, we do the heuris-
tic replacement of E — /n for all the intrinsic theories
[Egs. (265), (267), and (269)] and use the approximate
Er ~ \/nreplacement in the extrinsic RPA theories. The most
important features of the comparison between theories and the
experimental data in Fig. 12 are the following:

(i) In general, the RPA results provide the best quantitative
agreement with the experimental data [98], as is expected since
itis indeed the best available theoretical formalism for extrinsic
graphene at finite carrier density.

(i) Including two-loop corrections substantially improves
the agreement between experiment and the intrinsic theory
compared with the corresponding one-loop result although,
given the number of approximations involved in the compar-
ison (e.g., replacing energy by the square root of the density
and the geometric resummation of the two-loop self-energy
result), one can not quite be sure that this improvement at the
two-loop level is not a mere coincidence.

(iii)) The on-shell numerical RPA approximation appears
to be decisively in disagreement with the experimental data,
indicating the necessity for the full self-consistent solution of
the Dyson integral equation for extrinsic graphene.

(iv) Ingeneral, the logarithmic increase in the experimental
Fermi velocity seems to be apparent in the data as predicted
by all graphene theories by virtue of the underlying ultraviolet
divergence in the Dirac-Weyl massless chiral effective field
theories, but the current data can not definitively confirm or
rule out the presence of additional terms such as the subleading
contributions which are present in the extrinsic RPA theories.

(v) More accurate quantitative data over a much broader
range of carrier density would be necessary for the decisive
observation of the log-divergent terms and our calculated
higher-loop self-energy results presented in this work, al-
though the results shown in Fig. 12 indicate that the existing
data of Ref. [15] are indeed consistent with the higher-loop
perturbative corrections discussed in this work.

We make three final comments about our comparison
between theory and the experiment of Ref. [15]. First, the ex-
periment of Ref. [15] actually measures the low-field cyclotron
effective mass, and not the graphene Fermi velocity, and
we have uncritically assumed that the operational procedure
used in Ref. [15] to convert the cyclotron effective mass to
an effective Fermi velocity by assuming the noninteracting
relationship between cyclotron frequency and Fermi velocity
remains valid (which is probably a reasonable assumption for
extrinsic graphene since it is a Landau Fermi liquid at all
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carrier densities). Second, the experimental data (particularly
in the context of its comparison with the various perturbation
theoretic results shown in Fig. 12) show no indication of any
strong-coupling behavior in terms of the opening of a gap
or any other quantum phase transition which would be the
hallmark of the strong-coupling behavior. This indicates that
there is strong empirical evidence in the existing experimental
data for monolayer graphene being a weak-coupling pertur-
bative system. This is particularly true in the context of the
fact that the data of Ref. [15] shown in Fig. 12 not only
represent the measured many-body corrections in graphene
at the lowest carrier density (i.e., closest to the Dirac point),
but also for the most strongly interacting graphene system
(i.e., graphene in vacuum with « = 1) with o = 2.2 being
the maximum allowed value of the bare coupling strength
in graphene. The final comment is that one can substantially
improve upon the comparison shown in Fig. 12 by eliminating
the unknown (and somewhat arbitrary) cutoff density n. in
favor of two distinct carrier densities n; and n,, at which the
measured Fermi velocities v} (n1) and v}.(n2) can be compared
with respect to the theoretical results. One can then vary n;
or ny (or both) over the range of experimentally available
densities to obtain detailed statistics about how various theories
compare quantitatively with the measured data. Such a detailed
statistical quantitative analysis of experimental data compared
with the theory is clearly beyond the scope of the current
theoretical work, but we have actually carried out some of this
statistical analysis using the limited set of data points shown in
Fig. 12, finding good agreement with the RPA off-shell theory,
showing at least tentatively that in the current experimental
situation, the logarithmic ultraviolet term is present, but the
subleading nondivergent terms are quantitatively important.
Similar conclusions can also be drawn in the context of
graphene on a BN substrate, for which experimental data
are available in the Supplemental Material of Ref. [15]. A
comparison of these data with the same six theory curves as
in Fig. 12 is shown in Fig. 13, where it is again apparent
that the one-loop bare Coulomb interaction result (265) and
the full RPA on-shell solution do not agree as well with the
data as do the other four theory curves. Since o < o, = 0.78
in this case, we have also included in Fig. 13 our two-loop
result for the bare Coulomb interaction (193), which lies above
the experimental data points as well as all the other theory
curves. This is due to the fact that in this case o = 0.73
is sufficiently close to the critical value o, = 0.78 that the
suppression of renormalization effects that occurs at «, is also
manifest (albeit to a weaker degree) for « = 0.73, leading to
a smaller reduction in the cyclotron mass. We further analyze
the effect of proximity to the critical point below and discuss
how, like in the case of ¢ > «,, a perturbative expansion in the
bare Coulomb interaction appears inadequate even for & < «..
A smaller yet still unmistakable renormalization of the
Fermi velocity was observed in quantum capacitance mea-
surements of graphene on an h-BN substrate, as reported in
Ref. [12]. In this case, the dielectric constant is quite large
(k = 8), leading to an effective coupling strength of ¢ ~ 0.28,
almost an order of magnitude smaller than in the case of
graphene suspended in vacuum. Since this value is well below
the critical value . = 0.78, no critical point arises in the RG
flow, and the system remains weakly interacting as the Dirac
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FIG. 13. (Color online) Comparison of the experimental results
(circles) from the Supplemental Material of Ref. [15] for the effective
cyclotron mass versus carrier density for graphene on a boron nitride
substrate (¢ = 0.73) with seven different theoretical predictions: (a)
the one-loop RPA result for extrinsic graphene given in Eq. (266)
and first computed in Ref. [28]; (b) the one-loop (bare Coulomb
interaction) result for intrinsic graphene given in Eq. (265), which
was first calculated in Ref. [5] and rederived in the current work
in Sec. lII B; (c) the two-loop with geometric resummation result for
intrinsic graphene first derived in this work and given in Eq. (269); (d)
the one-loop result with the statically screened Coulomb interaction
for intrinsic graphene quoted in Eq. (267) and used in Ref. [15];
(e) the full RPA off-shell solution obtained in Ref. [41] by solving
Dyson’s equation for the self-energy self-consistently; (f) the full
RPA on-shell solution obtained in Ref. [41] by solving Dyson’s
equation for the self-energy (with the noninteracting energy inserted)
numerically; (g) the two-loop bare Coulomb interaction result first
derived in this work and given in Eq. (193). In all cases, we have
used that the effective cyclotron mass is related to the renormalized
Fermi velocity via m* = \/7n/v} and have made the replacement
In(E./E), In(E./Efp) — %ln(nc/n) as explained in the text, with
n. = 10 em™2. my is the free-electron mass, and the bare velocity
is taken to be vy = 10% cm/s.

10"

point is approached by reducing the carrier density. Thus,
no qualitative change in the Fermi velocity renormalization
arises from the inclusion of the perturbative second-order
correction, so that the second-order interaction effects are
purely quantitative. This is illustrated in Fig. 14, where we
plot both the one-loop and our two-loop perturbation theory
results for the renormalized velocity as a function of carrier
density (following the same procedure of replacing intrinsic
graphene momenta with densities as explained above); it is
apparent from the figure that the second-order correction
results in a narrowing of the cusp near the Dirac point, but
otherwise maintains the same basic behavior of the velocity
relative to the one-loop case. Figure 14 should be compared
with Fig. 2B of Ref. [12], from which it is clear that both
the one-loop and two-loop perturbation theory results are in
reasonably close agreement with the experimental data. It is
important to stress that, unlike in Ref. [12], we are comparing
experiment and theory without any fitting parameters. Whereas
in that reference (and elsewhere in the literature) the ultraviolet
cutoff A (equivalently n.) was used as a fitting parameter,
our result for the renormalized Fermi velocity [Eq. (201)]
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FIG. 14. (Color online) One-loop (blue, dashed line) and two-
loop (red, solid line) results for the renormalized Fermi velocity versus
carrier density taken from Eq. (201) (for the one-loop result we set
f> = Ointhatequation), where we have made the replacements |§| —
nx, || — n,and where we have taken the dielectric constant tobe k =
8. The figure is to be compared with Fig. 2B of Ref. [12], which shows
Fermi velocity measurements for graphene on an h-BN substrate.
The RG flow reference point specified by n; = 5 x 10> cm™2 and
vi(ny) = v, = 10° m/s is taken from the rightmost data point in
Fig. 2B of Ref. [12]. Note that there are no fitting parameters in this
comparison.

does not depend on A, as should be the case for a properly
renormalized physical observable. The renormalized velocity
at density n instead depends on the value vy of the velocity at a
separate, reference density n;, where for Fig. 14, v; = 10° m/s
and n; = 5 x 10'2 cm~2 were taken from the data shown in
Fig. 2B of Ref. [12].

The fact that both the one-loop and two-loop results in
Fig. 14 agree reasonably well with the experimental data in
Ref. [12] highlights the need for more quantitatively accurate
data in order for a definitive conclusion to be reached regarding
whether the higher-order many-body effects we predict are
present in the experiment. More broadly, in order to truly
ascertain the validity of higher-order perturbative graphene
effective field theory, improved experimental accuracy would
be needed not only for graphene on h-BN, but for graphene
on a range of different substrates for which the effective
coupling satisfies o < «, i.e., substrates with moderate to
large dielectric constants. As illustrated in Figs. 15 and 16, the
experimental visibility of higher-order effects should improve
at more moderate values of the dielectric constant for which
a < «a, since the presence of the critical point at . leads to a
suppression of the Fermi velocity relative to the leading-order,
one-loop result so long as « is not too small. It is clear
from these figures that even if the precise value of the
substrate dielectric constant is not known, the observation
of a 40%-50% enhancement of the Fermi velocity can
automatically rule out the presence of higher-order corrections.
This endeavor of searching for higher-order effects in graphene
would be analogous to the ongoing and increasingly accurate
g-2 measurements carried out for QED and compared with
very high-order perturbative calculations, a 60-year enterprise
that has established QED as the most precise theory in all
of physics. However, unlike in QED, the asymptotic limit
of graphene perturbation theory may already be reached at
second order when « < «,., meaning that comparing such
measurements with our results for o« < «, is critical for a
fundamental understanding of graphene effective field theory.
Also, it must be kept in mind that, unlike in QED, the finite
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FIG. 15. (Color online) One-loop (blue, dashed line), two-loop
(red, solid line), and two-loop with geometric resummation (green,
dotted-dashed line) results for the renormalized Fermi velocity versus
bare fine structure constant « taken from Eq. (201) (for the one-loop
result we set f, = 0 throughout that equation, while for the two-loop
with geometric resummation, we set f> = 0 in the argument of the
logarithm in that equation), where we have made the replacements
|12 | = ng, |g| = n, and where we have taken the density to be n =
10" cm~2. The RG flow reference point was taken to be n; = 5 x
102 cm~? and vi(n;) = vy = 10 m/s. Itis clear from the figure that
the two-loop velocity renormalization is strongly suppressed relative
to the one-loop result for « 2 0.4, corresponding to substrates with
dielectric constant ¥ < 5.5.

carrier density of real graphene systems plays an important
role, making it essential to perform the measurements as a
function of density in order to eliminate the chemical potential
effect by doing the RG connection between different carrier
densities as we propose in this paper.

