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Finding signatures of dark matter in transport characteristics of solids would be an important step on the
road to detect this illusive component of the mass of our Universe. This is especially important and timely
as the experiments designed to directly detect dark matter particles continue to provide negative results. As
a first step in this direction we consider topologically nontrivial Weyl or Dirac semimetals and derive the
modified kinetic equation taking into account two coupled U(1)-gauge fields, one being the standard
Maxwell electromagnetic field and other corresponding to the dark sector. The resulting Boltzmann kinetic
equation is modified by the Berry curvature which couples to both visible and dark sector gauge fields. It
was revealed that the dark sector induces modifications of transport coefficients due to the appearance of
coupling constant between gauge fields and dark sector magnetic field.
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I. INTRODUCTION

The wealth of gravitational evidence for the existence of
dark matter contrasts with the absence of direct terrestrial
observations of this abundant component of mass of the
Universe [1-3]. The dark matter interactions with baryonic
matter is extremely weak or even null. However, its
existence has been deduced from analysis of gravitational
effects, such as galactic rotation curves, gravitational lens-
ing, the large-scale structure formation of the Universe, and
the cosmic microwave background radiation.

Many experiments aimed at the direct detection of dark
matter include approaches relying on the occasional inter-
actions of visible and dark matter particles. New types of
fundamental particles, being claimed as candidates for dark
matter sector, potentially ought to interact with nuclei in
detector materials on Earth. However, only DAMA col-
laboration [4,5] announced the observed modulation in the
rate of interaction events, which may constitute the spur of
dark matter evidence. But extraordinary claims require
extraordinary evidence. Several groups tried to reproduce
the DAMA results but in vain [6].

On the other hand, the very recent reports from two
experiments indicate negative search results [7,8] (in the
elaborated mass range) for WIMPs and axions, being the
main candidates for dark matter particles due to their
potential to simultaneously solve other problems in the
Standard Model. The only possible signal of direct dark
matter detection remains that from XENONIT [9], the
team still works to achieve better statistics.
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However because of the growing sense of some kind of a
crisis in the dark matter search for, stemming from the
absence of the evidence for the most popular candidates for
dark sector particles, some new diversifying experiments
are paid attention to. One ought to look for the unconven-
tional experiments and techniques of detection [10].

One of the directions is related to the implementation of
molecular or condensed matter systems including super-
conductors or superconducting devices. Recent proposals
comprise the search for bosonic dark matter via absorption
in superconductors [11], using superfluid helium [12] or
even optical phonons in polar materials [13]. The others,
are based on the observations of color centers production in
crystals [14], or the usage of bulk three-dimensional Dirac
semimetals [15], topological semiconducting compounds
[16], and multilayered optical devices [17].

Direct methods to detect dark matter particles propose to
use different target materials with suitable characteristics as
discussed in numerous reviews [2,18,19]. The choice of the
target depends on the mass range of expected dark sector
particles and the energy deposited during the scattering
with ordinary matter. Recently, the Dirac semimetals have
been proposed [15] as efficient targets for detection of very
light dark matter, with masses in the keV to MeV range.
These materials possess linear energy spectrum with no or
very tiny gap (when some symmetries are broken) between
valence and conduction band and may thus be sensitive to
very low energies deposited during scattering of dark
matter with electrons. Similar spectrum possess Weyl
semimetals with even number of Dirac cones of various
chiralities of massless quasiparticles residing in symmetry
related cones. These systems are known to break time
reversal symmetry and exhibit anomalous Hall effect [20]
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in absence of any magnetic field. In the quasiclassical
description [21] this behavior is related to the dynamics of
charged particles subject to the Berry curvature which in
the nontrivial way modifies the Boltzmann kinetic
equation.

The most recent review of experimental developments
and ideas of the quest for light dark matter from keV to
sub-GeV, with the implementation of condensed matter
systems, has been published in [22].

In this context one should mention recent proposals of
detecting axionic dark matter [23,24] in condensed matter
systems, namely metals and superconductors. They rely on
the appearance of the high frequency surface electric field if
the axions are subject to the external magnetic field. The
idea is based on the chirality of the axions which are
coupled to both electric and magnetic fields. The resulting
high frequency electric field emerging on the surface of
metals or superconductors [25] can possibly be detected.

