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We discuss the modified quantum electrodynamics from a time-reversal-breaking Weyl semimetal coupled
with a U(1) gauge (electromagnetic) field. A key role is played by the soft dispersion of the photons in a
particular direction, say Z, due to the Hall conductivity of the Weyl semimetal. Due to the soft photon, the
fermion velocity in Z is logarithmically reduced under renormalization group flow, together with the fine-structure
constant. Meanwhile, fermions acquire a finite lifetime from spontaneous emission of the soft photon, namely,
the Cherenkov radiation. At low-energy E, the inverse of the fermion lifetime scales as 7~' ~ E /PolyLog(E).
Therefore, even though fermion quasiparticles are eventually well-defined at very low energy, over a wide
intermediate energy window the Weyl semimetal behaves like a marginal Fermi liquid. Phenomenologically,
our results are more relevant for emergent Weyl semimetals, where the fermions and photons all emerge from
strongly correlated lattice systems. Possible experimental implications are discussed.
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I. INTRODUCTION

Weyl fermions, since their original proposal, have been
widely studied due to their chiral nature [1-9]. In the recent
decades, much focus has been put on the condensed matter
realization, namely, the Weyl semimetal (WSM) [7-10]. In
Weyl semimetals, due to the separation of Weyl fermions in
momentum space, various intriguing phenomena have been
observed, e.g., the Fermi arc [8,9], the anomalous Hall ef-
fect [7,11], the quantized circular photogalvanic effect [12],
etc. The dynamical properties of WSMs have also attracted
much attention [13-16]. While a magnetic Weyl semimetal
is typically subject to weak interaction of a particular form
(short-ranged or Coulomb), an emergent WSM is a more
versatile playground for studying interaction effects, e.g.,
topological orders in three dimensions [17-19], generaliza-
tions of the standard QED [20], etc.

An emergent WSM is a strongly interacting lattice system
of spins or electrons, of which the low-energy effective theory
is described by an emergent U (1) gauge field (or some Z,,
descendent) coupled to a WSM formed by emergent fermions.
In spin liquid terminology, these are U (1) (or Z,,) spin lig-
uids with spinon Weyl semimetals. Unlike in ordinary Weyl
semimetals, the emergent Weyl fermions could naturally have
a velocity close to that of the U (1) gauge field, and the gauge
coupling strength (fine-structure constant) does not have to be
small at a given energy scale. The possibility of an emergent
WSM phase has been demonstrated in Refs. [17,21-24]. The
emergent WSM phase has further been proposed to be the
parent state of topological orders in three dimensions [17-19].
While the descendent topologically ordered phases are stable
by the formation of many-body gaps, the properties of the
emergent WSM phase itself are largely studied at the mean-
field level. In particular, the dynamical consequences of gauge
fluctuations in emergent WSMs remain unexplored.
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In this work, we focus on the case with the emergent
U(1) gauge field, also referred to as the emergent electro-
magnetic (EM) field. One important notion in studying the
WSM phase is the unquantized anomaly, which guarantees
the gaplessness of the WSM [11,25-27]. When an EM field
emerges, the dynamical aspect of the anomalies is also an
important piece of information. The unquantized anomaly
appears as a Chern-Simons-like action in (3 4+ 1) dimensions
[11,25-27]. Together with the Maxwell action, the modified
electrodynamics is usually referred to as Carroll-Field-Jackiw
electrodynamics [20]. In the modified electrodynamics, the
physical polarization of propagating photons is different from
that of those in the vacuum. Another important feature is the
anisotropy. In particular, one of the photon modes becomes
soft in a particular direction [20]. Emergent photons with
similar features have also been found in the coupled layers
of Laughlin states [28].

In this article, we study the interplay between the fermionic
degrees of freedom and the modified electrodynamics in an
emergent WSM. The situation under consideration is really
a simple, non-Lorentz-symmetric generalization of textbook
QED, but with unconventional outcomes. Indeed, we will
show that due to the interaction with the soft photons, the
emergent WSM represents an unconventional quantum liquid.