More accurate measurements would also be needed for
a quantitative test of the second-order vacuum polariza-
tion results found in Sec. IIl. In particular, the vacuum
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FIG. 16. (Color online) One-loop and two-loop results for the
renormalized Fermi velocity versus carrier density taken from
Eq. (201) (for the one-loop result we set f, =0 throughout that
equation, while for the two-loop with geometric resummation, we
set f> =0 in the argument of the logarithm in that equation),
where we have made the replacements |12| — ny, |gl — n. The
RG flow reference point was taken to be n; = 5x10'2 cm~? and
vp(ng) = v = 10° m/s. Results are shown for two different values
of the bare fine structure constant: « = 0.4 and 0.7, corresponding to
substrate dielectric constants of x = 5.5 and 3.14, respectively.
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polarization results lead to the following expressions for
the effective dielectric constant and optical conductivity of
graphene electrons: € ~ 1 + Ja + 0.78a% and o ~ (1 +
0.01a)/4, respectively [70]. If we ignore the O(a?) term
in the expression for €, then we obtain € ~ 4.6(2.4) for
o & 2.2(0.9), whereas with the second-order correction, these
numbers are substantially altered to the values € ~ 8.2(3.0). In
Ref. [87], a dielectric constant of € = 15.472%° was reported
for graphene in vacuum (o & 2.2), while in Ref. [11], a
value of € = 3.0 & 1.0 was measured for graphene on a BN
substrate (o &~ 0.9). If we compare the theoretical results to
both experimental results for €, then it is evident that the
second-order perturbative corrections lead to an improvement
in the agreement between theory and experiment, although
further experiments and greater measurement accuracy would
be needed to demonstrate that this apparent improvement is
not a coincidence. Experiments have also found reasonable
agreement with the universal, leading-order value of the
optical conductivity o = e%/4 [91,95,96], but again greater
accuracy is needed to confirm the presence of the small
O(w) correction stemming from the second-order vacuum
polarization.

We conclude our discussion of the experimental status of
many-body effects with respect to graphene effective field
theory by mentioning that a recent independent analysis by
Geim [98] comparing the experimental data of Elias ez al. [15]
on suspended graphene with the RPA theory of Refs. [28,41]
comes to the same conclusion as ours that RPA indeed provides
a better quantitative fit to the experimentally observed density-
dependent velocity renormalization. The same conclusion was
also reached by Chae et al. [16], who carried out a quantitative
comparison between the RPA results for the density-dependent
velocity renormalization [28,41] with scanning tunneling
spectroscopic data for doped graphene on BN substrates,
obtaining impressive quantitative agreement between theory
and experiment although the actual quantitative velocity
renormalization in this experiment was rather small (around
20% compared with around 200% in Ref. [15]). A recent
series of experiments by Siegel et al. [82,83] attempted
to compare various theoretical results directly with ARPES
data on the graphene velocity renormalization by changing
the substrate dielectric constants. Although not completely
decisive, these experiments also conclude that RPA [28,36,41]
seems to provide the best agreement with the experimental data
regarding the substrate dependence of the graphene velocity
renormalization.

V. DISCUSSION
A. General remarks

We have in this work investigated four distinct questions
regarding quantum many-body corrections to the electronic
properties of graphene:

(i) How important are the higher-loop perturbative many-
body corrections to the graphene self-energy and polarizabil-
ity?

(i1) Is perturbative graphene effective field theory valid at
these higher orders?
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(i) Does the divergence structure of the effective field
theory remain consistent with renormalizability at higher
orders?

(iv) How do theory and experiment compare in graphene
many-body electronic properties?

To answer questions (i) and (ii) above, we carry out a
complete two-loop analysis of the intrinsic graphene self-
energy and polarizability diagrams by explicitly calculating all
the relevant diagrams up to O(a?) perturbatively. Although the
fact that « is of order unity for real experiments immediately
leads to the expectation that the higher-order corrections will
be comparable in magnitude to the leading one-loop results,
it is necessary to check this explicitly since the coefficients
of higher-order terms could potentially be parametrically
small. In the case of the two-loop Fermi velocity, this turns
out not to be the case; we find in Eq. (193) that the
numerical coefficient of the second-order correction is not
small: %ln2 - % ~ —0.32. Even in the case of graphene
on a BN substrate where o ~ 0.4 is relatively small, the
second-order contribution amounts to a 50% correction to
the first-order result, illustrating the fact that higher-order
corrections are significant. Similar conclusions were also
reached in the context of the dielectric function, as we
discussed in the previous section. Furthermore, we find that
for larger values of «, specifically for o > o, = 0.78, the
second-order correction reverses the RG flow of the Fermi
velocity and running coupling such that the theory is now
asymptotically free and flows to a new strong-coupling fixed
point in the infrared, where the Fermi velocity is renormalized
to zero and the renormalized coupling runs to infinity. Whether
this strong-coupling fixed point is physical or a signature of the
breakdown of the perturbation theory is unknown except that
experimentally the weak-coupling physics seems to hold for all
values of « (< 2.2), including suspended graphene (¢ = 2.2).
Our best estimate, based on an extension of Dyson’s original
argument for the eventual breakdown of QED perturbation
theory [27], is that the asymptotic expansion most likely starts
diverging at very low orders, perhaps already beyond O(w),
which may explain why theory and experiment agree in the
first-order calculation, but the agreement is not quantitatively
accurate. The issue of the asymptotic nature of weak-coupling
graphene perturbation theory requires further analysis in future
works.

To address question (iii), we also calculate representative
third-order [O(a?)] corrections to some of the three-loop
graphene self-energy diagrams. In these three-loop correc-
tions, we find the expected In%(E. /E) ultraviolet divergence
in the self-energy, whereas the only divergence in the first two
loops, i.e., up to O(a?), is the In(E./E) divergence, which is
consistent with the standard theorem on the renormalization
scheme independence of the lowest-order terms in the beta
function for the effective coupling. We derive a set of
recursion relations which relate the coefficients of the third-
order In?(E,/E) terms to those of the first- and second-order
In(E./E) divergences. We find that our explicit O(ca?) results
for the electron self-energy are fully consistent with these
recursion relations and with the higher-order renormalizability
of the effective field theory.

Although we have not discussed the role of the Landau
pole [99] thus far, it may be worth commenting on it briefly
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at this point in relation to our analysis of the self-consistency
of graphene perturbation theory. It is well known that when a
renormalization group analysis is applied to generic quantum
field theories which are not asymptotically free, there can exist
a finite renormalization scale, the Landau scale, at which the
effective coupling diverges, signifying that the theory is ill
defined at energy scales above the Landau scale. In QED,
the Landau scale is estimated to be astronomically large and
thus merely a matter of theoretical interest. However, since
the effective fine structure constant of graphene is much larger
than that of QED, it is possible that the graphene effective
field theory exhibits a Landau pole at experimentally relevant
energy scales. To calculate the Landau scale, one generally
needs full knowledge of the beta function for the effective
coupling to all orders in perturbation theory, especially when
the coupling is not small as in the case of graphene. We can
at least give a rough estimate using first-order perturbation
theory, from which it is straightforward to show that the Landau
scale is A; ~ hvp/ne*®. For typical values of the Fermi
velocity and electron density (v ~ 10% m/s,n ~ 10'? cm~2),
Ay is already comparable to the inverse lattice constant for
graphene in vacuum (o = 2.2), while for graphene on a BN
substrate with o = 0.4, A, is several orders of magnitude
larger than the scale of the lattice. Since we already know that
the theory does not apply at such high-energy scales, we do
not expect the Landau pole to hold any practical importance
for the graphene effective field theory. Note that here we are
assuming that the critical point o, = 0.78 does not arise in
a full, nonperturbative treatment of the theory; if the critical
point is a real, physical feature of the theory, then no Landau
pole arises at all.

Finally, with respect to item (iv) above, we have analyzed
a recent experiment [15] in depth using various graphene
many-body theories, finding that the data are consistent with
the existence of the ultraviolet logarithmic divergence of the
Fermi velocity, but not completely quantitatively decisive
yet. We find that the nonsingular subleading many-body
corrections to the self-energy are quantitatively significant, and
the best theory for the comparison with experiment is the RPA
theory for extrinsic graphene, where both the ultraviolet and
the infrared divergence are properly accounted for by using
RG and dynamical screening, respectively. The agreement
between RPA and experimental data is quite encouraging
[15,16,82], although more accurate measurements of the Fermi
velocity over a larger density range than is available at the
current time would be necessary for a definitive conclusion on
the agreement between theory and experiment.

Given our conclusion that RPA, i.e., the leading-order
theory in the dynamically screened Coulomb interaction (or
equivalently, the sum of the infinite geometric series of bubble
diagrams), is the appropriate quantitative theory for comparing
theory and experiment in extrinsic graphene with finite carrier
density (and by definition, all experiments are carried out
in the extrinsic graphene with undoped intrinsic graphene
being a purely theoretical abstraction), the natural question
is whether one can go to higher orders in the dynamically
screened Coulomb interaction in calculating the graphene
self-energy in a systematic manner. This is a formidable task
which has not been carried out in any system ever, but is worth
considering in the context of graphene perturbation theory
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given the large value of the interaction strength (o ~ 1). Of
course, the equations for the velocity renormalization suggest
that the real perturbation parameter may be o« /4, where 4 is
the ground-state spin-valley degeneracy factor, but even o /4
is not necessarily small in graphene.

An interesting question in this context is whether the full
RPA confirms the strong-coupling 1/N expansion approach
[43], which yields a nontrivial critical point in the infinite-
coupling limit with a dynamical exponent z < 1 for graphene,
i.e., the graphene dispersion changes from E = vpk to E ~
k*, with z < 1. Of course, the systematic weak-coupling
perturbation theory maintains z = 1 to all orders, with only
an interaction-induced renormalization of the Fermi velocity
vr. We have carried out a full and exhaustive numerical
calculation with RPA to calculate the graphene quasiparticle
dispersion E*(k), finding that within the numerical error
bars E*(kp) = vikr, i.e., z =1 always for all values of the
finite carrier density. Thus, the nontrivial dynamical exponent
z <1 is an artifact purely of the 1/N expansion around
the infinite-coupling fixed point, and is not experimentally
germane in spite of its theoretical curiosity.

The interaction-induced logarithmic renormalization ex-
hibited by the Fermi velocity should also arise in other physical
quantities, as is generally the case for a renormalizable field
theory. To demonstrate that additional observables renormalize
via the same logarithmic divergence, we explicitly calculate
the renormalization of the spin susceptibility. Given the
importance of RPA as a theoretical tool in understanding the
electronic properties of real graphene, we give in the following
atheoretical RPA result for the interacting spin susceptibility in
graphene, whose analytic RPA form has not been theoretically
calculated before in this literature. Future experiments should
be able to test our predictions for the RPA spin susceptibility
result given below.