Another approach of dark matter detection utilizes the
model of dark photon, pertaining to the class of weakly
interacting sub-eV particles (WISPs), with expected kinetic
mixing between the Maxwell electromagnetic field and the
auxiliary U(1)-gauge field connected with the dark sector.
From the gauge theory point of view, the model can be
regarded as an extension of the Standard Model, by the
introduction of the auxiliary hidden sector U(1) symmetry.
On the other hand, at the level of the unification theories,
one can think about the model as, emerging by compacti-
fication the different models of string/M-theory which
induces the new U(1)-gauge groups. It can be accounted
for as a dark matter sector.

In this attitude one assumes the electromagnetic back-
ground to consist of two U(1)-gauge field strengths, denoted
as F,,, (Maxwell) and B,,, (dark sector), coupled together as
afF,,B,,, constituting the so-called kinetic mixing term.

This mixing modifies various properties of the con-
densed matter systems as, e.g., the superconducting tran-
sition temperature 7. which gets modified from its bare
value T.(0) to the actual value T.(a). The problems in
question were widely treated in the holographic attitude to
the dark matter sector and its influence on various aspects
of physical properties of superconductors/superfluids and
vortices [26-35]. In the aforementioned the so-called
holographic approach, dark sector emerges from the top-
down reduction of superstring/M-theory.

In the present paper we consider classical charged
particles (electrons) in Weyl semimetal, with two Dirac
cones of different chirality and nonzero Berry curvature,
subject to the external electromagnetic Maxwell field. Due
to the coupling between both U(1) fields the equations of
motion are further modified by the Berry curvature. As a
result the kinetic theory is changed in a very nontrivial way.
These modifications influence all transport characteristic of
the system including chiral magnetic effect, anomalous
Hall conductivity and other transport characteristics. The

expected imprints of dark matter in the kinetic coefficients
are proportional to the coupling a. Contrary to the previous
proposals of measuring the electromagnetic fields produced
by dark matter induced oscillating surface currents [23-25]
we propose to measure transport currents in the bulk. In the
concluding section, we shall comment on the dark matter
detection feasibility via observation of the chiral magnetic
effect.

Our first and main aim of this work is thus to derive the
kinetic theory for the chiral system with nontrivial band
topology in the presence of dark sector. It is well known
that the standard Boltzmann kinetic theory must be
properly generalized to study systems with Berry curvature.
Berry curvature acts in momentum space like a magnetic
field in real space [20,21] and introduces important changes
in the kinetic equation. In order to treat the problem
effectively we perform the transformation of the gauge
fields to get rid of the kinetic mixing term. To reach the goal
we generalize the approach of the paper [36] and derive the
Boltzmann kinetic equation valid for Weyl semimetal
subject to visible and dark fields.

A. Background theory remarks

To set the stage we now briefly review the field
theoretical derivation of the kinetic theory [36] to describe
Weyl quasiparticles, which are low energy excitations in
numerous condensed matter compounds. The low energy
Hamiltonian of the Weyl spin 1/2 particle with chirality
A = =*1 in condensed matter can be written as

H, = Ahvgk - o, (1)

where 6 is a vector of Pauli 2 x 2 matrices, K is the wave
vector, and vy the Fermi velocity We start with the phase
space action [36] for a particle with 4 = 1 and relativistic
spectrum

€,(p) = Avg|p| (2)

obtained by diagonalizing the relation (1), where p is a
momentum vector. Fermi velocity vy in condensed matter
replaces the light velocity. For simplicity we assume
vp=1 and work in units with A=1, ¢=1 and Boltzmann
constant kz = 1. Consequently the action reads

1=/<p-x—|p|—ap-p>dr. 3)

In the last equation a,, denotes the Berry connection related
to the gauge independent Berry curvature vector Q by

Q =V, xa,, (4)

which for the system described by the Eq. (1), can be found
as [37]
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It contains singularity for p = 0. Using minimal coupling to
the electromagnetic scalar ¢ and vector A potentials one
derives from (3), the equations of motions

X =V, +pxQ (6)

p=E+xxB, (7)

where E, B denote electric and magnetic Maxwell fields,
respectively. The solution to the classic Boltzmann kinetic
equation for the distribution function is modified by the
modification of the velocity through the Berry curvature,
which acts as a fictitious magnetic field in momentum space.
This “field” affects the transport characteristics of topologi-
cal systems with chiral anomaly leading infer alia to
anomalous Hall [20] and chiral magnetic effects [38].

