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The chiral plasmon modes of relativistic matter in background magnetic and strain-induced pseu-
domagnetic fields are studied in detail using the consistent chiral kinetic theory. The results reveal
a number of anomalous features of these chiral magnetic and pseudomagnetic plasmons that could
be used to identify them in experiment. In a system with nonzero electric (chiral) chemical poten-
tial, the background magnetic (pseudomagnetic) fields not only modify the values of the plasmon
frequencies in the long wavelength limit, but also affect the qualitative dependence on the wave
vector. Similar modifications can be also induced by the chiral shift parameter in Weyl materials.
Interestingly, even in the absence of the chiral shift and external fields, the chiral chemical potential
alone leads to a splitting of plasmon energies at linear order in the wave vector.
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I. INTRODUCTION

The study of macroscopic implications of quantum anomalies attracted a lot of attention in recent years. Previously
these phenomena were usually associated with high-energy and astroparticle physics, e.g., in the context of relativistic
heavy-ion collisions [1, 2], degenerate states of dense matter in compact stars [3], and plasmas in the early Universe
[4, 5]. However, the situation drastically changed with the rise of Dirac and Weyl materials, whose low-energy
quasiparticle excitations have a relativistic-like spectrum. The studies of the basic properties of these novel materials
attracted a significant attention of a broad scientific community, strengthening the cross-disciplinary links between
such different fields as condensed matter and high energy physics. One of the examples of the anomalous properties
widely debated in both fields is the celebrated chiral magnetic effect (CME) [6], which has been observed indirectly
in Dirac and Weyl semimetals [7-11], as well as in heavy-ion collisions (for a review, see Ref. [2]). Note however that
the interpretation of the heavy-ion experiments in terms of the CME is still ambiguous [12, 13]. The realization of a
three-dimensional (3D) Dirac semimetal phase in A3Bi (A = Na, K, Rb) and Cd3Ass compounds was predicted [14, 15]
and confirmed experimentally [16-18] only a few years ago. Weyl semimetal phase was first predicted theoretically
to be realized in pyrochlore iridates [19]. It was discovered later in such compounds as TaAs, TaP, NbAs, NbP,
Mo, W;_4Te, and YbMnBiy [20-25].

It is important to note that Dirac and Weyl materials not only mimic the properties of high-energy relativistic
matter, but provide an opportunity for studying novel quantum effects. For example, as shown in Refs. [26-31], static
mechanical strains applied to Weyl semimetals generate pseudomagnetic fields. As in graphene, the corresponding
effective gauge fields capture the corrections to the kinetic energy of quasiparticles caused by unequal modifications
of hopping parameters in a strained crystal. Unlike an ordinary magnetic field B, a pseudomagnetic field By is felt
by charge carriers of opposite chiralities as if they had opposite charges. By recalling that, according to the Nielsen—
Ninomiya theorem [32], Weyl nodes always come in pairs of opposite chiralities, we conclude that the pseudomagnetic
field does not break the time reversal symmetry in Weyl materials by itself. (Unless the material is a Zs Weyl
semimetal [33], the time reversal symmetry is broken by the chiral shift parameter, which defines the separation
between the Weyl nodes in the momentum space.) Of course, this is expected in the case of static deformations. The
characteristic strengths of the pseudomagnetic field in Dirac and Weyl materials are much smaller than in graphene
and range from about By &~ 0.3 T, when a static torsion is applied to a nanowire of CdzAsy [31], to approximately
Bs ~ 15 T, when a thin film of CdzAss is bent [34].

The transport properties of Dirac and Weyl semimetals under strain are studied in Refs. [26, 29-31]. According
to Ref. [29], the application of strain in Weyl semimetals shifts the locations of the Weyl nodes and leads to an
experimentally measurable CME current decaying exponentially with time. It was demonstrated in Ref. [31] that
pseudoelectromagnetic fields give rise to new and unusual manifestations of the chiral anomaly [35], which can be
observed by such conventional experimental probes as the electrical transport, ultrasonic attenuation, and electro-
magnetic field emission. By using a semiclassical approach, it was shown in Ref. [30] that the pseudomagnetic field



B; contributes to the conductivity as o ~ B2. Moreover, it was argued that topologically protected Fermi arcs are
“secretly” zero pseudo-Landau levels due to Bs, which is present at the boundary of the system even when strain is
absent.

Traditionally, one of the most powerful methods of mapping out the material’s Fermi-surface relies on the quantum
oscillations of the density of states (DOS) with the period proportional to 1/B. The relativistic-like nature of
the charge carriers in Weyl materials manifests itself in the phase shift and the quadratic dependence of the DOS
on the quasiparticle energy [36]. Another distinctive feature of the Weyl materials is the unusual type of quantum
oscillations that involve both bulk and surface (Fermi arcs) states [37-39]. Recently, a different mechanism for quantum
oscillations in Dirac and Weyl semimetals without magnetic fields was proposed in Ref. [34]. This mechanism relies
on strain-induced pseudomagnetic field Bs and, similarly to the ordinary quantum oscillations in Weyl semimetals
[36], manifests itself as oscillations of the DOS periodic in 1/Bs. As emphasized in Ref. [34], the great tunability
of the pseudomagnetic field provides a new and convenient experimental basis for the study of strain induced gauge
fields in Weyl materials.

Electromagnetic collective excitations are very important characteristics in plasmas [40, 41]. The chiral chemical
potential us, which controls the imbalance between the number densities of right- and left-handed fermions, provides
a new ingredient in relativistic plasmas absent in nonrelativistic ones. Its role in the spectrum of collective modes
started to be investigated only recently [42—44]. In Ref. [43], it was shown that in the absence of a magnetic field the
chiral chemical potential splits the frequencies of the degenerate plasma modes, leaving the nondegenerate mode intact.
The authors of Ref. [42] showed that the triangle anomaly implies the existence of a new type of collective excitation
that stems from the coupling between the density waves of the chiral and electric charges, which was called the chiral
magnetic wave (CMW). Furthermore, it was shown that 3D and 2D topologically nontrivial materials host unusual
chiral plasmonic modes confined to their surfaces [45, 46] or edges [47]. In view of the relativistic-like quasiparticle
dispersion in Dirac and Weyl materials, the main properties of their electromagnetic collective excitations should be
qualitatively the same as in relativistic plasmas. In addition, the presence of pseudomagnetic fields may result in
novel features in the spectrum of collective excitations. As we will show in this paper, this is indeed the case. If
experimentally observed, these properties of plasmon modes could allow one to extract important information about
the physics of strained Weyl materials.

In relation to the strain-induced pseudomagnetic fields, recently, the issue of the local electric charge nonconserva-
tion, 05" ~ (E-Bs), came to attention in Refs. [30, 31] in the framework of chiral kinetic theory. This rather striking
feature was interpreted as a pumping of the electric charge between the bulk and the boundary of the system. More-
over, it was even suggested that only the global charge conservation is respected in such systems [30, 31]. In quantum
field theory, where the same difficulty was previously encountered too, it was proposed to correct the definition of
the electric current by including the Chern-Simons contribution [48], also known as the Bardeen-Zumino polynomial
[49]. Such a correction restores the local conservation of the electric charge in the presence of generic electromagnetic
and pseudoelectromagnetic fields. One of the consequences of the corrected definition is the vanishing CME in an
equilibrated plasma [48, 50]. Of course, testing the local charge (non-)conservation unambiguously may not be easy
via an electron transport, which is in essence a global probe. On the other hand, collective excitations provide an
indirect, but effective means to probe local processes in Weyl materials. As emphasized in our recent paper [51],
where the consistent chiral kinetic theory was advocated, the topological Chern-Simons correction also introduces the
dependence on the chiral shift parameter, which describes the anomalous quantum Hall effect [52-54] expected in
Weyl materials, as well as modifies the dispersion relation of the helicon mode [55]. In passing, let us note that the
effect of a constant Chern-Simons term in electrodynamics was studied in Ref. [56], where it was found to produce
birefringence of light in vacuum.

In this paper, by using the consistent chiral kinetic theory, we rigorously study the properties of the chiral magnetic
plasmons, as well as novel chiral pseudomagnetic plasmons. We argue that the frequency of the latter is qualitatively
modified by the pseudomagnetic field. Moreover, the chiral nature of both plasmons is manifested in the oscillations
of electric, as well as chiral charge densities. Similarly to the background magnetic or pseudomagnetic field, the chiral
shift b lifts the degeneracy of the plasmon modes, providing an effective means of experimentally resolve the issue of
the consistent versus covariant implementations of the chiral anomaly in the chiral kinetic theory.

The paper is organized as follows. The consistent chiral kinetic theory in the presence of electromagnetic and pseu-
doelectromagnetic fields is described in Sec. II. The general analysis of collective excitations in constant background
magnetic and pseudomagnetic fields is presented in Sec. III. The resulting polarization vector in the limit of weak
(pseudo-)magnetic fields is obtained in Sec. IV. The cases of plasmon modes propagating along and perpendicular
to the external magnetic field are studied in Secs. V and VI, respectively. The discussion and summary of the main
results relevant for experiments are given in Sec. VII. Some useful technical results and formulas are presented in
appendices A through C.



