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According to the standard cosmology, near the last scattering surface, the photons scattered via

Compton scattering are just linearly polarized and then the primordial circular polarization of the cosmic
microwave background (CMB) photons is zero. In this work we show that CMB polarization acquires a
small degree of circular polarization when a background magnetic field is considered or the quantum
electrodynamic sector of standard model is extended by Lorentz-noninvariant operators as well as

noncommutativity. The existence of circular polarization for the CMB radiation may be verified during

future observation programs, and it represents a possible new channel for investigating new physics

effects.
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I. INTRODUCTION

The observation of polarization in the cosmic micro-
wave background (CMB) and its correlation to temperature
anisotropies is a very promising tool to test the physics of
the early Universe. The CMB radiation is expected to be
linearly polarized of the order of 10%. This linearity is a
result of the anisotropic Compton scattering around the
epoch of recombination, which has been widely discussed
in the literature [1-3]. A linearly polarized radiation is
described by nonzero values for the Stokes parameters Q
and/or U. Meanwhile, the possibility of the generation of
circular polarization can be determined by the Stokes
parameter V. This parameter is usually given to be zero
in the literature because there is no physical mechanism to
generate a Stokes-V contribution at the last scattering
surface. However, the circular polarization can be gener-
ated naturally if a background magnetic field is present.
Recently, Giovannini has shown that if the CMB photons
are scattered via electrons in the presence of a magnetic
field, a nonvanishing V mode can be produced [4,5].
Furthermore, Cooray, Melchiorri, and Silk have discussed
that the CMB radiation observed today is not exactly the
same as the field last scattered [6]. The CMB polarization
may change during the propagation from the last scattering
surface due to the presence of relativistic magnetized
plasma in galaxy clusters. On the basis of the mechanism
described in [6], the linear polarization of the CMB can be
converted to the circular polarization under the formalism
of the generalized Faraday rotation [7] known as the
Faraday conversion [8]. The evolution of the Stokes pa-
rameter V given by this mechanism is obtained as

dA(bFC
U——,
dt

where A¢pc is the Faraday conversion phase shift [6].
Assuming reasonable parameters for the relativistic mag-
netized plasma in the galaxy clusters and for B = 10 uG,
one can estimate the Faraday conversion phase shift as
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A¢pc ~ few X 1073, Then with a CMB polarization of
the order of 107%, which propagates through the galaxy
clusters, the outgoing beam should contain a circular po-
larization of order 107 at scales corresponding to the
galaxy clusters [6].

It is also possible that such an effect arise due to new
physics effects. For instance, another mechanism for gen-
erating the circular polarization has been reported by
Alexander, Ochoa, and Kosowsky in [9]. In this method
the photon sector of quantum electrodynamics is extended
so that photon is coupled to an external constant 4-vector
T, via a Chern-Simons-like term as

= LMaxwell + LT = —iF}“}F,U«V + geﬂyaﬁA#TVFaﬁ’
2

where L is a Lorentz violation (LV) symmetry CPT odd
term, and g is the coupling constant of interaction. Then
the collision term on the right-hand side of the Boltzmann
equation is corrected by the interaction (2). The general-
ized Boltzmann equation considered in this reference is
given by the quantum-mechanical evolution of the photon
density matrix. In fact, it is shown that the time derivative
of the polarization brightness associated with the Stokes
parameter V receives a source term such that the V mode
becomes nonzero.

Also in Ref. [10], Finellia and Galavernid have consid-
ered an axionlike cosmological pseudoscalar field acting as
dark matter coupled to the photons as

L=-%gF,, 3)

where g4 is the coupling constant between the axion field
¢ and the electromagnetic field strength F,, and Fro =
€*"P7F ,,. Then it has been shown that such an interaction
between the pseudoscalar field and photons rotates the
plane of linear polarization and generates the circular
polarization for the cosmic microwave background. A
similar approach with the pseudoscalar photon mixing

© 2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.81.084035

M. ZAREI et al.

shows a CMB circular polarization up to the order of 1077
[11].

In this work we address new possibilities and propose
new channels to produce the circular polarization for the
CMB in three different contexts. First, we consider the
QED part of an effective field theory for LV symmetry
[12—18], which is called the standard-model extension
[13]. In this case, we only investigate that Lorentz violation
terms of the standard-model extension that have not been
considered in [9]. Then we examine the noncommutative
QED (NCQED) with Seiberg-Witten expansion of fields
[19] as well as the presence of the primordial magnetic
field background in the last scattering surface [20]. For this
purpose we use the generalized Boltzmann equation for-
mulated in [9], to study the evolution of Stokes parameter
V under the influence of these new phenomena. This
equation shows that a nonzero background field can gen-
erate the circular polarization through either the interaction
of photon with the background itself or the corrections on
the Compton scattering of photon on the electron in the
presence of the background field. One should note that the
quantum corrections on the scattering cross section, for the
low energy particles, are usually negligible. Nevertheless,
the circular polarization of CMB itself as a small quantity
can be produced potentially via accumulation of these
small effects.

On the dimensional ground one can expect A ¢c at the
lowest order depends on the appropriate combination of the
parameters of the model, which is dimensionless.
Therefore, for the magnetic field A ¢pc should be propor-
tional to eB/m?, that is, about 10~'° for the micro gauss
magnetic field. Meanwhile, in the NC space it should
depend on am?@, which is of the order 10~'7 for 1//6
about 10 TeV. For the Lorentz violation case the Faraday
conversion phase should be linearly proportional to the
dimensionless LV parameters, which are less than the
present existing bound about 10~ 13, Therefore, at first sight
it seems that the effect of the magnetic field is at least two
order of magnitudes less than the other new interactions.
But as we will show soon this is not the case, and due to the
wavelength dependence of the solutions the background
magnetic field has its main contribution on the polarization
of the CMB. However, it should be also noted that the
resulting circular polarization modes are certainly small
due to the smallness of quantum effects. Meanwhile, the
probe of circular polarization of the CMB radiation
through the future subtle experiments, certainly give
more information about the new physics or the primordial
magnetic fields in the early Universe. The main condition
that is assumed everywhere in this paper is a cold plasma at
the last scattering surface at a redshift of about 1100 or an
age of about 180000(42)~ /2 yrs and a temperature of
the order of O(eV). The low temperature is always appli-
cable for the calculation of the Compton scattering
amplitude.
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The paper is organized as follows: In Sec. II, we review
the Stokes parameters formalism and the generalized
Boltzmann equation. In Sec. III, the generation of circular
polarization due to the Lorentz violation is discussed. In
Sec. 1V, the same calculation is done for the noncommu-
tativity. In Sec. V, we examine the generation of circular
polarization in the presence of a background magnetic
field. Finally, in the last section we discuss the result.