The kinetic theory equations describe the time evolution
in the phase space of distribution function f,(z.x,.p,),
bounded with the right-handed fermions for which 1 =1
and left-handed ones with 4 = —1. Total change of the
distribution function in phase space results from the
scattering processes

df;, _ofy ofa. | 9ofs.

o o, op = CAL @)
where C[f,] stands for the adequate collision integral. The
specific functional form of the collision integral will be
discussed later on.

The modifications of the standard equations of motion
given by (6) and (7), affect the transport characteristics of
systems with nontrivial topology of their spectrum. The
mentioned existence of anomalous Hall effect in a time
reversal symmetry breaking materials is an important
resulting feature. Chiral magnetic effect, which is the
appearance of the current along the applied magnetic field
is an important phenomenon first proposed in the context of
particle physics to account for some effects in heavy-ion
collisions [38]. As stated earlier, our first aim is to search
for the signatures of dark sector in these and other transport
characteristics of Weyl semimetals. Thus we shall first
generalize the chiral kinetic theory to take the effect of dark
field into account. Secondly we shall consider the Weyl
semimetal and calculate the dependence of the anomalous
Hall and chiral magnetic effects on the parameters of the
model. Our study indicates that these transport parameters
induced in Weyl semimetals by dark sector electric or
magnetic fields show the same functional dependence with
the amplitude scaled by the coupling between both U(1)
gauge fields.

The organization of the paper is as follows. In the next
Sec. II we shall present the model of dark photon and find
the generalized four-momentum of massive particle mov-
ing in two U(1)-gauge fields. The chiral kinetic theory is
elaborated in Sec. III, where we have restricted our
attention to the case of semiclassical approach and weak
magnetic fields. Section 1V is devoted to the collision-less
case, while in Sec. V we consider collision case and pay
attention to dark photon influence on magneto-transport
properties. In Sec. VI we pay attention to the effect of
scattering and its influence on number/charge currents
and conductivities. One also considers the case when the
dark matter charge is equal to zero, but the impact of
dark sector survives by means of a-coupling constant
and dark sector magnetic field. Section VII concludes
our investigations.

II. THE MODEL OF DARK PHOTON

In this section we shortly describe the dark photon model
and propose a transformation of underlying gauge fields in
order to simplify the underlying action, i.e., dispose of the
kinetic mixing term. In the process of this we obtain new
gauge fields, being the mixture of the starting ones, with
adequate factors comprising a-coupling constant. Next, one
derives the equation of motion for charged particle affected
by two gauge fields.

The action describing two coupled, massless gauge field
is given by

SM—darkphoton :/d4x(_Fle/w _B;me/ _aF/u/Blw)7 (9)

where « is taken as a coupling constant. The model of
massive dark photon will be briefly discussed in Sec. VII.

To getrid of the kinetic mixing term we define new gauge
fields. They can be written as

A” = B (Aﬂ _BM)’ (10)
B, =" 22+a(A,4 +B,). (11)

As a result one leaves with only modified gauge fields, i.e.,
F,F* +B,B" +aF,B" = F,F* +B,B" (12

where we set F w = a,,Ay - 01,;\ﬂ, and respectively
B,w = dﬂBy - ayEM. Just the action can be rewritten as

s, — / dix(—F v — B, Bw). (13)
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Variation of the action (13) with respect to gﬂy,A” and Bﬂ
reveals the following equations of motion for Maxwell dark
matter system:
V, " = V,B" =0. (14)
Having in mind relations (13) and (14), we shall search
for the equation of motion of charged particle in the
background of the modified gauge fields. However, the
consistency of the approach requires the appropriate
redefinitions of the charges coupled to original fields.
The resulting action of massive charged particle influenced
by both visible and dark matter sectors is assumed to be

_/m«/_ds2+éA/Ade”+éB/Bﬂdx”, (15)

where for transformed charges are defined as

2 =2 (e = e, (16)
2 =Y e b o). (17)

In the above equations e stands for the Maxwell charge,
while e, is connected with the dark sector one. The standard
calculation leads to the following equation of motion

Du*
m-—m =
dr

(EAFIW+§BE”D)MD, (18)
where - denotes in general case the covariant derivative
with respect to the proper time.