More specifically, the presence of soft photons signifi-
cantly influences the low-energy properties of the fermions.
There are two major results. First, the fermion dispersion is
strongly dressed by the photons. Namely, the fermion veloc-
ity in the soft photon direction is reduced to zero under the
renormalization group (RG) flow. Besides, the system flows
to a noninteracting limit under the RG. Second, fermions can
spontaneously emit photons. As a result, the fermions acquire
a finite lifetime, due to the Cherenkov radiation of the soft
photons, that is inversely proportional to the fine-structure
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constant and the fermion energy. The two effects just men-
tioned make the emergent WSM significantly different from
the free WSM or the standard QED. Indeed, over a wide
energy window, the emergent WSM behaves like a marginal
Fermi liquid due to the finite lifetime [29]. Meanwhile, the
infrared behavior shows an asymptotic two-dimensional char-
acter and is well-controlled under the RG flow. Hence, the
emergent WSM represents an unconventional type of quan-
tum liquid. Lastly, we propose that the reported feature of
an emergent WSM can be observed from the specific heat
measurement at low temperature [30,31].

The rest of the article is organized as follows. Section II
reviews the low-energy description of a Weyl semimetal as
well as the modified electrodynamics. A physical picture is
developed for the dynamical effects. Section III is devoted
to quantum mechanical one-loop-diagram calculations, from
which the RG flow and the fermion lifetime can be obtained.
Section IV concludes the article and discusses the possible
experimental implications. Supplemental Material [32] is pro-
vided for the technical details in Sec. III.

II. (EMERGENT) WEYL SEMIMETAL AND MODIFIED
ELECTRODYNAMICS

In this section, we review the low-energy description of
the fermions and the modified electrodynamics in an emergent
Weyl semimetal (WSM) at the mean field level. A qualitative
picture for the dynamical effects is provided.

The mean field description of the emergent WSM starts
with a parton decomposition, which formally corresponds
to fractionalizing the electron annihilation operator ¢ into a
neutral fermion (spinon, 1) and a charged boson (chargon,
e'%): ¢ = e [33]. The local U(1) gauge ambiguity of this
decomposition,

w N eiaw’ ei@ - e—iaeief’ (1)

dictates the necessity of the emergence of a dynamical U (1)
gauge field [34]. In other words, there is a dynamical U (1)
gauge field that couples to both the the spinon and the chargon
with gauge charge ¢ = £ 1. We then consider mean field states
in which the chargons e are gapped (and therefore can be
integrated out at low energy), while the spinons i form a Weyl
semimetal band structure, with two Weyl cones of the opposite
chirality separated in momentum space by 20Q [see Fig. 1(a)].

At low energy, the fermionic excitation of a Weyl
semimetal is effectively described by a Dirac Lagrangian [11]:

L= ¢ Vi, with V= [y° y' % v, ()

where %123 are the 4 x 4 y matrices satisfying {y*, y'} =
2n*Y and n"*¥ = Diag[1, —1, —1, —1] is the metric used
within the real-time formalism. The indices are raised and
lowered with the metric n”". Here, we assume the velocity in
the xy plane to be 1, and we assume the velocity in the z direc-
tion to be different, namely, v;. The energy of the fermions is
Es(k) = £E (k) = £Vk; + k; 4 v3kZ. We should comment
that, in this article, we interchangeably use u = (0, 1, 2, 3) or
u = (t,x,y,z) to indicate the time and space directions. The
former is algebraically convenient, while the latter is more
descriptive and intuitive.
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FIG. 1. Low-energy dispersions for (a) free WSM. (b) Photons
in the modified electrodynamics with g, = g, = 0. (a) Around two
Weyl nodes, fermions have linear dispersion. The two Weyl nodes are
separated in momentum space by 2Q = Azz in the z direction. On the
sample boundary, there is a Fermi arc connecting two Weyl nodes,
an indication of the anomalous Hall effect. (b) There are two photon

modes. The gapped mode (green) has a gap given by 622% The other
mode is soft (red), with a quadratic dispersion, Eq. (5). The gray
dashed line corresponds to w = iqz, namely, the photon dispersion
when A = 0. (c) Cartoon of fermions moving in a soft electroma-
gentic environment. Fast-moving fermions constantly interact with
virtual photons (red dashed-dotted lines) and spontaneously emit
soft photons (red solid lines). The emitted soft photons are roughly
confined around the z axis indicated by the red dashed lines.