II. STOKES PARAMETERS AND BOLTZMANN
EQUATION

The polarization of CMB is usually characterized by
means of the Stokes parameters of radiation: 7, Q, U, and
V [3]. For a quasimonochromatic wave propagating in the z
direction, in which the electric and magnetic fields vibrate
on the x-y plane, the electric field E in a given point can be
written as
E. = a,(t) cos(wot — 8,), E, = a,(t) cos(wpt — 8,),

“)
where the wave is nearly monochromatic with frequency
wq. Then the Stokes parameters are defined by time aver-
aging of the parameters of electric fields (4) as follows:

1= (a3) + (a3), 5)
0 = (a3) — (a3), (6)
U = (a,a,cos(5, = 5,), ()
V = (a,a,sin(8, — 8,)). (8)

These parameters are physically interpreted as follows: I is
the total intensity of wave, Q measures the difference
between x and y polarization, the parameter U gives the
phase information for the two linear polarization, and V
determines the difference between positive and negative
circular polarization. The time evolution of these Stokes
parameters is given through the Boltzmann equation. We
now turn to the Boltzmann equation, which is vital to our
study. The CMB radiation is generally described by the
phase space distribution function f for each polarization
state. Boltzmann equation is a systematic mechanism in
order to describe the evolution of the distribution function
under gravity and collisions. The classical Boltzmann
equation generally is written as [21]

Y — ay) ©)

dt
where the left-hand side is known as the Liouville term and
deals with the effects of gravitational perturbations about
the homogeneous cosmology. An important point that must
be mentioned here is that we have disregarded the scalar
fluctuation of metric on the left-hand side of the Boltzmann
equation. The right-hand side of the Boltzmann equation
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contains all possible collision terms. For photons, the
Compton scattering with free electrons, y(p) + e(g) «
v(p') + e(q’), is more important and must be included on
the right-hand side. To compute the evolution of polariza-
tion we follow the approach of Refs. [3,9]. At first, the
distribution function f is generalized to the density matrix

Pij

P U+iV I1—-0

1( I+0 U- iV)
(I1+ Qo3+ Uo + Vo), (10)

= N

where 1 is the identity matrix and o; are the Pauli spin
matrices. The density matrix p;; is related to the number

operator f)ij(k) = &j(k)&j(k) as
(Dyj(k)) = 2m)2k°6)(0)p,;(K), (11)

and the time evolution of the number operator is given by

<% ff)l-])(t) ~ [ H (0, Dy

_ [0 LA ([ FH ot — ), [F ), DT,
(12)

Hence, in terms of p, the evolution equation leads to

P 502K % p,,0.)

- i<[j:[int(0)’ j)l](k)]>
_ % [j’; At H (), [H 1 (0), Dy, (KNI, (13)

where the first term on the right-hand side is referred to as
the refractive term and the second one as the damping term.
Note that in (13), all factors of 83(0) will be canceled from
the final expressions. Equation (13) can be viewed as a
quantum mechanical Boltzmann equation for the phase
space function p. In the case where the interaction term
is the convenient QED interaction, the time evolution of
the Stokes parameter V is always equal to zero, which
leads to the absence of circular degrees of freedom for
the CMB photons. In this paper during the next sections,
we will show that if one considers beyond the standard
model (SM) interaction terms, the time evolution of the V
receives a source term that is interpreted as a nonzero
circular polarization. If the Stokes parameter V' is nonzero,
then it contributes on the new angular power spectrum
elements such as C}7, C/%, and C)V, where it may be
detectable in future CMB experiments.
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III. GENERATION OF CIRCULAR POLARIZATION
IN THE PRESENCE OF LORENTZ VIOLATION
TERMS

In the present section we consider a new class of Lorentz
invariance violation (LIV) terms as a generic class of
interaction between photons and an external field and
explore whether they can produce circular polarization
for the CMB photons or not. Although the source of these
asymmetry terms is unknown, physicists usually suppose
that they come from presumably short-distance physics,
which manifest themselves in the interactions of SM fields
[12—-18]. The renormalizable sector of the general QED
extension for a single Dirac field ¢/ of mass m and a photon
also has been studied by some authors for which the
Lagrangian L is written as

L = Logp + Lgcron + L9, (14)
where

Loep = iy y*Dyp — mpip — 3F,, F*7, (15)

i
=C
2

electron —
L§geron =

,U,VIZ’)’MDV{p + %d/.l,lll_p’}/S’y'uDVw’ (16)

th;(‘)/ton = _%(kF)MVaﬁFaBFMV + %(kAF)aEaﬁMVABFMV,
(17)

where D, is the covariant derivative. In the electron
sector, ¢, and d wy are the dimensionless Hermitian co-
efficients with symmetric and antisymmetric space-time
components. For the photon sector, it will be useful to
decompose the coefficient ky into a tensor with 10 inde-
pendent components analogous to the Weyl tensor in gen-
eral relativity and one with nine components analogous to
the trace-free Ricci tensor with the following symmetries
of the Riemann tensor:

(kF),uvaﬂ = _(kF)V,uaB = _(kF),uV,Ba = (kF)V,u,Ba

= (kF)aB;LV' (18)
So it contains 19 independent real components. Various
experiments have bounded these coefficients both in fer-
mion and photon sectors. For instance, the only rotation-
invariant component of (kr),,, 5, is constrained to = 1072
[12], and all other components of (k) uvpas Which are
associated with violations of rotation invariance, can be
bounded of about = 10~%7 [13]. The high-quality spectro-
polarimetery of distant galaxies at infrared, optical, and
ultraviolet frequencies, also constrains the coefficients kg
to less than 3 X 10732 [15]. In Refs. [16,17], another bound
has been estimated. For the couplings ¢, and d,,, in the
electron sector, one can find a variety of bounds such as
¢y =107" and d,, =107 in [18] and references
therein.
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The J (kap)® €4p,,APF* term in the photon sector, has
been studied in [9], and it was shown that the CMB photons
acquire small degree of circular polarization. In this section
we consider the three remaining terms in the LIV
Lagrangian. We study the contributions of each terms in
the Boltzmann equation and calculate the evolution of the
Stokes parameters. First, the photon sector term with kz
coupling and then the electron sector with ¢,, and d,,
couplings are investigated.

