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In this paper, we explore the possibility of the polarization conversion of a wide energy range of cosmic
photons to the circular polarization through their interactions with right handed sterile neutrinos as a
candidate for dark matter. By considering the sterile neutrino in the seesaw mechanism framework and
right-handed current model, we examine the Faraday conversion A¢gc of gamma ray burst (GRB) photons
at both the prompt and afterglow emission levels as well as the radio photons emitted from our galaxy and
extra-galactic sources interacting with the sterile neutrinos. Consequently, for the sterile neutrino with
mixing angle 6> < 1072 motivated by models with a hidden sector coupled to the sterile neutrino, the
Faraday conversion can be estimated as Agpc < 1073-107!8 rad for GRB, Agprc < 107°-107!! rad for
radio emission source from our galaxy and Agpc < 107°~107" rad for extragalactic sources. We also
examine the V-mode power spectrum Cy; of the cosmic microwave background (CMB) at the last
scattering surface. We show that the circular polarization power spectrum at the leading order is
proportional to the linear polarization power spectrum C,; and the mixing angle where for 6% <1072 leads

to Cy; < 0.01 nano-Kelvin squared.
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I. INTRODUCTION

Over the past century, the existence of dark matter (DM),
the nonbaryonic substance of the universe, which accounts
for 26% of the total energy density of the universe, has been
discussed. The cosmological evidence like curves in the
galactic halos [1] as well as astrophysical observations such
as WMAP [2] and Planck [3], increase the DM existence
probability. Besides cosmological and astrophysical evi-
dence, it is crucial to attain information about interaction
features of DM, if exist, with the standard model (SM)
particles. Such information can be obtained from direct
detection for instance in XENON10 [4], XENON100 [5],
XMASS [6], CoGEANT [7], DAMA [8,9], PICASSO
[10,11] and in indirect search using experiments such as
production signatures at colliders [12] or searching for
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annihilation and decay signals [13]. However, a different
window into the nature of DM can be introduced in
investigating the circular polarization effects in scattering
of the cosmic photons from DM particles with various
astrophysical sources. From the theoretical point of view,
the circular polarization is generated from several mech-
anisms, mostly new physics interactions, which contribute
to the Boltzmann equation. For example, forward scattering
of the CMB photon from cosmic neutrino background
(CNB) leads to the circular polarization of the CMB photon
[14]. CMB photons scattered from electrons can acquire
circular polarization in the presence of background fields
such as Lorentz violation [15], magnetic field [15,16],
noncommutative space-time [15,17] and CP violation [18].
Furthermore, conversion of a linear to circular polarization
for GRB photons in scattering from cosmic particles [19] or
production of circular polarization for the CMB from
circularly polarized primordial gravitational waves [20]
are also considered.

However, there are many sources for exploring the
effects of the DM-photon scattering on the polarization
production of cosmic photons. In addition to the CMB
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which provides unique cosmological information at recom-
bination epoch at the early universe, there are cosmic rays
with a wide range of wavelengths which can be used to
study the properties of the DM particles. For example, the
GRBs as nonuniform pulses of gamma-ray radiation lasting
commonly less than a minute, have been detected at
redshift less than ten [21]. It is believed that they are
produced at the end of massive star evolution and forming
black holes [22] or combining of compact objects [23]. It
can be seen at a random location on the sky and few times
during a day. Generally, GRBs are followed up by after-
glow emissions including longer wavelength x-ray, optical,
IR, and radio frequencies [24]. Meanwhile, the radio
photons also can be considered through different sources
such as galactic supermassive black-hole inside the
Milky Way, the distant radio galaxies or from the star
formation in a way that by heating up the surrounding dust
of a young star or exploding a massive young star as
supernova after its born [25,26].

In theoretical term, among the SM particles only
neutrinos can fulfill properties of a DM candidate.
However, its small mass and large coupling with the other
SM particles keep neutrino relativistic at the epoch of
freeze-out and it would only picture the hot DM [27]. In the
meantime, there are many models beyond the SM which
provide one or more unknown particles with different
masses, interaction, spin and strength to account for the
DM (for instance see Refs. [28,29] and the references
therein). Nonetheless, in a large fraction of such models a
weakly interacting spin 1/2 Majorana fermion is predicted
which is singlet under the SM gauge group. Also it can be
found in the context of right-handed sterile neutrino, for a
review see for example [30], and the right-handed current
model see for example Refs. [31,32]. Furthermore, the
sterile neutrino idea is powerful enough to explain the
baryon asymmetry [33,34] and observed neutrino oscilla-
tions [35] if it is considered as a triplet. With less mass [36],
it can provide a viable DM through the seesaw mechanism
[37]. The seesaw mechanism is implemented in three tree
level ideas so-called as type-I [38,39], type-II [40] and
type-III [41]. Nevertheless, there are some alternative
extended models as well [42,43].

Meanwhile, cosmological and astrophysical aspects of
the massive sterile neutrino are studied extensively in
literature [44,45]. In this paper for the first time, we study
the circular polarization production of the cosmic radiation
caused by the cosmic photons interacting with the sterile
neutrinos, as the Warm DM (WDM). This provides
a new tool to explore the DM properties within type-I
seesaw mechanism [38,39] and the right-handed current
model [31,32].

This paper is organized as follows: we first present a brief
review of the seesaw type I model and the right-handed
current model in Sec. II. In Sec. 111, the time evolution of the
Stokes parameters for photon-sterile neutrino interaction is

calculated by using the scalar mode perturbation of metric
and the generation of circular polarization. The circular
polarization arising from GRB-sterile neutrino, radio fore-
ground radiation-sterile neutrino and CMB-sterile neutrino
forward scatterings are estimated in Sec. IV. In Sec. V we
give a summary and conclusion. Finally in the Appendix A
we give a brief introduction on the polarized radiative
transfer equation and its relation to the Faraday conversion
and Appendix B, is devoted to the detail of calculation of
the Boltzmann equation for the photon-sterile neutrino
interaction.

II. RIGHT-HANDED NEUTRINOS
A. Type-I seesaw

Right-handed sterile neutrinos are elegantly embedded in
the seesaw model. In type-I seesaw model the SM is
extended by at least two heavy sterile neutrino singlets v,
(i indicates the generation) with the following most general
electroweak Lagrangian

IR T
L= Loy + ¥4  Hug + EMQZ/II{'I/]Z{ +H.c., (1)

where Lgq\ denotes the electroweak Lagrangian of the
SM and y7; is a matrix of Yukawa interactions, H is the

Higgs doublet and H = eH*, with € is the antisymmetric
SU(2)-invariant tensor, #; = (v;,e.)! indicates the left
handed lepton doublets and vi¢ = Cv,'T with C = iy,y,.
Furthermore, ui’s are SM gauge singlets, hence the
Majorana mass term M} is allowed in addition to the
Dirac mass m,. Consequently, after the electroweak sym-
metry breaking one can obtain the Dirac mass as m, =
y*(H) where by considering both Dirac and Majorana
masses leads to the neutrino mass matrix as follows

My=<0 m) 2)

my My

where My and m;, are 3 x 3 matrices. However, the
eigenvalues of My can be chosen to be at a scale much
higher than the electroweak scale suppressing the Dirac
mass term. Meanwhile, to diagonalize the mass matrix, one
needs a 6 X 6 mixing unitary matrix. In fact, the diagonal-
izing process occurs through two steps (I) block diagonal-
izing and (II) two unitary rotations. Therefore, there would
be two sets of physical eigenstates related to the three light
neutrinos of the SM particles. In the first set of eigenstates
which are known as active neutrinos, the masses can be
obtained as

m, = _mEMl\jllmDv (3)

and the neutrinos belong to the SU(2) doublets. In the
second set, one has a set of heavy right handed Majorana

123016-2



CIRCULAR POLARIZATION OF COSMIC PHOTONS DUE TO ...

PHYS. REV. D 101, 123016 (2020)

neutrinos which are gauge singlets with mass M,, the
eigenvalues of M. The scale of M, is not determined by
experiment and different constraints are available from
particle physics, astrophysics and cosmology with different
consequences [46]. As a result, sterile and the SM neutrinos
mix with @ = m,M;;' mixing angle. Therefore, all of the
Majorana mass eigenstates can be represented by the flavor
vector elements as:

N = Vi, + O"¢ + Hec.,
and v=Vjy — U605 +H.ec., (4)

where V, is the usual neutrino mixing matrix connecting
the observed light mass eigenstates v; to the active flavor

eigenstates:
1
= (1 - 599*) v, (5)

and U, is the unitary part of neutrino mixing matrix.
Meanwhile, the corresponding parameters in the sterile
sector are V and Uy and the active-sterile mixing angle is

0 = 0U}. (6)

Thus the sterile neutrinos interacts with the SM particles as
follows

9 x g 5 _

oY - Lrer,wi - Ll renw

~ V2 LUK 2 - a

g = g _
-——2 NOyy, 7z ——2 HONZ
2cos b, Voitu cos @, 4 K
g My

—Y@hi, N — —NOthNy 7
e e 0)

where [ =e, yu, v and v; denotes the left handed SM
neutrinos in the flavor eigenstates which can be expressed
in terms of the mass eigenstates as v;, = P, (V,v + ON).
However, a neutral and massive sterile neutrino depending
on the galaxy phase space density, universal galaxy surface
density and the DM density can be fit to a WDM scenario
[37]. Nevertheless, the sterile neutrinos can decay radia-
tively at loop level into the SM neutrinos as N — v; +y.
Furthermore, the dominant tree-level decay channel for the
sterile neutrino is N — y,vz05 with the following total
decay width [47,48]

GiMmP

=
967>

0, (8)

where 6> =3",_, . 10;]* and G, is the weak Fermi con-
stant. Therefore, by requiring the condition of sterile
neutrino lifetime being longer than the age of the
Universe tygiverse = 4.4 x 1017 sec [49], the mixing angle

6* should be constrained as

1 keV\?
2
9<1<M>, 9)

where M denotes the mass of the sterile neutrino.
Meanwhile, depending on models and considering the
astrophysical constraints, one can find different bounds
on the mixing angle from 6> < 1078 [29,50] to #> < 107!
[45]. However, there are also some direct laboratory
measurements with a weak bound on the mixing angle
in the keV mass range as 6> > 10™* [51,52].