B. Spin susceptibility

In a normal Fermi liquid, the spin susceptibility is given
by x* =nd&/dB = g*upNp/2, where g* is the effective
g factor, Ny is the density of states (DOS) at the Fermi
level, and & = (n4 — n)/n is the spin polarization parameter.
In graphene, the DOS is given by Nr = gyg.kr/(2mhv},),
therefore x* o g*/vy. We express it as a relative spin
susceptibility

*

X _gvr
X0 g Vi’

where x is the spin susceptibility of the noninteracting system.
In the presence of the Coulomb interaction, the quasiparticle
energy of graphene can be found by solving Dyson’s equation

E(k) = §(k) + Z[k, E(k)], 271)

(270)

where £(k) = hvgk — p is the noninteracting energy relative
to the chemical potential, and X (k,w) is the self-energy.

In the presence of a weak magnetic field B, the quasiparticle
energy for two spin states can be written as

Ey(k) = §(k) + 38 B + Shlk, E4 (K)], (272)

Ey(k) = &(k) — 381pB + [k, E ()], (273)
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where g is the free-electron g factor and up the Bohr
magneton. Then, the effective g factor g* can be found to be

g*usB = Eq(k) — E, (k)
= g,bLBB + Eﬁ[k,ET(k)] - ET[k,El(k)]

The RPA self-energy correction due to the Coulomb
interaction V is given by [28]

(274)

de/ dv Vk*k’
S ko] = — v
el ;/ (2m)? _/ 2mi e(k — k',v)

X Fm’(kak,)G(q - k/av + w)’

275)

where 5,5’ = %1 are the band indices, ng(E) is the Fermi
function, and the chiral term Fyy (k,k") = (1 + 55’ cos Ox)/2
arises from the wave-function overlap factor, where 0y is the
angle between k and k’. With Egs. (272)-(275) we have the
effective g factor g*:

8 _ kr /d_ti) Vi
2w e(k — k')

E T 2n Vi

where v} is the renormalized quasiparticle velocity due
to many-body interactions, and within RPA, we have the
normalized quasiparticle velocity [28]

vk a ko af5

—=1l4-In———|-+heao|,

Vf + 4 k F b |:3 + O[i|
where k. ~ 1/a is the ultraviolet momentum cutoff, and
the second (third) term comes from exchange (correlation)
self-energy corrections.

The spin susceptibility is now given by

Foy(k k),

(276)

277)

Xo _ 8V
x*  grvr
vi o kp / d¢  Vir /
= — | ———F,  (k,k .
vp 2mvp ) 2melk — k) 4R k=t

(278)

Note that this equation can be compared with the correspond-
ing nonchiral parabolic 2D version, i.e., Eq. (10) in Ref. [100].
With Eq. (278), we finally find the spin susceptibility up to
O(alna) to be
X al5 =© 3 o E.
e =1 - |:3+ 2 +4lna:|+4lnEF.
Equation (279) shows that the leading-order RPA suscep-
tibility has exactly the same ultraviolet divergence given by
the In(E./EF) term, and is thus renormalized by the velocity
renormalization (or equivalently, by the running coupling
constant). We note, however, that the nonsingular subleading
terms could be quantitatively significant unless the carrier
density is very small.

(279)

C. Zero-range electron-electron interactions

Finally, we briefly discuss the structure of ultraviolet
divergences for a hypothetical theory in which the Coulomb in-
teraction is replaced by a zero-range electron-electron contact
interaction. This theory should be relevant for experimental
studies of artificial graphene realized in cold atomic gases
confined in optical lattices. Recently, much progress has
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been made in constructing optical honeycomb lattices in the
laboratory [101,102], and in controllably creating and moving
Dirac cones with cold Fermi gases [103]. Although one might
initially expect that a theory with contact interactions would
be comparatively simpler in the absence of the long-range
Coulomb force, it turns out that this theory is rather subtle and
exhibits a significantly more complicated divergence structure.
A detailed description of this theory, along with results for
one-loop, two-loop, and certain n-loop corrections to the
electron self-energy are presented in Appendix B. In particular,
we show that power-law divergences arise at every order of
perturbation theory, and that the nth-order (RPA-type) ring
diagram diverges with momentum k like k"*!, indicating that
if the theory can be renormalized, the procedure would be
quite different from the Coulomb-interaction case, and would
not simply involve the renormalization of the Fermi velocity.
Thus, it seems that the contact-interaction theory does not
provide insight into the Coulomb-interaction problem, and
moreover it may be unphysical.

VI. CONCLUSIONS

In this very long paper, we have theoretically studied
graphene many-body effects from a number of different (but
closely related) perspectives.

Graphene, having an interaction coupling constant of order
unity, can be construed to be a (2+1)-dimensional strong-
coupling version of massless chiral QED. Unfortunately,
o ~ 0.4-2.2 in graphene is really an intermediate-coupling
situation where purely strong-coupling theories, which assume
infinite interaction strengths, are inappropriate. We have in-
vestigated the applicability of the weak-coupling perturbation
theory at the Dirac critical point (undoped with the Fermi level
at the Dirac point and with zero carrier density) by going to
three loops, i.e., O(e?), with a complete analytical calculation
up to all O(a?) second-order terms. Our second-order results
indicate that the perturbation theoretic weak-coupling series is
asymptotic and well behaved for o < 0.78, while a strong-
coupling critical point appears for « > 0.78, questioning
the validity of a perturbative approach for more strongly
coupled systems such as graphene in vacuum. In the three-loop
order, we explicitly showed the emergence of higher-order,
O(Inz), ultraviolet singular terms, as we anticipated from
simple RG arguments that rely on the renormalizability of
the theory. However, the serious issue of the asymptotic nature
of the perturbative expansion remains open; our best estimate
indicates that the perturbative expansion may start diverging
after only the first few terms.

We have also compared experimental results with various
graphene many-body theories, finding that RPA, i.e., the
infinite sum of bubble diagrams, provides the best available
quantitative description of the experimental data since RPA
regularizes both the short-wavelength ultraviolet divergence
and the long-wavelength infrared divergence appropriately.
Going beyond RPA in a systematic manner remains a
great open challenge for future graphene theories. But, this
intermediate-coupling nature of graphene (i.e., @ ~ 1) is of
course quite common in solid-state electronic materials where,
for example, in metals and semiconductors the dimensionless
electron-electron interaction parameter r; (which for graphene
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is precisely the fine structure constant « as already mentioned
in the Introduction) is invariably larger than unity, with
rs ~ 5-6 for simple metals (Na, K, Li, etc.) [14] and r; > 10
for 2D semiconductor systems such as Si inversion layers and
GaAs quantum wells at low carrier densities [104]. In general,
RPA-based many-body theories [105-114] work quite well
for such strong-coupling metallic systems, perhaps because
the Fermi-liquid ground state is stable under RG flow, and
the RPA expansion in terms of the dynamically screened
Coulomb interaction turns out to be a reasonable technique,
often referred to as the “GW” technique (where W is the
dynamically screened Coulomb interaction, and G is the
electron Green’s function). Graphene is, however, qualitatively
different from interacting 2D Fermi liquids because of the
ultraviolet divergence (and the existence of the Dirac point as
a critical point which has no analog in ordinary Fermi liquids),
which could lead to a strong-coupling fixed point associated
with chiral symmetry breaking.

The graphene interacting many-body problem is concep-
tually and technically difficult precisely because it suffers
from the difficulties of both the ordinary interacting electron
liquids (i.e., an infrared Coulomb divergence which must
be regularized away from the Dirac point by using RPA)
and the ultraviolet divergence of strong-coupling chiral QED
at the Dirac point (i.e., the possibility of a flow toward a
strong-coupling fixed point with a chiral-symmetry-breaking
gap opening at the Dirac point). As we have emphasized, the
effective field theory for graphene is perfectly well defined and
is renormalizable (and the strong-coupling problem is asymp-
totically free), but there is no effective theoretical technique
available for dealing with the intermediate-coupling situation
(as graphene is, since o ~ 0.4-2.2 is neither too large nor
too small, and since the number of fermion flavors is N = 2,
which is again not large, thus making 1/N expansion-type RG
theories ineffective). Such intermediate-coupling problems are
notoriously difficult to tackle in theoretical physics, and one
must use experiments as the guide.

Our approach, based on a weak-coupling perturbative
expansion of graphene effective field theory, is rooted entirely
on the empirical evidence that the leading-order one-loop
perturbation theory seems to work very well in graphene,
and there is no experimental signature anywhere of any
strong-coupling behavior (either a spontaneous gap opening
at the Dirac point or the appearance of a dynamical exponent
different from unity). Given the empirical success of the
weak-coupling theory in the leading order and the fact that the
actual coupling is not very weak, we believe that a higher-order
perturbative calculation, as we have done in this work, is
absolutely necessary to establish the domain of validity of
the weak-coupling theory. Our finding that, for « < 0.78, the
weak-coupling theory gives moderate corrections to graphene
properties, bringing theory and experiment slightly closer
together for the measured graphene velocity and dielectric
function, provides some confidence and justification for the
applicability of the weak-coupling theory to study graphene
many-body effects. More experimental data using substrates
with large dielectric constants so that « < 0.78 is strictly
satisfied would be necessary for future progress in the field.

It is important to emphasize that QED is touted as one of
the greatest triumphs of theoretical physics simply because
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higher-order calculations [beyond O(a*)] have been done,
obtaining an astonishing better than 12 decimal place agree-
ment between theory and experiments. This has, however, been
possible purely because of luck, not because of any particular
cleverness or theoretical breakthrough. It just so happens
that the smallness (N%) of the QED coupling constant
allows accurate perturbative calculations up to 137 decimal
places before the asymptotic perturbative series breaks down.
In graphene, the perturbative series may be breaking down
already at the one- or two-loop level, and so perhaps, we should
not expect better than simple qualitative agreement (i.e., just
one significant digit in the dimensionless velocity!) between
theory and experiment. The situation may actually be worse
than it is even for QCD (which is inherently strongly coupled)
because in graphene, experiments give no hints at all of any
strong-coupling behavior!

Thus, graphene many-body theory shares features of calcu-
lational difficulties with QED (in the sense that the perturbative
series in « is asymptotic, but may already be diverging after
the first few terms, unlike in QED, because « for graphene is
not very small), QCD (in the sense that the strong-coupling
problem is not amenable to analytical tools except perhaps
in the trivial infinite-coupling problem, which is useless for
graphene since « is not very large), and the metallic many-body
problem in ordinary strongly interacting Fermi liquids (in
the sense that r, = « is not small, and therefore standard
diagrammatic techniques may not be accurate). The problem is
therefore interesting and highly nontrivial, which is the reason
for our rather comprehensive analysis in the current work.

Actually, the many-body problem for real graphene (not
intrinsic graphene with the Fermi level at the Dirac point,
which is an idealization) is even more complex than what
is discussed above. In particular, all experimental graphene
samples are doped, and the Fermi level is shifted away from the
Dirac point, which has no analog in QED or QCD. The finite
Fermi level is irrelevant as far as the RG flow is concerned since
at low enough densities, the ultraviolet divergent logarithmic
term dominates all other contributions, but for quantitative
purposes the finite carrier density matters very much, and
analytical calculations must go beyond the single-loop order
in the dynamically screened Coulomb interaction, which is a
problem of great difficulty. In addition, at low carrier density
near the Dirac point, even ultrapure graphene would have
disorder effects which could potentially overwhelm many-
body effects since disorder becomes important as the Fermi
energy decreases. Disorder is likely to be relevant in the RG
sense, and of course, the problem of disorder and interaction
together is a formidable unsolved problem in many-body
physics. Again, disorder is not a complication that arises in
QED or QCD. One hand-waving way of handling disorder is
to cut off the RG flow at the disorder energy scale, but again,
this would complicate any quantitative comparison between
experiment and theory. Obviously, much more work will be
needed, both theoretically and experimentally, in order to
understand the quantitative many-body effects in graphene;
ours is just the first step in this journey, where we have brought
the crucial questions into sharp focus and provided plausible
partial answers in a few situations.