ny

A. The pure photon sector

In this section the Lorentz violation terms (17) are
investigated. These terms do not modify the Compton
scattering but the dynamics of the CMB photons can

— 1
Hint_ —7 X

be influenced. Here, we consider 1
(kp) vapF @B 17 on the right-hand side of the generalized
Boltzmann Eq. (13). Using the canonical commutation
relations of the creation and annihilation operators and
their expectation values given in [3], Egs. (4.11a)-
(4.11e), one can calculate the refractive term as

(H (1), Dy, ()] = (k)P 27)353(0)
X (kak,u 6::[3 6sy)[63ips’j(k)
— 8;0pis(K)] (19)

where ¢, (k) are the photon polarization 4-vectors with

s =1, 2. Now using the symmetry properties of k%"*#
summarized in Eq. (18), one can write p;; as

d 4 B}
—pii(k) = _@(kF)Wa'B(kakMGS’BE}V)[as’ist(k)

dt
- (Sjs/pis (k)] (20)

The photon density matrix can be expanded about a uni-
form unpolarized distribution p© as follows:

0 1
pij =Py + pij @1

where p(lol) = p(zoz) and p(loz) = p(zol) = 0. Therefore the com-

ponents of the time derivative of the density matrix are
given by

4
. (1 va * 1 * 1
pIR) = = 5 (k) Phok, 1565, 05) — €5€7,015)

(22)

P k) = = 5 (kp)" Phok,[erp€l, ol = €1p€5,05))
(23)

4
. (1 * 1 * 1
P K) = = 15 (ke Pkl pel, i) + €iges, o

* 1 % 1
— eipes,nt) — expes iyl (24)
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4
5 (1 va * 1 % 1
Y (k) = — @(kF)” Plokuleper,pl) + expes,py
* 1 # 1
- Glﬁflvp(zl) - 62,3611/p(22)]' (25)

Note that the polarization vectors €, (¢) are real. Hence,
the evaluation of the Stokes parameters are given as

M=o, (26)

. 16
oW =-— @(kF)“mBkakﬂ(flﬁfsy — e, )V, (27)
: 4
UW = =5 (kp)"Phok (€56}, — €15€5,)0", (28)

y 4 * *
V(l) == _@(kF)'uVaﬂkak#{(flﬂfiV - 62,3621/)U(1)
- (EIIBEEV + GzﬁGTv)Q(l)}. (29)

Therefore, in the first order of Lorentz violation parame-
ter kg, V is nonzero. This shows that although the usual
Compton scattering of CMB photons cannot generate cir-
cular polarization, the interaction of photon with a non-
trivial LIV background clearly produces a nonzero circular
polarization. To have an estimate of the Faraday phase
conversion we rewrite (29) as follows:

VO = 4Ok LY g, U = 18,5,0") (30)

where LY 5,

ing relation for Lg# g Now for Ag = 1 cm, z = 1000 and
for 1 kpc one has

— kg K * *
= 15 5 (€15€], — €p€5,) and a correspond-

A(ﬁpc ~4 X 1020](17, (31)

or to have a phase of order one we should have k; ~ 10720,

B. The electron sector
1. c*” term

‘We now turn to the LIV terms in the electron sector (16).
Calculating the refractive term on the right-hand side of the
generalized Boltzmann Eq. (13), leads to V = 0 for inter-
action (16). Therefore, We move on to the damping term.
This term gives corrections to the Compton scattering of
the CMB photons and electrons. These corrections modify
the right-hand side of the Eq. (13) and then may influence
the evolution of the Stokes parameter V. In this section we
investigate whether these corrections lead to a circular
polarization mode or not. First, the gauge field A, is
expanded in terms of annihilation and creation operators
a and at and the fermion fields ¢ and ¢ are expended in
terms of b and b*. Then the interaction Hamiltonian can be
written in the momentum space as
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Hin(t) = [ dqdq'dpdp'(27)*6% (¢’ +p' —q — p)

x explit(q” + p° = q° = p")b](q")
X al(p')(M, + My)a,(p)b(q), (32)

where ¢ and ¢’ are the momenta of electrons and p and p’
are the momenta of photons. Also we have used the follow-
ing shorthand notations

_dq m _ dp
27?3 g0’ 2m)32p®

The M, and M, are the amplitude for the Compton
scattering process up to the first order of LIV parameters
c*” and d*”. Consequently, the commutator in the damp-
ing term, finds the following form:

[ (1), Dy (%)) = [ dqdq'dpdp' (27360

X(q +p' —q—p) (M + M,)
X [b1(q"b(q)al (p")a,(p)2p°2m)?

(33)
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In Appendix A we detail the calculation of (34) and its
expectation value. Quoting the results of Appendix A, and

expanding the density matrix as p;; = p; J) + pg), the
evolution of Stokes parameters is derived as

M=o, (35)

00 =~ [ dan @2 (g kel et — kg e2e!
2mk0 I P

-q. ke' €, +k,q.e'e, +q,(qe e + qeel,)}
At

_I_
(q.k)?

e ol
2k 1

—k,q.€'€), +k,q.€e e + ZqV(q.ele}L — q.€’€)}

(@vq + kykﬂ)@.elq.e?)]w“, 36)

2 2
w€v)

2cH?
+ ((]T)z(q,,qM +k,k,)(g.€'q.€ — g.€q. 62)]V(1),

X 8;,63(p — k) — bl (g")b,(g)al(p)
X a,(p)2p° 2w} 8,083(p' — k)] (37)
(34) and
|
2ck” el @ + €2 el) — k a.e2el + k 1g2 + 1e2 + g &2l
—{(6] (GIU,EV GMEV) vq-€ Ey, vq-€ e,u, QV(Q-E 6[.L q-€ GM)}
cH?
( k)z (9,9, + k,k,)(q.€q. 62)><—Q(1)) + (E{q.k(ebe}, —ene1) — k,q.€'€l, + k,q.€ €,
11 o) 2ck? 11 2 ()
+4q,(q€'€, —qee€,)} — (q—k)z(q,,qﬂ + k,k,)(q.€'q.€' — q.€q.€") |U (38)