B. Right-handed effective coupling

Here, we would like to introduce the right-handed Dirac
neutrinos as the DM candidates which can be coupled
effectively to the SM particles through the right-handed
current interactions with the SM intermediate gauge bosons
[31,32,53,54] such as

LD gR(g/\/i)ZRy”y,RW; +Hec., (10)

where [ stands for a charged lepton. In fact, this model
was motivated by the parity symmetry reconstruction
at high energies without any extra gauge bosons. The
counterpart of (10) in the quark sector has been also studied
in Refs. [54,55].

Besides the standard decay modes of W, according to
the effective coupling of (10), W can also decay into the
right handed fermions. In the case of leptons, the partial
width of the W* — f. f j, decay mode is determined by the
following relation

3g§2

r 11
= 80x " (1)

This is while, the partial width of the W* — f.f; decay
mode for quarks can be obtained as follows

34z .
80x "’

r‘q,:/- :NclUij|2 (12)
where N, = 3 is the color factor and Uj; is the element of
CKM matrix. To get the total width of the W gauge boson
in this model, one must consider all leptons as well as quark
decay modes. By considering all decay modes, the total
width can be obtained as follows

Iﬂtotal = 1—‘SM + ol (13)
where
2
DL (14)
A

However, we should require that 6I" does not exceed the
experimental accuracy of W decay width, 4.2 x 1072 GeV
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[56]. Therefore, the constraint on gz will be obtained as
follows

R <6x1073. (15)

Moreover, the lifetime of the right handed neutrino as a DM
candidate should be larger than the age of the universe. In
fact, the right-handed neutrinos can decay radiatively at
loop level into the SM neutrinos as vy — v, + ¥, Fig (1).
Since in this model the radiative decay is a dominant
channel for decay of the right-handed neutrinos, in the limit
that v, is massless, the total decay width can be given as

M3
r=g—, 16
9 < (16)
where M is the mass of the right-handed neutrino and the
coupling constant G arises from the one-loop radiative
corrections, Fig. 1, where after some calculation one has

V2
gzﬁgRGFeml. (17)

Now by substituting (17) into (16), we arrive at the
following relation

a
Cvg > v +7y) = 4—”4G%m§M3g§. (18)

Therefore, by requiring that the right-handed neutrino
lifetime being longer than the age of the Universe fypiverse =
4.4 x 10" sec [49], gr should be constrained as

1.7 GeV\2/1 eV)\?3
2 < 102 . 19
@< ( - )(M) (19)

It should be noted that the interaction given in (10) for
the right-handed neutrinos is very similar to (7) for the
sterile neutrinos. Furthermore, comparing (15) with the
obtained constraints on 6> shows they are more or less in
the same range. Therefore, there is no difference between
the scattering of cosmic photons from the right handed
neutrino or the sterile one. In fact, the obtained results in
the next sections can be applied for both particles on the
same footing.

FIG. 1. Radiative decay of right-handed neutrino N — v, + 7.

III. COSMIC PHOTONS SCATTERING FROM
STERILE NEUTRINO

The polarization of an ensemble of photons can be
explained by the following density operator:

3
b= ﬁ/%pu(p)ﬁu(l’)’ (20)

where p;; shows the density matrix components in the
phase space, p represents the momentum of cosmic
photons and D;;(p) = aj(p)aj(p) is the number operator
of photons. This can also be decomposed into well-known
Stokes parameters in the polarization space as follows

1 [(I+0Q U=V
'0_2<U+iV 1—Q>’ @)

where [ is radiation intensity, Q and U represent linear
polarization and circular polarization is given by the V
parameter. The @ and U quantities are influenced
by orientation of coordinate system while V and I are
coordinate independent. Therefore, a coordinate indepen-
dent combination of Q and U as Q + iU is preferred.

Stokes parameters for a propagating wave in the Z
direction are defined as

I=(E})+(E}) Q=(E3)-(E}).
U= <2ExEy COS(¢x - ¢v)> V= <2ExEy Sin(¢x - ¢y)>
(22)

The amplitudes and phases of waves in the x and y
directions are defined with (E,, ¢,) and (E,, ¢,), respec-
tively. The (- - -) represents time averaging. In the standard
model of cosmology, there is not any physical mechanism
to generate the V parameter from the unpolarized cosmic
photons. However, a linear polarization as is shown in
Appendix A can be converted to a circular one in a
homogeneous medium through Faraday conversion (FC)
defined as

dv
- 2
a = -0 (23)

where g =4 A¢rc|, and h =4 Aggc|, are the corre-
sponding Faraday conversion phase shifts caused by the
conversion of linear polarization Q and U, respectively. It
should be noted that in (23) based on the chosen reference
frame, the Faraday conversion can be produced from a
combination of Q and U parameters or either one of them.

The time evolution of V-Stokes parameter or equiva-
lently the component of density matrix can be obtained
as [57]
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(2775 (0)(2p0) 2,/ (p)

i 1
= i([H}(1). D};(p)]) —Q/dth‘}(t)» [H7(0). D;(p)]])-
(24)
where the first order of the interaction Hamiltonian is given by

HY and p,, is the magnitude of photon momentum. The first
|

d V2

apij(l’) == 122"

X (q : €s¢x’ +q- €s’¢s)ur(q) +

247 p?

term on the right-hand side is the forward scattering while the
second one represents the higher-order collision terms.

Therefore, by using the seesaw model and the right-
handed coupling model, we can examine the effects of the
photon-sterile neutrino interaction on the polarization of the
cosmic photons. To this end, we take Eqs. (7) and (24) into
account to find the time evolution of the density matrix
components as follows (See the Appendix B for the detail
of derivation):

462G, / dq(35p,(1) = 81901 (P)) for (% )it () (1 = 7°)

2
at?G, / dq(8,p5;(p) — 8,9p3(1))

X fDM(X’ Q)ﬁr(Q)(l - ys)ﬁ(¢y’¢(s - ¢s¢x’)ur(q) (25)

Consequently, reconstruction of the Stokes parameters
through the density matrix elements leads to the Boltzmann
equations as follows

dl

E = Céyv (26)
d . t o oip A%
EAP = Cg;, F inpmAp + O(V), (27)
dv 1. . _
v Cy + 3 (15MmAS + oMAR) (28)

in which A7 = Q +iU. CL,, C}, and C7, demonstrate the
contributions from the usual Compton scattering to the time
evolution of I, V, and A}F parameters, respectively. Their
explicit expressions are available in the literature for
example see Refs [58,59]. Meanwhile, 7j, and 7y, which
are considered for the contribution of the photon-sterile
neutrino scattering can be obtained as

. V2
i = g SO [ o (%.) (6ohet 74°).
(29)
and
) V2
i1 = 5oy 20" [ dafoux.a
X[(—q-€1q-€—q-€9-€)
ti(g-€e1q9-€,—q-€q-e), (30)

where the incoming photons can be chosen from a wide
range of low to high energy cosmic photons.

IV. V-MODE AND CIRCULAR POLARIZATION
OF COSMIC PHOTONS

Astrophysical searches of WDM candidate in new
physics are essential part of the experimental efforts to
explore the nature of WDM. In this section, we propose an
indirect method to search for WDM via studying WDM
effects on cosmic photons polarization through cosmic
photon-sterile neutrino forward scattering. The strategy is
to search for WDM signals in the regions of sky with
the highest expectation for WDM aggregation. Of these
regions, the center of galactic is one of the most promising
locations for WDM searches and polarimetry of cosmic
rays which come from these regions. Therefore, we con-
sider GRB photons, galactic and extra galactic radio
photons and the CMB photons as sources of cosmic rays
to calculate the amount of possible circular polarization for
each case via their scattering from the sterile neutrino. This
study might open a new observational window to explore
the nature of DM.