As a result the four-momentum of the massive particle
subject to two gauge fields may be written as

P, =mu, + &,A, + B, (19)

We can notice that transforming the charges and fields
back, one arrives at
a
P, = mu, + eA, + e,B, + E(edA” +eB,). (20)
Having in mind the action (9), the above Eq. (20) provides
the consistency in choosing transformed charges (16) and
(17) and fields (10) and (11).

It can be remarked that for the special case, when e, = 0,
the above relation reduces to the following:

a
Pﬂ:muﬂ—i—e(Aﬂ—i—EBﬂ). (21)

This shows the modifications of the kinetic momentum by
dark sector gauge field.

III. DARK PHOTON CHIRAL KINETIC THEORY

This section will be concerned with the derivation of
basic relations for the kinetic chiral theory of the dark
photon case. The theory in question describes the motion of
particles in the regime where collisions are 1nfrequent
enough. This requires [39,40] that T < VB < W, (0 , where
i=F,B, and BY) is the magnetic field connected with
the adequate gauge field, while ,ugl) denotes the suitable
chemical potential. In the aforementioned regime Landau
quantization does not take place.

In order to derive the equations of motion for charge
particle under the influence of external Maxwell and dark
matter gauge fields, as well as, modified by the Berry flux,
we generalize the action (3). Namely, we allow for the
couplings of both effective charges é, and é; with the
adequate effective gauge fields, in analogy to standard
approach with one U(1)-gauge field [36]

I ~ ~
I = / ’ dl[pm).('m + EAAm)'Cm — éA(D(F) + EBBm).Cm - EBq)(E)
A
—|pl=Aaf, pul. (22)

and perform its variation to find the equations of motion
generalizing those given by Eqgs. (6) and (7). It reveals that
the equations of motion imply the following relations:

o = 2a(ET) + i BD)) + 25(EP) + e, i BD)),

(23)
Xg = ﬁa + €abc‘bbgia (24)
where one sets
EaF) = —Foa, Eag) == —Boa, (25)
and
2 1 - B 1 -
BaF) zeath ) BE’B) - EeachbC- (26)

With the spectrum (2) and in our units assummg the

i ()e( )

Fermi velocity vy = 1, the particle velocity v'(p) = ,
reduces to the direction of the momentum vector

~a P
p“ =157 (27)
P
We have denoted the Berry curvature vector of the Dirac

cone A as €,. For the Hamiltonian (1) it is given by
formula (5) and in new notation reads
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l’\)a
Qi =, (28)
L T20p

The solutions of the above relations (23) and (24) for x,,
and p, yield

K/ljca - ]/\7(1 + éAé'abCEb(F)Qg —+ éBeabch(Z”Qg
+ P (@48 + 2B, (29)

and

Kipa=2sES) +2ED) + 2560 0" B + g pPBP)

+ Q. [éAEEF)BC(F) + EBEEB)BL-(B) 12,8, (E£B>BC(F)
+ED ey, (30)

where the determinant of the matrix coefficients is given by
K,=1+2,8P0 +2,8P 0. (31)

Substituting the achieved results to the relation (8), we
obtain all the desired ingredients for the chiral kinetic
equation, for the dark photon—-Maxwell system.

Formulas (29)—(31) comprise the general equations of
motion valid in chiral systems, with Berry curvature Q;
affected by two gauge fields. They generalize the standard
equations of the chiral kinetic Boltzmann theory and
constitute the main result of this section. For instance, it
can be observed that assuming dark charge e, = 0, one
finds that

K,=1+e (BE” + gBﬁm)% (32)
which clearly shows modification of the effective magnetic
field due to the coupling between visible and dark sectors.

From the set of equations it is visible that even
without dark charge there exist modifications of the chiral
kinetic theory. The adequate terms are all proportional
to a-coupling constant representing small corrections to
the Maxwell fields. However, their presence modifies all
measurable characteristics of the chiral materials and can be
detected in specially designed experiments. In the typical
setup, with external standard electric and magnetic fields,
these corrections are of order of a on top of values of order

one and will be probably hard to detect. However, in the

absence of external ELF) and B,gF) electromagnetic fields,

the base signal is zero and the detection of a probably small

but nonzero signal induced by the dark magnetic field B,(f”

can be possible and it may serve as an indication of the dark
sector appearance. This scenario has similarities to the
ongoing experiments.