II. THE CONSISTENT CHIRAL KINETIC THEORY

The chiral kinetic theory aims at the description of the time evolution of one-particle distribution functions fy (¢, p,r)
for the right- (A = +) and left-handed (A = —) fermions. In order to simplify the notations, in the following the
arguments of fy will not be shown explicitly. The general form of the kinetic equations for chiral fermions reads

8t,f)\+p'8pf)\+i.'arf)\ - coll(fk)v (1)

where I.on(fy) is the collision integral. When the deviations of the distribution function from its equilibrium value

are small, one may use the relaxation time approximation for the collision integral, i.e., Icon = —(fx — f )(\Cq)) /7, where
7 is the relaxation time, and

(eq) _ 1
AT elep—ua)/T 477 (2)

is the equilibrium distribution function. Here, uy = pu + Aus is the effective chemical potential for the right- (A = +)
and left-handed (A = —) fermions, p is the electric chemical potential, ps is the chiral chemical potential, and €p is
the fermion dispersion relation, see Eq. (4) below. (Note that we use the units, in which the Boltzmann constant is

kp = 1.) The distribution function for antiparticles (holes) 7§eQ) is obtained by replacing puy — —p.
In this study, we are interested in chiral matter in background electromagnetic and pseudoelectromagnetic fields.
It is convenient to introduce the following effective electric and magnetic fields that act on fermions of given chirality:

E,=E+\E;, B,=B+\Bs. (3)

From a physics viewpoint, the pseudoelectromagnetic fields E5 and B stem from strains in Weyl materials [28, 31, 34].
The pseudoelectric field Es is obtained by dynamically deforming the sample. A static pseudomagnetic field Bs can
be generated by applying static torsion or bending.

In the presence of a weak effective magnetic field By, hileB,|/(cp?) < 1, the fermion energy ep is given by [57]

vrh (By - p)

&
€p = VFP — )\67 o2 P (1 - E(BA : QA)) ; (4)

where v is the Fermi velocity, ¢ is the speed of light, e is an electric charge (e < 0 for the electron),
Q) = M2 (5)

is the Berry curvature [58], p = |p|, and p = p/p. Note that for antiparticles one should replace 2y — —€2). The
Berry curvature is a crucial ingredient in the chiral kinetic theory because it captures the nontrivial topology of
massless chiral fermions and allows to reproduce the chiral anomaly in the presence of external electromagnetic fields
(for a clear exposition, see, e.g., Ref. [59]).

Henceforth, we will consider only static deformations and, therefore, the external pseudoelectric field E5; will be
absent. By making use of Eq. (4), we find that the quasiparticle velocity v equals

evp

v = Opep = vrP [1+25 (Br- )] - B (- ). (6)

The Berry curvature modifies the semiclassical equations of motion for r and p [60-62] leading to the following
equation of the chiral kinetic theory [57, 59, 63] in the collisionless limit:

~ 2 ~ ~
(eE)\ + S(V X BA) + %(EA . B)\)QA) '8pf)\ + (V+ G(E)\ X Q)\) + Z(V . Q)\)B)\) '(9rf)\:| =0,

(7)
where Ey = E — (1/€)8x¢p and the factor 1/[1 + e(By - ©)/c] accounts for the correct definition of the phase-space
volume that satisfies the Liouville’s theorem [61, 62]. Let us note that the use of collisionless limit is justified in the
current study if the frequency of plasmon modes is much larger than 1/7, where 7 is the shortest relaxation time of
the system. In this connection, let us mention that there can exist different relaxation mechanisms, including the ones
that change the chirality of quasiparticles, e.g., see Ref. [44]. The situation is further complicated by the fact that, in
general, the relaxation time may depend on the model parameters, types of impurities, and background fields, e.g.,
see Refs. [64, 65]. Here, however, we assume that the sample is sufficiently clean and the collisionless limit is valid.
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The evolution of the electromagnetic fields E and B is determined by the Maxwell equations
1
V -E = 4mp, VXE:_EatB’ (8)
4 1
V.B=0, VxB:%HEatE. (9)

In the first equation, the electric charge density contains the contributions of both left- and right-handed particles,
P =2 s_i Px; Where

)\:Ze/(;j—g)g {14‘%(]3)\'9)\) I (10)

where E denotes the summation over particles and antiparticles contributions. It is important to note that the
pseudoelectromagnetlc fields E5 and Bj are not governed by the Maxwell equations. Instead, they are defined by
deformations in strained Weyl materials. By using the Maxwell equations (8) and (9), together with Eq. (10), one
can derive the following continuity equations:

e3

Otpxr + Or - ja = A—=—5—(Ex - B)), (11)

An2h2c (E

where fermion currents are [57, 59, 63]
TP (0 + CenBa(r -0 Q) x 0 Q
—Ze W(Ep p+E€p )\( A p)+€p A X O —eEy x )\)f)\

d3p
Wfﬂpﬂm (12)
and the total electric current density is j = >°,_, jx. Note that we integrated by parts in Eq. (12). By using the

fermion energy in Eq. (4) and the identity (0p - Q) = 27hd®) (p), it is easy to check that the second term in the
square brackets of Eq. (12) vanishes. The last term in Eq. (12) is the magnetization current

Z / d3 v—|— GpB)\(a Q)\) (V QA)B)\—I—G(E)\ XQ)\} fA+Ze<9 X/

p,a

F = 0, x My, (13)

where

Z / 27Th 3f)\€pﬂ)\ (14)

is the effective magnetization. Since jf\curl) is a total curl, it does not modify the continuity equation. Nevertheless, this

term plays an important role in the Maxwell equations and, consequently, in the spectrum of collective excitations.
The continuity equations (11) can be rewritten equivalently in terms of the electric and chiral currents, i.e.,

3
. e
Ops + O - js = 3 2h2e [(E B) + (Es 'B5)}= (15)
. e’
5tp+ar'.]=W{(E'Bt’))"’(ES'B)] (16)

The first equation is related to the celebrated chiral anomaly [35] and expresses the nonconservation of the chiral charge
in the presence of electromagnetic or pseudoelectromagnetic fields. From a physics viewpoint, this nonconversion can
be understood as a pumping of the chiral charge between the Weyl nodes of opposite chiralities.

The second equation describes the anomalous local nonconservation of the electric charge in electromagnetic and
pseudoelectromagnetic fields. Roughly speaking, it implies that the electric charge can be literarily created out of
nothing or annihilated into nothing in certain local processes. Clearly, this poses a very serious problem and signifies
some incompleteness of the framework. It was suggested in Refs. [30, 31] that the local nonconservation of the electric
charge in Eq. (16) describes a pumping of the electric charge between the bulk and the boundary of the system and,
therefore, there is no violation of the global electric charge conservation. As we discussed in Ref. [51], the conservation
of the electric charge should be enforced locally by using the consistent definition of the electric current.



It is worth noting that Eqgs. (15) and (16) are known in quantum field theory as the covariant anomaly relations.
They originate from the fermionic sector of the theory, in which left- and right-handed fermions are treated symmet-
rically. However, such a treatment is inconsistent with the gauge symmetry. It was proposed in Ref. [48] (for a clear
exposition, see also Ref. [50]) that the correct physical currents, satisfying the local conservation of the electric charge,
are the consistent currents. As we argued in Ref. [51], the same should apply to the chiral kinetic theory. Thus, the
correct formulation of the theory is the consistent chiral kinetic theory that utilizes the consistent definition of the
electric current. The additional topological contribution to the current density reads [48-51]:

e3

ot = ——
J 4m2h2c

PAASFy, (17)

where A5 = b, +/~13 is the axial potential. Unlike the electromagnetic potential A,, the axial potential is an observable
quantity. Indeed, in Weyl materials, by and b correspond to energy and momentum-space separations between the
Weyl nodes, respectively. Strain-induced axial (or, equivalently, pseudoelectromagnetic) fields are described by A3,
which is directly related to the deformation tensor [27-31]. As is easy to check, the consistent electric current, i.e.,

JY = (cp+ cdp,j+ 0J), (18)

is nonanomalous, d,J" = 0, and, therefore, the electric charge is locally conserved. For the sake of clarity, let us
rewrite Eq. (17) in components

e3

— 5,
60 = 33735 (A" - B), (19)
: e’ 5 e’ 5
%= Grape 4B~ gampzg (A X E) (20)

In order to obtain nonzero pseudomagnetic field Bj, the axial vector potential A’ should depend on coordinates.
Such a dependence greatly complicates analytical calculations. In the following, therefore, we will assume that the
field Bj is weak or, in other words, that A® is negligible compared to the chiral shift b. Then, it is justified to replace
Aj — bp and A® — b in Egs. (19) and (20).

It is worth noting that the topological correction (17) plays an important role even without pseudoelectromagnetic
fields. Indeed, the first term in Eq. (20) with by = —pus/e is exactly what is necessary to cancel the CME current in
the equilibrium state [50]. Furthermore, the second term in Jj describes the anomalous Hall effect in Weyl materials
[52-54],

3

e
j =———(bxE 21
JAHE QWQHQC( x E), (21)

in the framework of the semiclassical kinetic theory [51].