A. Circular polarization of the GRB photons

Several reports for the polarization measurement for the
GRBs have been prepared during recent years. For instance,
the linear polarization of the prompt emission from GRB
021206 has been reported at the level of 80%[60]. The GRB
polarimeter (GAP) has observed 70% and 84% degrees of
linear polarization of GRB 110301A and GRB 110721A,
respectively [61]. Furthermore, the linear and circular polari-
zation at afterglow radiation in GRB 121024 A have been
reported of the order of 28% and 0.6%, respectively [62].
However, the linear polarization of GRB is mostly originated
from synchrotron emission [63]. Meanwhile, the GRB
circular polarization can be generated either due to a
large-scale ordered magnetic field or Faraday conversion
at the late time of the GRB radiation [15-17,19].
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In this subsection, we will consider the GRB photon-
sterile neutrino forward scattering and estimate the Faraday
conversion phase shift in two cases: (i) GRB photons at the
prompt emission interacting with sterile neutrinos passing
through internal and external shocks, (ii) GRB photons at
the afterglow intermediate emission interacting with sterile
neutrinos on the way of their propagation.

Based on the time evolution of the V-Stokes parameter in
(28) and considering (A4), the Faraday conversion of the
scattered photons from the sterile neutrinos evolve as follows

V2

dt
Adrclorp = 5aG}792 p_OfDM(X)
x vhy(Badpete] — Dodpeses),  (31)

where fp(X) is proportional to the mass density of WDM as
ppom(x) = Mfpu(x) and py = p|.

There are two possibilities for the forward scattering of
GRB photons from sterile neutrino: (i) At the prompt
emission level, (ii) At the afterglow intermediate interaction
level. The former is strongly model dependent and the
polarization of high energy GRBs can be produced by
scattering from WDM located close to the GRB prompt
emission location. Meanwhile, the latter is model indepen-
dent as the polarization of afterglow GRB photons are
affected by scattering from sterile neutrinos on their way to
reach the detector.

We first estimate the Faraday conversion caused by the
prompt emission-sterile neutrino scattering. We consider a
simple model in which the sterile neutrino WDM can
abundantly be produced in supernovae cores. Therefore, by
scattering off the local sterile neutrino, the linear polari-
zation of the GRB photons at the prompt emission level can
be converted to the circular polarization as

- GeV /DM
A =107320%(1 2
¢FC|GRB ( +Z) ( Do ) (10_41 GeV4>

UpMm 2 dl P PO
X <10_3> / 1010 Cm(vavﬁeléjlj - vavﬁ€26ﬁ)’
(32)

where the mass density of the sterile neutrinos is assumed
to be ppy ~ 107 GeV* [64] and we have supposed that
the prompt y-ray emission occurs at distance ~10'© cm
from the center.

However, in the second case, the afterglow radiation
caused by the GRB photons can interact with the sterile
neutrinos in its way to the earth. Therefore, the GRB linear
polarization is expected to be suppressed by the Faraday
conversion phase shift. The integration over time in (31)
can alternatively convert to integration over the redshift as

[Ydt= [ dz/[(1+z)H(z)] with H(z)=H[(Q,(1+2)* +
Qy(142)°+Q,] where Q, ~ 1074, Q); ~ 0.3 and Q, ~ 0.7

are the present densities of radiation, matter plus DM and
dark energy, respectively, and H, = 67.4 km/s/Mpc is the
value of the Hubble constant at the present time [65].
Meanwhile, the bulk velocity of WDM, number density
and energy of contributing particles depend on the
redshift [66,67] as

vpm = vopm (1 +2)7172, Po = Pooll +2).

pom = Pomo(1 + 2)°, (33)

where vopm, Poo and ngpy are obtained at the present time.

By taking (31) into account and integrating over the
redshift z, the Faraday conversion can be estimated as
follows

_ keV DM Upm 2
A — 1074p2 [ == ,
Prclors ( Do > (10—47 GeV“) (10—3

(34)

where we have supposed that the sterile neutrino has the
same global mass density of DM today ppy ~ 10747 GeV*
[65]. Conventionally, one can rewrite the above equation as
a function of the decay rate and the mass of sterile neutrino
[see (8)]. Therefore, the Faraday conversion due to the
GRB photon-sterile neutrino scattering depends on the
mass of the sterile neutrino as follows

keV\ 5 /keV
Adprclrp = 1071 <7> (E)
DM Upm 2
x <10—47 GeV4> <10—3> - (39)

where the life time of the sterile neutrino 7y = py ~ 10 X
universe life time. However, the Faraday conversion for
the GRB afterglow spectrum scattering from the sterile
neutrinos can be estimated from (34) for different mixing
angles in the range >~ 1072 —107% as are shown in
Table I.

TABLE I. GRB Faraday conversion phase shift due to photon-
sterile neutrino DM interaction for the electromagnetic spectrum,
regarding z = 1 and ppy = 107%7 GeV* [65].

GRB types A(cm)~  A¢rclgprig2 10~
Prompt emission Prompt 10713 10721-107%
Afterglow emission y ray 10710 10-18-10=2
X ray 1078 10710-1020
uv 1076 107141018
Visible 10 10-12-10-16
Infrared 1073 10-11-10-1
Microwave 1 1073-10~12
Radio 10° 10731077

123016-6



CIRCULAR POLARIZATION OF COSMIC PHOTONS DUE TO ...

PHYS. REV. D 101, 123016 (2020)

B. Circular polarization of galactic
and extragalactic radio sources

The radio synchrotron radiation is emitted from astro-
nomical radio sources. The astronomical radio sources are
objects in our galaxy (the Milky Way) and extragalactic.
Some of the famous candidates for the radio sources at
the center of Milky Way, are galactic supermassive black
hole Sagittarius A* [68] and Supernova remnants such as
Cassiopeia A [69] and Crab Nebula [70]. The Centaurus A
[71], Blazar S5 0716 + 71 [72], Messier 87 (M87) [73],
and Messier 81* (M81%*)[74] radio galaxies are some of the
notable sources of extragalactic radio sources.

Due to the magnetic field properties of radio galaxies,
radio emission should highly be polarized. The most likely
process which gives rise to linear and circular polarization
of some radio sources in galactic and extragalactic nuclei is
Faraday rotation and conversion [75,76]. In general, obser-
vation suggest the linearly polarization at the degree of
~10% mainly due to the synchrotron radiation from
relativistic electrons. However, the circular polarization
is less than 0.5% [74,77-85]. Also the circular polarization
in the absence of a linear polarization has been detected as
well [74,79,80]. Similar to the GRB photons, we estimate
the Faraday conversion due to the radio radiation-sterile
neutrino interaction for the intergalactic sources as follows

6.5x 1077 eV
Adrcsgas # 107°0%(1 + 2)? <Xpe>
0

« DM Upm 2
1074 GeV* 1073

dl AN AN
| i am et = byt

(36)

where [ demonstrates the distance of intergalactic radio
sources from the Earth. Using (36) one can find the values
of the Faraday conversion for some intergalactic radio
sources with z << 1 as are listed in the first three rows of
Table II. Meanwhile, the Faraday conversion due to the
forward scattering of radio radiation-sterile neutrino for the
radio galaxy M81* source can be estimated as

_ PDM
A¢FC|M81* ~ (10 492(1 + Z)2 (10—41 Gev4>
dl 1 NN
X /4 % 1022 Cm(vavﬁelef - vaUﬁGZEg)

535 x 10-802(1 4 2)2 [ —OM___
.99 (1+2) <10—47 GeV?

dl T
X/m(vavﬁeleﬁi_va”ﬁ%e@)

% 6.5 x 10_7 eV ’UDE/I 2, (37)
Po 10 3

where the first term corresponds to the Faraday conversion
effect inside the radio galaxy and the second one represents
the Faraday conversion arising from photon traveling out of
the radio galaxy toward the Earth. For simplicity, the DM
mass density in other galaxies is considered at the same
order of magnitude of the DM mass density in our galaxies.
Nevertheless, the DM mass density is considered as the
local DM mass density ppy = 107! GeV* inside the
galaxies and for the outside of galaxies it has been taken
to be equal to the global mass density 107# GeV*. As the
second term in (37) in comparison with the first one shows,
due to the value of the DM mass density, the effect of the
Faraday conversion inside the radio galaxies is the dom-
inant one. However, the Faraday conversion for different
radio galaxies are given the Table II. It should be noted that
for the extragalactic sources, DM mass density can be
considered as a free parameter as well as the sterile
neutrino-neutrino mixing angle. Therefore, measurement
on the Faraday conversion can open a new window to probe
the DM mass density in radio galaxies.