One should notice that the simplicity in Eq. (2) is decep-
tive. Indeed, when a lattice model of WSM is considered, the
two Weyl components of a Dirac fermion are separated in the
Brillouin zone [7], as shown in Fig 1(a). As a result, there will
be chiral edge states for a finite-size system. The intersection
of the chiral edge state and the Fermi level is the Fermi arc,
which is a hallmark of WSMs [8,9]. In terms of transport, the
features just mentioned imply that WSMs show an anoma-
lous Hall conductivity [7,10,11,35]. The anomaly argument
requires the value of the Hall conductivity to be given by 20,
even though high-energy fermions may be strongly interacting
with no well-defined quasiparticles [18,26].

Due to the Hall effect, the Lagrangian for the emergent
U (1) gauge field has a Chern-Simons (CS)-like term, in ad-
dition to the Maxwell term [20]:

1 i1 iz
Ly = —Efijfj - 2—e§ﬁzfz, (3a)
A .
Losine = 7oy, (3b)
4
where €37 is the total antisymmetric tensor in (34 1)

dimensions with one index fixed and i, j, k = 0, 1, 2 labels
time as well as the x (y) direction. a,, is the dynamical gauge
field potential and f,, = d,a, — d,a, is the corresponding
field strength tensor. Here, two coupling constants, e and
e3, are introduced. As a result, the Maxwell term, Eq. (3a),
is anisotropic. The Chern-Simons term, Eq. (3b), introduces
more anisotropy, as discussed below.
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The second line, Eq. (3b), is the CS-like term and is re-
sponsible for the Hall effect. In this work, z3 is essentially
the reciprocal lattice constant along the z direction. As shown
in Fig. 1(a), 2Q = Azz measures the separation between Weyl
points in momentum space. We should mention that to em-
phasize the anomaly aspect, the CS-like term is sometimes
compactly written as Lcsjike ~ Z A @ A da in terms of differ-
ential forms and the translation gauge field z, = (0, 0, 0, z3)
[26,27]. Indeed, the CS-like term dictates the mixed unquan-
tized anomaly of translation and U (1) gauge symmetry. The
mixed anomaly is a manifestation of the chiral anomaly. As
we point out, the dynamical effect is also important. Namely,
the CS-like term significantly alters the photon dispersion,
which in turn influences the properties of the fermions as well
as the infrared description of an emergent WSM.

The photon dispersions can be straightforwardly found
based on the Euler-Lagrange equation for the U (1) gauge field
Lagrangian, Eq. (3). There are two propagating photon modes
with the following dispersion relation [20]:

2 2, 2 2
2 Ry Az3 4A 81 e N
wi_qx+qy+2q7’+e 872 te 87(2 ! 64)»22§ eng‘
“4)

When the CS-like term vanishes, A = 0, the photons retain a
linear dispersion as usual, with an anisotropy in the speed of
light: the speed of light in the xy plane is unity, while in the z
direction ¢, o

The presence of the CS-like term, A # 0, significantly al-
ters the photon dispersion. As plotted in Fig. 1(b), there are
two photon modes: a gapped mode as well as a gapless soft
mode. The gapped photon mode has the gap ¢? % Notice that
the gap only depends on the coupling e, not e3. This mode
mimics the gapped mode of Maxwell-Chern-Simons theory
in (2 + 1) dimensions [34].