IIT. COLLECTIVE MODES: GENERAL CONSIDERATION

By making use of the consistent chiral kinetic theory, let us determine the spectrum of the high frequency plasmon
excitations in a Weyl material in the presence of a constant background field Bo x = Bog + ABg 5. Here By is an
ordinary magnetic field and By 5 is a strain-induced pseudomagnetic field. For the sake of simplicity, we will assume
that Bg || Bos. In addition to the external fields By and By s, collective modes in Weyl materials will induce also
weak oscillating electromagnetic fields E' and B’. Further, these fields could drive the dynamical deformations of
the Weyl material, which in turn generate oscillating pseudomagnetic fields Ef and Bf. However, the latter will be
extremely weak and will be neglected in the following.

Our consideration of the electromagnetic collective modes will use the standard approach of physical kinetics [40, 41],
but generalized to account for the Berry curvature, the pseudomagnetic field, and the topological current correction.
As usual, we seek E’ and B’ in the form of plain waves

E/ _ ]53671'4.‘)t+ik-r7 B/ _ Be*ithrik-r, (22)

with frequency w and wave vector k. The Maxwell’s equations (8) and (9) imply that B’ = ¢(k x E’)/w and

2
k(k-E)— kB = -2 (B + 47P') (23)
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where P’ = Pe~ kT denotes the polarization vector. By introducing the electric susceptibility tensor y™" (where
m,n = 1,2, 3 denote spatial components), the polarization vector can be given in the following form:

m

P/m — Z — anE/n7 (24)
w

where J' is an oscillating current (18). Then, from Eq. (23), we obtain
(ngw® — k*) 6™ E" = —*k"k"E" — dnw’X™"E", (25)

where we also restored the refractive index ng. In the case of Dirac semimetal CdzAsg, the latter is ng ~ 6 [66]. In
order to simplify our analysis here, we will neglect the dependence of the refractive index on the frequency of light.
Further, let us note that while our analytical results and main qualitative conclusions should be valid for generic
Weyl or Dirac materials, in our numerical calculations we will use the value of the Fermi velocity of CdsAsy [17], i.e.,
vp ~ 9.8 eVA ~ 1.5 x 108 cm/s.

Equation (25) admits non-trivial solutions only if the corresponding determinant vanishes, i.e.,

det [(njw® — ®k?) ™" + k™ k" + dnw?x™"] = 0. (26)

In essence, this is the characteristic equation that determines the dispersion relations of collective modes.
In order to determine the susceptibility tensor x™” in the chiral matter at hand, we use the consistent chiral kinetic

theory. As usual, we choose the ansatz for the distribution function in the form f) = f)(\cq) + dfx, where f)(\cq) is the
equilibrium distribution function given in Eq. (2), and

5.]0)\ — f)(\l)efithrik-r (27)

is a perturbation induced by the oscillating E' and B’ fields. Taking into account that o, ficq) =0 and O, f )(\Cq) =0, it
is useful to check that in the zeroth order of perturbation theory, the chiral kinetic equation reduces to the equation

(P x Bo) - Op [V = 0. (28)

Obviously, Eq. (28) is automatically satisfied for any distribution function which depends on |p| and (p-Byg ) including
the equilibrium distribution function (2) with the dispersion law (4). In the first order of perturbation theory, the
chiral kinetic equation (7) gives

i |(1+ ky)w — (v k) — S(v - Q))(Boy - k)| fY - S(v xBox)-Opf = ¢|(B-v)+ S(v-QA)(E-Bm) afé;q), (29)
where we used the shorthand notations
o = (@ Bo) = B B0, (30)
E:E—i—i)\;:fphk(f)-[kxE]). (31)
Here we took into account an oscillating magnetic field B’ in the energy dispersion, i.e.,
e — vrp AMwp(eBo - P)  Mwp(eB'- f)) (32)

2¢p 2¢p

By making use of the cylindrical coordinates (with the z-axis pointing along the magnetic field By and ¢ being the
azimuthal angle of momentum p), we can render Eq. (29) in the following form:

6f)(\eol)
Oep

By 0"
0¢

where terms quadratic in By y were omitted. To the linear order in By, , the last equation is equivalent to

”{(1 + 2ky)

+i[(1+ ma)w —vr(14262) (D - K)] £V = evr(1 + 262)(p - B) (33)
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8f>(\1) +i cpw/vp —c(p k) AMw(p-Bo,n)
0o eBo,x 2vppBo A



This equation has the same form as its counterpart in nonrelativistic plasma (see, e.g., Ref. [41]), i.e.,

oY
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+i(ar 4+ agcos ) fV = Q(¢), (35)

where
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Here ¢ denotes the azimuthal angle of E, which, similarly to ¢, is measured from the k; direction in the plane
perpendicular to the magnetic field. The relative orientation of all relevant vectors is visualized in Fig. 1.

FIG. 1. The relative orientation of all relevant vectors used in the analysis of collective modes in an external magnetic field.

The general solution to Eq. (35) reads
) | | o eee
f)(\ )(¢) _ Olefl(alquraQ sin ¢) + e—ta2 smqb/ ez[ag sm(qbfT)fal‘r]Q(d) _ T)d’?’. (42)
0

For f )(\1)(¢) to be a periodic function of ¢, one should set C; = 0 and Cy = sign (e By, ) co. The last condition insures
the finiteness of integral at w — w + 0, which describes a gradual turning on fields. It is worth noting that for E = 0
the kinetic equation (29) reduces to the homogeneous equation considered in Ref. [44], where the effects of dynamical
electromagnetism were not taken into account. The solution of this equation, which describes the CMW, was obtained
by averaging it over momentum p in Ref. [44]. If such an averaging is not performed, then, as we showed above, a
homogeneous solution of Eq. (35) is given by the first term in Eq. (42). However, this is not a valid solution since it is



not periodic in ¢. Thus, we conclude that there is no solutions without fluctuating electric field E’ and, consequently,
the effects of the dynamical electromagnetism are always present in the collective modes, including the CMW. As will
be shown in Sec. V, the CMW is, in fact, the longitudinal chiral magnetic plasmon.

The correct solution to Eq. (35) is due to the inhomogeneous term proportional to the electric field and is given by

—sp00 . (ed) (o, —cp-Ky)
(1) _ d C(p ET) . )\h’UFC - K(l) E o K(l) af)\ 7ZT 43
O = [ ar { B T (5 ) ) (oK)} R )
where sp = sign (eBy,») and we introduced the following variables:
Q; =7cw/ve, E;=(Ei;, E|) =Ecost+ (zxE)sint +2(E-2)(1 — cos7), (44)
weBy x ) . . . ) AT
K, =(2K,, k )\h =k k)(1—- k- — ——eBg 1 (45
( 1 sm( ) Tk + p— ) sinT 4+ (z x k)(1 —cos7) +z(k-2)(r —sinT) + 2Cvaze 0.2{45)
KW = (Kfl, k”) = keosT + (& x k) sinT + 2(k - 2)(1 — cos 7). (46)

The vectors K, = k; {cos(7/2),sin (7/2)}, E1, = E; {cos(T + ¢g),sin (1 + ¢g)}, and K(jq), =k, {cosT,sinT} are
obtained from k| and E; by rotating them about the direction of the effective magnetic field (z = By »/Bo,) by the
angles 7/2 and 7, respectively. Note that

2
2 _ weBy x 9 . oT
Kz <I€||+/\h UFp2> + 4k7 sin 3’ (47)
(K;-E;)=(k-E)sint+ (k-2)(z-E)(r —sin7T) + (z- [E x k])(1 —cos7) + (z-E 2)\0?;28307)\. (48)
F

Further, the polarization vector (24) has the following explicit form:

P- ZZ’G/M (B x 0,) + S (v ) (kx B) + S(6v - 24)Bo, | £

Ae? hvp d’p 1 . ie dp
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3 3
ZZ (1) e bo
_ / 2ﬂ-h Epf)\ k X Q)\) — 2wcﬁ2 (b X E) —+ Zm(k X E) (49)

Here the second and fourth terms stem from the magnetization current j©V given by Eq. (13). The last two terms
in Eq. (49) originate from the topological correction ¢j given by Eq. (20). Note also that the correction to the velocity
ov stems from the oscillating magnetic field in the energy dispersion (32) and is equal to

eV Nhevp

U (B9~ B (p- 0, = S {2 (b k< B) — k< B . (50)

ov =

Let us calculate contributions to the polarization vector P up to the linear order in By . Using formulas in
Appendix A, we find that the first two terms in Eq. (49) can be presented in the following form (for the simplicity of
presentation, we will omit the contribution of antiparticles and the summation over chiralities):

X = [ s ) = iR B) [ Lo ). 1)
x® = _& / Qf;; ' AQZ’; (E - [k x pl)(k x 22) £ = —% %fﬁo’ kx (kxE)]+0(B,), (52)
xih - o [ B BB e <2d;§>3ff’ chf (b [l < E) = O (54,). oy
x() = o / (Qd; L ]%[k < B] (- [k x E]) | " - WFB&ZM = (agi‘j))]

= e [ 20 ek b B+ O (B],), (55)



where the equilibrium distribution function was expanded as

. ANwpe(Box - p) Of
A ( V- ;C; VL) o). (56)
P

Here fio) is given by Eq. (2) with ep = vpp. Note that the integrals over p in Xga), ng), and Xge) are divergent in
the infrared. However, terms ng) and Xge) cancel each other and, as we will show below, the divergency in Xga) is
removed after taking into account the antiparticles contribution. Therefore, by using formulas in Appendix A and

adding the contributions of antiparticles, we obtain

h20p(E x Bo.y) / By 1 <6f§°’ 6f§0)>

X =3 (X + X+ X+ X{7) = —i

~ 12¢cw (2mh)3 p3 \ Oep Oep
AT e? e3vp(E x By y) Aye?