C. Circular polarization of the CMB photons

In this section, we discuss about the circular polarization
of the CMB photons in the conformal time # due to photon-
sterile neutrino scattering. To this end, we focus on the left-
hand side of the Boltzmann equation (28) including the
information of photon propagation in the flat Friedman-
Robertson-Walker (FRW) background space-time. As the
circular polarization in presence of the scalar perturbation is

TABLE II. Faraday conversion phase shift due to the interaction of sterile neutrinos with photons originated from galactic and
extragalactic radio sources.
Radio source A (cm)w [(ly)~ Adprclgrio-1070
Intergalactic Sagittarius A*[82,86] 200 26000 1076-10-10
Cassiopeia A [69,87] 600 11000 107610710
Crab Nebula [83,88] 400 6500 1077-10"1
Extragalactic MS81* [79,89] 200 11 % 10° 1076 — 10710
M&87 [73,90] 0.1 53 x 106 10711101
Centaurus A [71,91] 1 13 x 10° 1078-10-12
Blazar S5 0716 + 71 [72,92] 200 3.6 x 10° 10-7-107""
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dominant comparing to the vector and tensor perturbation,
only the scalar perturbation is added to the metric and we
neglect the vector and tensor perturbations. However, the
DM distribution function is indicated as [93-95]:

Sfom(X.q.n) = fomo[l + ¥(X. q.7)], (38)

where fpyo(X, q,7) shows the zeroth-order distribution,
¥(X,q,7n) is the perturbed part and = gn’ where n’
indicates direction of the DM velocity. Neglecting the
collision term on the right-hand side of the Boltzmann
equation, the phase space distribution of the sterile neutrino

can be obtain as follows

+i— (K -n)¥
on SDM( )
dinfpmo | . .€pm g~
— ;DMK .0/ - 3
dng |77, (K-n')y . (39)

where ¢ and y indicate the scalar metric perturbation
in the Newtonian gauge [96], K is wave number of
the Fourier modes of the scalar perturbations and epy =
(g% + a(n)>M?)'/? with the scale factor a(y7). Meanwhile,
the angular dependence of the perturbation can be
expanded in a series of Legendre polynomials P,(u’) as
follows

WK, g1 m) =Y (=)' 21+ D)W (K, n)Py(u),  (40)

=0

with ¢/ = K.n'. Now, we expand (28) in terms of ¥, and y/
as follows

V2 . .\ -
Ve 3—a92GF[(773 - lﬂA)A;(S) + (’73 + ”7A)AP(S>}
po
4 1 )
o d P, - 2¥ 41
X ((2”)3)/ g1 o fDMo[ 0= 2% (41)
N”IDMA; + ”DRL/IA;’ (42)
where

WCD%/I = ’.7CDM(7’IB + i’lA), (43)

with

A A

’1A:(K'€1)2_(K'€2)2’ WB:—ZK'QK'Q, (44)

and
. V2 1 ) i}
oM = 370 ab*G, ) 6ppm— (Pom+Pom)opm],  (45)

in which opy is shear stress and ppy and Ppy, are the
unperturbed energy densities and pressure defined as [94]

pom = a™* / q*dq dQepy fomo

_ 1 q2
Ppm = ga 4/q2dq dQ—— fpmos (46)
£pM
- - 8z _, . G
(PDMO + PDMO)GDM = ?Cl q-dq — fomo¥2,
£DM
(47)

and 0Ppyr as the perturbation of pressure is [94]

dr q2
O6Ppm = ?a 4/q2dq—fDMO\P0a (48)
£pM
with
. K - dl
gy, = — By _ jdinSom
£ dlng
; gK epmK dIn fpmo
Y, = Y, - 2¥ ,
1 3£DM( 0 2) + 3q v ding
. qK
¥, = (P = ([ + 1)), 122, (49)

(2l + I)EDM

Therefore, by inserting the initial condition, one can

solve the above evolution equations numerically.
Meanwhile, the time averaged value of the perturbations
Po —‘S/f’ﬁ— (’_’D";)ﬂ)a from the last scattering up to
today can be estimated as the order of matter anisotropy
Pom < 1074,

To 111ustrate how the 7, depends on the redshift, we
have shown the 7, as a function of the red-shift in Fig. 2.
The 75, are shown for three values of > =1072,1072,107!
and for two cases of the fpy = 107 and 107>, As the
figure shows the 7y, increases smoothly with redshift up to
z = 1 then it increases rapidly at high redshifts. In fact, the
iy becomes larger for the larger value of the redshift.
Furthermore, in the presence of primordial scalar pertur-
bations the CMB temperature and polarization anisotropy
are given by the multipole moments as follows [97,98]

A py(n. K Z Q2L+ 1) (=)' AL py (1, K)Py(u),  (50)
1=0

where P;(u) is the Legendre polynomial of rank /, and p
indicates scalar product of the CMB propagating direction
and the wave vector K. The time derivative in the left side
can include the space-time structure and gravitational
effects. Besides, the scattering of each plane wave can
be described as the transport through a plane parallel
medium [99,100]. Therefore, the Boltzmann equation for
linear and circular polarization (41) casts into
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FIG. 2. The 71§y, is plotted as a function of redshift for different values of mixing 6> = 10~ (blue), #> = 1072 (red), and 6> = 10~!

(black) with fpy = 107 (left) and fpy = 107> (right).

1 com AH(S) —(s
=Ch+5a)isnar ™ +ishapr).

—C, Fia(n)if AF.

d () . s
d—nA<V>+zKﬂA(V>

d
A pikpuns®

dn (51)

However, the value of linear polarization Ap*(5) and AV
in the direction fi and at the present time 7, can be obtained
by integrating the Boltzmann equation along the line of
sight [97] and over all the Fourier modes K as

AES)

» (@) = / PPKE(K) e AL (K, p, 1),

AP (R) = [ EREKOA (K pon) (52)

where £(K) is a random variable using to characterize the
initial amplitude of the mode, ¢ , is the angle required to
rotate the K and n dependent basis to a fixed frame in the
sky. Therefore we obtain

A (K, o)

. I3
= / " dn i, e+ er T om [Z (1 —uZ)H(K,n)} (53)
0
and

S
Ai, : (K,ﬂ,ﬂo)

1 [ . T
=5 / iy e [3MA§/S) + < -
2 Jo n

ey

sC+

A 4 oy A;m)],
776]/

Lfmo e (5) o, DM A(S)

~o [ dnnee™ | 3uly +2nBTAP ;

54
2, » (54)

where x = K(”lo - 77)’ ’:ley = NeOTXe> and Ney = f’;h) ':leydrl
are the differential optical depth and total optical depth due

to the Thomson scattering at time n with y, being the
ionization fraction, respectively. Moreover A p is defined as

3 n ; .
AP Ropar) = (1= [ anetvro nKn). (5
with

I=A2 4 AR —AY. (56)

Meanwhile, the value of '7”'41"1 in (54) determines the
importance of the CMB-sterile heutrino interaction in the
CMB polarization and can be obtained as

fom Q mg m, Qpy

7;16}/ B 87[2 Y e Po QBM

’7] = GFQZBDM7 (57)

where Qpy = ppm/per and Qpy = ppm/pe; are the bar-
yonic matter density and the DM mass density parameters,
respectively, and p,, is the critical density of the universe. In
the above equation we supposed that the number density of
electron or proton is approximately equal to the barionic
matter number density n, = n, ~ngy. In Fig. 3, 7 is
plotted as a function of the redshift for 8> = 1073,1072,
and 10~'. The # is shown for fpy = 10~* and 1073,
denoting the importance of the CMB-sterile neutrino
interaction on the CMB circular polarization. It can be
seen that the maximum value of # occurs at the redshift
z ~ 10 and there is a bump at the same red shift. This effect
is due to varying ionized fraction y, around the reionization
epoch. As can be seen in Fig. 3, such a bump always
appears at z ~ 10 for different values of # and 6. In order to
study this contribution more accurate, one needs to calcu-
late the total value of the two-point correlation function of
the AV mode. To this end, we consider the power spectrum
as follows
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FIG. 3. The jj is plotted as a function of redshift for different values of mixing §> = 1073 (blue), #> = 1072 (red), and 6*> = 107!

(black) with fpy = 107 (left) and fpy = 107 (right).

1 *
Cy = m%(auzmav,zw
1
~ 3KP K
20+1 d ( )
Mo . Lo . (S) 2
dQy;, ( dnn,, e erngiAp
0
(58)
where
y = / QY Ay(A), (59)
and the power spectrum P;)S)(K ) is [101]
PP (K)S(K' -~ K) = (£(K)(&(K)).  (60)

Therefore, the above relation leads to the following
estimation for Cy, in terms of the linearly polarized power
spectrum as follows

CVI < ﬁ%veCPlv (61)
where the ﬁave is the average of 7 in (57) which is calculated
for 6> = 1072 and fpy = 107> as follows

1 Nrei - Niss -
fave = / dni + / dni
Ho — Niss Mrei
92 BDM
~3x107* 2OV 2
3% 10 (10 )(10_5 (62)

In (62) we have performed the integrals in two regions: (I)
from the last scattering to the reionization (recombination)
and (I) from the reionization to the present. The contri-
bution of the first region [second term in Eq (62)] is 0.3

while for the second region [first term in Eq (62)] one finds
a vanishing contribution as 7 x 107, In fact, the CMB-
sterile neutrino forward scattering has been produced the
main circular polarization contribution during the CMB
photon propagation through the recombination region.
However, the value of circular power spectrum for Cp ~
0.1(uK)? will be estimated as

Cy; < 0.01(nK)? <ng > (%)2.

From the experimental point of view, the upper limit
at 95% C.L. on the circular polarization detection
(Z(¢+1)CYV/(2x)) with the 40 GHz polarimeter of
Cosmology Large Angular Scale Surveyor (CLASS) has
been reported from 0.4 K> to 13.5 puk?* between 1<£<120
[102]. The obtained constrained in Eq. (63) would be
comparable to experimental results by improving the
sensitivity of experiments in the near future.