The other photon mode is gapless and quite soft. At low
energy, the soft photon takes the following dispersion:

47T2
2 2 2 4
w- ~q,t+q9,+—F559,- 5
q)( Qy egl)\'zzqu ( )

Namely, the soft photon dispersion is extremely anisotropic
due to the CS-like term, Eq. (3b). When moving along the
z direction, the photon has a quadratic dispersion with an
effective inertia mass mg ~ e3Az3. Notice that only €3 (not ¢?)
enters the low-energy dispersion at leading order. Such a soft
nature will play a central role in our subsequent analysis.

Finally we consider the fermions and the photons to be
minimally coupled:

Lo=vy Via, . (6)

Equations (2), (3), and (6) form our full Lagrangian. Such a
Lagrangian captures all the essential infrared (IR) features of
an emergent WSM, while containing only a limited number of
parameters.

The coupling between the fermions and the photons puts
some dynamical constraint on the kinematics. In the absence
of the CS-like term, Eq. (3b), the fermion velocity and the
speed of light renormalizes to be identical in all directions
[36]. The same holds true for the velocities in the xy plane

LN N k
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FIG. 2. One-loop diagrams: (a) fermion self-energy, (b) interac-
tion vertex correction, and (c) polarization operator.

when the CS-like term is present. The renormalization effect
is more relevant when the gauge field is emergent, in which
case the typical velocities of photons and fermions are actually
comparable [34]. Based on the considerations just mentioned,
we have assumed the velocities of both fermions and photons
in the xy plane to be unity. A more drastic effect occurs for the
motion in the z direction.

A cartoon of fermions moving in the z direction is depicted
in Fig. 1(c). In an emergent WSM, the linearly dispersive
fermions and the soft photon coexist and are coupled. In the z
direction, the fermions move much faster than the photons at
low energy. There are two major effects following from this
observation.

One effect is related to the photon dressing of the fermion
dispersion. Namely, fermions constantly emit and absorb vir-
tual photons [Fig. 1(c)]. Pictorially, the fermions constantly
“hit,” in particular, the soft photons. Because of the slow ve-
locity, the soft photons serve as an impedance of the fermion
motion in the z direction. Therefore, one would expect that the
fermion would be dressed by the soft photons and the velocity
in the z direction would be reduced.

Another effect is that fermions can radiate photons spon-
taneously. As schematically shown in Fig. 1(c), the radiated
photons are all soft, with the momentum roughly confined in
a cone structure around the z axis. This is exactly the picture
of Cherenkov radiation in classical electrodynamics [37,38].
Thus, the fermions will acquire a finite lifetime. As we show
later, the inverse of the fermion lifetime is proportional to its
energy and the fine-structure constant.

In conclusion, we expect that the soft photon renormalizes
the fermion velocity in the z direction and gives the fermion a
finite lifetime. Such an expectation is supported by the quan-
tum mechanical one-loop calculations as detailed in Sec. III.
In the end, the emergent WSM represents an unconventional
quantum liquid, whose infrared properties differ significantly
from the noninteracting WSM or the standard QED. The
unconventional features are the result of the CS-like term,
namely, the mixed unquantized anomaly of the WSM.

III. IMPLICATIONS FROM 1-LOOP DIAGRAMS

In this section, we show that the qualitative picture de-
veloped in Sec. II is supported by quantum mechanical
calculation. In particular, we study the one-loop diagrams in
Fig. 2 as in the standard QED [1,2]. More technical details can
be found in the Supplemental Material [32].
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We first investigate the full set of the one-loop diagrams
(Fig. 2). We show that both the fermion velocity, v3, and
the Maxwell speed of light, ¢, = e/e3, in the z direction
renormalize to zero. At the same time, the electromagnetic
coupling constants renormalize to zero. Namely, in the IR
limit, the photon dressed fermions are noninteracting and
show an asymptotic two-dimensional (2D) dispersion.