T /Ty _ —u/TY| = ;2 °F 0,2 B . AHX

+igapags (B [ln (14 e/ T) —tn (14 7T | = iREE R () + i (k< B (67)
where the function
dp (05 _0f”

F =-T [ — =2 - = 58
(vx) / » ( Dey  Oey (58)

~

can be easily computed numerically. Its high- and low-temperature asymptotes equal F (vy) ~ 7¢(3)vy/(27?%) ~
0.426v) for T — oo and F (vy) ~ V)Tl for T — 0, respectively. The function F' (v)) could be well approximated by
the Padé approximant of order [5/6], i.e.,

E) vy + 0.035330% 4 0.00074320%

F(vy) ~ : 59
() =50 1+ 0.22902 + 0.015671/4 + 0.00030981/% (59)

We plot function F' (vy) together with its asymptotes and the Padé approximant (59) in Fig. 2.

0.5 T . . .
[ F(u/T)

04 I/ N\ 000 ----- 0.426u,/T
," """" T/ua

my 03F F NN = Fpage(r/T)
F(F)

o2f { Ty

o1t/

0.0 :

0 2 4 6 8 10
/T

FIG. 2. The function F (ux/T), its Padé approximant, and two of its asymptotes.

The third and fourth terms in Eq. (49) contain f )(\1), which is expressed through the integral over 7, and are difficult
to calculate in the general case. In the next section, we will consider them in the limit of small By y, where the main
contribution to the integrals over 7 comes from the region of small 7.

IV. POLARIZATION VECTOR IN THE LIMIT OF SMALL BACKGROUND FIELD

In the limit of small By x, the main contribution to the integral over 7 in Eq. (43) comes from the region of small
7. Therefore, one should expand sin 7 and cos7 in Eqgs. (44) through (46) in powers of 7, use integrals (A26) through
(A40), and keep the terms, which contribute linearly in the effective magnetic field By x to the polarization vector.
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The third term in Eq. (49) contains the following integral:

ie d3p . e 1 e [T d3p . Me(p - Bo,a)
XQ——/W’UFP |:1+2E(Q>\BO’)\)j| f)\ ——A dT/ )31)Fp 1+7

w w (27h cp?
(0) <\ 52 ¢(0) e
cp - ET . )\FLUFC (A (1) ) R (1) 8f)\ AhUFe(BO e p) 8 N _inT cp-Kr
K E-,— K — d eBg
X { Bo,x o 2wDBg A bK< B ) (b K- Oep 2cp de2 ¢
= XM+ x4+ x50+ x50 (60)

The expressions for coefficients XQ(a) through X2(d) are rather cumbersome. Therefore, we present them in Appendix B.

The fourth term in Eq. (49) can be rewritten as follows:

Y d3 k xp Nhe(p - B TIBe0 -E, Mk N R
X, — _ Mr / : p (kxp) [1  Ahe(p o,A)] / dT{CP 4 jAwre (p KD ET]) - K(l))}
0

w 2wh)3  2p 2p%c Bo.a 2wBy A T
af”  Awpe(Boy - p) PLY ] _iporcer .
" [ (;[eAp B vpeécpuA L 663 e o = X+ X+ x{ + x§Y, (61)
p

where the explicit expressions for Xéa) through Xéd) are also given in Appendix B.
It worth noting that the contributions X éc) and X éd) contain a divergent integral of the following type:

= dpafy 1 9f\Y o < dpa*f\¥ ) 1 < dp 9*f\” )
= VF + - ) - - 2 [ i +vp — 2 (6 )
Ar Ar P 6€p 4T AR cosh (ﬁ) Ar P 6€p

A PP Oep vpp Oep
Here we introduced an infrared cutoff Ajg = C\/hleBy x|/c with a numerical constant C' of order unity. Such a
cutoff has a transparent physical meaning: it separates the phase space of large momenta, where the semiclassical
description is valid, from the infrared region p < Ar, where such a description fails (for details, see also Ref. [59]).
In our numerical calculations, we will use C' = 1. After adding the contribution of antiparticles, one can set Ajg to
zero in the last term of Eq. (62). Indeed, then the corresponding integral is no longer divergent in the infrared and
can be expressed in terms of the derivative of function F'(vy) with respect to vy.
By combining all contributions to the polarization vector (49), we arrive at the final result in the following form:

P = A)E 4+ A [E x 2] + A3 [E x k] + Ask(k - E) + A4k(z - E) + Asz(k - E) + A¢E(2 - k)
+ A7[k x 2)(k - E) + Ask(z - [E x K]) + Agk(k - 2)(k - E) 4+ Ayo(k - 2)[k X E] + A11[b x E]. (63)

The explicit expressions for all coefficients A;, with ¢ = 0,11, are given in Appendix C. It is worth noting that the

second term in Eq. (63) is related to the usual Faraday rotation, as well as its anomalous counterpart. Indeed, as one

can check from its definition in Eq. (C2) in Appendix C, the coefficient A; in front of this term is proportional to

a magnetic or pseudomagnetic field. Also, the last term in polarization vector (63) captures the anomalous Faraday

effect of Weyl materials, i.e., the rotation of polarization in the absence of a background magnetic field [67]. In terms
of the electric susceptibility tensor, we obtain

an _ Aoamn + AlgmnS + AQEmanl + Agl;mf(n + A45n3f{m + A56m31;n + A66mn1;3 + A7€ml31;ll;n

+ A8€nl3f{lf{m + Agf{mf{nf{g + Alogmlnf{lf{S + Allamlnbl. (64)

By setting k = (k1,0, k), where k1 =k, = ksinf, kj = k. = kcosf, and 6§ is the angle between By and k, we have
in components

Y= Ag + As sin29+cos6‘(A6 + sin? 9A9) , (65)

x?? = Ao + Ag cosb, (66)

X33 = Ag + cosb (cos 0As + Ay + As + Ag + cos? 9A9) , (67)

Y2 = Ay 4+ Ay cos — Agsin® 0 — Ay cos® 0 — Apqb., (68)

Y =—A; — Aycosh — Arsin® 0 + Ajgcos? 0 + Ajqb., (69)

B = (Ay + Ay —cosfAg)sinf + Ai1b,, (70)

3 = (A3 cos + A5 + Agcos® 0) sin§ — Aq1b,, (71)

x*3 = (Ay — A7 cosf — Ajgcos)sinf — Aq1b,, (72)

x*? = —(Ag 4 Agcos — Ajgcos ) sin + Aq1b,. (73)

>
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For an arbitrary 6, the dispersion relation (26) is quite bulky, therefore, we present it in Appendix C as Eq. (C13).
For the sake of clarity and brevity, we consider in the next sections only two simple cases of the collective mode
propagation with respect to the external magnetic field By: the longitudinal propagation (i.e., k; = 0) and the
transverse propagation (i.e., ky=0).