An exact solution for the evolution of the Stokes parame-
ters involving the coupled evolution equation for all of the
species can only be accomplished through numerical in-
tegration. The time derivative of the Stokes parameter V
has a source term that indicates the appearance of circular
polarization for the CMB photons if they scatter from
electrons through the Compton process with an extra
Lorentz violation ¢, term. Once again to have an estimate
of the value of circular polarization we can find the order of
magnitude of the Faraday phase conversion. For this pur-
pose we consider only the largest term and confine our-
selves to gy = m > |q|, |k|. Therefore, one has

-2
. ie’m
M = 3 ety v {—v.e'v.e? QW
0

+ 2(v.€*v.€* — v.elv.e UV} (39)

where

d*q _ d*q
w”e((ﬂ = Ng; [w%”e((ﬂ = mv;n,

(40)

and v = (1,v). Thus, for Ay = 1 cm, z = 1000 and for
length scale about 1 kpc and the number density of elec-
trons about 0.1 per cm?, one has

Appc ~ 1 X 10%0|cr7|, 41)

or to have a phase of order one we should have [c*”| ~
10720, One should note that if we take the intergalactic
electron number density of about 10~% per cm?, then for a
length scale about few Gpc the result only changes an order
of magnitude.

2. d*” term

We now ignore the ¢*” and move to the d*” term of the
Lagrangian (16),
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i- .
L :E‘//VWDM” —m +§d’“’¢/y5yMD,,L//. (42)

Similar to the c¢*” case, one can evaluate the Compton
amplitudes M, and M, and then the interaction
Hamiltonian in order to find the damping term. The com-
putations are detailed in Appendix B. Using that results,
the evolution of Stokes parameter V is given by

v =0, (43)

Hence, the d,,, correction to the electron sector does not
generate any circular component for the polarization of
CMB. Although considering the higher order corrections
of d*” may result in a nonzero source term for the V.

IV. CIRCULAR POLARIZATION DUE TO
NONCOMMUTATIVITY

In this section we consider the noncommutative correc-
tions to the QED interaction term. There are two funda-
mentally different approaches in which one can find a
closure form for the Lie algebra of a noncommutative
gauge theory [22-31]. In the approach proposed by
Chaichian et al. [22], the group closure property is given
only for U(N) gauge theories with matter content in the
fundamental or adjoint representations. This kind of model
building has been criticized because it leads to some con-
clusions for the SM, which are not consistent with the our
knowledge of particle physics. Wess and his collaboration
have developed another approach to construct a consistent
noncommutative gauge theory [23]. In this approach, the
Lie algebra is extended to an enveloping algebra. The
mapping between the noncommutative gauge theory and
the effective theory on the usual commutative space-time is
obtained by requiring that the theory be invariant under
both noncommutative and the usual commutative gauge
transformations. These requirements are given through the
solutions of some differential equations known as the
Seiberg-Witten map (SWM) [23] appeared originally in
the context of string theory. The basic property of the
SWM method is that the new interactions are added but
no additional particles are introduced. Also in this ap-
proach both the gauge field A* and the gauge transforma-

tion parameter A are expanded in terms of
noncommutative parameter
A, =A, +10P0,A, + F,, Agl+ 06,
(44)

A=A +10°B{a, A Agl + O(6?).

The advantage is that this construction can be applied to
any gauge theory with arbitrary matter representation. The
SWM formulation of the noncommutative standard model
thus uses the standard model gauge group. Following [23],
the noncommutative generalization of QED sector is de-
fined by the action

PHYSICAL REVIEW D 81, 084035 (2010)
S = [a dx iy Dy i)~ mix
- ETrFWF ) (45)

where
F,,=F,, +10°F{F . F,g}
—10P{A,. (35 + Dp)F,,} + O(6?), (46)
and
P = +1e0#7A,0, ¢4 + O6). 47)

The Feynman rules for the fermion-photon-fermion vertex
is modified as what given in Fig. 1. The noncommutative
parameter 6 in SWM approach has been bounded through
different experiments. Using the experiment data, the best
bounds are of the orders of 1-10 TeV [32].

Now we turn to the Boltzmann equation and perform the
damping term. Using the new vertex, the amplitude of the
Compton scattering on a noncommutative background is
modified and gives corrections. Details of the calculation
of the evolution of density matrix elements are presented in
Appendix C. Quoting the results (C5) and (C6) and similar
to the previous section, the evolution of the Stokes parame-
ter V is given as

VO =i(p1, — par)

ie?
= s [ dan@@aterq - € + aberq - )
Om
X (p12 = p21) — 2(q0eq - € + qbe1q - €)py;
+2(g0erq - €, + qb€1q - €)prn), (48)

where it can be more simplified as follows:

. je?
v = kom qune(q)(qﬁezq “€1 + qbeiq - €)0".
0
(49)

Hence, similar to the Lorentz symmetry violating inter-
action terms discussed in the previous section, the non-
commutative quantum electrodynamics based on the SWM
map, also can generate the circular polarization for the
CMB radiation in the first order of noncommutative pa-
rameter #. Now (49) can be cast into

\%\t’V\WM

FIG. 1. The fermion-photon-fermion vertex of the noncommu-
tative QED: ile{YM - é[(poutepin)'yM - (poute),u(lsin - mf)i
(pina)/,b(lfout - mf)]}
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. 2_
v = w(v.é.ezv c€ +v.0.v )0V, (50)

ANC 0

where Ay is the value of the noncommutativity parame-
ter, and f is the unit vector that shows the noncommuta-
tivity direction and is a constant. Therefore, the Faraday
phase conversion for Ayc ~ 1-10 TeV will be around
1077107 radians for Ay =1 cm, z = 1000 and for
length scale of about 1 kpc.