Then, we study the imaginary part of the fermion self-
energy [Fig. 2(a)]. We show that the inverse of the fermion
lifetime (and equivalently the one-photon emission rate) is
proportional to the fermion energy. At weak (and even moder-
ate) coupling, the proportionality vanishes logarithmically in
the IR limit due to the RG effect. The associated photon radi-
ation process is the quantum version of Cherenkov radiation
for the modified electrodynamics of Eq. (3) [38]. Besides, we
should mention that the fermion lifetime is also sensitive to the
direction of the fermion momentum. Therefore, the emergent
WSM represents an unconventional quantum liquid. Over a
wide energy range, it behaves like a marginal Fermi liquid,
yet with a well-controlled IR behavior.

Before proceeding, it is worthwhile to discuss the typical
energy scales. There are three typical energy scales in the
current setup. One is Af ~ v3Az3. Below Ay, the linear ap-
proximation of fermion dispersion, Eq. (2), applies. Second is
the photon gap, m, ~ %123, below which the gapped photon
mode decouples from the rest of the fields. The last one is
slightly subtler: at low enough energy, the photon mode a,,,
with quadratic dispersion in Z, wpy ~ qf/Zmlq, with inertia
mass mg ~ 6%)\,23, and the fermions, with linear dispersion
wys ~ v3k3, will not be able to couple efficiently due to a large
energy mismatch when g3 is comparable to k3. This kinematic
constraint leads to the dynamical decoupling of the quadratic-
dispersing photon mode with other fields in the theory, which
happens when the energy scale is below m,v; ~ vie3iz;. Be-
low we work with the energy scale A <« Min{A¢, m,, msv3}.

With such a small energy scale (and the corresponding long
wavelength), the photon propagator is primarily given by

1 Zulv
G(@) = & 5—s—— "5, @)
" R e
where z, = (0,0, 0, z3). The corrections are on the order of
O(q/mps) < 1. There is also dependence on the gauge fixing
parameter, which may not be small in magnitude. One useful
gauge fixing term is given by Ly = 1£(0id' + $0.a°)?, with
3
& being the gauge fixing parameter [32]. Nevertheless, the
gauge fixing parameter does not enter any physical properties,
as generally expected from the gauge invariance principle.
One last ingredient is the fermion propagator:

Vik,

Gi(k) =
W= e e e e

®)

Notice that both the gauge field and the fermion propaga-
tor show some anisotropy. The anisotropy in the gauge field
propagator is more important. Indeed, at low energy, only one
pole is present in Eq. (7). This pole exactly corresponds to
the soft photon at low energy and long wavelength. (Notice
that g, dependence of the soft photon dispersion in Eq. (5) is
now subleading and neglected.) Therefore, the unconventional

behaviors of the emergent WSM reported in this section are
indeed due to the soft photon.

A. Fermion velocity renormalization and the RG equations

For weak interaction, the fermionic excitations are presum-
ably underdamped. Then, we can ask the question of how
fermion band structure renormalizes. Along the z direction,
the fast-moving fermions are dressed by the slow-moving
photons due to the interaction. Therefore, a reduction in the
fermion velocity vs is expected from the RG analysis.

To be more specific, we aim at the renormalization of the
dispersion of fermions and photons as well as the coupling
strength between them. Namely, we would like to obtain the
RG flow of v3, e, and e3. To achieve this goal, the following
bare scaling dimension is considered:

kJ=1lg]=1, [Wl=[¥]=3, [a.]=1 ©))

Under this bare scaling, the CS-like term, Eq. (3b), is relevant.
Meanwhile, all the other terms in the Lagrangian, Egs. (2),
(3a), and (6), are marginal. The relevance of the CS-like
term implies that all the three typical scales, A, m,, and
msvg, renormalize to infinity. This is indeed the case when
we consider the full RG equation below. The relevance of
the three typical energy scales is also reflected in the gauge
field propagator. As shown in Eq. (7), at low energy, only one
pole at g3 = g7 + ¢3 is present in the leading-order term of
the gauge field propagator.