One important (albeit somewhat tentative) conclusion
following from our work is that the best possible many-body
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theory for graphene self-energy and velocity renormalization
may very well be RPA, i.e., the leading-order loop expansion
in the dynamically screened Coulomb interaction, which,
being an expansion in the screened interaction, does not
have the artifact of the infrared bare Coulomb Hartree-Fock
divergence in the self-energy at the Fermi level that the usual
loop expansion in the bare Coulomb interaction suffers from.
Since all experiments are carried out, by definition, in doped
graphene, RPA serves the crucial role of validating the nature
of the ultraviolet log divergence that the loop expansion in
the bare interaction for undoped graphene has uncovered.
Both RPA and the one-loop theory give exactly the same
ultraviolet divergence, justifying the RG approach for the
running coupling in doped graphene. Thus, as long as one
is interested only in the log divergence part of the self-energy
(and not the subleading nondivergent terms), RPA and the
one-loop expansion give exactly the same results, with RPA
allowing the use of the theory at finite doping. This result
is still somewhat tentative for a number of reasons. First,
the asymptotic convergence of the series is unknown for the
expansion in the dynamically screened Coulomb interaction
since only the leading-order term (i.e., RPA) has so far
been calculated. It is important to calculate the higher-order
self-energy diagrams in the dynamically screened Coulomb
interaction to establish that they are small for a full justification
of the theoretical framework. This is a formidable task well
beyond the scope of this work. Second, if the graphene
self-energy problem is indeed a strong-coupling problem,
then even an apparently numerically convergent perturbative
expansion in the dynamically screened interaction would not
lead to the correct result since there is a new strong-coupling
fixed point not accessible to any perturbative expansion. We
believe that such a strong-coupling behavior is unlikely in
view of the existing experimental data, but the theoretical
possibility of the existence of a strong-coupling fixed point
can not be ruled out given the large value of the graphene
bare coupling constant. As emphasized in this paper, the
rather disappointing possibility that the graphene self-energy
expansion ceases to be asymptotic already at the two-loop
level (in contrast to QED which remains asymptotic at least up
to 137 loops, possibly to much higher orders) would explain
the observed approximate agreement between the one-loop
theory and experiment, with the unfortunate implication that
the agreement between experiment and theory in graphene
may not improve in the future beyond what we have today.

Note added in proof. A very recent work has just appeared
[115] which uses a perturbative expansion in the dynamically
screened Coulomb interaction rather than the loop expansion
in the bare Coulomb coupling used in this work, finding only a
small correction to the leading-order RPA result [28,43], which
is consistent with our conclusion that RPA may very well be
the quantitatively accurate theory for graphene many-body
effects.
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FIG. 17. First vertex correction to two-loop rainbow diagram.

APPENDIX A: LEADING ULTRAVIOLET DIVERGENCE
AT THREE LOOPS

In this Appendix, we show that one of the three-loop
corrections to the electron self-energy, that shown in Fig. 9(g),
vanishes identically, thus avoiding a potential In® divergence
at third order that would violate renormalizability constraints.
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We also compute the leading In? ultraviolet divergence for
several of the remaining three-loop diagrams, in particular
those which contain divergent self-energy subdiagrams. The
results confirm the expectation that such In® divergences arise
at third order, while higher powers of log do not occur, as
required by renormalizability and as discussed in Sec. IIIJ.
We also calculate explicitly the diagram shown in Fig. 9(p),
which exhibits a simple log divergence.

1. First vertex correction to two-loop rainbow diagram

We begin by considering the diagram shown in Fig. 17. We
will denote this diagram by X3,(g). We note that it contains
the sole first-order self-energy correction as a subdiagram. The
correction is given by

n(|k|)lk ’

+
L=

Note the overall factor of 2; this is due to the presence of a second diagram with the self-energy correction on the right-hand
side. This will give us an identical contribution. With the aid of the identity,

YRk Hy° =

we may rewrite this as

(k5 — VR K1) + 2v0p kKoY, (A2)

1

Yap(g) =1

/d*k /d3 1
327 ) @n) ) @) |G —k||G— plk*PPk+p—q)

P+ 20k Pkoy]

[( UF|k| )

A
x [(ko + po — qo)y° + ve(k + p — §)-71(poy° — vi p- V)1ﬂ<| I> (A3)

a. Evaluation of integrals over temporal components

We will now do the integrals over kg and py. If we multiply out the above expression, we obtain

d*k [ d*p 1
E= (m)* ) @m)* |G —kllG — pl

x Byy*(k+ p—§)-7 p-7 + Bsk-V + vp Bey k-7 p-

Ya(g) =

where the eight integrals By are given by

A > > N > 5> L a4 IR
In <E> [20F|k* Biy® — 203 kI Byp-y — 20 kI B3(k + p — §)-7 — 2vzlk|?

+vr By k- p(k+ p —§)-7 — viBsk-F(k+ p — G-V 7],

dk
31/0

dk
Bzf‘)

(A4)
dpo kopo(ko+ po—go) _ (kI + 15| + Ik + 7 — G1go A5)
2t K prk+p—al  afk|[q2 + 2K+ | pl+ 1K+ p— D]
dpy ko(ko+po—q0) _ V(K| + 151+ 1k + 5 —G)* — a3 A6)
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dko dpo (B —vilkP)py (kI + 151 + 1k + § — GDao
B = 2 B e S et (All)
™ (k+p—9q) 21k + p—ql[q2 + vi(k|+|p|+lk+ p —GD2]

g [0 [0 Ky — Rkl _ 96 — v (K| + 1P| + 1k + 5 — g1 Al
8= 27 Kp2k+p—q?2 402131k + 5 —alla? + o2k S r A (Al2)
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We will now extract the temporal and spatial components of this self-energy correction. To do so, we simply multiply by the
appropriate matrix and take the trace, making use of the anticommutation relations for the Dirac matrices to simplify the result.

The temporal component is
Sanal@) = STy T = i S [ LK [ P 1 (A>
’ 4 2r) @n2 ) Qr G —kiGg-pl \Ikl
x [2vp k2B — 203 k*Bak + p — §)- p + vr Bek-p + vp Brk-(k + p — §)]
_g_6q0 &’k [ d*p 1 vF|l€|<|7<;|+|ﬁ|+|§+ﬁ—a|>
64 =) @r* ) )% |G — kNG = Pl g3 + v+ 5l + Ik + 5 — )]’
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Ql
E
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and the spatial component is
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b. Extracting the divergence of the temporal component
We first find the leading divergence of the temporal component. The integrand is nonzero for ¢ = 0, so that the leading
divergence is found by simply setting ¢ = 0 in the integrand:
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To evaluate the p integrals, we use elliptic coordinates. Let pj and p, be the components of p parallel and perpendicular to E,
respectively. These components are written in terms of the elliptic coordinates @ and v as

py = LIkI(cosh pecos v — 1), pi = L[k sinh e sinv. (A18)
These coordinates have the ranges 0 < ¢ < oo and 0 < v < 27. Some useful identities are
|p| = %|Iz|(coshu — Ccos V), |I;+ pl = %lla(coshu + cosv),
[kl + 151+ 1k + p| = IKl(cosh e+ 1). (A19)
The integration measure is
d*p = Yk (cosh® w — cos® v)dpdv = |plIk+ pldpdv. (A20)

In terms of these coordinates, the W, integrals above become

1 o0 2w
v, = m/ d,u/ dv f(u)(cosh u+ cosv),

2 2 2
cosh” i+ cos” v —2
v =L d,u/ dv () ,
4 cosh yu — cosv

2
W; = m/ d,u/ dv f(u)(1+ cosh ucosv),

2w
(cosh e cosv — 1)(cosh u + cos v)
Wy = — duf dv fu—"E K (A21)

47t2 cosh u — cosv

where

kA h - A
f(w) = /2 vkt eohl) g (T> (A22)
(27)% 2[g2 + vEIKI2( + coshu)z]

Ik
We first do the v integrals, obtaining

vy

1 o0
o / du f(u)cosh .
TJ o
1 o0
W = - f dut f(u)(cosh  — 2 sinh ),
27'[ 0
1 o0
W= o / du f(),
TJ o

W= - f du (e, (A23)
27'[ 0

We now evaluate f(w) in closed form; doing so, we obtain

fluw) =— ! {1 1+< A) (14 coshpu)® | +Li (FA> (1+ cosh p)* } (A24)
W= 167 v3(1 + cosh )3 q0 . : 90 o

where Li,(z) is the polylogarithm function

Li,(z) = Tk (A25)
k=1
For z — 00, we may approximate Liy(—z?) as
Lix(—z5) ~ —2In’z. (A26)
Since we assume that the cutoff A is large, this approximation is valid, and thus we may approximate f(u) as
1
fw) ~ 87'[1)%(1 T cosh ) n |: o (1+ coshu)i| (A27)

If we now substitute this result into the W, integrals and drop the 1+ cosh i factor in the logarithm (which will only give
subleading terms if retained), then we may evaluate the remaining integrals over (., obtaining

1 o0 h A 1 A
\111:—%[/ dM&]lnz(vF >: . 1n2<UF >
1672vy. L) o (14 cosh p)? g0l 8072 vy g0l

1 ® coshu—2sinhp], , [(vrA 1 5 (VFA
U= du —2 28 g - <1 ,
16720y, 0 (14 cosh u) lq0] 3207 %v;. lgol
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1 o 1 A 1 A
\113:_3[/ dﬂ—]ln2<vF >: - ln2<UF )
1672v; 0 (14 cosh )3 7y 1207205 lqol

00 -2
Ya=-— 167112v? [/o ap § +ecoshu«)3} I’ (T;ﬁ) N _32071T2U13v e (T;ﬁ) ' A2
Putting everything together, we find that the leading divergence of the temporal component of X3,(q) is
Y3p0(q) = —Lia%]o In? <ﬂ> — — Lio¢3qo In’ <é) ) (A29)
’ 480 |90 480 lq]

We make the replacement % — |g| for reasons similar to those for making the same replacement in determining the leading
divergence of X,,(q).

c. Extracting the divergence of the spatial component

We now turn our attention to the spatial component. Note that, in this case, the integrand is zero when g = 0. Therefore, in
order to obtain the leading divergence of this component, we will need to expand the integrand to first order in g. We will find it
easier to do this if we shift p by g and interchange k and p:

8 g [dk [ dPp Bl @ —vi(k+Gl+ 1Pl +Ik+ P [pd k+p)g | k+§)q
2301 @) =l e e | ot | Gn R T — T2 2t i = s e T | 13 e T Lz
mlgl*) Qm)* ) Q) (k|G — Pl (g3 + vk + Gl +1p| + 1k + p)?] LIPL 1k + Bl lk+q|
Pk +d-G  1GPk+§)p k+Gpg 2[(1€+é>-él(ﬁ~é>}ln(g ) (A30)
lk+qllk+pl |lk+qllipllk+pl Ipllk+pl  |k+qllpllk+pl Pl
In doing the expansion, the following approximations will prove useful:
R 5 S 1 kg 1 1 pg
|k+q|%|kl+4,f%T—ﬁ—q,T%T+pqq3, (A31)
k| |k+ql 1kl |kI? lp—ql Ipl |pl
and
[43 — v2(k +G1+ 15| + |k + pI)?] N
r o oo o 2k p) Rk p) = (A32)
(96 +vi(k+G|+ 1P|+ 1k + p))?] k|
where
0&.5) = g5 — vi(kl + 1Bl + Ik + p))*
) - - N g - 2’
(93 + vi(lkl+ 1P| + [k + p)?]
- = 3q2 — vl (K| Bl K+ pI)?
R(k.p) = —2v (k| +|p| + |k + ph—"—F (A33)

- - = L 3
(95 +vi(k|+ 1P|+ |k + pI)?]
Using these formulas, we may now write

-

¢ [ d* d*p 1 5-d - . kg A 5 (k+p)a
Y3p,i(q) ~ &4 P T(l"f‘M) |:Q(k,P)+R(k,p)|7f|1i| ln< ){ﬁ—#

1287 |12 @n) ) @n) k| FE 151) |15l 1k+pl

| E+Dd 1pk G aPEk+Ds | AE+DAGD | (k) Kpd (k4
k] kllk+ 5l KIBIK+5] IkIIBIIK+ bl k2] 1plk+ I\ kP
(A34)

When we multiply out the integrand, we find that some of the terms naively appear to produce a linear divergence, but these
terms turn out to be zero. We will therefore enumerate all of the terms that give us a logarithmic divergence, of which there are
the following 15:

(A35)

o
S5

_ [ &k [ dp 0Gk.p) |1 (*g) m(g )
Qry ) @r)? k| ko kP 1pl)’

dzk dz ]_é,—r > V) ]—C)'ﬂ A
- 2/ P Q. p) qlplq laf _ & | (T) (A36)
Qm)*J Qm)* k| lk+pl |kl (kP i

[x]

—
o3 =

&k [ d° kp)  1G1%-p A
p Qk,p) 131*k-p ln( ) (A37)

Jerr ) @k kipk+p 1Bl
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[1]

422/ d’k /a’zp Ok.p) (k:§)p-q) n(ﬁ)
Qn2 ) @Qu? k| |klplk+pl \Ipl)

=
gy,

(1]

5=—

N =

1]
[N

d’k [ d*p Q(E,ﬁ)(ﬁﬁ)zl (A)
= = n|-—
e ) en? & IpP Fl

Pk [ d’p Qk.p) GPIK+ 54l (A)
Qu2 ) @Qr2 k| |pRIk+ pl 1)’

&Pk [ dp k.5 KGFG) ( A )

]
~
Il

(]

8§ =

Qr2 ) Qn? k| lkIpPR 1P|
~~ 1H
C49=—5C‘44,
o __ [k [ dp 0&p) K] <A)
Elo Qry2 ) @r)? kl 1pPlk+pl \Ipl)
g, = [k [ L RED KRDED ( A )
Qn)2 ) @r)y |k k|| p| 1pl)’

d*k [ d*p Rk, p) (k- q)[(k+p)q
@n)2 ) @rn)? k| |k||k+p|

[ &k [ d’p Rk.p) i\ <A)
BT ez ) ey ik \ ik F
k[ d*p Rk.p) 1pl (ki
Quy ) @R k| |k+p| \ K|

A
1P
&2k [ d%p R(l%ﬁ)@ﬁ)(ﬁq) ( )
@ry ) @y k| (plk+pl \Ipl

@
I~
Il

" (i51)
p

1

[l
=
Il

(i)

1]

15 = —

(A38)

(A39)

(A40)

(A41)

(A42)

(A43)

(A44)

(A45)

(A46)

(A47)

(A48)

(A49)

We will once again use elliptic coordinates to evaluate these integrals. In these coordinates, the functions Q and R become

g2 — v21k|A(1 4 cosh p)>?

Ok, p) — O(u,Ik|) = - ,
[42 + v21k2(1 + cosh )]’

Rk, p) — R(u,k|) =

2vF|k|(1 + cosh 11)[3¢3 — v2 [k[2(1+ cosh M)Z]

[42 + v31k[2(1 4 cosh M)2]

(A50)

It will be helpful to write all scalar products in terms of components of the vectors parallel and perpendicular to k; in this case,
the components of g will be g, = |g| cos6 and ¢, = —|q|sin6, where 6 is the angle variable in the k integration. We will also

replace the |p| in the logarithms with |k| since the terms that are dropped in making this replacement will only contribute to the

subleading divergence. Upon performing the v and 6 integrals, we obtain

B = "ﬂz/ f dk| O, |k|)(cosh2u——>|k|ln<A)
3272 k|

]
(S}

2
g3 = |q|/ /d|k|Q(M Ikl)lkllrl(| |>
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1
8s = 783, (AS5)
- Iql2 d : Z
86 =13 1K1 O, K1) cosh e [E] In (A56)
7 |k|
& = 140 d k h u — 2 sinh ]
=1 = 16 2 | |Q(H’ |k|)(COS n— sin /L)Ik| n|{ = (A57)
i |k|
B = —ﬁ/“’du/%ua O(u, ke |K| In (£> (AS8)
167T2 0 0 ’ |]_<'| ’
- 1 _
== e (A59)
10 = — &3, (A60)
- 1G)? /ood /Ad”;l R il cosh i1 (A) A6D)
B =T ,|k|) cos nl =),
! 6472 ) o a 0 a a k|
Ei2 = Eir, (A62)

]

P dkR k 2 itm(A
B=33 |k| R(u,|k|)| cos |k|” In ﬁ , (A63)

- Iql2 ) A
By =— d,u dlklR(M Ik])( cosh M+ kI In A (A64)

12 [ee) A
g5 = 44! / du / dfk| Ru |/€|>|7é|21n<3> (A65)
1672/ o 0 ’ k| ’

We now combine all of these results together, writing 3, ;(g) as a sum of an integral involving Q and another involving R,
obtaining

Za.i(q) =

du

64 64 d|k|1n< )[Q(M IK[)(—1 +4e™" —2e~2)|k| + R(u.|K])(1 — cosh pw)[k[].  (AG6)

We first evaluate the |I_c)| integrals, obtaining

A L. A
/ dlk| Q(u,|k|)|k| In (T)
0 Ik|
—; vrd ’ 2 l - vr A
=iy CoshM)Z{ln [1—1— ( ” ) (14 cosh ) :|+2L1 |: ( 0 ) (14 cosh ) :|}

1

- In 1 h A67
202(1 + cosh j0)? [Iq j (1 coshu )} (e

AL A
fd|k|R(u,|k|)|k|21n<T>
0 Lq]
A & [1+< ) (1+ cosh )’
= — COS
(1+ cosh w)[gd + vEA2(1+ coshw)?]  2vE(1+ coshp)? qo ’

! Li [ ( FA) (1+ cosh )2
S 7 B
2v%(1 + cosh p)3 : q0 o

1

~ 1 1 h A68
(0 + coshpy " [|q|( - cos ’“‘)} (A68)
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We now substitute in these results and drop the 1 4 cosh p term in the logarithm because it gives us contributions to the subleading
divergence, and evaluate the remaining integral on p, obtaining

1 29 VA 1 29 A
Y3.i(q) = — [ == +81In2 ) ia’vrg In* [ — — (= +8In2)ic’vrg; In* | = . A69
i@ = g (5 wsmz)iwvra v (7) = 535 (5 +sm2) iwtera (A0

Note that, as with the temporal component, we made the replacement % - 1q|.
Combining all of our results, the full leading divergence of X3,(g) is
1 1 29 A

) =ia® | ——qoy’+ — | == +8In2 | vpg-y |In* [ = ). A70
w(q) = ix [ 150907 +128 5 +8In )UFCI V] n <|¢7|> (A70)

2. Second vertex correction to two-loop rainbow diagram

We consider the diagram shown in Fig. 18. We will denote
the value of this diagram by X3.(g). We note that it contains
the second-order diagram shown in Fig. 7 as a subdiagram; its
value was denoted by ¥,,(¢q) and given in Eq. (173). We are
interested only in the leading divergence of X3.(g). We may
express 23.(q) as

d’k g2 i 2
%eg) = | —= —iy'—=i(In2-=)a?
(@ /(Zn)3 205k & <n 3)“

1 > A\ ik
x | =koy? +vpk-7 | In[ = | =iy
(2 o y) <|k|>k2 g
Using the anticommutation relations for the y matrices, we
may rewrite this as

2 d*k 1
(@) =27i (In2—2) o3 S —
3.(q) m(n 3>a vp ) 7

k 1 T - A k
X)/Ok—2 §k0y0+UFk']/ In m pyo

(A72)

We now note that the denominator of the integrand is an even
function of kg, so that terms in the numerator that are odd
functions of ko vanish under integration. Keeping only the
nonvanishing terms, this becomes

d*k 1
F 37
Qr) | — k|

. 2\ ;
¥3.(q) = —2mi ln2—§ a’v

(A73)

We may now evaluate the integral over ky, obtaining

%3:(q) : '(1 2 2) 3 @k !
¢ =——mi|InzZ——- Jav - e——
=T 3)9 ) @ G-k

(A74)

FIG. 18. Second vertex correction to two-loop rainbow diagram.