V. COLLECTIVE MODES PROPAGATING ALONG THE MAGNETIC FIELD

In this section we consider the collective modes propagating parallel to the background magnetic field, i.e., k || By.
Then, the dispersion equation (26) [or, equivalently, Eq. (C13)] at k; =0 is

[18 + 4m(Ag + As + Ay + As + Ag + Ag)] [ (nfw? — 2 + 4mw?(Ag + Ag))” + 167%* (A1 + Az — Arg — Andy)?]
+16m%w? A% b3 [now k% + 4nw? (Ao + Ag)] =0, (74)

where b = b, and b; = /b2 + bfj. It appears that, for an arbitrary orientation of the chiral shift b, one cannot

separate the dispersion relations of the longitudinal (E || k) and transverse (E L k) modes in the last equation.
However, such a separation is possible in the special case with b, = 0, where

TL(2)+47T(A0+A3+A4+A5+A6+A9)ZO (75)
ngw 2]€2 + 47Tw (A() + Ag) F 47TZ(A1 + AQ — AlO — Alle)w =0. (76)
By making use of the coefficients A; in Appendix C, we can rewrite Eq. (75) in the following explicit form:

302 w w+vpk 20ev%k?(Bg 5 - k)

1 S 1- 1 - - =0. 77

+ v k2 [ 20k n‘w —opk| 3mhewQ2(w? — vEk?) (77)

Here we introduced the shorthand notations for the fine structure constant o = e?/(hvpn?) and the Langmuir (plasma)
frequency

4o w22
Q. = 24+ pu? ) 78
\/3ﬂh2 (v 02+ 57) (79)

The dispersion relations for the longitudinal and transverse modes are given by the solutions of Eqs. (75) and (76),
respectively. In the limit of long wavelengths ck < €2, as well as small By, By 5, and b, the corresponding analytical
solutions are

20e(Bos - k)vi 3 [vrk 2 ae(Bos - k)vd (vpk 212 fupk\!
“l_Qe\/]Hr aen® s\ ) T srend 2. ) tis\la) T (79)

2
Wi \/(QeiB) +Afurk + Ay (vpk)? + -+, (80)

where
2 davie 3hQ2%b h2Q? 1+ s = s
Qi) ~024 EC ) B Bos — <l e Vg4 By s)F (EE2 ) £ (By — Bys)F
( e, B e T TR wbo + psbos Sor 3T (Bo + Bo,s) T + (Bo 0,5) T

+ O(B3, By, 5,b”)

2ap,5 202 eb”UF/Lg, 4a2v%eu5
3hm 3ch2m2Q), 9ch3m203

nQ2 [+ s 1= s
+ T B+ Boar (1H2) + (B - ooy (A2L2)] o+ 0188, 55 000)

1 2 aeb 2

+ . I 2.2 2 2092%2 2

AT ~ <g + v%n0> + B Bor {50& vpiy — 9T QoR (571_(2) —UF>:|
2e

A5ch 303

Af ~ {BOM + Bo,sus5

2 hQQQ
{(Bou + Bo sits) [m%@ﬁ + 372 R2Q02 (31;% - 5%) } + 57 {504 v p2 + 9r2h202 <6 - 5%
0

x {(B0 + Bos)F <“ ;“5) + (Bo — Bos)F (%ﬂ } O(B3, B25.b?).
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Here we took into account that the CME should be absent in equilibrium, i.e., set 5 = —ebg [50]. Let us note that the
topological corrections given by the last two terms in Eq. (49) do not influence the dispersion law of the longitudinal
mode. The general feature common for all modes under consideration is the presence of nonzero gaps of the order of
the Langmuir frequency €2, in their spectra. As is clear, this is the consequence of taking dynamical electromagnetism
into account.

The dispersion relation of the longitudinal mode wj is shown in Fig. 3 in the case of vanishing By 5, as well as By 5 =
0.5h02%/(vpe). As we see from the figure, the dispersion relation of the longitudinal mode has a minimum. By making
use of the analytical expression in Eq. (79), we find that its location is given by vpk/Qe ~ —5viaeBo 5/ (3mchQ?).
This minimum is somewhat reminiscent of the roton modes in the superfluid helium-4 [68]. Note, however, that the
minimum is global in the model at hand.

8r w1Bo.s=0.5x102/(evp)

of 0 T wi|Bos=0 ]
W=

\\ 4
Q'e 4 B N ,/ 1

x1 09 \\\\ ,/,/

2 \\\ ,,’ 1

0> Theel e

-0.02 -0.01 0.00 0.01 0.02
ck,/Qe

FIG. 3. The dispersion relation of the longitudinal collective mode given by Eq. (79) as a function of the wave vector at
Bo,s = 0.51Q2 /(vre) (red solid line) and Bos = 0 (blue dashed line).

One can see from Eq. (77), as well as approximate expression (79) that the frequency of the longitudinal mode w;
does not explicitly depend on temperature. Moreover, it depends linearly on the pseudomagnetic field By 5 [see the
second and forth terms under the square root in Eq. (79)] and does not depend explicitly on the electric and chiral
chemical potentials. One might call this type of collective excitations the chiral pseudomagnetic plasmon. Its origin is
related to the anomalous term on the right-hand side of Eq. (16). It is worth noting that in view of our approximation
of weakly varying A5 the effect of B 5 should be small. In the general case, the proper account of space dependent
A’ should be studied in more detail.

It is important to note that the CMW is, in fact, a chiral magnetic plasmon [51], just like the chiral pseudomagnetic
one. In the case of a nonzero wave vector, k # 0, the chiral nature of these plasmons can be seen from the oscillations
of the chiral charge density (for completeness, we also present the oscillating part of the electric charge density), i.e.,

. 25 (E - k) w w+vpk avpwe(E - By)
0ps = — t—k-r)nid =L ] — 1 — 84
Ps sin (w r)no{ T2h2v%k? 2vrk  |w — opk 2m2he(w? — vEk?) |7 (84)
3Q02(E - k) w w+ vpk avpwe(E - By 5)
§p = —sin (wt —k-r)n? ¢ — 1 - ’
P sin (w r)no{ 4mvE k2 [ 2upk t ‘w —vpk 2m2he(w? — vEk?)
b-kxE
+ cos (wt — k - r)n? cavr(b - [k x E]) . (85)

2m2hwe

Note that the pseudomagnetic field By 5 leads to an additional oscillating term in the electric charge density [see the
second term in the curly brackets in Eq. (85)], related to the right-hand side of Eq. (16). The last term in Eq. (85)
stems from the topological correction given by Eq. (19). It is important to emphasize the topological origin of the
chiral charge density oscillations, which manifests itself in the absence of the temperature dependence in dp5. In
addition, while the first term in Eq. (84) is related to the chiral electric separation effect [69-71], the second one
has its origin in the chiral anomaly given by Eq. (15). It is worth mentioning that in the absence of the dynamical
electromagnetism there are two modes of the CMW, i.e., the right- and left-handed modes, which propagate along
and opposite magnetic field and have the same amplitude. Their electric and chiral charge densities oscillate in phase
and antiphase, respectively [2, 72]. However, it is clear that this is not the case in our analysis, which rigorously takes
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dynamical electromagnetism into account. Indeed, we see that the fluctuations of electric and chiral charge densities
have different magnitudes and depend on the magnetic and pseudomagnetic fields, as well as on the chiral shift. In
fact, even the magnitudes of the collective modes propagating along and against the pseudomagnetic field direction
(i.e., with eBg5 - k > 0 and eBg 5 - k < 0) are different from each other.

The dispersion relations for the transverse modes wtﬂ; are shown in Fig. 4 for several different values of u, us, Bo,
By 5, and b). In a general case, the degeneracy of the two transverse modes is lifted. Moreover, as is evident from
panels (a) and (e) in Fig. 4 [see also Eq. (80)], the presence of an external magnetic By (pseudomagnetic By 5) field
together with a nonzero electric chemical p (chiral chemical ps) potential splits the plasma frequencies at k = 0.
In contrast, as one can see from panels (b) and (d) in Fig. 4, the corresponding plasma frequencies are the same at
nonzero magnetic By (pseudomagnetic By 5) field and finite chiral chemical us (electric chemical p) potential. This
finding agrees with the underlying physics behind the splitting of the plasma frequencies, namely the Lorentz force
and its anomalous counterpart that require the presence of both a nonzero magnetic (pseudomagnetic) field and a
finite electric (chiral) chemical potential. Another interesting property of the transverse modes is the dependence on
the chiral chemical potential p5, which splits the two energies at nonzero wave vectors [see panel (d) in Fig. 4]. This
effect can be traced back to the CME. As one can see from panels (c¢) and (f) in Fig. 4, the effect of the chiral shift
parameter by is qualitatively similar to the effect of the external magnetic By (pseudomagnetic By 5) field applied to
the system with nonzero electric chemical p (chiral chemical p5) potential.

wit Bo=0.5xnQ2/(evr) Bo5=0.5x710%/(evE) N\ wit b, =0.5x: /e J
----- Wi By=0.5xhQ2/(evr) 15 = [Bo.s=0.5xA102/(eve) 1N - wgb0Sa0ge S
i Bo,s=0 NN i |by=0