To see directly the expected modifications of the trans-
port characteristics of chiral system we shall derive explicit
formulas for anomalous Hall effect (AHE) and chiral
magnetic effect (CME) in the next section.

IV. ANOMALOUS HALL AND CHIRAL
MAGNETIC EFFECTS: COLLISION-LESS CASE

Now we proceed to calculation of the anomalous Hall and
chiral magnetic effects in the collisionless limit in which one
supposes that C[f;] = 0. One assumes that the resulting
solution of the homogeneous Boltzmann equation reduces to
the Fermi-Dirac distribution function of the form as

o 1
OB = (33)
e kBT +1

where T denotes temperature, u chemical potential, and kj is
the Boltzmann constant. As was mentioned in subsection A,
in the Introduction, we shall use units where A =c =
kg = 1. We explicitly assume that the spectrum depends
on the handedness 4 of Weyl particles.

It turns out that the presence of Berry curvature modifies
the volume of phase-space [21]. As was revealed in [36]
this fact leads to the relation for the measure K,, which
implies the following modified Liouville equation:

oK 9 (Ki,,) + J (Kipm)
— x —
ot axm Arm apm iPm

— 2128 (B) [ E B + B EP pe®)

+ 2,25 EPBP) 4 ED pe®)y), (34)

The right-hand side of Eq. (34) was achieved by using the
fact of the invariance of the phase space measure
K,d*3%d*p/(27)? and the adequate components of the
gauge field equations of motion and the relation for the
Berry monopole

V,Q, = 218 (p). (35)

Further, we define the number current density in the form

. pe
i = / SIS Kufii (36)

Consequently, taking into account the relations (29) and
(33), we obtain the total number current in the collisionless
limit

" .a(F) .a(B) .a(F) .a(B)
J3 = J oy attanys +J attans T emen T iompy 37)

where the first number current in the above expression
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y Ep 0.,
o= | st (3%)

does not depend on external fields and vanishes as the
equilibrium property of the system. Other terms in Eq. (37)
denote currents, linear in electric and magnetic fields
related to both U(1) sectors. Namely, they constitute the
anomalous Hall number currents

. 3 i
atf) o [ D 0) ape pAF)
J Hallan)z = eA/(zn_)g,f,l e Ey Qe

- dS -
.a(B ~ P £0) abe (B
](IEIal)lan)i =¢p / (271_)3 fﬁ )6 b Eé )Qc}u (39)

and the chiral magnetic number currents (along the direc-
tion of the magnetic fields)

(l(h = mpa

JicME) = €4 /( )zfz PnsY'B @,

.a(B) o~ mpa

JcMmE) = B /( )3f/1 pmS2%'B ®) (40)

Similarly as in Ref. [36], one uses the relation E = |p|, and
overbar to indicate the averaging over the unit sphere of
directions of vector p;, we arrive at the expression

L a(F) (pa(B) 0 R E—
a(f)B) .  BY(BY) O/ »
Jomey = am g2 dEf;"(E.p). (41)
To get the last formulas we introduced expression (28) for
Berry curvature into (40), changed variables using E = |p],
assumed that in general f (p) = f(E,p) and denoted

fz (E p) by
i |, L E D). (42)

Moreover, when one assumes the isotropic Fermi-Dirac

distribution [i.c., for £\ (E, p) = £ (E)], the equilibrium
currents along the directions of the magnetic fields are
induced by both gauge fields describing Maxwell and dark
matter sectors and require finite and different chemical
potential ¢ of chiral fermions. Namely the number currents
for each chirality are given by

j(CM]’E)ﬂ = éA(B)’lmBa( )(Ba(B)) (43)

The charge currents densities are calculated in the next
section.

A. Charge current densities

Let us remark that in order to obtain charge current
densities and connected transport characteristics, one ought
to multiply the quantities achieved previously as in the
Eq. (43) by corresponding charges given by the relations
(16) and (17). Namely they are provided by

~a(F) ~ .a(F)

= €AJ(Hallan)2’

~a(F) _~ .a(F)
J(Hallan)z = =e . (44)

J(cME)L = €AJ (cME)2
for the field F and corresponding effective charges &, and
respectively the analogous forms for B field multiplied by
ép. The conductivities connected with adequate current
densities are defined in a standard way.