(

If we were to now choose our coordinate system such that g
lies along, say, the x axis, then one may see that the integrand
is odd in k. Therefore, we may make the replacement

k-
17

Y

ke —> =G 7 (AT5)

thus obtaining

1 . 2\ ,
E3C(q)=—§m 1n2—§ VR

d*k 1 1?.51 <A>q .
X I > 5 n{—-=1\)q-v.
Qm)* |k||lg — k| lg1? k|

(A76)

Because we are interested in the leading ultraviolet divergence,
we now expand Ifi_i/?‘_l for large |k|:

1 1 k-G
— = N = 1+4—].
lg — k| |k k>

Naively, we would expect that the leading term in this expan-
sion will give us a linearly divergent contribution to Xs.(g).
However, this term is an odd function of both components
of k, so that it drops out. The leading nonzero correction is
thus given by the subleading term, which only gives us a
logarithmic divergence. All higher terms are ultraviolet conver-
gent. The resulting integral for the leading divergence is easily
evaluated:

(A77)

2) 5 k1 (k)
o L

1
$3.(q) = — =i (In2— = -
3¢(q) S <n 3 v @R T 1aP

o(3)
xm\ = )qy
|k|

Lilin2=2)atvrm? (L) G5 (A78)
=——i|In2— = )ovpIn” | = ) g-y.
16 3) G )T
In evaluating this integral, we assume that the infrared
divergence of this integral is regularized by imposing a lower

limit of || on ||
@

FIG. 19. Self-energy correction to two-loop vertex correction.
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3. Self-energy correction to two-loop vertex correction

We now turn our attention to the diagram in Fig. 19, the value of which we will denote by ¥3.(¢g). This diagram is similar
in appearance to Fig. 17, and indeed the evaluation of X3,(g) will be very similar to the calculation of ¥3,(q) given above. The
expression for this correction is

Pk [ dp g g ik, Gitk+p—¢)
Sae(q) = Ny iy iyt
@2r) ) @) 21—k 21g — bl k+p—q)
)
g~ » - o - A l(k+1/ﬁ q) olp.
X—(k+p—q)-yln< = ) iy’ —lV (A79)
167 k+p—gql) k+p—q)7
To simplify the subsequent calculations, we make the substitution p — — p — k + ¢, obtaining
g [ dk [ dp 1 K - A K+p—
ESe(‘Z) = lg_ 3 3= = 7 - yo 2)/0 pzp yl < ) p O#VO (ASO)
64 ) 2r)y ) Qn) g —k|lk+p|” k 1P| k+p—q)
We may now use the identity
K-y k = — (k5 — vi IkIP)R-7 + 20 [k Pkoy” (A81)

to express the above as

£1.(0) .g6/d3k/d3p 1 1 (hoy” — op R ) [ (22 — 1) 55 + 208 7oy
lg) =i_—— — — k)= (p2 —v v
e 64 ) 2n)3) 2n)} |G —k||k + p| K2 p*k+ p—q)? oy Fky Po = VplP FIPI"poy

> L L4 A
x [(ko + po — q0)y" — vp(k+ p—q)-711In <|17|> : (A82)

Evaluation of the ky and py integrals is similar to the calculation of X3;; the result is
gt d*k d*p 1
Taelg) = i—— - ;
64r | @ny ] @m? G =Kk + pi

A
<|p|) (201512 B1y° — 2021 51 Bok-7 — 2021 p1* B3k + p — §)-7
— 203 |pPBay°k- Yk + p— )7 + Bsp-7 + vr By k¥ p-7 + vi Biy By k+ p— §)-7
— v} Bsk-y p-ypk+ p— 7], (A83)

where the B; are identical to the corresponding B; in the calculation of 3, except that k and p are interchanged. We now extract
the temporal and spatial components, obtaining

oy mi g [ LR [ 1 (A) v POk + 151+ K+ 5 = 4)
Yean ) @2 ) @uy g ki~ \IBl 2[q2 + V2 (K| + | pl+ 1k + p — G172
FE45-3) | Ep EG+5-7
x|1- ZUEPD P Ot P ) (A84)
Ipllk+p—ql Ikllpl  |kllk+p—ql
and
Saqy—i & [ dp 1 1pllgs — ik IR+ k45 -G
3e,i N T - > N fnd - -
Yoan [q12) ) @G =R+ pl 4[q2 + (K1 + 1P|+ 1k + 5 — D]
p-g (k+p—4rd kg |pI*k-G—I1312k-p — k2 p-g + 2k p)(k- A
[Q—(qu qzq+Tq_|p| q —141*k-p — |k|* p-q + 2(k-p)( q)] H(T>. (ASS)
Pl k+p—ql Ikl Ikl pl1k + p — g P
a. Extracting the divergence of the temporal component v F(|/_é |+ |p|+ |£ + pl)
As before, we begin b}’ extracting .the divergf:nce Qf the x (g3 + v} (|/§| +1p+ |/'(' + P22
temporal component. In this case, we simply set ¢ = 0 in the . . ..
integrand to do so: 1= pk+p)  kp  ktktp) In <A)
Ipllk+pl  Ikllpl  Ikllk+ pl Pl
2:e g6 ~ ~
3,0(4)6 2 2 i =i qgo(¥) — 0, — U3 4+ 0y), (A86)
~it g dk (dp |pl
1287 7° Q)] 2m)? |£||Z+ﬁ| where the W; are given by
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d*k [ dp |pl|

A

v = 2 2 1%
en)2) @n) |k||k+p|
o _ [k [ dp bl ~I;1?~(1?+ﬁ)
2= ) el eny ik + p) IK|lk + B
A
xln( ) (A88)
1pl
b [ LK [ Lo 1Bl s PELD)
Qm)2) @) |k|Ik + bl Ik + b
A
xln(T), (A89)
[Pl
5 d* [ d*p P A
= o Ger T Sk P) —= |
Qm)2) Q@m)? K|k + p| |k||p| |p|
(A90)
with
L k415 +1k+p
SE.) — —orUkI 1P+ 1k + D (A9D)

- N - N 2°
(42 +vi(kl+ 1Pl + [k + pD?]

We now rewrite the integral over k in terms of elliptic
coordinates, similarly to how we did before; the result is

B 1 [e'e) 2
%:2—”2] du/ dv f ().

- m cosh® w4+ cos?v —2
U, = d d ,
g ZJTZ/ H ./ A cosh? u — cos? v

2
o 1+ cosh pwcosv
U d d ,
3= 2712/ ’ / A cosh i + cosv

- m coshpcosv—1
\IJ4 PY) dﬂ dl) f( ) ’
2 cosh . — cosv

(A92)

where f(u) is deﬁned in Eq. (A22). If we now evaluate the v
integrals, we obtain

1 o0
v = —/ duf(un),
TJ o
1 o0
b=~ / duef ()2 tanh 1),
TJo

1 [ B
A / duf (e ™,
TJ o
(A93)

Combining these results together, and using the asymptotic
form of f(u) derived earlier, we obtain

230,0(9)
g q 2(1 — tanh p — e™#) 2 <vFA>

oo
=i
1287 872v3, /0 0+ cosh )y |90l

1 /41 vpA
=—|—=—-m2)ic’qgIn* [ —
8(60 “)l“%“(w)

1 /41 A
- —[—=—-m2)id’gIn* = ).
8 \ 60 Fi

(A94)
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b. Extracting the divergence of the spatial component

We now look at the spatial component. If we once again

shift k by g and then expand the integrand to linear order in g,

we obtain
ESe,i(q)
i 8 @k [ dp 1pl [ G+prd
256”"1'2 @xP) QuPRk+pl | K+ pP
o Rk | [P K+ D)
x| 0. 5)+ R~ {Q_#
|k| [Pl |k + p|

1§17k +§)-p
K11 pl1k + B

N [(/?+a>-a 1Pk +3d)G
k] Ikl + p|

~ 2[<1¥+a>~ﬁ1[</2+é>-5>} (1 k- q)
KIIpIE+ pl k2

klp-g kg A
LTy ) }1<_)
Ipllk+ p| |k|? [Pl

The functions Q(k, p) and R(k, p) were defined in Eq. (A33).
Upon multiplying the integrand out, we again obtain terms that
appear to be linearly divergent, but turn out to be zero. We now
enumerate the logarithmically divergent terms, of which there
are now 17:

(A95)

g _ [k [ & 1plokp) [ 1aP _ (47
Qry ) @Qm? k|k+pl | kI kP
A
xln( ) (A96)
1Pl
5 [ Lk [ Lp |l0GH 1D
Q22 J 2n)* |k|lk+ p| lk+pl

2 (k-o)2 A
lal* _ (k) hl(T)’ (A7)

k| k|3 Ipl
g _ [k [ Ep 1PIOkp) 1GPkp n(g)
© @ ) @ ki Bl kK + L NI
(A98)

&k [ &p 1pIOKk,p) k-§)p-q)

[a]:
~

Qn)2 J @)% |k|lk + B IKIIplIk+ Pl

A k[ d%p |p|Ok.p
1n(7>+2 . P PIO®.p)

Ipl Q2r)*J Q) |k||k + p

k-p)(k-g)? A 3
o EePNEq) <T) —2&,, (A99)
KIBIpIk+ Pl \IPI
. k[ dp |pIQK.p) kFd) | ( A )
@n2 ) @m)* Jkllk+ pl klplik+pl - \IPl)
(A100)
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Pk [ d®p |1PIQK,P) (F-DIK+ P)-q]

anr
=N
I

(27)?

(%)
xIn| —= ),
[P

&Pk [ d*p |pIQK,p) [k + p)-gT m(
Q) @) |klk+p  |k+pP

Qu? klk+ 5l |pllk+ pP

A
Pl

(ool

7 =

(A101)
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d*p |pIRK,p) (k-p)k-G)>*
@) |k|lk + pl 1k pllk + pl

d*k
(2m)?

(%)
xIn{ — ).
4

(A112)

We now rewrite the p integral in terms of elliptic coordinates.
Upon performing the v and 6 integrals, we obtain

(A102)

&Pk [ d*p |pIOK,p) k-Ik+ p)g]

6si

§ =

/ <2n>2/ Qu? kllk+pl Ikllk+ pP?

Xl“(|2|>

&k [ dp

1BIOK, p) | pI(k-@IK + p)-G]

jésil
©

(2m)?

Xln(|2|>

d’k

Q2 k|k+pl [kIIk+ PP

d*p

(A103)

(A104)

|p1OK, p) kI(p-@K + p)-G]

(63l
S

(2m)?

X1“<|2|>

d’k
(2m)?

Qu? klk+ 5l |pllk+ pP

d*p IpIR(kp)(kq)(pq)
Q)% |k|lk+p|  IklIp|

€3k

(A105)

" (i51)

(A106)

&>k [ dp

\BIR(K, p) (k-@)I(k + p)-G]

(1]
I~}

(2m)?

()
xIn| —= ),
Ipl

d’k
()

k|| + p|

() »(

Q7 |k||k + pl

d*p |pIR(K, p)
2m)? |k|lk + p|

an
Iy

(A107)

7)
1pl)’

(A108)

d*p |PIR(K, p)

d*k bl (k4
@2m)* |kllk+ pl 1k + pl \ Ik|

(2m)?

Xln(&)

d’k

[
=

d*p |PIR(, p)(kq)(pq)
Q)% |k|lk+ pl |pllk + pl

[
O

(A109)

(i51)

(A110)

(2m)?
d2p

|P1OK, p) (k- P)k-§)(k + P)-4]

€3k

d’k
16 =2 2 2 Tira s
@m)* J @m)* |k|lk + pl

Xln(&)

k[ plIk + pI?