« [Bo.s=0 = b1=0

~~~~~~

0.0
) . .
2010 —005 000 005 0.10 ~010  -005 000 005 0.0 ~0.10 -005 000 005 0.0
cki/Qe cki/Qe ck,/Qe
(a) p = /37/(4a)iQe, s = 0, (b) p=+/37/(4a)iQe, s =0, Bo =0, (c) p= +/37/(4a)hfe, pus = 0, By = 0,
BO,S =0, b“ =0 bH =0 B0,5 =0
2.0 2.0
Bo=0.5x102/(evE) Bo,5=0.5x102/(evr) b,=0.5xh0/e Vs
i Bo=0.5xA102/(evF) i Bo,s=0.5x7102/(evF) 15 & [b,=0.5%10 /e
1.5 By=0 / Bos=0 ’ & by=0
w—Qe i [Bo=0 i [Bo,s=0 w=0 1.0 i
Q1.0 ] a
x10° T K10t 05
0.5 ezt -
_______ 0.0
0.0 Lk et it . .
-0.10 -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10
cky/Qe cki/Qe cki/Qe
(d) p=0, us = /37/(4a) A2, (e) =0, us = \/37/(4a)iQe, Bo =0, (f) u =0, pus = /37/(4a)iQe, Bo = 0,
Bos =0, b“ =0 bH =0 Bos =0

FIG. 4. The dispersion relations of the transverse collective modes given by Eq. (76) at different values of u, us, Bo, Bo,s, and
b|- Red solid and green dotted lines correspond to wtt. Blue dashed and brown dot-dashed lines correspond to w;,. We set
ebp = —ps and T' = 0.

Before concluding this section, it is instructive to consider the dispersion relations of the chiral plasmons in the
case when the chiral shift parameter is perpendicular to the magnetic fields. Without loss of generality, we can choose
b, along the x direction and find the solutions to the spectral equation (74) using numerical methods. The results
are shown in Fig. 5 at various values of p1, ps, By, and Bys. As one can see in Fig. 5, a nonzero chiral shift b,
significantly changes the behavior of the collective modes. In addition to lifting the degeneracy of the plasmons, b,
mixes longitudinal and transverse modes leading to a much stronger dependence of the former on k (cf. Figs. 3 and 5).
We also find that the magnetic (pseudomagnetic) field applied to the system with a nonzero electric (chiral) chemical
potential enhances the splitting between the longitudinal w; and transverse wtf modes.
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;/.)1 B0,5=0 w) IB(),5=/=0
----- 0.); Bo’5=0 —_————— w{; B(),s#:O
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ck,/Qe ck,/Qe

FIG. 5. The dispersion relations of the collective modes given by Eq. (74) for p = /37 /(4a)hQe, p1s = 0 (left panel) and p = 0,
us = /37/(4a)iQ. (right panel). Red (cyan) solid line corresponds to w;, blue (brown) dashed one denotes w;:, and green
(magenta) dotted one corresponds to w;, at Bo = 0 (Bo = 0.5hQ%/(vre)) at the left panel and Bos = 0 (Bo,s = 0.5h02 /(vre))
at the right panel. We set b, = 0.5/ /e, ebo = —pus, and T = 0.

VI. COLLECTIVE MODES PROPAGATING PERPENDICULAR TO THE MAGNETIC FIELD

In this section we consider the dispersion relations for collective modes propagating perpendicular to the magnetic
field, i.e., k L By. The corresponding characteristic equation is given by Eq. (C13) at kj = 0. In the long wavelength
limit, k = 0, the solutions for the plasma frequencies can be obtained analytically [51]. In the general case at k # 0,
however, the dispersion relations can be obtained only numerically. The collective mode frequencies w; and wi are
plotted in Fig. 6 for b = 0.5 /e and b, = 0. As one can see, an external magnetic (pseudomagnetic) field together
with an electric (chiral) chemical potential increases the splitting of the modes. Note that this finding agrees with
the analytical results at k = 0 obtained in Ref. [51]. It is also clear from the right panel of Fig. 6 that there is a
slightly noticeable effect of the background pseudomagnetic field on the longitudinal mode w; in the system with a
finite chiral chemical potential.

4t w; By=0 w; Bo+0 1 4t w] B0,5=0 w] IB(),5 #0

b Tt wiBe=0 |-==-- wit Bo#0 3 7T wi Bos=0 |-=--- w{ B s#0

-------- Wy B()—O s W B()#O seeesees Wy B(),5=0 seesees Wy B0,5¢0
-0 2{—__ =" w0 2| I
Qe 1 _\\\\\ ——————————————— 7 1 QC 1F \\~~\ ________________ ’¢”’ 3

4 T N == 104 LT N ===
<10 Of--meemmme [ SRR EELEL 1 ) OF -=-eemmmei L R SRR EPEELED 1
L T T TRRRCRE L L - B e TR 1
-2L . . J -2L . . .
-0.10 -0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10
ck./Qe ck. /Qe

FIG. 6. The dispersion relations of the collective modes given by Eq. (C13) at kj = 0 and b = 0.5hQc /e for pn = /37 /(4a) A2,

us = 0 (left panel) and p = 0, us = \/37/(4a) e (right panel). Red (cyan) solid line corresponds to wj, blue (brown) dashed
one denotes w;t, and green (magenta) dotted one corresponds to w;, at Bo = 0 (By = 0.5702/(vre)) at the left panel and
Bos =0 (Bos = 0.55Q3/(vpe)) at the right panel. We set ebg = —us and T'= 0.

Now, let us discuss the properties of the collective modes w; and wi for two different orientations of the chiral
shift b, with respect to the wave vector k (assuming that b = 0). In the case of by || k, the dispersion relations
of the longitudinal and transverse modes are shown in the two top panels of Fig. 7. While at zero magnetic or
pseudomagnetic fields the frequency of the longitudinal mode w; is unaffected by the chiral shift parameter, the
frequencies of the two transverse modes wtir split similarly to the case with a nonzero chiral shift shown in Fig. 4. The
functional dependence of the dispersion relations on the wave vector is somewhat different when a nonzero magnetic
(left panel) or pseudomagnetic field (right panel) is present. Instead of crossing, the frequencies w; and wy, repel from
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each other with increasing value of k. We emphasize that there is no symmetry with respect to k; — —k; (i.e.,
flipping the direction of the wave vector relative to b ) in the two right panels of Fig. 7.
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FIG. 7. The dispersion relations of the collective modes given by Eq. (C13) at kj = 0 and by # 0 for p = /37 /(4a)hSe,

us = 0 (left panel) and p = 0, us = \/37/(4da)ide (right panel). Red (cyan) solid line corresponds to wi, blue (brown) dashed
one denotes w;, and green (magenta) dotted one corresponds to w;, at By = 0 (Bo = 0.50Q%/(vre)) at the left panel and
Bo,s = 0 (Bo,s = 0.51Q2/(vre)) at the right panel. We set b, = 0.5 /e (top row), b, = 0.5 /e (bottom row), eby = —pus,

and T = 0.

The results for b, 1 k are presented in the two bottom panels of Fig. 7. The corresponding dispersion relations are
qualitatively similar to those at nonzero b. Indeed, this is evident from comparing the two bottom panels in Fig. 7

with those in Fig. 6.

VII.

SUMMARY AND DISCUSSION

By using the consistent chiral kinetic theory, we considered the spectrum of the gapped chiral (pseudo-)magnetic
plasmons in three-dimensional Weyl materials at nonzero wave vector k and in the linear order in background magnetic
and strain-induced pseudomagnetic fields. It came as a surprise that, even at the linear order, the pseudomagnetic field
affects the frequency of the longitudinal mode, i.e., the mode whose wave vector is parallel to the external magnetic
fields, as well as to the oscillating electric field. Despite being weak, this dependence is rather uncommon and was
not predicted before. We call this new type of collective excitations the chiral pseudomagnetic plasmon.