For the case when e, = 0, the total charge current along
the applied magnetic field (known as chiral magnetic
effect) in the node A reads

- ~a(F) ~a(B)
=Jeme) T (eME)

Ep 0,
= [ SR by gt

J ((ICME)/I

+ppB®),  (45)

and for the isotropic Fermi-Dirac distribution, one gets

f&mfwl—%ﬂm ) 4 BgBUB) (46)

where we have denoted

o () (5 @
5, = <2Ia>i_ <2;a>§. (48)

In a similar manner one finds that

~a ~a(F)

a(B)
J sty =

-](Hallan)/l + -](Hallan)/l

d*p ,
= [ SR e+ pa ). (49)

V. CHIRAL ANOMALY IN THE PRESENCE
OF TWO GAUGE FIELDS F,, AND B,

The presence of two gauge fields affects the value of the
anomaly. To get some information on it in the theory in
question we proceed as in [36], by first defining phase
space currents (Kf(©, Kf©x, Kf©p), formulate equation
similar to (34) and integrate it over all momenta.
Consequently we arrive at the following expression:

anj

a A 0) o rx2 2F) pe(F) 1 52 (B) pe(B
Vg = Pfﬁ )(0)[2E) BeP) 4+ G2 EP) pet)

+ 2q25(ED BeF) 4 EF) ge®)), (50)
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where the particle number is given by

3
”AZ/(d 27)? Kt (51)

while fﬁo)(O) is the value of the distribution function fﬁ())
for p; equal to zero. For the Fermi-Dirac distribution at zero
temperature and for the nonzero (positive) values of the

chemical potentials, fﬁo) (0) is equal to one. Setting to zero
all the components of dark matter sector field and
a-coupling constant, one obtains the limit of electromag-
netic anomaly [36].

As was remarked in Ref. [36], the above calculations
should be taken with a great care, because of the fact that
we integrated over the whole phase space, including the
singular point where p = 0. At this point the classical
description is not valid and it is proposed that the region
around the singularity ought to be excluded. However the
classical description is reliable for p outside the infinitesi-
mal region near singular point in the phase space manifold.

The relation (50) implies that the particle number
described by (51) around the Fermi surface is not conserved
for single chirality, due to the nonzero value of the right-
hand side of the relation. The nonconservation is caused by
the existence of electric and magnetic fields connected with
the considered gauge fields F w and Bm,. Moreover prior
to the ordinary Maxwell case we obtained that the mixture
composed of electric and magnetic fields pertaining to the
different gauge sectors, also plays the role the role in the
nonconservation. This fact constitutes the additional new
effect emerging form taking into account the dark matter
sector coupled to the Maxwell electrodynamics via kinetic
mixing term.

The conservation of the total charge requires that the
total current is also conserved. This is indeed the case as the
right-hand side of (50) vanishes, when summed up over
two Weyl nodes. However, the chiral current is not
conserved and subtracting both sides of Eq. (50) for both
signs of the chirality A gives the chiral anomaly, which is
twice the right-hand side of the above equation. We
conclude with the remark that both gauge fields contribute
to chiral anomaly.

VI. EFFECT OF SCATTERING

In the previous section we have considered collisionless
limit. In what follows we shall consider the collision term in
the relaxation time approximation with a single relaxation
time corresponding to intra node scatterings. The collision
integral is given by

5f4

T

Cilfal =

where 5, = f, — £\, £\”) is the Fermi-Dirac distribution
function. This term constitutes modification on the right-
hand side of the continuity relation (50).