V. CIRCULAR POLARIZATION AND MAGNETIC
FIELD

When photons impinge electrons in the presence of a
magnetic field, the circular polarization is generated natu-
rally, which leads to a nonvanishing Stokes parameter V,
whose magnitude depends upon the intensity of the radia-
tion field [4,5]. For instance, If the magnetic field is con-
sidered of the order of B ~ nG, the angular power spectra
for small values of [ are derived as O(10~7)(uK)? and
O(10713)(uK)? for the VT and VV components, respec-
tively, [4,5]. In these references, the electron-photon scat-
tering is computed by classical considerations. Here, we
want to investigate a similar phenomenon by considering
the Compton scattering of electrons and photons. A physi-
cal situation is considered when prior to recombination a
cold plasma of electrons is supplemented by a weak mag-
netic field whose typical inhomogeneity scale is at least
comparable to the Hubble radius ! at the corresponding
epoch. In the epoch of recombination, the magnetic field is
estimated to be about 1073 uG to 107" wG [33]. This
value of magnetic field is very weak compared to the
critical value B, = m2/e = 4.414 X 103 G. For this rea-
son during our strategy, the effect of magnetic field on the
electron wave functions is ignored and only the electron
propagators are corrected. The propagator of a Dirac par-
ticle in an external constant electromagnetic field back-
ground is well known from Schwinger work [34]

4
S(x, y) = B(x, y) ] 4P

G S 6D

where the phase factor ®(x, y) is defined by
ie s
D(x,y) = exp X B,gy ), (52)

in which B, = —1B,zx? and B,z represents the strength
background magnetic field tensor. The other part of
Schwinger propagator, S(p), can be expanded up to the
linear background field as

S(p) = So(p) + Sp(p) + O(B?), (53)

for which S is the usual electron propagator and Sp is the
linear modified part of the Schwinger propagator given by
[35]

PHYSICAL REVIEW D 81, 084035 (2010)

1 y*(p — m)yP
S =——eB,g—F—F>. 54
B(p) 26 ap (P2 — mz)g ( )
Therefore, invoking the above considerations, the

Compton scattering matrix element in the presence of
background magnetic field is given by

j\/l = Ml + jvlz, (55)

where
M, = ﬁ,«(q’)fd4xd4x’eix/"1/(—ieﬁ‘s/(p’)eix/'p/)S(x’, X)
X (—iefy(p)e™™P)e™ ™ u,(q), (56)

and
M, = a,(q)) f dxd*x e 9 (—ied,(p)e ™ P)S(, x)

X (—iefy(p'e™P e ™u,(q), (57)

where u,(q) and ii,(q'), respectively, are the wave func-
tions for the incoming electron with spin index r and
outgoing electron with spin index 7. Also €(p) and
€’/ (p') are polarization vectors for incoming and outgoing
photons chosen to be real and with indexes s, s' =1, 2
labeling the physical transverse polarizations of photon.
Using the linear expanded Schwinger propagator (53) and
by expanding the ®(x, y) factor up to order B, for the
amplitude (56) one can write

ix’.(q’+p’7k)e*ix.(q+p7k)

d*k
j\/ll = ﬁ,r(q’)jd“xd‘lxlwe

X (—iedy (p'»(so(k) T S0 - —x'aBaﬂxﬂsouo)

X (_leﬁ(s(P))”r(Q)- (58)

Integrating over the first two terms of (58) gives
Q2m)*8*(q’ + p' = q — plis(g)(—iefs(p))(So(g + p)
+ Splg + p))(—ief(p)u,(q). (59)

The remaining % x'*B,gx?So(k) term explicitly violates
the four-momentum conservation. One can assume that
during the interaction time a small momentum d¢q, is
transferred from background into the internal electron of
the associated Feynman diagram so that the momentum
conservation will be preserved and takes the following
form:

q;L+pM=qM+p#+5qM. (60)

Substituting the condition (60) into the last term of (58)
and expanding the exponential factor yields

_Baﬁ / d*xd*x' e’ 0 atp=RxlayB(1 + jx' 8g). (61)

In the above expression, the term that is independent of 8¢
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vanishes because of the antisymmetric properties of B,z
with respect to « and 3, while the term that is dependent on
6q remains. From classical electrodynamics we know that
the four-momentum of electron that propagates between
two space-time points, changes similar to the Lorentz force
Ap, = —eB,,Ax”. Then the magnitude of 8¢, can be
approximated to be of the order of external background
field 6g ~ eB. Therefore, this term becomes of the order of
O(B?) and hence can be ignored in the scattering amplitude
M. With a similar procedure, the amplitude M, is given
by

= 2m)*&*(q’ + p' — q — pis(g)(—ief(p))
X (Solg = p') + Splg — p))(—iefy(p))u,(q).
(62)
The B-independent terms of M| and M, give the usual

Compton scattering. The correction up to the linear back-
ground field is represented as M and is written as

Mp = Mg+ M
= @m)*8*q' + p' — q — palg"(—iefy(p")
X Splg + p)(—iefy(p)) + (—ief (p))
X Sp(q — p')(—iefy(p')]u,(q). (63)

Using these amplitudes, the damping term on the right-
hand side of the Boltzmann equation can be computed.
Computing the damping term is detailed in Appendix D.
By using these results the density matrix element and then
the evolution of the Stokes parameter V up to order of e* is
derived as

v = i(Plz — pa)

-2 fouma ol L)

1 1 )
* ((q—k)2 B W)(‘I-El(k)q.ez(k)

— §.&(k)g.€,(k)n.(@)[((g.€,(p))?
+(g.&,(p))UV(K) — 1D(p)) — (g.€/(p)g.€,(p)
— g.6(p)g.€,(p) 0"V (p)
—2q.€,(p)g.€:(p)UV(p)] + O(k, p), (64)

where ¢, = —eB,,q". Hence, similar to the LIV interac-
tion terms and the noncommutativity, corrections due to
the external magnetic field can generate the circular polar-
ization for the CMB radiation as well. In fact, it is not
necessary for a prior linear polarization to have a nonzero
Stokes-V parameter that is in agreement with Refs. [4,5].
But it should be noted that in [4,5] the scattering matrix is
classically obtained in the electron-ion magnetized plasma,
while in our model the Compton scattering is calculated by
considering the correction on the electron propagator in an