(A111)
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(6o}

1=

/ / k10, |k|)|k|1n(| |>
<cosh2u+2>
|q|2/ /d|k|Q(M Ikl)|k|1n< )
3272 k|

1
X <8 coth p — 4e™ 2" + 3 cosh2u — 4), (A114)

2
""/ fd|k| o, |k|)|k|1n<ﬁ>

(A113)

[1] l

[111

x (24 e —4coth ), (A115)
g, = —28&;, (A116)
8s = 183, (A117)
Z = ""2[ / dIR) O, KR In
1672 | k|
x (2e™* + cosh ), (A118)
g, - Jar /wd /Ad|ié|Q< EDIE I (2
o7 = s n{—=
=12 ), M/, " &l
X (4 coth u — 3) cosh u, (A119)
s = '5'2/ / dIR) O, KR In
1672 Ikl
x (14 2e721), (A120)
g, = 14" /wd /Ad|l€|Q< RDIRI 1 A)
Zg = s n{—=
"oz ), M/, H &l
X (24 3e 2 — 4 coth? p), (A121)
~ |Q|2
E dIkIQ(u kDI In | T
x (2 coth3 w—1), (A122)
~ 3|q|2/ /
B = dlk| R(u, kK| 1
1" P II(MII)IIn||
x cosh u, (A123)
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_ 'q'2f /dlklR(u RDIR ln( )
6472 Ik|

(A124)

[I]l

x (2 cosh 3 — 8 cosh? i1 sinh i + cosh ),

8= |q|2/ / d\k| R(e, |k DIK| ln( )
3272 k|
(coshzu+2)
B IqI2
4= - du dlkl R(u.|kDIKI? In | d

1
x (8 coth pu —4e 2 + 3 cosh2u — 4), (A126)

15 = 'q'zzfoodu /Ad|l€| R(u, [RDIEP In (ﬁ)
1672/ o 0 ||

(A125)

an

esld
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Doing so and collecting all of the results, we obtain
z:3e,i (4)

1 o0
- | a
g/ Ve /0 °

—1+ 16/(1 + el) — de~24(=2 + 3ek)
X f—
2(1 + cosh )?

l—e #4272 — e — coshu}1 5 (vFA)
n
(14 cosh p)3 90l

1 247 .3 5 [ VFA
=—\|——-24In2)ic’vpg; In" | —
128 \ 15 g0l

1 (/247 .3 A
- — | ——-24In2 )ic’vpg;In" | = ). (A130)
128 \ 15 Iq]

X (247 —4coth ), (A127)  The full leading divergence of £3,(¢) is thus
s '4'2/ / dIF| O, |k|>|k|1n( ) @ = | L (2 2 1n2) gy
| | 3e\q) = s L 60 qoy
X [200th;1,(200th2 u—1)—e" 1, (A128) 1 247
— | — —241In2 q-v
i ) +128<15 ! )v“”}
Ei7 = =25, (A129) N
where O(u, [k|) and R(s,|k|) were defined in Eq. (A50). We x i’ In? <T> . (A131)
may now do the integrals on k using Eqs. (A67) and (A68). l41
J
4. Self-energy correction to two-loop rainbow diagram
The diagram shown in Fig. 20 evaluates to
&k, 0
Y3glg) = — oy’ Go(k)Z1(k)Go(k)Z1(k)Go(k)y ™ Do(g — k)
_ _ig6 d3k okk ka )/k 01 2
5122 ) onpl T kS
£ 6 3 k2
ig d’k | |
= k k-7 1lk k-7 10k
512712/(271)3[ 07" = vek-P1lkoy® + vik-7 ko 7
;6 3 A
ig d’k Ik|?
= —vpk-P1[k2 4 20pk-Fkoy? — v2 |k
51272 | Gtk 0v°’ — vrk-Y1[k§ + 2vrk- oy — vE| I] i 7
L S N PN PE, S PN SN T (L A ||212A1<
= 35002 (zﬂ)g[oy vrkgk-y — 3vpkolk[*y° + vilk*k-7] x 6 n (A /lk|)— 7
jg® Ak k?-3
'8 vplk? = 3vrks 51k In (A132)

~ 51272 ) @n) k6

_k|

In the final step, we discarded the terms odd in &y since these terms will vanish identically under the & integration. In fact, the

terms even in kg also vanish under the integration

31K|? = 3vpk2
/dkowzo'

Therefore, the diagram vanishes identically:

z:Sg(Q) =0

(A133)

(A134)
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Zar

FIG. 20. Self-energy correction to the two-loop rainbow diagram.

5. Self-energy correction to one-loop bubble diagram

We now turn our attention to the diagram shown in Fig. 21,
whose value will be denoted by Xs;(gq). Its value is given by

d3k g2 g2
Tai(g) = _Tlg(qg —k -
3i(q) 2y iy’ 2 X 0] )2I67 7
kEl(k) kzy , (A135)

where I1g(q) is the value of the bubble diagram given in
Eq. (32), and X,(q) is the one-loop self-energy given in
Eq. (19). Substituting these into X3;(g), we obtain

Y5i(q) =

o g° N/ d’k 1
—1
512n Qr) k4/(qg — k)?

- A
xykk - y¥y°In (ﬁ) ) (A136)
After some algebra, we may show that
yORE - 7y = (k§ — vEIRI)E - 7 + 2vp[KIPkoy®,  (A137)

so that

6 4’k 1
Tailq) = —i—>

S Y QY kg —k)?

- - A
x k-y +2vr|k[*koy®] In (ﬁ) )

[(k — v31kP?)
(A138)

We are again interested in finding the leading divergence, so
we expand ——— as follows:
P A/ (q—k)?

1 1 k -
(1429, (A139)
Vig—k?  k k2
Substituting this expansion into X3;(¢g) and keeping only terms
that are even in kg, we obtain

6 3
g d’k 1
Bu@) = ~igN | G 2 vr kK3 oy’
A
+ v (k3 — vEIkP) (k- K - 7)) ln(| |>

(A140)

In the second term, we note that the cross terms in the product
(k q)(k y) are odd functions of each component of k and
that the entire integral is symmetric under the exchange of the

O

-

FIG. 21. Self-energy correction to bubble diagram.
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two components of k, i.e., under k, <> k,. As aresult, we may

make the replacement
(k-k-7) = 31k1G (A141)

thus obtaining

6 3
. 8 d’k 1 71272 0

35i(q) = — N | —— —= | 2vrlk|k,
3i(q) 15127r /(271)3 k7|:UF|| 0q0Y

+- vF|k| (k5 — vk - y}ln<IAl>

(A142)

We may now do the integrals over kg, obtaining

6

5127'[ 1571vp

d%k 1 <A>
—_,]n - .
)% (vplkl)>  \ k|

We may now easily evaluate the remaining integral, obtaining

T3i(q) = N(4qoy°® —3vrg - 7)

(A143)

6
Esz(Q)

—]—

A
_& _3 ]
60512 N 3( dor” = 3vrq - p)In’ (l I)

(A144)

where, once again, we assumed an infrared cutoff given by |g|.
Rewriting this in terms of «, we finally arrive at

N 3 A A145
Baq) = —i g (4 <|q|).( )

6. Bubble diagram correction to one-loop electron self-energy

We now calculate the diagram shown in Fig. 22, which is
similar in appearance to the previous case. We will denote
this diagram by X3;(g). It contains the divergent subdiagram
shown in Fig. 8, which we denoted by ¥,.(¢g) and expressed
explicitly in Eq. (187). The value of X3;(q) is

d’k g2

Y3i(q) = (zn)gy 20

Mk)%yo (A146)

K
— kK
To evaluate this expression, we will find the following
identities useful:

v kkoy ky°

= (k& — vEIkI?)koy® — 2vpk3k-7,  (A147)

y k- Fhy° = 201k Pkoy + (kg — vEIKIP)K-7. (A148)

Using these identities, along with the above expression for
%,.(q), we obtain, after dropping terms that will integrate to

FIG. 22. Bubble diagram correction to one-loop electron self-
energy.
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zero by virtue of being odd functions of ko,

235(q) = aniova Lk %(—3% + o[k
6 Q7)Y k4G — k|
xvpk-7 In <|A|> (A149)
Evaluating the k¢ integral, we obtain
X3i(q) = —iNnioﬁ[ @k %
12 (270)% k|1 — k|
x vpk - 7 In <|%) (A150)

As with the first diagram considered here, we note that the
integrand is odd in the component of k perpendicular to g, and
thus make the replacement

1

k-y— PRAER (A151)
as before. The integral now becomes
d*k 1 kg
( ) ——Nm (2(3 > 5 > TS5
3 12 Qr2 k|G — k| 1417
- A
X Vpq-y In (ﬁ) . (A152)

We now expand ﬁ_ilf\ in powers of g. As before, the leading

term drops out because it gives us a term that is odd in k, so that
the subleading term is the lowest-order nonzero contribution:

1 Pk (k-g) AN ..
——Nmio? E—q)ln< ) VFEG-Y.

$5,(q) =
W= @7 RGP

(A153)

We now evaluate the remaining integral on k, obtaining

¥3i(q) = 9%

We once again assumed a lower cutoff of || on the magnitude
of k to regularize the infrared divergence of the integral.

i o A
——Na’In | | Vpq Y. (A154)

7. Self-energy vacuum polarization correction
to electron self-energy

The three-loop self-energy vacuum polarization correction
to the electron self-energy is shown in Fig. 23. This diagram
evaluates to

Ik, 0 2
Yy(g) = —2/ 3V Golg = k)y " Do(k) Tlse(k),
(27)

(A155)

FIG. 23. Three-loop self-energy vacuum polarization correction
to the electron self-energy.
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where we have included an overall factor of 2 to account for the
symmetry of the diagram. Recall that the self-energy correction
to the vacuum polarization was found to be [Eq. (45)]

Nalk|
Mse(k) = [

T v%|%|3
2 K

32mrvp

1n<A/|/€|>+Ia(iko/vﬂ/a)],

(A156)

where the function 1,(y) was given in Eq. (48). We begin by
focusing on the term involving the logarithmic divergence in

Mse(q):

iNag*vs [ d’k )0 qd—k
S —
31,div(q) 28 2! k2 y’
Ik
|2 ey —1In (A/|k|) (A157)

We are only interested in the ultraviolet divergence of this
integral, so we expand the denominator:

Lo~ L(1428),
@—k? K i

As usual, a potential linear divergence cancels identically due
to the antisymmetry under k — — k. The leading divergence
is thus logarithmic:

(A158)

31,div(q)

z_izvag“vg/ &Pr _2k3q0y0+v;(1€-;7)(12.c;)
128 ) @np’ k2
olk k|2

Xy —ln(A/IkI) (A159)

In the second term inside the square brackets, we have kept
only those terms which are symmetric under ko — — ko. The
ko integration can be done straightforwardly, with the result

231.aiv(q)

iNwa® [ d®k 4 8 , 32 (kP)kq)
= - 37| 34— (3907~ FUF T
16 () 15 k|2
In(A/ |k
|k|?

In the third term inside the square brackets, we may keep only
the terms symmetric under k; — — k. This, in combination
with the symmetry under swapping kl & k», allows us to make

2o -

the replacement (k-7)(k-G) — 1/2]k|>G-7, with the result

231,div(q)
—iNma® [ &’k 4 8 , 16 .
= -4 — — — —Vrq-
16 e R TR T
oIn(A/[K])
k|2
iNma® (4 4 / d*k In(A/Ik))
= — — —0v _—
6 \59r ~ {5vrd Qe ke
lNa )
YT Baoy’ —vrg-7)In*(A/1)). (Al61)
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FIG. 24. Two-bubble RPA correction to electron self-energy.

In the final step, we made the assumption that the infrared
divergence of the final integration is regulated by |g|.