(52)

As our aim is to consider the homogeneous and sta-
tionary case, the linearized form of the Boltzmann equation
is easy to solve for the correction to the equilibrium
distribution function. The obtained solution reveals that
one can split out-of-equilibrium distribution function df; as

) + 5f/(1Ha.llan

5f, = o1\ + M), (53)
where 5f§0) stand for ordinary or Ohmic part of the
correction and we have denoted the above ingredients by

T 0f01 e i)+ =~ pilh
o =~ % oy B+ EE W] (54)
n T af ~ ibc 2 F e toc
5lea11a :_E ap();l[eAeb B EF)+€B€1’ sz( )], (55)
5 —
R 1AL Ll
+2,25(EP ) 4 ED BB Q. (56)

Consequently the number current operators can be decom-
posed as (see Eq. (37) in the latter section)

&p o,

]Z’Z))ﬂ_/(zﬂ):%p

. &p
-](Hall an)i (2”)3

d3
JE'E:ME)/I :/(2 )3chC(

The proportionality of the corrections to the scattering time
7 clearly shows that the above are the corrections due to the
collisions in the system. In the following we shall analyze
the contributions of visible and dark matter sectors, to
various parts of the current.

5f)n (57)

eeQ (2, + e EPNsf,. (58)

mF) 4z, B"B)Nsf,. (59)

A. Conductivities for F w and l}ﬂ,, field strengths

This subsection will be devoted to the magneto-transport
properties influenced by dark matter sector. Because the
anomalous Hall current is always transverse to the electric

fields EE,F> and E,(JB), so it will not be amiss to ignore it [41].

In the theory under consideration we shall consider
conductivities associated with F w and BW field strengths,
respectively. The total conductivity bounded with F,, and
the handedness 4, can be written as the derivative of the
number current with respect to EP(F) multiplied by the
corresponding charge (&,). It yields
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7 o+ o)

and 6,°® (F) implies the following:

221 & Ep T 0\ mierie o) |~ BB
Op (2)(F):/(2ﬂ)3 E(_ api Q,lezza(eABg; >+€BB§; ))

(62)

while for ,%C)(F) one has the relation

3
6,900 (F) = Ep oo T (%) giz
b (271.)3 c ﬂKA apz 2CA

x (2,4B°F) + 2,B4P)(2,B) + 2,B).
(64)

>

On the other hand, for B . field strength and the adequate
value of 4, the total conductivity connected with the number
currents, is given by

where we set

(2z)°" K; op'
x (2,B) + 2,BP)) (67)
d3P T of o,
~ QC— _JUr) 52
+/(2n>3pC 'K ( o’ )
x (24B*F) 4+ zBaB)), (68)

while ,%%)(B) can be written in the form as follows:

. 43 0 .
6,"0)(B) = / P ﬁc9”i<— 5;’?)9;@%

x (2,BF) + 2,87 (2,B) + 2,BP)).
(69)

The obtained results are valid for an arbitrary choice of the
components of gauge fields in question.

B. Limiting case for ¢; =0

For completeness of the results we quote the relations for
the adequate conductivities bounded with charge current
densities, in the limit when dark matter charge is equal to
zero. They imply the following:

and for B’W field strength, we obtain
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0= [ (%) < (0)
"b“@(f?)—/éjf;sﬁ“é<—a£f>9 < 2+a>2( e )
o[ e (<5)e (75 (5
f’b”m(g):/%ﬁc ié( Zﬁf)gi ( 2;“) < ) L & Ba )(BEF)_FgB;B)), (71)

where now K is given by the relation (32).

From the experimental point of view the sums of terms, i.e., Jb"(i)(F )+ 0,0 (B) matter and one gets the following

expressions:
o.a(1) _/ d3p ﬁaieZ _%
b (2z)*" K; opt )’
dgp of a
a2) — Aa 04 Qz 3 ( ) *B(B)
ot = [ G (- e (7 +5547) +

&p
271')3p

9f o
op'

O.ba(3) = /( QC%( )Q (Ba( )+gBa(B)

where now the K is given by the relation (32). It is the term
0,“? which can be regarded as describing the magnitude
of the dark field induced chiral magnetic conductivity.

VII. DARK PHOTON MASSIVE CASE

To finish with, let us give some remarks concerning the
dark photon massive case and derivation of equations of
motion for charge particle influenced by Maxwell and
massive dark matter sectors.

The action for the massive case of dark photon will be

provided by

(73)

2

m
Spm = / d*x ( F, F* ”—BWBﬂv—aFWBW—%BﬂBﬂ

where as in the previous sections, a stands for a coupling
constant.