PHYSICAL REVIEW D 81, 084035 (2010)

external magnetic field. Here, one can easily see that the
circular polarization is linearly proportional to the back-
ground magnetic field. Meanwhile, if we integrate (64)
over the momentum p and use the approximation g, =
m > |q, |k|, then one can see that the correction will be
proportional to A3 as follows:

. etmAd dQ
vil=—— | vtk = p)?
B ,
X(ez) (v b e enl, U, O, “), 65)
m

where F can be easily defined by comparing (64) and (65).
Once again one can estimate the Faraday phase conversion
for z = 1000 as

N B \/ A 7, L
Adre lrald(10 ,uG)(l cm)(O.l cm3)<1 kpc)' (66)

VI. DISCUSSION AND CONCLUSION

In this work we have considered the evolution of the
Stokes parameters in the context of a general extension of
quantum electrodynamics allowing for Lorentz violation
(LVQED), NCQED and in the presence of the background
magnetic field. In fact, all nonzero backgrounds can poten-
tially produce the circular polarization for the CMB radia-
tion. In the LVQED we have explored three cases, one case
in the photon sector and two cases in the electron sector. In
the former one, the induced circular polarization is pro-
vided through the interaction of photon with the back-
ground Lorentz violation field, Eq. (30), while in the
latter cases the corrections on the Compton scattering in
the LVQED cause the polarization, see Eqgs. (39) and (43).
It is shown that the Stokes parameter V in both sectors are
linearly proportional to the dimensionless Lorentz parame-
ters kr and ¢, which is in contrast with the result of [9]
where the second term of Lagrangian (17) is considered as
the interaction term, and it is found that V depends quad-
ratically on the k,r that is too small with respect to our
result. We have also estimated the Faraday phase conver-
sion in the LV case to give an upper bound on the dimen-
sionless Lorentz parameters ¢ and k; about 10~2%, which is
comparable to the current bounds on these parameters. In
the NCQED we have found the nonzero parameter V
through a correction on the Compton scattering in the
NC space, which is linearly proportional with the parame-
ter of noncommutativity as given in (50). Our estimation
on the Faraday phase conversion is about 10~ 7-10~° radi-
ans for Ayc ~ 1-10 TeV, which is too small to be detect-
able. Finally, we have examined the Stokes parameter V for
the background magnetic field. In this case, the refractive
term is zero but the damping term has a nonzero V pa-
rameter that depends linearly on the magnetic field, see
Eq. (65). This result can be compared with the result of [6]
in which the circular polarization of CMB due to the
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Faraday conversion depends quadratically on the back-
ground magnetic field. Furthermore, in contrast with [6],
all the other Stokes parameters (/, Q and U) have some
contributions on the generation of the Stokes-V parameter
in the background magnetic field. In fact, it is not needed
for a prior linear polarization to have a nonzero Stokes-V
parameter that is in agreement with Refs. [4,5]. By com-
paring our results together we see a A* dependence for the
magnetic field and LV on one hand and A dependence for
noncommutativity on the other hand, which leads to differ-
ent spectrum for different wavelengths. Because the re-
quired sensitivity level to detect circular polarization of
CMB is beyond the current instrumental techniques, the
experimental bound on the V modes is rare. The bound
reported in [36], constrains it as V = 1 K. However, the
post-Planck CMB polarization experiments are already
under study [37]. Then it is time to address the question
whether CMB is circularly polarized or not and what
physical information can be extracted from its measure-
ment. Also it seems that if a new experimental device can
be built with sufficient polarimetric sensitivity beyond the
pmK range and with good control of systematic errors, the
resulting observations may have the potential to realize the
physics at energy scales far beyond the reach of the largest
feasible particle accelerators and provide a window to new
physics at these energy scales. Therefore, we encourage
experimenters to make experiments in order to measure the
circular polarization of cosmic microwave radiation.

APPENDIX A: THE CALCULATION OF DENSITY
MATRIX ELEMENTS WITH ¢*” COEFFICIENTS

In this appendix the scattering amplitudes M| and M,
are calculated first as follows: For the Lagrangian (16) with
the ¢*” term, the equation of motion for the electron ¢ is
found as

(i —m +ic"™y,d,)p =0 (A1)
for which the modified Dirac equation is written as
(4 —m+ c""y,q,)uq) =0, (A2)

in which ¢ = u,(g) exp(—ig.x). In the Weyl chiral repre-
sentation for the Dirac matrices, after some straightforward
calculations, one finds the following solution for the Dirac
Eq. (A2):

(A3)

Jao FF
u () = (V4T L 4l )
Jg.o+c q,0,¢

where o = (1, o) and & = (1, —&). The electron propa-
gator can be also calculated straightforwardly with a cor-
rection in the denominator as

PHYSICAL REVIEW D 81, 084035 (2010)
i
gd—m+cq,y,

S(p) = (A4)

Since |¢”#| < 1, the propagator can be expanded up to the
linear order of ¢”# as

S(q) = So(q) + So(@)(ic” g, v,)So(q) + - -

l l
= +

g—m f—m

where Sy(q) is the usual electron propagator. The u,(g)
solutions can be also expanded in terms of c”#,

(icwqm)d%w e, (A9)

us(q) = up(q) + ulq) +---, (A6)

where uy(q) = u,(q) is the free electron solution for the
usual Dirac equation in the absence of the ¢”#* term and
u(q) = uy(q) is the correction of the ¢”* order. The dots
show the higher order corrections. Consequently, the
Compton scattering amplitude M is modified with correc-
tions given by
M=M,+ M,
= i(g")(—ie)(y* + c"*y,)€ (p)S(q + p)(—ie)

X (y? + c"y,)e,(pulg) + ilg')(—ie)

X (y? +c"y,)€,(p)S(q — p)(—ie)(y* + c"Fy,)

X €' (pu(q), (A7)
where €(p) and €'(p’) are transverse polarization vectors

for the external real photons. The scattering amplitudes up
to the order of ¢”# are simplified as follows:

M, = —e2ig(q"Y{y* € (p)So(q + p)cPy, €}
+y# e (p)Solg + p)ic*Bqgy,)
X So(q + p)y ey (p)ety, € (p')
X Solg + p)y” e, (p)uo(q)