(63)

V. SUMMARY AND CONCLUSION

In this paper, we have introduced a new way to examine
indirectly the DM signatures. We have considered a right-
handed neutrino as a preferred WDM candidate which can
be coupled to the SM particles within the context of: (I) the
seesaw type I model (7) and (II) the right handed current
model (10). In the second model we have calculated the
W-boson decay rate to find an upper bound on the coupling
constant as gz < 1072 which is in the same range of
acceptable values for 6 the coupling constant in the first
model. As the photon-neutrino in both model have the same
structures, both models lead to equivalent results for
polarization and cannot be distinguished in this study.
Nevertheless, we only considered the first model to show
that the polarization of cosmic photons which are naturally
accelerated to high energy or even as a background can
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undergo a change via the forward scattering from the DM
sterile neutrino. For this purpose, we considered the GRBs,
radio frequency radiation and the CMB as the sources of
high and low energy cosmic photons through the formalism
of Stokes parameters and Boltzmann equation. We have
shown that the linear polarization of GRBs originated from
a collapsing neutron star can be converted to the circular
polarization by scattering from the DM surrounding the
star. We have found that the Faraday conversion Aggc
of GRB-sterile neutrino scattering at both the prompt
emission and afterglow radiation are about 102! radian
and 107'8-1073 radian, respectively. We have summarized
the Faraday conversion Agpc for 6% ~1072-107% in
Table I. As the table shows the conversion for the prompt
emission is too small to be detected in this way. In contrast,
for the long wavelength radio-wave there is a chance to
detect the Faraday conversion in our model. One should
note that, here only the maximum value of the Faraday
conversion phase shift for the GRB-sterile neutrino scatter-
ing using a simple model is estimated. Nevertheless, in
order to calculate the exact value, one should consider a
more complicated model using the distribution of WDM
density in the galaxy and determines the direction of GRBs
toward the earth. Moreover, we estimated the Faraday
conversion phase shift in radio photon-sterile neutrino
forward scattering. We considered some of the astrophysi-
cal radio sources inside and in extra galaxy. The results for
the same range of mixing angle 6> as GRBs are summa-
rized in Table II. The Faraday conversion phase shift arising
from intergalactic sources are in the range of Agpc ~
107°-10~!" and from the extragalactic are in the range
1076-10715. The current sensitivity on Faraday conversion
is reported by the PVLAS experiment at the order of
1078 rad for the radio wavelength [103]. We have also
shown that the V-mode power spectrum of the polarized
CMB as the low energy cosmic photons in the presence of
the scalar perturbations can be expressed in terms of the
linear polarization power spectrum. We have obtained that
the V-mode power spectrum of the CMB photons Cy;
caused by CMB-DM scattering is proportional to the linear
polarization power spectrum C,; and the mixing angle
where for 6> <1072 and C,,; ~ 0.1(uK)? is of the order of
0.01(nK)?, see (63). In fact, by considering the current
sensitivity for the circular polarization at the order of uK>
[102], our result would be in the range of the accuracy of
the future experimental sensitivity.

Finally, since producing any tiny circular polarization of
the cosmic photons might be originated from different
effects, we would like to compare our results with some
other models. In our model we found that the V-mode is
linearly proportional to wavelength 1 = (1/p,) as is given
in (31). Furthermore, it depends on the density and the bulk
velocity of DM. Therefore, these facts can be used to
compare the obtained results with the other models. For

instance, the circular polarization of cosmic photons might
be generated due to the Compton scattering of cosmic
photons in a magnetized intergalactic medium within
clusters of galaxies. In this effect the V mode induced
by the magnetic field is proportional to the wavelength as
23 = (1/po)’, see Eq. (6) in Ref. [15] and Eq. (65) in
Ref. [16]). In fact, the A-dependence of the circular
polarization leads to a different spectrum for the V-mode
arising from the magnetic field comparing to the V-mode
from the photon-sterile neutrino forward scattering.
Meanwhile, as a model with the same linear A-dependence
for the circular polarization, one should consider produc-
tion of the V-mode from photon-active neutrino scattering
[14,19]. However, the spectra of these two effects can be
recognized where the local mass density of DM is dominant
in comparison with the active neutrino sources. In fact,
the DM in comparison with the active neutrinos from the
CNB (cosmic neutrino background) has a relative global

energy density and bulk velocity as Z2M — £oMYbu ~ [()2
PCNB PCNB

and ;CLN“; = 102, respectively. Therefore, one expects the

induced Faraday conversion due to the GRB/radio photon-
DM would be equal or dominant in all electromagnetic
wavelength compared to the GRB-CNB scattering.
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APPENDIX A: POLARIZED RADIATIVE
TRANSFER EQUATION IN STOKES-
PARAMETER REPRESENTATION

In this Appendix, we briefly introduce the polarized
radiative transfer equation and show how the Faraday
rotation and conversion can be obtained from polarized
radiative equation. It is shown that the polarization of a
linearly the polarized light which propagates through a
medium can be changed as (Q < U) that is known as
Faraday rotation. Meanwhile, Faraday conversion describes
the interconversion between the linear and circular polari-
zation of the radiation (Q <> V,U < V). Generally, the
polarized radiative transfer equation for a weakly aniso-
tropic medium or homogeneous medium can be expressed
as [104-108]:

dI;
= —KI +€i7

Al
=yl (A1)

where s is the path length of the radiation or equivalently
the time that photon is passing through the medium ds =
cdt with ¢ being the light velocity which is equal to unity in
the natural unit and /; for j running from 1 to 4 represent
the Stokes vector components given by [[,Q,U,V].
Meanwhile, the coefficient tensor «;; denotes the amount
of rotation (f), conversion (%, g), absorption (x, g, u, v) and
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€; shows the spontaneous emission coefficient. Therefore,
(A1) can be written in a matrix form as

1 K q u v 1 €]
d |0 K - 0 €
SE=-1 U +179. (A2
ds |U u—-f x h U €y

Vv v g —h « Vv €y

However, in a medium without any emission and absorp-
tion, i.e., k=g=u=v=0,and ¢, = ¢y = €y = ey = 0,
the polarized radiative transfer equation result in d//ds = 0
and reduces to

d Q 0 f -g]|@
P =—|—f 0 h U (A3)
\% g —-h O \%

Therefore, the time evolution of V parameter can be
written as

dv
— =hU - g0,
ds

(A4)
where g =4 A¢ec|, and h =4 Aggc|, are the Faraday
conversion phase shifts caused by conversion of the linear
Q and U polarization to the circular one, respectively.

APPENDIX B: TIME EVOLUTION OF
THE DENSITY MATRIX COMPONENTS
VIA PHOTON-STERILE NEUTRINO
INTERACTION

In this appendix, we calculate the time evolution of the
density matrix components due to the forward scattering of
the photon-sterile neutrino interaction.

We start with the seesaw Lagrangian given in (7). Within
the seesaw model, the photon can scatter from sterile
neutrinos at one-loop level with a lepton and weak gauge
bosons propagating in the loop. Representative relevant
Feynman diagrams are shown in Fig. 4. There are t-channel
Feynman diagrams with the loop involving W-boson and
the charged leptons (electron, muon and tau). Furthermore,

Fipy @\d\ B \A\d\
wy

@

)
W & &

FIG. 4. The representative Feynman diagrams represent the
photon-sterile neutrino scattering. There are two more Feynman
diagrams with antiparticle contributing in the loops.

two additional Feynman diagrams representing the con-
tributions from antiparticles in the loops have been also
taken into account. Meanwhile, the contribution from a
further s-channel diagram with the WTW~yy vertex in
which W-bosons exchange in a triangle loop as well as a
t-channel diagram similar to Fig. 4 where three W bosons
contribute in a box diagrams are negligible.

The electromagnetic free gauge field A# and Majorana
fermion field N(x), which are self-conjugate, can be
indicated as creation a,(p) (bi(g)) and annihilation
a(p) (b.(q)) operators for photons (Majorana fermions) as

3
Au(x) :/(2;;732#) [a_y(p)ew (p)e—ip.x+a'SF (p)es, (p)e’+],
(B1)

dq M

YO g

[b,(q)u,(q)e™* + bl (q)v,(q)e™™],

(B2)

where ¢,,(p) with s =1, 2 are the photon polarization
4-vectors of two physical transverse polarization while
u,(q) and v,(q) are the Dirac spinors. The creation and
annihilation operators respect the following canonical
commutation (anticommutation) relations

[a,(p). al(p")] = (27)32p°5,,6) (p — P').

b 5@ = P Ls,60@-a). (B3

The leading-order interacting Hamiltonian for this process
can be expressed by the scattering amplitude as follows

HY(1) = / dqdq'dpdp’ (27)*6%) (q' +p' —q—p)

x exp(ilg"® + p'° — q° — p°|r)

x [b%,(q')al,(p ) M (Ny = Ny)a,(p)b,(q)].
(B4)

&p 1

Lq Mgy = LP 1 and the total amplitude
20 ¢ P =y 20 phtu

M, can be obtained from the sum of all Feynman
diagrams in Fig. 4, as follows

with dq =

M (q'7 . p's . qr,ps)
=M, (q'7.p's".qr.ps) + M, (q'7.p's’.qr, ps)