The fermion velocity renormalization can be obtained from
either the fermion self-energy, X (k) in Fig. 2(a), or the ver-
tex correction, I'“(k, ¢’) in Fig. 2(b). The two diagrams are
related by the Ward identity. In particular, we focus on the
following quantity [1,2]:

T toop ks @' = O)lkmo = — 8k, B(K) =0, (10)

Combined with the bare interaction vertex, Eq. (6), the full
interaction vertex is given by

2, 539, (11

where all the gauge fixing parameters enter the fermion field
renormalization factor Z;. As a result, the effective velocity 03
is independent of the gauge fixing parameter:

Thik, g =0lo = Z7 'y vy

2 .3
v3—v3—e—3zv—31nA, (12)
67” [v3]  pR
where A and g are the UV and IR cutoff in the loop momen-
tum integral. This result suggests that the fermion velocity vs
is reduced by the photon dressing.

The renormalization of the coupling constants e and e3
can be obtained from the vacuum polarization IT*"(q) as
in Fig. 2(c). Technically, the vacuum polarization is evalu-
ated with the dimensional regularization scheme, in order to
maintain gauge invariance [1,2]. Assuming the space-time di-
mensionasd = 4 — ¢, Fig 2(c) contains a factor of T1#"(q)

A[2 —InA%(g)] ~ In 22— Az( » Which is reduced to a logarith-
mlcally divergent factor by minimal subtraction [32]. Here,
A (q) = g5 — 47 — G5 — v345.

Physically, the vacuum polarization operator [Fig. 2(c)]
gives a correction to the bare Maxwell term, Eq. (3a). The
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(b) 1

1 O |U3| 1

FIG. 3. Renormalization group flow with Ny =1 pair of Weyl
fermions.

resultant Lagrangian is of the same form as Eq. (3a), with the
effective coupling constants [39]:

1 1 N 1 A?
- — 5 + 5 In YN
22 er 127t |yl A2(g)
1 1 N N¢ sl A?
— == 4+ ——|v3|In ——,
22 12n2 T Ag)

13)

where N; is the number of pairs of the Weyl points. Notice
that the CS-like term is unaffected by the vacuum polarization
operator. This is because the CS-like term comes from inte-
grating out the high-energy fermionic states away from the
Weyl points [18,26], while the polarization operator computed
here only involves the low-energy fermions around the Weyl
points.

Based on the bare scaling dimension, Eq. (9), and the re-
sults of Eqs. (12) and (13), we obtain the main results, namely,
the RG equations:

dz3
— = 14
= (14a)
dv; e v

3% U 14b
dl 672 |v3| (14b)
de? N et 1 de N e sl (140)
_— - _—, — = — —= V3], C
dl Ton? s’ dl T em2'

where the RG process is defined through the change in the
UV scale as A — A exp[—d!] with dI > 0. The RG equa-
tion for the reciprocal lattice constant z3, Eq. (14a), follows
from the bare scaling equation (9).

Figure 3 plots the RG flow of a few typical parameters.
Figure 3(a) shows the RG flow of the fermion velocity vj
and the speed of light (as defined solely from the Maxwell
term) ¢, = e/e3. While the fermion velocity always flows to a
smaller value, there is a slow increase in ¢, when the fermion
velocity is large v; > c,. Nevertheless, both velocities flow
to zero eventually. Figure 3(b) shows that in addition to the
reduction of the velocities in the z direction, the coupling
constant e3 also flows to zero. From the RG flow, we con-
clude that, in the deep IR limit, the emergent WSM coupled
with the dynamical U (1) gauge field shows asymptotic two-
dimensional dispersion and is free of interaction. The weakly
coupled IR limit also justifies our perturbative loop expansion.

