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In this report we will show that

arises not only from the Thompson
scattering by electrons of a radiation field
with a local quadrupole moment but from
the quantum photon effectsthe too.

In this way, CMB polarization directly probes
the dynamics from the epoch when the aniso-
tropy of matter arose till the epoch of decou-

pling.

A determination of the CMB polarization would
therefore provide a critical test of the under-
lying theoretical framework and therefore of
the validity of cosmological parameters de-
rived from CMB measurments.

Polarization meassuments also offer the po-
tential to triple the number of observed CMB
quantities and to enhance our ability to con-
strain cosmological parameters.



T he first limit to the degree of polarization of
the CMB was set by Penzias & Wilson (1965)
who stated that the new radiation that they
had discovered was isotropic and unpolarized
within the limits of their observations.

Over the following 20 years, dedicated po-
larimeters have been used to set much more
stringent upper limits on angular scales of or-
der several degrees and larger (Caderni et al.
1978: Nanos 1979; Lubin & Smoot 1979,
1981: Lubin, Melese, & Smoot 1983:; Sironi
et al. 1997). The current best upper lim-
its for the linesr and circular polarizations on
large angular scales are 10 uK at 95% confi-
dence for the multipole range 2 <[ < 20, set
by the POLAR experiment (Keating et al.
2001).

In (Kovac et al. 2002) it was stated the first
detection of polarized anisotropy in the CMB
radiation with the Degree Angular Scale In-
terferometer (DASI), located at the Amundsen-
Scott South Pole research station.



Here we consider the generation of the po-
larization of EMF under the supposition that
the medium start be partially transparent.
The result of this report is the assertion that
the quantum effects of EMF in the external
gravitational field in the anisotropic Bianchi
I model give a contribution to the degree of
polarization of EMF in the quadrupole har-
Mmonics.

It being known that the quantity of this ef-
fect parametrically depends on the moment
of time starting from which the vacuum of
EMF became unstable. On the assumption
of the observational limits on the quantity of
the degree of polarization of the CMB, one
can determine the limits of the quantity of
the red shift under which the quantum ef-
fects to play part.

In this report we present some results of the
papers (Moskaliuk, & Nesteruk 1992, 1995;
Moskaliuk, 2001-2003; etc.).



II. Formalism

A useful way to characterize the polarization
properties of the CMB is to use the Stokes
parameters formalism (Chandrasekhar 1960).
For a nearly monochromatic plane electro-
magnetic wave propagating in the z direc-
tion,

Ey = ay(t) cos [wot — 0y (1)],
the Stokes parameters are defined by:
I={a2)+(a2), Q= (a2)— (a2), (2)
U = (2azay cos(0; — 0y)), V = (2agzaysin(0; — 6y)),

where the brackets () represent time aver-
ages.

The parameter I is simply the average inten-
sity of the radiation. The polarisation prop-
erties are described by the remaining param-
eters: (Q and U describe linear polarisation,
while V describes circular polarisation.



Unpolarised radiation (or natural light) is char-
acterised by having Q = U =V = 0. CMB
polarisation is produced through the photon
quantum effects and Thomson scattering which
cannot generate circular polarisation. Then,
we can write V = 0 always.

The Stokes parameters (Q and U are not scalar
quantities. If we rotate the reference frame
by an angle ¢ around the direction of obser-
vation, Q and U transform as:

Q' = Qcos(2¢) + Usin(2¢), (3)
U'= —Qsin(2¢) + U cos(2¢).

We can define a polarisation vector P having:

- 2 2 1/2 . 1 1 U
Pl =(Q*+U?)"", o= tan (@)
(4)
Although P is a good way to visualise po-
larisation, it is not properly a vector, since it
remains identical after a rotation of = around
z, thus defining an orientation but not a di-

rection.



Mathematically, Q and U can be thought as
the components of the second-rank symmet-
ric trace-free tensor:

1 Q —Usiné
Pab — 3 . . D ) (5)
2\ =Usinf —Qsin<0

where the trigonometric functions come from
having adopted a spherical coordinate sys-
tem.

We also describe the polarization effects of
electromagnetic radiation with the aid of the
polarization matrix J% defined in the plane
orthogonal to the direction of propagation of
the electromagnetic waves and expressed in
terms of the Stokes parameters as follows:

ab_ L[ I4+Q U a1 0 —iV
J _§< U 1-@)7‘]——5(7;\/ 0 )'(6>

Here, I is the total intensity of radiation, the
parameters Q and U are related to the degree
of linear polarization and V determines the
degree of circular polarization, correspond-
ingly, via the relations

\/U2 + @
I

PL: , PC:V/I. (7)



III. The CMB polarization ef-
fects in anisotropic space-time
In the Bianchi I metrics

3
ds? = dt®> — 3 A2(t) (da;i)z , (8)
=1

Maxwell equations for the free EMF can be
written as

V. F* =0, V()" =0, (9)
where F},, is electro-magnetic-field tensor and
(xF)H* is adjoint magnitude, defined by the
relation

(+F)*F = \/%_g[aﬁvn]va (10)

and [«, 8,,n] is completely antisymmetric ten-
sor [0123]=1.