—e*i(q")y*€;,(p)Solg + p)y* e ulg), (A8)

M, = —eiay(g )y €, (p)Solg — pc y, €5 (p')
X y? €5 (p")Solg — p)ic"Pqgy,) X Solg — p')y*
X €7 (p) + ey, €(p)Solg — P)y* € (P)}hug(q)
—e%ii(q")y" €,(p)Solqg — p')y € ulq). (A9)
Substituting these amplitudes in the Eq. (34) and using the
expectation values computed in [3] and using the photon

polarization vector properties €;(k) -k =0 and €; - €, =

J
5l-j, it follows that
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(Hin0), Dy k)] = 62(277)33%(0)qu” (@)[65ipy (k) —

PHYSICAL REVIEW D 81, 084035 (2010)

q,py,a«)](( ){cwe (K)(q ke (0) — g.€k,)

+ v eff’ (k)(g.kes (k) — g.€°k,) + c”ﬁqﬁ(q. ee + ge” ef,)}

n 2cvB (
—— \4pqy
(g.k)> 1P

+ kgk,)(q.€°q. 6*“)>,

(A10)

where the quantity n,(q) is the number density of electrons of momentum q per unit volume. It is now straightforward to
calculate the time derivative of the density matrix, which results in

o) = 55 [ dana S lakel el — kel + (g kel - k,,q.elem +0,0€'é + g el o
—{(g.ket €}, — k,q.€'€}) + (q.key e, — k,q.€%€},) + q,(q.€*€), + g.€'€2,)}p1s]
v f;—:;[(qﬂqy +kuk)g. €l — pil] (A1)
pa(k) = — k° [dq q)[—[{(q kei €, — k,q.€'€3) + (q.kese;, — k,q.€%€},) + q,(q.€* €}, + q.€'€;,)}py
—{(q.ke}, €2 — k,q.€%€},) + (q.ke: €}, — k,q.€'€2) + q,(q.€'" €%, + g.€%€},)}pa]
+ (2;—;:;2{(61#% +kyuk,)q.€'q.€(pry — p21)}:|» (A12)

2

5 15 (k) e’ /d [( cH 1
=_ n
P12 2mk0 qr.) \q q k M

X (p2

—p) +{ .k(elel—ezez)—k,,qel !
P q

v —k,q.€'€l) + q,(q.€' €, + q.€€l)}

+ kg€ — eer) — (k,q.€'€el, —k,q.e€)

+2q,(q.€"€), — g.€*€3)}p1n] + ( )2 {(q,LqV + kuk,)g.€'q.€*(py — p11) + ((g.€")* — (q.ez)z)plz]}],

(A13)
and
o2

pai(k) = 20 f [(Q)i[{(ﬂl kej €, — k,q.€'€;) + (q.kese, — k,q.€’€,) + q,(q.€* €, + q.€' €)}(p11 — p2)

+{2q.k(e; €, — €),€;,) — 2(k,q.€*€;, — k,q.€'€y) + 2q,,(q.626i —q.€'€})}pa]

2ch
+ (q—k)Z(q“q” + kyk,)q.€'q.€*(p11 — pxn) + ((q.€))* — (61-62)2)021]]- (Al4)
[
APPENDIX B: THE CALCULATION OF DENSITY  Pansion for the propagator up to the order O(d*"):
MATRIX ELEMENTS WITH d** COEFFICIENTS S(q) = So(@) + So(P)id" 4,7 7)S0(q)
In this appendix we compute the density matrix ele- i i — 5 i

ments with interaction given by (42). The equation of e * = m(’d quY’ V) 4 —m (B3)

motion for the Lagrangian (42) is calculated as

Voo + (d"q,0,)¢

uy(q) = | V= L @D
JQ'U - (dy'uqlx,a-y)gs
and the propagator changes as
i
S(q) = (B2)

p—m+d*p, vy,

Similar to the c¢*” case, one can write the following ex-

Then the Compton scattering matrix elements M| and M,
in this theory are calculated as

M=M, + M,
= i(g)(—ie)(y* + d"*y>y, )€, (K)S(q + p)
X (—ie)(y” + d"*y’y,)e,(p)ulg) + ia(q')
X (—ie)(y? + d"?y’y,)€e(k)S(q — p')(—ie)

X (y# + d" ydy, )€ (pkulg), (B4)
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where

M, = (—edig(g vy e (p)Solg + p) APy y,)e, + yH e (K)So(q + p)id"Pqzy>y,)So(q + p)y"€5(p)
+d"y y,€5(p)So(q + p)y €5 (p)hug(q) — e*ilq)y* €5 (p)So(q + p)yPesulq), (B5)

and

M, = (—eMig(g){y" € (p)Solg — PNy y,)es (p) + v €5(p))Solg — PN id"Papy>y,)Solq — Py € (p')
+d"y y,€(p)So(qg — Py e (ptuolg) + (—e?)ii(g")y? €5(p)Solg — p)y* € ulg). (B6)

Substituting these amplitudes in Eq. (34), and using the expectation values calculated in [3], leads to
ATl D 060) = £ 050 [ dan @B = 8 0p W s

= 2q,9,(q,k, + k,qv)e*PrT + (K2q .k, —2m*q k, + 2(q. k)qaqﬂ)ea"yp]

247n va .
+ PP g q5€D e;}, (B7)

(E - E?IESB)[(_Z(’I&kp(quV + k,uky)

€,*Prle; qo(qpel — q,€5) — €.qalqpes’ — q,€5)] -

where €77 is the Levi-Civita symbol appearing through the tracing process when y° is present. Similar to the ¢ wy Case,
the time evolution of p, and p,; are obtained as

4ide

=

pat) =55 [aan@lo[ M
X [(=2qak,(q,q, + kuk,) = 2q0q,(q,k, + k,qv)e*PrT + (Kq.k, — 2m*q k, + 2(q.k)q,q,)€*? ]

dre
€*P? ,q,qp(eke), — € ]+(pzz pn)[( k)2(6 — €;€p)

14

2d
+

aﬁpy[qaqp(e EB — €l eﬁ) + qaqﬁ(e e — 6 € ) + 2lqu36 ]}, (BY)

and

, 4id+ dv
pu0 = 555 [[dan@a] o[ M a0 50chel = )| (o = [ bl — b
X [(—2qaky(q,qy + kuky) = 2q0q,(q,k, + k,qv)e*PrT + (g k, — 2m*q k. + 2(q.k)q,q,)€*P?,]