In the case of nonzero wave vector, the chiral nature of the chiral magnetic and pseudomagnetic plasmons is
manifested in the oscillations of the local chiral charge density, which are absent for ordinary electromagnetic plasmons.
These oscillations have a topological origin that stems from the dynamical version of the chiral electric separation
effect and chiral anomaly. Their topological nature is also manifested in the absence of the temperature dependence.
Interestingly, the oscillations of the electric charge density are also unusual as they depend both on the pseudomagnetic
field and the chiral shift parameter. Last but not least, we found that contrary to the common belief, the oscillation
amplitudes of the left- and right-handed fermion densities in the longitudinal plasmon (which is the CMW with the
effects of dynamical electromagnetism taken into account) are different and depend on the chiral shift, magnetic and

pseudomagnetic fields.
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As we show, the presence of the magnetic (pseudomagnetic) field and the electric chemical (chiral chemical) potential
results in a splitting of collective plasmon modes in Weyl materials. Moreover, not only all three plasmon frequencies
become completely nondegenerate, but also the dependence on the wave vector k in the dispersion relations is affected
by the background fields. Additionally, in Weyl materials with a nonzero energy separation between the Weyl nodes
by, the two degenerate branches of the spectrum split even in the absence of external magnetic or pseudomagnetic
fields. It is worth noting that pus = —eby in the equilibrium state of such a system. This result is in agreement
with that obtained in Ref. [43] and can be explained by the dynamical version of the CME. However, unlike the
pseudomagnetic field, the chiral chemical potential does not affect the plasmon frequencies (gaps) in the zero wave
vector limit k = 0. At nonzero wave vectors, the size of the splitting increases approximately linearly with k.

In this study, we also investigated the effects of the chiral shift b on the chiral plasmon properties. Similarly to
the external magnetic (pseudomagnetic) field with nonzero electric (chiral) chemical potential, the chiral shift lifts
the degeneracy of the plasmon modes. Moreover, it strongly affects the longitudinal plasmon mode by mixing it with
the transverse ones. It is worth noting that the dependence of the dispersion relations on b is a characteristic feature
of the consistent chiral kinetic theory since it originates exclusively from the topological correction in the electric
current.

In summary, the key results of this study relevant for experiments are as follows:

1. In Weyl materials with a finite electric chemical potential p, but without external magnetic field By, pseudo-
magnetic field By 5, and chiral chemical potential 15, there are three gapped plasmon modes, two of which are
degenerate.

2. The chiral chemical potential us leads to a splitting of the degenerate plasmon modes. The amplitude of the
splitting increases approximately linearly with wave vector k£ and vanishes at k = 0.

3. An external magnetic field By (a pseudomagnetic field By 5) applied to a system with a finite u (us) also leads
to a splitting of the plasmon modes. Unlike the case of a chiral chemical potential us in item 2, this splitting
remains nonzero even in the limit of vanishing wave vector.

4. Similarly, a nonzero chiral shift b lifts the degeneracy of the plasmon modes. In the case when b is parallel to
By and k, only the transverse modes are affected.

As is clear, all qualitative predictions of this study can be straightforwardly tested in future experiments. We
hope that such experiments will finally resolve the issue of the consistent versus covariant implementations of the
chiral anomaly in the chiral kinetic theory, as well as produce abundant data in support of the quantum anomalies in
condensed matter materials.
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Appendix A: Useful formulas and relations

By making use of the short-hand notation f;\o) = 1/[ele=#)/T 4 1] with €p = Urp, where p = |p|, it is straightfor-
ward to derive the following formulas:

Ep npo _ T+ 1)
n— = Liny (—e/T), >0, Al
/(27T)3p I 22t 1“( ¢ ) "= (A1)
&p o 0f” _ T"T(n+1)
- = Li,, (—e/T >0 A2
/(277)3p Jep 2m 2yt ' ( ‘ )’ = (A2)

where T&f;\o)/(?ep = —T@f;o)/(?pu = —ele=m)/T J[elee=m)/T 1 1]2 and Li, () is the polylogarithm function (see
formula 1.1.14 in Ref. [73]). [Note that at the given reference Li,(z) = F(z,n).] The polylogarithm function at
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n = 0,1 can be rewritten as follows:

Lio (—e”) = _H%, (A3)
Liy (—€®) = —In(1 + €"). (A4)

The following identities for the polylogarithm functions are useful when taking into account the antiparticles contri-
butions:

In(1+e¢%) —In(l +e7%) =z, (A5)
2 2
Lis(—e®) + Liy(—e %) = _% - % (A6)
3 2
Lig(—e®) — Lig(—e ™) = _% - %’” (A7)
By integrating over the angular coordinates, one can derive the following general relations:
d3
| e £67) =0, (A8)
d3 d3
[ Gepte-a)wt) = § [ bt (49)
d3
[ Gaple-a)(e- b)) =0 (A10)
and, similarly,
/ déde (p - a) e’ PR = 4ri (kk'f) (“Zk — cos k) : (A11)
/d§d¢ (p-a)(p-b)el®Pl —4x (a]€'2b) (sizk — cos k:) + 12#% <cosk - sizk + gsin k) , (A12)
/d§d¢(13-a) (B b) (b c) P _ _4m(a.k) (b.c)+(b.k;§a.c)+(c.k) (a-b) (sink—i— 3czsk B 3skusk>
‘k)(b-k)(c-k 6sink  1bcosk 15sink
— 4i (a-k) [ J(c-k) (cosk - SZI - zgs + Zlgn ) ) (A13)
/dgdqs(p-a)(p-b)(ls-c)(p-d)e“f"k) _ _47T(a.b)(c.d)+ (a.ci:(gb.d) +(a-d)(b-c) (Sink+ 3czsk B 3Sktgk)
+ dr (a-b)(c-k)(d-k)+ (a-c)(b-k)(d-k)+ (a-d)(b-k)(c k)
4
6sink  1bcosk  1Hsink
X <cosk T e + 3 >
+dn (b-c)(a-k)(d-k)+ (b-d)(a-k)(c-k)+ (c-d)(a-k)(b-k)
A
" (cosk B GSZIk B 15;;)5/{ N 15;1311/{) N 47T(a -k)(b - klzgc -k)(d - k)
" <sink+ 10(;€OSk 3 45;12nk 3 105kc305k N 105ks;nk> 7 (A14)
together with
3
/(;lW];sPG(p27p-B) = %/df;f;? p*¢G(p®, pB¢), (Al5)
3 _ g2 . 2 _
[ api-aiorp B = [ BELy [al D6 BEBIE St g e (16)
d? dpdé&d -B)(b- b-B)(a- -B)(a-b) £(1 — €2
/ (27:;3 (p-a)(p-b)(p-¢)G(p? p-B) = / éf);bps [(a )(b-c)+( ])3(3 c)+(c-B)(a-b)¢( . &)

L (a-B)(b-B)(c-B) (56 ~3)
B3 2

] G(p®, pB¢), (A17)
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3 22
/(Sﬁ]jg(p-a)(p-b)(p-c)(p-d>c<p2,p-B>=/dgdfffpﬁ{[(a-b)(c-d>+<a-c><b-d>+<a-d><b-c>]“T“

_ (a-b)(c-B)(d-B)+ (a-c)(b-B)(d-B)+(a-d)(b-B)(c-B) (1 — 662+ 5¢%)

B2 8
_ (b-c)(a-B)(d-B)+ (b-d)(a-B)(c-B) +(c-d)(a-B)(b-B) (1 — 662 + 5¢%)
B2 8

, (a-B)(b-B)(c-B)(d-B) (3 - 306> + 35¢")

Bi 3 }G(pz,pBﬁ)- (A18)

Here & = cosf is the cosine of the angle between vectors B and p, and p = p/p.

In the limit of vanishing external effective magnetic field, By x — 0, the main contribution to the integrals over 7
in Sec. IIT comes from the region of small 7. Expanding sin 7 and cos7 in Eqs. (44) through (47) in powers of 7, one
can obtain the following expressions:

K, ~k —i—(ixk)i—i-ﬂeB +0(*), KW=~k 1—7—2 + (2 x k)7 + 2(2 k)T—2+O( %), (A19)
TR 2 T 2eppp2 0N THAT ) B 2 g 2 )
7,2 7,2
ETzE<1—7> +(2XE)T+2(E-Z)7+O(T3), (A20)
and
eBox 2 2 3\ 0 2.2 ~ weBo\ Ky 2
K2 (k”—l—/\hzch 2) P24+ 10 ~ K22, K~k R b +O(r%,B2,), (A21)