—~M;(q'7.p's’.qr.ps) = Mu(q'7.p's’.qr.ps). (B5)

where  M;4(q'7.p’s’.qr,ps) are, respectively, the
Hermitian conjugates of M, ,(q'r,p’s’,qr,ps) and have
been contributed from antiparticles in the loops as follows
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M@ ps) = L [ =25 = )
x Sp(p + 1)¢s(p)Se(D)y*(1 = r°)u,(@)Dr,,(q = 1), (B6)
Mz(q’r’,p/S’,qr,pS)—(zl) g 92/6141%'((1/)7“(1—YS)SF(l+p—p’)¢s(p)
x Sp(l = p")¢o(d)Se(D)y’ (1 = 7°)u,(a)Dr,,(q = 1), (B7)
Ms(a7. 05" 4rp9) = s S0 [ 0,1+ ) D IS~ )
x ¢y (d)Sp(p' = p =Dy’ (1 +7°)v,(d)Dp,, (1 - q), (B8)
and
My(q7. s qr.ps) = - €T o [ @@+ S -0 )i -1
4\qQr,ps.qr,p (2) 8 Q)Y 4 F s P )or(P
x ¢(p)Sr(p' = p = DY (1 + 7)o, (d) D, (1 - q), (B9)

where S is a fermion propagator, the indices r, 7’ and s, s’ denote the sterile neutrino and photon spin states, respectively.
Moreover, we have considered the contribution of three generations of leptons in each diagram. Now to calculate the

forward scattering term in (24), one should find the commutator [H?(Z)D?](p)] then evaluate the expectation value

([H}(1). D

= (2’”)363((1_(1) rr’élj ZfDM(X q)

?J(p)]> according to the following operator expectation value

(B10)

To this end, we substitute (B5)—(B9) into (B4) and then (24) and find the time evolution of the density matrix components as

) = =g G [ da(6p(1) =310 ol T )1 )
X (q : €s¢s’ +4q- €S’¢s)ur(q) + 24\_7/1370 aezGF / dq(éisps’j(p) - 5js’pis(p))
X fDM(X7 Q)ﬁr(fl)<1 - 75)ﬂ(¢s’¢s - ¢s¢s’)ur(Q>’ (Bl 1)

[1] P. Ullio and M. Kamionkowski, J. High Energy Phys. 03
(2001) 049.

[2] L. Page et al. (WMAP Collaboration), Astrophys. J. Suppl.
Ser. 170, 335 (2007).

[3] P.A.R. Ade er al. (Planck Collaboration), Astron. As-
trophys. 571, A31 (2014).

[4] J. Angle et al. (XENON10 Collaboration), Phys. Rev. Lett.
107, 051301 (2011); 110, 249901(E) (2013).

[5] E. Aprile et al. (XENON100 Collaboration), Phys. Rev.
Lett. 107, 131302 (2011).

[6] K. Abe, J. Hosaka, T. lida, M. Ikeda, K. Kobayashi,
Y. Koshio, A. Minamino, M. Miura, S. Moriyama, and

M. Nakahata (XMASS Collaboration), Astropart. Phys.
31, 290 (2009).

[7] C.E. Aalseth et al. (CoGeNT Collaboration), Phys. Rev.
Lett. 106, 131301 (2011).

[8] R. Bernabei et al. (DAMA Collaboration), Eur. Phys. J. C
56, 333 (2008).

[9] P. Belli, R. Bernabei, A. Bottino, F. Cappella, R. Cerulli,
N. Fornengo, and S. Scopel, Phys. Rev. D 84, 055014
(2011).

[10] S. Archambault et al., Phys. Lett. B 682, 185 (2009).
[11] S. Archambault et al. (PICASSO Collaboration), New J.
Phys. 13, 043006 (2011).

123016-13


https://doi.org/10.1088/1126-6708/2001/03/049
https://doi.org/10.1088/1126-6708/2001/03/049
https://doi.org/10.1086/513699
https://doi.org/10.1086/513699
https://doi.org/10.1051/0004-6361/201423743
https://doi.org/10.1051/0004-6361/201423743
https://doi.org/10.1103/PhysRevLett.107.051301
https://doi.org/10.1103/PhysRevLett.107.051301
https://doi.org/10.1103/PhysRevLett.110.249901
https://doi.org/10.1103/PhysRevLett.107.131302
https://doi.org/10.1103/PhysRevLett.107.131302
https://doi.org/10.1016/j.astropartphys.2009.02.006
https://doi.org/10.1016/j.astropartphys.2009.02.006
https://doi.org/10.1103/PhysRevLett.106.131301
https://doi.org/10.1103/PhysRevLett.106.131301
https://doi.org/10.1140/epjc/s10052-008-0662-y
https://doi.org/10.1140/epjc/s10052-008-0662-y
https://doi.org/10.1103/PhysRevD.84.055014
https://doi.org/10.1103/PhysRevD.84.055014
https://doi.org/10.1016/j.physletb.2009.11.019
https://doi.org/10.1088/1367-2630/13/4/043006
https://doi.org/10.1088/1367-2630/13/4/043006

M. HAGHIGHAT et al.

PHYS. REV. D 101, 123016 (2020)

[12] P.Pani and G. Polesello, Phys. Dark Universe 21, 8 (2018);
U. Haisch and G. Polesello, J. High Energy Phys. 02
(2019) 029; A. Krovi, I. Low, and Y. Zhang, J. High
Energy Phys. 10 (2018) 026.

[13] N.FE. Bell, Y. Cai, J. B. Dent, R. K. Leane, and T. J. Weiler,
Phys. Rev. D 96, 023011 (2017); B. Penning, J. Phys. G
45,063001 (2018); Y. Tsai, L. T. Wang, and Y. Zhao, Phys.
Rev. D 93, 035024 (2016).

[14] R. Mohammadi, Eur. Phys. J. C 74, 3102 (2014).

[15] E. Bavarsad, M. Haghighat, Z. Rezaei, R. Mohammadi, 1.
Motie, and M. Zarei, Phys. Rev. D 81, 084035 (2010).

[16] A. Cooray, A. Melchiorri, and J. Silk, Phys. Lett. B 554, 1
(2003).

[17] S. Tizchang, S. Batebi, M. Haghighat, and R. Mohammadi,
Eur. Phys. J. C 76, 478 (2016).

[18] N. Bartolo, A. Hoseinpour, S. Matarrese, G. Orlando, and
M. Zarei, Phys. Rev. D 100, 043516 (2019).

[19] S. Batebi, R. Mohammadi, R. Ruffini, S. Tizchang, and
S.S. Xue, Phys. Rev. D 94, 065033 (2016).

[20] S. Alexander and E. McDonough, Phys. Lett. B 789, 197
(2019).

[21] P. Kumar and B. Zhang, Phys. Rep. 561, 1 (2015).

[22] S. E. Woosley, Astrophys. J. 405, 273 (1993); K. Iwamoto
et al., Nature (London) 395, 672 (1998); G. Preparata,
R. Ruffini, and S.-S. Xue, Astron. Astrophys. 338, L87
(1998); G. Preparata, R. Ruffini, and S.-S. Xue, J. Korean
Phys. Soc. 42, S99 (2003); A. MacFadyen and S.E.
Woosley, Astrophys. J. 524, 262 (1999).

[23] N. Gehrels and S. Razzaque, Front. Phys. 8, 661 (2013).

[24] T. Piran, Rev. Mod. Phys. 76, 1143 (2005).

[25] K. C. Chambers, G. K. Miley, and R. R. Joyce, Astrophys.
J. Lett. 329, L75 (1988).

[26] E.S. Tabatabaei, E. Schinnerer, M. Krause et al.,
Astrophys. J. 836, 185 (2017).

[27] C.S. Frenk and S. D. M. White, Ann. Phys. (Amsterdam)
524, 507 (2012).

[28] T. Lin, arXiv:1904.07915; J. Redondo, Proc. Sci.,
NOW2018 (2019) 083; M. Bastero-Gil, J. Santiago, L.
Ubaldi, and R. Vega-Morales, J. Cosmol. Astropart. Phys.
04 (2019) 015.

[29] A. Boyarsky, M. Drewes, T. Lasserre, S. Mertens, and O.
Ruchayskiy, Prog. Part. Nucl. Phys. 104, 1 (2019).

[30] K. N. Abazajian et al., arXiv:1204.5379.

[31] S.S. Xue, J. High Energy Phys. 11 (2016) 072.

[32] S.S. Xue, Mod. Phys. Lett. A 14, 2701 (1999).

[33] T. Asaka and M. Shaposhnikov, Phys. Lett. B 620, 17
(2005).

[34] M. Shaposhnikov, J. High Energy Phys. 08 (2008) 008.

[35] A. Boyarsky, O. Ruchayskiy, and M. Shaposhnikov, Annu.
Rev. Nucl. Part. Sci. 59, 191 (2009).

[36] T. Asaka, S. Blanchet, and M. Shaposhnikov, Phys. Lett. B
631, 151 (2005).

[37] S. Dodelson and L. M. Widrow, Phys. Rev. Lett. 72, 17
(1994).