We should comment on the flow of the three typical en-
ergy scales, Ag, m,, and v%mS Notice that those scales are
of the form {vs, €%, viel} x z3. From the RG equation, the

fermion velocity and the coupling constants renormalize to
zero as 1/PolyLog(A), as suggested by Egs. (12) and (13).
Meanwhile, the reciprocal lattice constant z3 renormalizes
to infinity in a way faster than logarithmic growth, zz —
zzexp[l]. As a result, the three energy scales should renor-
malize to infinity, as mentioned at the beginning of this
subsection. This justifies our assumption that the probing en-
ergy scale is always much smaller than A¢, m,,, and vims.

The most interesting feature of our result is that the fermion
band structure is strongly dressed by the soft photons. In
particular, the velocity in the z direction, v3, renormalizes to
zero. Such a result matches the qualitative expectation that
the soft photons are essentially an impedance of the fermion
motion in the z direction. One may wonder about the non-
analyticity of the RG flow equations, Egs. (12) and (13), at
v3 = 0. This is because the momentum shell at the cutoff
A’ = q(z) + q% + q% + v%q%, as a surface in momentum space,
has different topology for v; # 0 (ellipse) and v3 = O (infinite
cylinder). The nonanalyticity in vs also makes the velocity
term dangerously irrelevant [40], and the limit v3 — 0 should
always be taken with caution, even if one is primarily inter-
ested in the fixed point properties.

B. Photon emission rate and fermion lifetime

The second effect is related to the spontaneous emission
of photons and correspondingly the fermion lifetime. As
schematically illustrated in Fig. 1(c), when moving in the z
direction, fermions can spontaneously emit the soft photons.
A comment on the definition of the soft (slow) and fast photon
is due. Qualitatively, the criteria amounts to the comparison
between the photon’s phase velocity cphase and the fermion’s
group velocity vgroup [37]. When the photon’s phase velocity
is small cphase < Vgroup, the photons are soft and slow and can
be emitted spontaneously. In the opposite limit, the photons
are fast and cannot be emitted. A careful analysis of energy-
momentum conservation generally gives a stricter kinematic
constraint on the emitted photons.

The one-photon emission rate can be calculated from the
imaginary part of the fermion self-energy [Fig. 2(a)] by
the optical theorem [1,2,41]. When the external fermions
are put on mass-shell, the result of the calculation is fully
independent of gauge choice, according to the Ward iden-
tity [1,2]. Thus, the imaginary part of the on-mass-shell
fermion self-energy is considered in this subsection, 7! =
2Im trE(k)ﬁi(k)|k0:iE(k) [32], where Py (k) is the projection
operator onto the positive (negative)-energy fermion bands.

Given the rotation symmetry in the xy plane, we can as-
sume the external fermion has a momentum in the xz plane
without loss of generality. Namely, the momentum of the
external fermion is k = |k|(sin8, 0, cos 6). To leading order
in the coupling constant ¢35, we found that the one-photon
emission rate or equivalently the inverse fermion lifetime is
given by

lvs|? cos? 6

—_—_— 15
sin” 6 + v3 cos? 0 (15

2
= e—3E(k
37

2
It is proportional to the fine-structure constant :—; and the

fermion energy E (k) = |k|+/sin’6 + v% cos® 6. In addition,
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0 /4 /2
0

FIG. 4. Inverse fermion lifetime versus the direction of fermion
momentum at various values of velocity v;. The fermion has a
momentum in the xz plane of k = |k|(sinf, 0, cosf) and energy
E(k) = |k|+/sin? 6 + vZcos’ 0. Here, the fermion energy is small
compared to the typical energy scales in the system.

the fermion lifetime also depends on the fermion velocity and
the direction of momentum.

As plotted in Fig. 4, the inverse of the fermion lifetime
increases with increasing velocity vs. This matches the expec-
tation of Cherenkov radiation [37]. The inverse lifetime also
depends on the direction of the fermion momentum. Indeed,
the inverse lifetime is maximum when the fermion moves in
the z direction (6 = 0). Meanwhile, the fermions do not emit
photons when moving in the xy plane (0 = 7 /2).