2 hweB,
(K. E,) ~ (k-B)r + (2 [B x k) + (2. B)eBoa | oes) (A22)
2 2cvpp?
3 3
B~ k(k-E)r? 4+ k(s - T MweBoy o B 4 s Kk -E) -
K (K, E;) ~k(k-E)r’ +k(z- [E x k)5 + 2o k(z - E)7* + [2 % K (k- E) 7
.  _AhweBo T AhweBy.y . )
+[zxk|(z-E Seorp? 2 ey 2(k-E)7* + O(r*, B] ), (A23)
2
k x E;] = [k x E] (1 — %) +2z(k-E)r — E(z- k)T + O(T°), (A24)
3 3 hweB
k x K] (K, - B,) ~ #(k- B2 — k(z-K)(k - B) = + 2<Born a1 gy 1 0(r4), (A25)
2 2 2cvpp?

Then, the problem reduces to the calculation of table integrals, which read as

—SspBoo d . P K - . P » 1 R ° 0 R
I :/ Lotk sin(PKT) cos(PrRr) | = 2 1 (2 E ) (R (A26)
0 T P\KT 2 2\@ K o—K
—s50 gr PK - Ol : o+ K
Il = / _TeszPAw 78111( A T) — COS(P)\KT) = Nia—P =1- i In W = y (A27)
0 T P)\KT Py 0w 2K w—K
—SpBoo o P K o . T .~ . ~ K
I :/ dre—TPA® M —cos(P\KT) | = 20oh __w _ (YR ) (A%
0 P\ KT P, 0@ B, (Kz _ @2) 2P\ K \0-K
TEEC AT B o sin(P\K7) DPK1 . =~ -
Iy = — e iThe P\KT) — ——== P K
3 /0 ¢ (cos( K T) B icr + 3 sin( Py T))
P& 1 (K & o+ K
B +5 D9 (YR (A29)
2 3w K w—K
TEBOdr B - P\K P\K L aI
I = / 9T —iPiis (o Byfr) — SRUET) | PART o b ey = 2988
2K? — 302 ~ o+ K
_ A ose o (et R (A30)
3 (K2 ~2) K w—-—K
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TeBeo - P\K P\K o i 01
I5:/ dre T | cos(PAKT) — sin(P) T) A 7—Sin(P)\KT) — L9
0 P)\KT P)\ oo
@ (5K2 — 302 , SR
— ( )2+ g (R, (A31)
3?}\ (K—z_(bg) 2KP>\ w—-K
IO dr B - P\K in(P\K
Iy = / T (sin(BKT) + 3cos(MKT) _ 3sin(PKT)
0 T P\KT (P\KT)?
1 ~2 ~ ~2 YLK
__?1—3L+3Tw<1—“3—>1n WA, (A32)
3K Py 29K?2 K K2 o-K
—SBOO - o . o 1 S . = T
I = / ﬁe,”pw cos(PyRT) — 65111(]33\1(7') 15 C?S({D)\KT) 15 S{n({:’)\KT)
0 T P)\KT (P)\KT)Q (P)\KT)3
2 1502 9 502 v+ K
== |1- f’——°f(1— °f>1n wrE, (A33)
3K Py 4K? 8K 3K? o-K
T AT b . 3cos(PAK 3sin(P\K
Iy :/ —;e_”PW sin(PyK7) + Coé( A 7) — SH}( 2 7)
0 T P\KT (PAKT)?
P\K 302 30 o2 v+ K
DRy, e s (1 _ °f_> (2N (A34)
3 2K K? o-K
—S8BOoO . ~ ~  ~ . ~ ~
I :/ dr s X - (Pyr) — GSlrl(PN,\KT) 15 cczs(fD,\KT) 15 sin(fD,\KT)
0 P\KTt (P\KT)? (P\KT)3
2 1 ~ v+ K
=331 53} —9—w< )n =R S (A35)
3 K2 8K 3K? o-K
—SBOoCO R . adgpa
Iip = / dT e~ iTPAd sin( P)\KT 3CO§(F?‘KT) — BSH}(}}‘KT)
0 P\KT (PAKT)?
O K? D+ K
—fa_fﬂf?’“" - e PP R Y (A36)
P, 00 2K 2K 30 w—-K
e . 6 sin( Py K 15 cos(Py K 15 sin(PyK
I, :/ dre™ PG [ cos(PAKT) — sin(PAKT) C?S(~A ™) Sin(~A )
0 P)\KT (P)\KT)Q (P)\KT)g
;I 13 1502 9@ 502 K2 v+ K
S N T T L Y A RS (A37)
Py, 0w 2P\(@% - K?) 13K2 13K 6K2 6w O-K
BT b - 3cos(PAK 3sin(P\K
112:/ _’;-e—ZTP)\w Sin(P)\KT) COS( A T) Sl{l( ~)\ T)
0 T PAKT (PAKT)?
5OPEK 30 30 o K? o+ K
=1 ————=(1l-—==+z=|In = ) A38
24 { 5K?2 5K ( 2K2  2w? ©—-K (A38)
T b S P K 1 P K 15 sin(PyK
113:/ —;e_ZTPW cos(PrRT) — 6sin(PAKT) 5c<~)s(~A T) 5s1~n(~A T)
0 T P\KT (PyKT)? (P\KT)3
130P 1502 2 K? v+ K
_opBBeb gy 1en 96 ), e ——|m wrA L (A39)
24 13K2 13K 6K2 6w o-K
L /75300 dr _pa sin(Pr &) + 10cos(P\K7) 45 s{n({fﬁfﬁ') 105 c~os(~]5>\f(7') 105 s~in(~15A KT)
0 T P\ KT (P\K7)? (P\K7)? (PAK7)3
~2 ~ ~2 2 ~ %
SPLLECD SIS PR K~2 m (28 (A40)
Uk 11K?2 11K 6K2 10w o—-K
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where we used the following notations:

= qi D, — nge % i [ — UFK = da 2 2 1 272
Sp = S1gn (6307)\), P)\ = UFeBo_’)\, w Qea K = Qe ) Qe = \/37Th2 (/'L +/'L5 + 37T T . (A41)

Here Q. is the Langmuir (plasma) frequency, a = €?/(hvpng) denotes the fine structure constant in Weyl materials,
and K = |K,|/T.

Appendix B: Coefficients X3 and X3

In this appendix we present the explicit form of the coefficients Xéa) through ng) and Xga) through Xéd) in the
limit of small By . Using expressions (A19) through (A25) and formulas from Appendix A, one can show that

coefficients Xéa) through Xéd) equal

X(a) = E cor /_SBOO dT/p73dpd§d¢ D (A .ET) af(O)e QT@JB'COITAKT

2 T, Box (27rh)3 PP -
~ E% [1 2:;k (1 - ”if) 1n’ZJ_FZiZH Lip (—e/7)
+E@ k) 87?;(;;?21;;;3 {1 a 2vak (1 a U?i]f) n ZJ:Z?Z ] 1+ elﬂu/T
— i[z x E] %iizﬁzw {1 = 2vak ID‘ZJ—FZ:ZH In (14¢/7)
_k(E - k) M‘Z’;Zf; " {1 - 2vak (1 - “fw’f) In ZJ:Z?Z ’ Liz (—em/T)

NP 15e3 By yw? [  13vRk? w (1 6v%. k> N U4Fk4)1n‘w+vpku 1

k(E-k)(k-z -
+ K (k- 2) 8m2h2 vt k3 (vEk? — w?) 15w? 2upk 5w? Suwt w—vpk|| 14+ e /T

N 38330 AW w v2 k2 w+vpk 1
k(E -z - 1)1
+k(E-2) 8m2h2cvd k3 2upk 32 ) o= vpk|| 14+ e /T
. 38330 AW w v2 k2 w+vpk 1
+ 2( )87T2hzch/€3 Qupk 302 ) w— vpk || 14 e—m/T +O(Bo ), (B1)
ie2 \hw T8BOO pdpd&d _ipQr—cp Ky cp KT 8f vpp an(O)
X(b)ZE—F/ d /7A A'ET B A P—<B, A
2 = S B Jo ) enp D@ E) (Bos-pe Dep 2 063

AedBo a 1 N N N 3w? 3w w? w+ vpk
- : _|k(E - 2)+E@ k Ak-E}l— - 1 1
A2h2ckw 1 4 e #r/T [ (E-2)+ Bz k) +2( ) { 202k dvpk < v%k2> o=k }

+ 2k(k - 2)(k - E) [1— 15w O <1— o )m‘“Jr”FkH }+O(B§),\), (B2)

2 k?  Bupk v k2 w—vrk



21

() e /pzdpdfdgb TeBeO . Awpc
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} [312(2 "E)—2E(z-k) —k(k E)(z - 1;)} _
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Ahwe By A 15w? 9w 5w? wHvpkl|]l . - / dp 3f>(\0)
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4(w? — v&k?) 13v%k?  13vpk 6v%4k?  6w? w—uvrk 1+ e /T
1 OB, (83)
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2 2 —spoo 3f(0) v pazf(o)
D G LN Sy / dro(p - B b [KO x E.]) (p- KW A YFPO ]\
2 167T3h/w2B0_’)\ p 5 ¢ 0 7—p(p O,)x) (p [ 7 X ]) (p T ) 8€p 2 86%)
—iplr=cbKg 3vre’B o - - d 8f(0) v 82f(0)
R LOUR 0N [/x N P A Fp A
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Here z = By »/Bo.x, Bo,x = Bo+ ABo s, and px = g + Aus. Further, we present the coefficients Xga) through ng),
ie.,

3 ~ —spB0oO (0) . Qr—cpKr
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Appendix C: Coefficients A;

In this appendix we present the coefficients A;, where i = 0,11, up to the linear order in By and By 5. They are
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C 1lope® 21w? 9w Tw? w+ vpk
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where the function F'(z) is defined in Eq. (58) and regularization (62) was used.

Finally, let us consider the characteristic equation (26) when the wave vector k has an arbitrary orientation with
respect to the effective magnetic field By y. Without loss of generality, it is convenient to use the parametrization
k = (ksin6,0, k cos ), where 6 is the angle between vectors By » and k. Then, Eq. (26) takes the following form:

{4mw? [sin 6 cos 6 (As + Ag cos ) + sin A5 — A11by] + *k* sinf cos 0} {16w2w4 [sin@Ay — (A1p + A7) sinf cos — Aq1b,)
X (Al — Ajgcos? 6 — Aq1b) + Az cos ) — Ag sin? 9) - [47rw2(A0 + Agcosf) — Ak + ngwﬂ

x [4mw? (A11by + sin cos 0(Az + Ag cos0) + sinAy) + ¢*k* sin 6 cos 6] }

+ {47To.)2 [Ao + cos (A3 cosO+ Ay + As + Ag + Ag cos® 9)} — Pk sin® 0 + n§w2}

x{ [47rw2 (Ao + Ag cosb) — Ak? + ngwﬂ [47rw2 (AO + Assin? 6 + cos @ (Aﬁ + Ag sin® 9)) — k% cos® 0 + ngwﬂ

+167%w? [Al — Ajpcos? 0 — Aq1b) + Az cost + Az sin? 9] [Al — Ajpcos? 0 — Aq1b) + Az cost) — Ag sin? 9] }

—16m2w* [A11b, — (Ag — Ayg)sinf cos @ — Ay sin 6] { [A2sin® — (A9 + A7) cosOsind — Aq1b,]

x [4mw? (Ag + Azsin® 0 + cos 0 (Ag + Agsin® 0)) — c®k? cos® 0 + njw?] + [A1 — A1g cos® 0 — Ay1b) + Az cos 0 + Az sin® 0]
x [4mw? (A11by + sin @ cos 0(Az + Ag cos0) + Ay sin6) + ¢*k? sin 6 cos ] } =0, (C13)

where bH =b,.
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