[38] P. Minkowski, Phys. Lett. 67B, 421 (1977); S. L. Glashow,
NATO Sci. Ser. B 61, 687 (1980); M. Gell-Mann, P.
Ramond, and R. Slansky, Conf. Proc. C 790927, 315
(1979); T. Yanagida, Prog. Theor. Phys. 64, 1103 (1980);
J. Schechter and J. W.F. Valle, Phys. Rev. D 22, 2227
(1980).

[39] R. N. Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44,
912 (1980).

[40] T.P. Cheng and L. F. Li, Phys. Rev. D 22, 2860 (1980);
R. N. Mohapatra and G. Senjanovic, Phys. Rev. D 23, 165
(1981).

[41] R. Foot, H. Lew, X. G. He, and G. C. Joshi, Z. Phys. C 44,
441 (1989).

[42] A. Kusenko, F. Takahashi, and T. T. Yanagida, Phys. Lett.
B 693, 144 (2010).

[43] P. Cox, C. Han, and T. T. Yanagida, J. Cosmol. Astropart.
Phys. 01 (2018) 029.

[44] L. Canetti, M. Drewes, T. Frossard, and M. Shaposhnikov,
Phys. Rev. D 87,093006 (2013); A. Merle, Int. J. Mod. Phys.
D 22, 1330020 (2013); D. Gorbunov, A. Khmelnitsky, and
V. Rubakov, J. Cosmol. Astropart. Phys. 10 (2008) 041; S.
Horiuchi, P.J. Humphrey, J. Onorbe, K. N. Abazajian, M.
Kaplinghat, and S. Garrison-Kimmel, Phys. Rev. D 89,
025017 (2014); K. C. Y. Ng, S. Horiuchi, J. M. Gaskins, M.
Smith, and R. Preece, Phys. Rev. D 92, 043503 (2015); A.
Schneider, Proc. Sci.,, NOW2016 (2017) 093; N. Menci,
A. Grazian, A. Lamastra, F. Calura, M. Castellano, and
P. Santini, Astrophys. J. 854, 1 (2018); R. Yunis, C.R.
Argiielles, N. E. Mavromatos, A. Moliné, A. Krut, J. A.
Rueda, and R. Ruffini, arXiv:1810.05756; K.C.Y. Ng,
B.M. Roach, K. Perez, J.F. Beacom, S. Horiuchi, R.
Krivonos, and D.R. Wik, Phys. Rev. D 99, 083005
(2019); L. Johns and G.M. Fuller, Phys. Rev. D 100,
023533 (2019); K. Kadota and K. Kaneta, Phys. Rev. D
97, 115021 (2018).

[45] F. Bezrukov, A. Chudaykin, and D. Gorbunov, J. Cosmol.
Astropart. Phys. 06 (2017) 051.

[46] M. Drewes, Int. J. Mod. Phys. E 22, 1330019 (2013).

[47] P.B. Pal and L. Wolfenstein, Phys. Rev. D 25, 766 (1982).

[48] V.D. Barger, R.J. N. Phillips, and S. Sarkar, Phys. Lett. B
960, 325, 365 (1995);

[49] P. A.R. Ade et al. (Planck Collaboration), Astron. As-
trophys. 594, A13 (2016).

[50] A.D. Dolgov, Phys. Rep. 370, 333 (2002).

[51] E. Holzschuh, W. Kundig, L. Palermo, H. Stussi, and P.
Wenk, Phys. Lett. B 451, 247 (1999).

[52] J.N. Abdurashitov et al., Pis’ma Zh. Eksp. Teor. Fiz. 105,
723 (2017).

[53] S.S. Xue, Phys. Rev. D 93, 073001 (2016).

[54] S.S. Xue, Phys. Lett. B 398, 177 (1997).

[55] S. Alioli, V. Cirigliano, W. Dekens, J. de Vriesdan, and E.
Mereghetti, J. High Energy Phys. 05 (2017) 086.

[56] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,
030001 (2018).

[57] A. Kosowsky, Ann. Phys. (N.Y.) 246, 49 (1996).

[58] M. Zaldarriaga, D. N. Spergel, and U. Seljak, Astrophys. J.
488, 1 (1997).

[59] W. Hu and M. J. White, New Astron. 2, 323 (1997).

[60] W. Coburn and S.E. Boggs, Nature (London) 423, 415
(2003).

[61] D. Yonetoku et al., Astrophys. J. Lett. 758, L1 (2012).

[62] K. Wiersema et al., Nature (London) 509, 201 (2014).

[63] E. Troja, V.M. Lipunov, C.G. Mundell et al., Nature
(London) 547, 425 (2017).

[64] T. Giiver, A.E. Erkoca, M. Hall Reno, and 1. Sarcevic,
J. Cosmol. Astropart. Phys. 05 (2014) 013.

123016-14


https://doi.org/10.1016/j.dark.2018.04.006
https://doi.org/10.1007/JHEP02(2019)029
https://doi.org/10.1007/JHEP02(2019)029
https://doi.org/10.1007/JHEP10(2018)026
https://doi.org/10.1007/JHEP10(2018)026
https://doi.org/10.1103/PhysRevD.96.023011
https://doi.org/10.1088/1361-6471/aabea7
https://doi.org/10.1088/1361-6471/aabea7
https://doi.org/10.1103/PhysRevD.93.035024
https://doi.org/10.1103/PhysRevD.93.035024
https://doi.org/10.1140/epjc/s10052-014-3102-1
https://doi.org/10.1103/PhysRevD.81.084035
https://doi.org/10.1016/S0370-2693(02)03291-4
https://doi.org/10.1016/S0370-2693(02)03291-4
https://doi.org/10.1140/epjc/s10052-016-4312-5
https://doi.org/10.1103/PhysRevD.100.043516
https://doi.org/10.1103/PhysRevD.94.065033
https://doi.org/10.1016/j.physletb.2018.12.037
https://doi.org/10.1016/j.physletb.2018.12.037
https://doi.org/10.1016/j.physrep.2014.09.008
https://doi.org/10.1086/172359
https://doi.org/10.1038/27155
https://doi.org/10.1086/307790
https://doi.org/10.1007/s11467-013-0282-3
https://doi.org/10.1103/RevModPhys.76.1143
https://doi.org/10.1086/185180
https://doi.org/10.1086/185180
https://doi.org/10.3847/1538-4357/836/2/185
https://doi.org/10.1002/andp.201200212
https://doi.org/10.1002/andp.201200212
https://arXiv.org/abs/1904.07915
https://doi.org/10.1088/1475-7516/2019/04/015
https://doi.org/10.1088/1475-7516/2019/04/015
https://doi.org/10.1016/j.ppnp.2018.07.004
https://arXiv.org/abs/1204.5379
https://doi.org/10.1007/JHEP11(2016)072
https://doi.org/10.1142/S0217732399002844
https://doi.org/10.1016/j.physletb.2005.06.020
https://doi.org/10.1016/j.physletb.2005.06.020
https://doi.org/10.1088/1126-6708/2008/08/008
https://doi.org/10.1146/annurev.nucl.010909.083654
https://doi.org/10.1146/annurev.nucl.010909.083654
https://doi.org/10.1016/j.physletb.2005.09.070
https://doi.org/10.1016/j.physletb.2005.09.070
https://doi.org/10.1103/PhysRevLett.72.17
https://doi.org/10.1103/PhysRevLett.72.17
https://doi.org/10.1143/PTP.64.1103
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevD.22.2860
https://doi.org/10.1103/PhysRevD.23.165
https://doi.org/10.1103/PhysRevD.23.165
https://doi.org/10.1007/BF01415558
https://doi.org/10.1007/BF01415558
https://doi.org/10.1016/j.physletb.2010.08.031
https://doi.org/10.1016/j.physletb.2010.08.031
https://doi.org/10.1088/1475-7516/2018/01/029
https://doi.org/10.1088/1475-7516/2018/01/029
https://doi.org/10.1103/PhysRevD.87.093006
https://doi.org/10.1142/S0218271813300206
https://doi.org/10.1142/S0218271813300206
https://doi.org/10.1088/1475-7516/2008/10/041
https://doi.org/10.1103/PhysRevD.89.025017
https://doi.org/10.1103/PhysRevD.89.025017
https://doi.org/10.1103/PhysRevD.92.043503
https://doi.org/10.3847/1538-4357/aaa773
https://arXiv.org/abs/1810.05756
https://doi.org/10.1103/PhysRevD.99.083005
https://doi.org/10.1103/PhysRevD.99.083005
https://doi.org/10.1103/PhysRevD.100.023533
https://doi.org/10.1103/PhysRevD.100.023533
https://doi.org/10.1103/PhysRevD.97.115021
https://doi.org/10.1103/PhysRevD.97.115021
https://doi.org/10.1088/1475-7516/2017/06/051
https://doi.org/10.1088/1475-7516/2017/06/051
https://doi.org/10.1142/S0218301313300191
https://doi.org/10.1103/PhysRevD.25.766
https://doi.org/10.1016/0370-2693(95)00486-5
https://doi.org/10.1016/0370-2693(95)00486-5
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1016/S0370-1573(02)00139-4
https://doi.org/10.1016/S0370-2693(99)00200-2
https://doi.org/10.7868/S0370274X17120013
https://doi.org/10.7868/S0370274X17120013
https://doi.org/10.1103/PhysRevD.93.073001
https://doi.org/10.1016/S0370-2693(97)00213-X
https://doi.org/10.1007/JHEP05(2017)086
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1006/aphy.1996.0020
https://doi.org/10.1086/304692
https://doi.org/10.1086/304692
https://doi.org/10.1016/S1384-1076(97)00022-5
https://doi.org/10.1038/nature01612
https://doi.org/10.1038/nature01612
https://doi.org/10.1088/2041-8205/758/1/L1
https://doi.org/10.1038/nature13237
https://doi.org/10.1038/nature23289
https://doi.org/10.1038/nature23289
https://doi.org/10.1088/1475-7516/2014/05/013

CIRCULAR POLARIZATION OF COSMIC PHOTONS DUE TO ...