In the case under consideration, in order to eliminate the
kinetic mixing term we define new gauge fields in the forms

as follows:
2
/ o
u == 1 - ZB”

The above transformation enables us to rewrite the
action (73)

B (74)

~ . T of o, (F) | @ (B)
Q— ([ —==1e* B —B," |,
Jris (=5)° (47 +3m
a
) (Bg” - 535}”), (72)
|
2
v v v Mpm
F,F* + B, B" + aF,, B" +TBMBﬂ
2
= F,F" + B, B" + %B B, (75)
where we denoted by iy
M
rhlzDM = [ _& (76)

The equations of motion for A ,and B ,, gauge fields now yield

52
V=0, VB -TMB 0. (77)
The equations of motion for charge particle under the
influence of external Maxwell and massive dark matter
gauge fields, will be derived from the action (22), where now

the Eﬂ field will obey the equation of motion (77) and the

transformed charges imply
/ 2
e B = 1- %e d-

After performing variation, the equations of motion for p,
and x,, will be provided by the relations (23) and (24), with
the new meaning of the gauge fields (74) and charges (78).

In the context of the results presented in Sec. VIB for
e, =0 case, we give some remarks concerning the
estimations of the magnitude of the chiral magnetic effect

- a
ey, — e+ —=ey,

: (78)
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induced by dark matter induced magnetic field. First of all,
let us suppose that we are able to conduct an experiment in
which one gets rid of the influence of magnetic Maxwell
field, i.c., BY = 0.

The recent measurements of the local dark matter
densities conducted by LAMOST DRS5 and Gaia DR2
experiments [42,43], reveal that our Galactic disc is
immersed in dark matter halo with a characteristic mass
density ppy = 0.5 GeV/cm?®. On the basis of the action
(73) the dark matter density is expected to be bounded with
the average dark field of magnitude B depending on dark
photon mass [23-25,44]

pom = My B2 /2. (79)

Having in mind equation for hidden photon field given in
Ref. [25]

E = EC COS(mDMt — mDMﬁDM . )_C'>, (80)

one finds the z-component of the dark matter magnetic
induction

BB: = mpp(Bivhy — Bivhy) sin(mpyt — mpypy - X).
(81)

Due to the fact that the direction of the dark matter B field
is expected to be constant over a large regions in space, one
finds that on average the magnetic induction is of the order
of BYY) = |Upm|mpmB.. Using Eq. (79) for ppy we find
B — |Upm|v2ppm- Note, that in natural units both sides
have mass dimension eV?, as they should. Interestingly, the
magnetic induction does not depend on the mass of dark
photon. However, the frequency of the field depends on
mpp, as is seen from the relation (80).

We take dark matter velocity as |Opy| ~ 1073 [24]. Thus

B'®) ~2.77 x 1076 ¢V2 in natural units, or expressed in
Tesla the dark matter induced magnetic induction

BEB) ~4 x 107°T, which amounts to the tiny fraction of
the Earth magnetic field.

Thus we conclude that even for @ not much smaller
than about 1076 [45], the CME signal as given by Eq. (72)
which is proportional to aBE-B), (by the direct inspection it
can be checked that the same situation holds for dark
massive photon case), will be rather difficult to measure

directly.

VIII. CONCLUSIONS

In the paper we have generalized the chiral kinetic theory
taking into account the effects of two coupled U(1)-gauge
fields. One is the standard Maxwell field, while the other
pertains to the hidden sector. Both fields are coupled by the
so-called kinetic mixing term.

Our main aim was to find the modifications of the
Boltzmann kinetic equation by dark photon and envisage
the additional effects in transport coefficients caused by dark
sector. The obtained results show that chiral Boltzmann
theory is severely modified. The distribution function and the
resulting currents are affected by both U(1) fields. The
nontrivial topology of Dirac/Weyl semimetals leads to the
chiral magnetic effect, which constitutes the current flow
along the applied magnetic field. It happens that the afore-
mentioned effect may also result from the presence of dark
sector induced magnetic field as is obvious from Eq. (72).
Even though its direct detection in bulk experiments, with an
applied external E,(P and Bf,F) Maxwell fields may be
difficult, as it appears as an additive correction proportional
to a, it could be measurable in the experiments without

applied external magnetic field B,(,F)

signal proportional to aB,(,B) stemming from the dark
magnetic field becomes the only nonzero signal. The order
of magnitude estimation demonstrates that its direct obser-

vation will be difficult, if feasible at all.

= 0. In such a case
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