8. Two-bubble RPA correction to electron self-energy

To give an example of a third-order simple logarithmic (as
opposed to double logarithmic) divergence, we will calculate
the two-bubble RPA diagram shown in Fig. 24, the value
of which we denote by X3,(g). This diagram can be easily
evaluated by starting from the full RPA result, which was
originally obtained in Refs. [28,43]:

4i
N2

[foMqoy° + fit)vrg - ¥1In(A/|G)),
(A162)

2realq) =

where for A < 1, the functions fj and f; are given by
2

4
(A) = ————=arccosA — 2+ —,
fo /T — 22 )
/T = 32
A= Y arccosh — 1+ =, (A163)
A 2
and we have defined an effective coupling
N N
=82 X9 (A164)
161)17 4

We can extract the third-order contribution to Xgpa(g) by
expanding fy and f; to third order in A:

VR % .
o) = T - gt o),
Th o A2 ad .
H) = 7 3t t o). (A165)
The third-order terms then yield
im’a? 0 o - -
X3p(q) = [—qoy” + 2vrq - y1In(A/lg]). (A166)

32

APPENDIX B: ELECTRON SELF-ENERGY
WITH ZERO-RANGE INTERACTION

Given the complexity of graphene perturbation theory with
the Coulomb interaction, it is tempting to try replacing this
long-range interaction with an effective short-range one in an
attempt to arrive at a simpler theory. In particular, we will
consider (2+1)-dimensional Dirac electrons interacting via a
delta-function contact interaction instead of the long-range
Coulomb repulsion. In this case, the Feynman rules remain
the same as before, except that we now use a dashed line to
denote the propagator associated with the contact interaction,
with the value of this propagator given by

2
r 87To
Dy = = (B1)
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FIG. 25. One-loop correction to the electron self-energy for zero-
range interaction.

Here, r is a scale factor which controls the strength of the
interaction and which preserves the dimensionality of the
propagator relative to the 2D Coulomb interaction case. We
will see that while inserting this contact interaction in place of
the Coulomb force does offer some algebraic simplification in
the course of computing diagrams, it does so at the expense
of introducing new conceptual complexities related to the
physicality and renormalizability of the resulting theory.

1. One-loop electron self-energy for zero-range
interaction and an ambiguity

The diagram for the one-loop electron self-energy in the
case of a zero-range contact interaction is shown in Fig. 25.
This diagram evaluates to

d3k
() = — / Y°Golk)y° DY

(2m)3
. 2 3
—igro [ d’k K
= ——y —y =0. B2
) /(Zn)3)f 2 (B2)

In the last step, we determined that the integral over k vanishes
because the integrand is an odd function of k.

This argument may be too fast, however. Consider the
following expression:

3
() = — s y°Golqg — k)y° DY’
' 2n)} 0

) 3
—igry d’k —K
- O AL VUG5
2 @m)*" (g —k)
This expression should be equally valid as it arises simply from
a different definition of the loop momentum k. Performing the
integration over kg, we find

ig’ry [ d’k (G —k)-P

EZ}’( )= - .
A T

(B4)

Note that if at this point we changed variables k — q-— k, we
would again conclude that the integral vanishes because the
integrand would become odd. There is a problem here though
because under such a coordinate transformation, the limits of
integration (which have so far been kept implicit) will also
change because of the implicit momentum cutoff. Indeed, if
we do not make this coordinate change and proceed to evaluate
the integral, we find

ig’ro [ d*k (G—K)7
4 ) @7 |G-k

ig’rg [ d% 1 [ (ié-fx/?-a)}
q.y——

i (q) =

&

4 ] a2k k|2
iargk, _ .
= —, vy (BS)

This result is not only nonzero, it is linearly divergent.
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This discrepancy appears to be due to the momentum
independence of the photon propagator and can be understood
from an even simpler toy model. Suppose that we have a
one-dimensional theory where the photon propagator is again
momentum independent, but now the fermion propagator
scales linearly with momentum: G (k) ~ k. In this case, the
one-loop self-energy would be given by

ke
EN/de(k)N/ dkk =0. (B6)

—ke
However, we could just as well have defined the fermion
propagator to carry momentum g — k to obtain

ke
X~ fdk G(g—k) ~ f dk(q — k) =2qgk.. (B7)
— ke
Note that these two integrals are not related by a coordinate
transformation because the integration limits remained the
same. In each case, we chose the cutoff to be the maximal
value of k, but the definition of k is different in each case, and
it is unclear which definition should be used. The same sort of
behavior arises in the (241)-dimensional theory, suggesting
that this theory may be unphysical.

One possible way to lift this ambiguity is to modify the
interaction slightly. We do this by reinterpreting k. as a cutoff
scale associated with the interaction itself and by redefining
the photon propagator as

ro -
Te(kc —1qD, (B3)

so that the interaction strictly vanishes about the momentum
scale k.. Using this new definition of the photon propagator,
for the one choice of loop momentum k we now find (after
performing the integration over ko)

.2 - Ty -
igro [, (g—k)ry -
2 2 Pk 0k, — |k]), B9
16”2[ Y ( |&]) (B9)

2
g
Di (q) =

i (q) =

while for the other choice of k we obtain

) > S
ig°ro [ o ky 5 7
2M(q) = /dkTGk— — k). B10
1 (@) 162 7 (ke —1g — k) (B10)
Since we have a cutoff coming from the interaction itself, it
is no longer necessary to include a cutoff in the integration
limits. The two results are then manifestly equivalent since we
may perform the coordinate transformation k — g — k in the
latter integral to obtain the former. Either integral can then be
performed by expanding the denominator in the large-|k| limit
as before, yielding
iargk. _ .

%(q) = —y vy

Therefore, for this modified contact interaction, we unambigu-
ously find a linear divergence in the one-loop correction to the
electron self-energy. We will continue to use the modified
contact interaction throughout the remainder of this section.

(B11)

2. Two-loop rainbow correction to self-energy
for zero-range interaction

The two-loop rainbow diagram correction to the electron
self-energy is shown in Fig. 26. The contribution from this
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FIG. 26. Two-loop rainbow correction to the electron self-energy
for zero-range interaction.

diagram is given by

25,(q)
d*k 0 0
= - Golg —k)X1(g —k)Go(g — k)y "D (k
/(27[)3)/ o(g —k)Xi(qg —k)Golg — k)y" Dy’ (k)
imatrik v 4’k -k . - . q4—FK
_ 0XcVF 3)/0 q G —k)7 q 2)/0
2 (2r)*" (q—k) (g —k)
x O(ke — |kI)
ira*rgkvy [ dk 1 P
— c o _k2 2 k2 Py 0
2 (271’)3 k47/ [ 0+UF| | ] vy

x 0k, — |G — k|) = 0. (B12)
The contribution vanishes identically due to the integration
over k.

3. Two-loop bubble correction to electron self-energy
for zero-range interaction

The diagram for the two-loop bubble correction to the
electron self-energy in the case of the zero-range interaction
is shown in Fig. 27. This diagram evaluates to

zr d3k 0 0 zr 2
X5 (q) = —/ Y Golg — k)y T p(k)[ Dy’ (k)]

(2n)
_NgE [ &k o gk o IKP -
Y. / ey g k! e
(B13)

Here, we have inserted the value for the one-loop vacuum
polarization function Iz (k) computed earlier in Eq. (32). Asin
the case of the two-loop vertex correction considered above, we
may extract the divergent terms by expanding the denominator:

1
(g —k)?

kq, k0?7

:ﬁf”zkz e TR

+4’%’[2(k-q)2 - k%ﬁ]} +0(/k%. (B14)

’( )'\
V; AN
\

f \

FIG. 27. Two-loop bubble correction to the electron self-energy
for zero-range interaction.
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The first two terms of this expansion produce a quadratic
divergence:

Zécquad(q)
—lNg4r§ d*k |l€|2 kq
214222 (koy® — vpk-y
£ o e T2 (koy® —vrk-y
—qoy° +vrG-7)0 ke — [KI)
—iNg*r} [ &k kP 0 K
= 1 . 220
0 2y 1 qoy” +Vrq-y + 2o

vy oo -

- k—j(k-q)(k-y)}e(kc —[kI)
—iNg*2 [ dk |k|? Y~
= /(2n)3k_3 —qoy" +Vrq-y +2k—2qoy

v 21k
k2

VFq ?}Q(k — kD). (B15)

The k integrals were computed above, and we quote them
again here for convenience:

&k U‘Z”“;'ze(k = 2fd2k— :
Qry kK - @) An?
d*k vF|k|2k39(k D) = 1 g/dz _ K2
Qry K Qr) 3 1272
3k vk

0k, — |k|) = ! 4/de _ K
¢ @) 3 T o6n?’
(B16)

Qry K

Plugging in these results, we obtain

Eéc quad(Q)
—iNg*r3k? . .
- 334—202{ (—qoy°’ +vrd-¥) +2q0y" —20r G-V}
lotzrgk2
=D (qoy°’ —vrg 7). (B17)

Combining this result with the other contributions to the
quadratic divergence of the two-loop self-energy, we have

Eé quad(q) = Eé; quad(q) + 2:2c quud(q)

2k2
= 0 €(3qoy" —2vFg ).

(B18)

The remaining terms in the expansion shown in Eq. (B14)
give rise to a logarithmic divergence:

E;z,ln(q)
—iNg*rd / $k kP ([, kq? 4
=14 -1
32 Q) K3 [
x (—qoy° +vrg- J/)+4 [Z(k -q)* —k*q*
x (koy® — vF/'é&)}e(kc — [K]). (B19)
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The first half of the integral has been computed already in the
course of computing 7, 1,(¢):

—iNg“r&/ Lk II;_IZ (4(]”])2 — q_2>( —qoy° +vrq-y)

32 2n)? k3 k4
x Ok — k])
= —4NT;
—iNa?r? . .
= 3007 @0’ ~vrd Ve~ 3vrlal’) Intke/ 1.

(B20)

The remainder of the integral can be computed with the help
of the following results:

d*k |k|2 3 0
I, =8 k-g)’k 9k—k
1 /(2)3k9(61)oy( 1)

2
7 (445 +vElG g0y’ Intke/1G),  (B21)

3572
k |kl

T (k- ’k- 70 (ke — IK])

L =-8
2 vE (271)3 g

—8 e > = -
= 35220 4(243+3vilq|2)qu-yln(kc/|q|), (B22)

&’k |k |2

Gy (akoy "0k~ KD

13 = —4q
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The logarithmic divergence is then
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Combining the results from the different diagrams then gives
for the full logarithmic divergence at second order
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FIG. 28. n-bubble correction to the electron self-energy for zero-
range interaction.

The complete divergence of the self-energy for the zero-range
interaction up to two loops is then
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4. Many-bubble correction to electron self-energy
for zero-range interaction

The diagram corresponding to the n-bubble correction to the
electron self-energy in the case of the zero-range interaction
is shown in Fig. 28. This diagram evaluates to

zr d3k 0 0 n r n+1
57 .(g) = / V0Go(q — by [T (O [DF ()]
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The (¢ — k) factor in the denominator can be expanded
in the large-k limit precisely as in the case of the single-
bubble correction considered in the previous section, and we
obtain
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Introducing a momentum cutoff k., the integrals over k are
easily computed:
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Plugging these in and simplifying, we find the following result

for the leading-order divergence of the n-bubble self-energy

correction:

(—1)"+li7l’"— %l-* (lern) an+1(r0kc)n+1
22+ 1 (2+%)

T (q) ~

x [ngoy” — vrg-y1. (B33)

It is clear that the order of the divergence increases with
the number of bubbles in the diagram. Unless there is a
magical cancellation occurring at every order (we have seen
in previous sections that this does not seem to occur at second
order), the divergence structure of the theory appears to be
dramatically different from that of the Coulomb-interaction
theory.
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