PHYS. REV. D 101, 123016 (2020)

[65] N. Aghanim er al.
1807.06209.

[66] W. Hu, Astrophys. J. 529, 12 (2000).

[67] A. Vahedi, J. Khodagholizadeh, R. Mohammadi, and M.
Sadegh, J. Cosmol. Astropart. Phys. 01 (2019) 052.

[68] D.J. Munoz, D.P. Marrone, J. M. Moran, and R. Rao,
Astrophys. J. 745, 115 (2012).

[69] R. A. Fesen, M. C. Hammell, J. Morse, R. A. Chevalier,
K.J. Borkowski, M.A. Dopita, C.L. Gerardy, S.S.
Lawrence, John C. Raymond, and Sidney van den Bergh,
Astrophys. J. 645, 283 (20006).

[70] A. Ritacco et al., Astron. Astrophys. 616, A35 (2018).

[71] M. Zemcov et al. (QUaD Collaboration), Astrophys. J.
710, 1541 (2010).

[72] E. Cenacchi, A. Kraus, T. Beckert, and K.-H. Mack, ASP
Conf. Ser. 449, 426 (2011).

[73] C. Y. Kuo et al., Astrophys. J. 783, L33 (2014).

[74] A. Brunthaler, G. C. Bower, and H. Falcke, J. Phys. Conf.
Ser. 54, 474 (2006).

[75] M. Tucci and L. Toffolatti, Adv. Astron. 2012, 624987
(2012).

[76] A. Gruzinov and Y. Levin, Astrophys. J. 876, 74 (2019).

[77] T. Beckert and H. Falcke, Astron. Astrophys. 388, 1106
(2002).

[78] D.P. Rayner, R. P. Norris, and R.J. Sault, Mon. Not. R.
Astron. Soc. 319, 484 (2000).

[79] A. Brunthaler, G. C. Bower, H. Falcke, and R. R. Mellon,
Astrophys. J. 560, L123 (2001).

[80] D. Mesa, C. Baccigalupi, G. De Zotti, L. Gregorini, K. H.
Mack, M. Vigotti, and U. Klein, Astron. Astrophys. 396,
463 (2002).

[81] G.C. Bower, H. Falcke, and D. C. Backer, Astrophys. J.
523, .29 (1999).

[82] G.C. Bower, H. Falcke, R.J. Sault, and D.C. Backer,
Astrophys. J. 571, 843 (2002).

[83] H. Wiesemeyer, C. Thum, D. Morris, J. Aumont, and C.
Rosset, Astron. Astrophys. 528, A11 (2011).

[84] A.S. Wilson and K. W. Weiler, Astrophys. J. 475, 661
(1997).

[85] M. C. H. Wright and J. R. Forster, Astrophys. J. 239, 873
(1980).

[86] A. Jiménez-Rosales and J. Dexter, Mon. Not. R. Astron.
Soc. 478, 1875 (2018).

(Planck Collaboration), arXiv:

[87] W. Raja and A. A. Deshpande, ASI Conf. Ser. 13, 275
(2014).

[88] D.L. Kaplan, S. Chatterjee, B.M. Gaensler, and J.
Anderson, Astrophys. J. 677, 1201 (2008).

[89] E. Ros and M. A. Perez-Torres, Astron. Astrophys. 537,
A93 (2012).

[90] S. Bird, W. E. Harris, J. P. Blakeslee, and C. Flynn, Astron.
Astrophys. 524, A71 (2010).

[91] D.J. Majaess, Acta Astron. 60, 121 (2010).

[92] V.M. Larionov et al., Astrophys. J. 768, 40 (2013).

[93] Scott Dodelson, Modern Cosmology (Academic Press,
New York, 2003).

[94] C.P. Ma and E. Bertschinger, Astrophys. J. 455, 7 (1995).

[95] J. Lesgourgues and S. Pastor, Phys. Rep. 429, 307
(2006).

[96] V. E. Mukhanov, H. A. Feldman, and R. H. Brandenberger,
Phys. Rep. 215, 203 (1992).

[97] M. Zaldarriaga and U. Seljak, Phys. Rev. D 55, 1830

(1997).

[98] U. Seljak and M. Zaldarriaga, Astrophys. J. 469, 437
(1996).

[99] S. Chandrasekhar, Radiative Transfer (Dover, New York,
1960).

[100] N. Kaiser, Mon. Not. R. Astron. Soc. 202, 1169 (1983).

[101] D.S. Gorbunov and V. A. Rubakov, Introduction to the
Theory of the Early Universe Cosmological Perturbations
and Inflationary Theory (World Scientific, Singapore,
2011).

[102] I. L. Padilla et al., Astrophys. J. 889, 105 (2020).

[103] F. Della Valle, A. Ejlli, U. Gastaldi, G. Messineo, E.
Milotti, R. Pengo, G. Ruoso, and G. Zavattini, Eur. Phys.
J. C 76, 24 (2016).

[104] V.N. Sazonov, Sov. Astron. 13, 396 (1969).

[105] V.N. Sazonov and V. N. Tsytovich, Radiophys. Quantum
Electron. 11, 731 (1968).

[106] A.G. Pacholczyk, Radio Astrophysics. Nonthermal
Processes in Galactic and Extragalactic Sources (W.H.
Freeman and Co Ltd, San Francisco, 1970), pp. 77-111.

[107] J. Y. Chan, K. Wu, A.Y. On, D.J. Barnes, J. D. McEwen,
and T. D. Kitching, Mon. Not. R. Astron. Soc. 484, 1427
(2019).

[108] L. Huang and R. V. Shcherbakov, Mon. Not. R. Astron.
Soc. 416, 2574 (2011).

123016-15


https://arXiv.org/abs/1807.06209
https://arXiv.org/abs/1807.06209
https://doi.org/10.1086/308279
https://doi.org/10.1088/1475-7516/2019/01/052
https://doi.org/10.1088/0004-637X/745/2/115
https://doi.org/10.1086/504254
https://doi.org/10.1051/0004-6361/201731551
https://doi.org/10.1088/0004-637X/710/2/1541
https://doi.org/10.1088/0004-637X/710/2/1541
https://doi.org/10.1088/2041-8205/783/2/L33
https://doi.org/10.1088/1742-6596/54/1/074
https://doi.org/10.1088/1742-6596/54/1/074
https://doi.org/10.1155/2012/624987
https://doi.org/10.1155/2012/624987
https://doi.org/10.3847/1538-4357/ab0fa3
https://doi.org/10.1051/0004-6361:20020484
https://doi.org/10.1051/0004-6361:20020484
https://doi.org/10.1111/j.1365-8711.2000.03854.x
https://doi.org/10.1111/j.1365-8711.2000.03854.x
https://doi.org/10.1086/324308
https://doi.org/10.1051/0004-6361:20021392
https://doi.org/10.1051/0004-6361:20021392
https://doi.org/10.1086/312246
https://doi.org/10.1086/312246
https://doi.org/10.1086/340064
https://doi.org/10.1051/0004-6361/201016301
https://doi.org/10.1086/303581
https://doi.org/10.1086/303581
https://doi.org/10.1086/158172
https://doi.org/10.1086/158172
https://doi.org/10.1093/mnras/sty1210
https://doi.org/10.1093/mnras/sty1210
https://doi.org/10.1086/529026
https://doi.org/10.1051/0004-6361/201118399
https://doi.org/10.1051/0004-6361/201118399
https://doi.org/10.1051/0004-6361/201014876
https://doi.org/10.1051/0004-6361/201014876
https://doi.org/10.1088/0004-637X/768/1/40
https://doi.org/10.1086/176550
https://doi.org/10.1016/j.physrep.2006.04.001
https://doi.org/10.1016/j.physrep.2006.04.001
https://doi.org/10.1016/0370-1573(92)90044-Z
https://doi.org/10.1103/PhysRevD.55.1830
https://doi.org/10.1103/PhysRevD.55.1830
https://doi.org/10.1086/177793
https://doi.org/10.1086/177793
https://doi.org/10.1093/mnras/202.4.1169
https://doi.org/10.3847/1538-4357/ab61f8
https://doi.org/10.1140/epjc/s10052-015-3869-8
https://doi.org/10.1140/epjc/s10052-015-3869-8
https://doi.org/10.1007/BF01080813
https://doi.org/10.1007/BF01080813
https://doi.org/10.1093/mnras/sty3498
https://doi.org/10.1093/mnras/sty3498
https://doi.org/10.1111/j.1365-2966.2011.19207.x
https://doi.org/10.1111/j.1365-2966.2011.19207.x