2d
+

e“ﬂpv[qaqp(eLe — €2 eﬁ) + qan(E e . e € ) + 21q#q/36 ]} (B9)

APPENDIX C: THE CALCULATION OF DENSITY MATRIX ELEMENTS FOR THE NONCOMMUTATIVE
THEORY

The density matrix elements for the noncommutative theory are calculated in this appendix. In the Boltzmann Eq. (13),
the commutator [5—[ in(0), DY ] has the form

[H 1 (0), Dy(K)] = [ dqdq'dpdp'(27)*83(q' + p’' — q — p)(M{ + M§ + M§ + MY)
X [b1(q")b,(q))al (p)a,;(kK)2p°(2m)}8,,8%(p — k)
— bl(q"b,(g)al (K)a,(p)2p®(2m)*8,;,83(p' — k)], (C1)

where MY are the noncommutative parameter dependent parts of the amplitudes of the diagrams shown in Fig. 2. In this
figure the box shows vertex in the noncommutative space. These amplitudes can be calculated straightforwardly as
follows:
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q p q p
- &
+,
q+p o
N . .
q P q b

PHYSICAL REVIEW D 81, 084035 (2010)

q q

a-p' a-p'
Lpr JLp

qa q

FIG. 2. Diagrams for noncommutative Compton scattering.

MO = MY + M§ + M§ + M

8p
+ q0e,(p)p)u,(q) +

X (£y(p')g — pbq — qﬁfs'(p’)lf)]ur(q)

where pfgq = p,0*”q,. Therefore, one finds

(L1 0), @,,<k>]>——a*<o> [ dazmy 20 f(‘”

X (8i5py (k) — js’pis(k))

X i, (q)qOey (k) (K q¢,(k)

+ £, K + qOe (k) (¢ (k)fK

+ Kdé o (k)]u,(q), (C3)

After some calculations the time evolution of the density
pi; generally is given by

d e? n,(q)
0— .. [ ¢ . /. — . .
20 010 = 10 [ da 0 31p(0) — 801,00
X (q0ey(k)(16k - qq - €;)
+ q9€s(k)(16k ‘qq es’))! (C4)

where for the special cases p;, and p,; one obtains

. e’
(k) = k0 /dqne(Q)(Z(Cleflq "€

+ q0e,q - €)p1, — (q0€rq - € + qbe q - €)py,

+ (q0erq - €, + gle q - €)pnn), (CS)
|

_ 2
- ’,eq i, ()£ (0)q'6(q + p) + '0es(PVB)d + B+ mE(p) + £u(p)d + § + m)(£(p)a + p)og

u @(£(p)d'0(qg — p') — q'0e(p)P)d — p' + m)éy(p') + £(p)(d — p' + m)

(C2)

and

po(k) = — m kO qun (@)(2(q0¢€,q - €,

+ q0e,q - €)pr — (q0€:q - €, + ql€1q - €)py;
+ (q0erq - € + gle q - €)pan), (Co)

APPENDIX D: THE CALCULATION OF DENSITY
MATRIX ELEMENTS FOR THE MAGNETIC FIELD
BACKGROUND

In this appendix we calculate the density matrix ele-
ments in the presence of a background magnetic field.
Vanishing of the refractive term on the right-hand side of
(13) forces us to go to the next order and calculate the
damping term of the Boltzmann Eq. (13). As has been
clarified in [3], using the expectation values of the creation
and annihilation operators calculated in this reference, the
damping term can be written in terms of amplitudes in the
following form:

% jjo dt/<[j:[int(tl)r [,’]A-[im(O), Dk = %(277)353(0) [dqdpdq’.’l\/l(q’r’, psh, qr, ks)) M(qr, ksh, q'r', ps,)

X (277)454(61/ tp—q-— k)[ne(q)aszx’l (Bnlps’z](k) + S.j‘v’zpin (k))

—2n (ql)5151 Jsh ps/ 59 (P)]

(DI)

Up to the linear order of B,g, the evaluation of the product of matrix elements yields

084035-12



GENERATION OF CIRCULAR POLARIZATION OF THE CMB PHYSICAL REVIEW D 81, 084035 (2010)

4
MG, psi, ar. ks) X M(gr, ksh 4'7 ps) lprem = = oy (el + £ (DISolg + KA, () + £, (DSo(g — )y (p)]

X (f + mAy (0Ss(g’ + P (p) + Ao (P)Ssld’ — K, (BT

el + mlEy (P)Ss(q + Oy (K) + £, (0S5(q — )y (p)]

X (f + mAy (0So(d + P (p) + £ (P)So(d — Dy O]
(D2)
where the B term shows the terms that are linear in terms of the background magnetic field. For relevant cosmological
situations one can consider the cold plasma of electrons and photons such that their kinetic energies are small compared to
the electron mass, i.e. p, k, and ¢ << m. As mentioned in [3], if the electron and photon temperatures are comparable,

which means p, k < ¢, then various functions in (D1) can be expanded in terms of p/q and g/m. Hence, by computing the
traces in (D2), for the leading order, the matrix element is simplified as

ie* 1
s N e (e, Waey (Plg.ea®)
—g.€y(k)g.€,,(p)g.€; (k)g.€, (p) + G.€; (k)g.€, (p)g.€,,(p)g. €, (k)
—q. Es’l (p)q €5, (k)q €s, (P)C] esg (k) + @(k» P)]: (D3)

M(q'r, psi, qr.ksy) X M(gr, kss, q'r', ps2) | ierm =

where G, = —eB,,q". Now by substituting (D3) in (D1) and integrating over the ¢', gives functions such as n,(q +
(k —p)) and 8(k — p + E(q) — E(q + k — p)), where they can be expanded as follows:

_ —m _ 2
no(q + (k — p)) ~ ne(q)[l _& ",)n(;‘ Y _ (kZmTp L ] (D4)
and
8k — p + Eq) — E(q + k —p)) ~ ok — p) + & _mp)'q aa(;;p— P ... (D5)

Inserting the above equations into the (D1) leads to the density matrix p, and p,;.
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