At weak coupling, e% /4m K 1, the fermions are indeed
underdamped. The presumption of weak damping in the RG
analysis is justified. The parameters in Eq. (15) can be thought
of as the renormalized ones. The inverse of the fermion life-
time is proportional to its energy, T~ o< E (k). Meanwhile, the
coefficient of proportionality approaches zero logarithmically
upon approaching the IR limit.

In addition, when the coupling strength is moderate,
e% /4 < 1, the inverse fermion lifetime is still proportional
to the energy. The ratio between the two quantities may not
be small, [TE(k)]~' < O(1). This suggests that the fermions
are significantly damped at the moderate electromagnetic
coupling. Accordingly, the fermionic quasiparticles are not
sharply defined.

We expect the RG still plays some role in the moderate-
coupling regime. Then the coupling constants flow to a
smaller value. The assumed relevance of the RG implies the
emergence of a new energy scale A ;. Above Ay, the fermionic
excitations are overdamped as discussed in the previous para-
graph. Below A, the coupling strength becomes small. The
fermionic excitations eventually become weakly interacting
or even noninteracting and underdamped. We should mention
that the determination of the energy scale A is beyond the
scope of the perturbative analysis presented in this article.

Therefore, we conclude that the emergent WSM repre-
sents an unconventional quantum liquid. Over a wide energy
window above A, it behaves like a marginal Fermi liquid
and lacks sharply defined quasiparticles [29]. Meanwhile, in
the IR limit below A, even though the fermionic quasipar-
ticles are well-defined, the dispersion shows an asymptotic
two-dimensional feature. This conclusion means that the

properties of an emergent Weyl semimetal are significantly
different from its mean field description as in Sec. II at both
IR and intermediate energy scales.

At strong coupling, the fermionic quasiparticles are over-
damped. Then, perhaps a hydrodynamic description for such
chiral plasma is in order, which we do not pursue in great
detail here.

IV. CONCLUSION AND DISCUSSIONS

To conclude, we investigate the dynamical effect of the
chiral anomaly, through the question of what is the infrared
description of an emergent Weyl semimetal. We found that the
emergent WSM represents an unconventional quantum liquid.
The anomaly term guarantees the softness of the emergent
photons. Due to the soft nature of the emergent U(/) gauge
field, the IR behavior of the emergent WSM is quite distinct
from that of the noninteracting WSM in two aspects.

First, the fermions get dressed by the soft photons signif-
icantly. The fermion velocity in the z direction renormalizes
to zero. In the IR limit, both fermions and gauge fields show
an asymptotic 2D dispersion. Meanwhile, the emergent fine-
structure constant renormalizes to zero as well, leading to a
decoupled IR limit.

Second, the fermions acquire a finite lifetime through spon-
taneous emission of soft photons. The inverse of the fermion
lifetime is found to be proportional to the fine-structure
constant and, more interestingly, the fermion energy. This
suggests that the emergent WSM behaves like a marginal
Fermi liquid at finite energy. However, due to the RG effect,
the emergent WSM has a well-controlled (noninteracting) IR
limit.

The reported features of an emergent WSM is potentially
detectable through specific heat measurement [30,31]. The
specific heat of fermions scales with temperature T as C; ~
T3/|vs|. At low-temperature T < m, the contribution from
the soft photons has a different power, Cy, ~ ms1 /2T5/2 There-
fore, it is possible to single out the fermionic contribution to
the specific heat [42]. The measurement of fermionic specific
heat reveals the velocity renormalization effect. In particu-
lar, C¢/T* ~ 1/|v3| should show a logarithmic increase upon
lowering the temperature. Notice that the acoustic phonon in
3D also has a specific heat of cubic temperature dependence,
Cyp ~ T3. We expect the renormalization effect on phonon
dispersion is limited. Hence, C,,/ T3 is basically tempera-
ture independent. Therefore, after singling out the emergent
photons, an increase in (C; + Cyp)/ T3 with lowering the tem-
perature should reflect the renormalization effect of reducing
the fermion velocity vs in the IR limit.
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