The solutions of these equations can be rep-
resented in the form of electric- and magnetic-
field vectors

E(t,x) = / a3k [£9(t, k)eq(t, k) +
+ EP(t, k)ey(t, k)], (11)
H(t, x) = / d3ke™* [HO(t, K)eq(t, k)+

+ H¥(t, k)ey(t, k)], (12)
3



The orthogonal vectors

& e &
eyp = COS 0; COS got—l + cos 6; sin got—z — sin Ht—3,(13)
0 A A

1 2 A3
: €1 €D
e, = — SIiN p—— —+ COS Y;——, 14
’ P + Pt A (14)
e € e
e, = Sin 6y cos got—l ~+ sin 6y sin got—Q + cos Ht—3 (15)
Aq Ao Az

forming the tetrad unit basis in the momen-
tum space.

The angles 6; and ¢; are related with the
spherical coordinates in the momentum space
introduced via the relation

(k1,kp,k3) = k(sin@ cosp, sinf siny, cosf) , (16)
using the formula

(Sin 0y COS ¢, SiN Gy Sinp, COSH) =

1 [(sin@ cos sin @ sin Ccos 6
= p ! 2 2, . (7)
A1 Ao A3z

where
5> sin?260 cos®p . sin?0 sinzgo_l_cosQ@
S A2 A2




The components &Y, £¢, HY, H¥ can be writ-
ten as follows:
1

59(t’k>_\/_(27r)3/2( )1/ bl/z(y++y ) 5
EP(t, k) = \/E(Qﬁ)g)}z(_g)l“ b172k i(zﬁ -y ),
HO(t, k) = ﬁ(%);Q(_g)l /4 bl‘jz<y+—y—>, (19)
HP (1K) = — f(%p}z( AR Sty
where

bz\/%_g(A cos? ¢ + A?sin gp), (20)

and the functions yi = y" satisfy the equa-
tion

b
i =0+ [BPp? rkA]y =0, (21)

d cosfsin2¢ , 5 5
A =b—(a/b); = A5 — A7) . (22
@D a= =" (A3-47) . (22)




The density matrix can be represented in the
form

JO =g+ I ab=0,,
1
rh= e, B k),

Jﬁbzés[a(t,kx EOK),  (23)

where the symbol {,} ([, ]) denotes sym-
metrization (antisymmetrization) with respect
to the corresponding superscripts.

Substitution of the electric-field components
(19) into expression (23) yields

% = (202m)3(~9) /%) 2 Y+,

7% = (2(2m)3(~g)V20k?) VP2,

79 = —g (2(2m)3(~9) /%K) 2ReY " ¥ T,
JOp _ I

v SImy— v t. (24
22(27)3(—g)1/2pk ey ()

where

y+ =y+:I:y_.



Comparing equations (24) and (6), we find
that the Stokes parameters are given by

1 2 21y 42
I = Y K3lY
1 .
= — )\ 2 K2 Y—I— 2
Q= S o3 22 V12— KglyH P,
7’ S RS
= — ReY Y ; 25
(27m)3(—g)1/2bk (25)
V = H ImY ~ }i +, Ko = kpu.

- (2m)3(—g)1/2bk

To pursue the investigation of polarization
effects further, we assume that the propa-
gation of waves in an anisotropic space-time
can be described in the shortwave approxi-
mation; that is, we retain the first terms of
the asymptotic expansion of the solutions of
equation (21) for y" in the limit £ — co(A —
0).

Such an expansion was constructed by Sag-
notti and Zwiebach (1981).



From their results, it follows that, in the lead-
ing approximation in k—1 for k — oo, the re-
quired solutions can be represented as

1/2
bMO) N PSRN
Y+=<— Cle 4+ Cqre ) e’
= (20)" (e + o)
bun ) 1/2 . .
Vo = ( MO) (CFe - cge™) 6,
bou
YT =iKoY T,
Y~ =iKoY ™, (26)
where
t t
A
A= / 24 Q= / kpdt, (27)
20
to to

tg corresponds to an arbitrary initial instant
of propagation, and CS—L are the values of the
functions y=(t) at the point ¢g.



The substitution of the WKB solutions (26)
into expressions (25) for the Stokes parame-
ters vields

= v ISP +ICo ], (28)

o Y
O~ Gy 2 (0 €ae™) 2
0% — 2
U= Gamysy=apc M (CgCae®™), (30)
% -
V= 1cq 1”7 - 1cg1?]. (31)

Eliminating the constants from these rela-
tions, we can find the Stokes parameters as
functions of time. These are given by

p(t) [—g(to)

M= iy V g 110 52

) =120 [F10 QU cos2am- (33)
— U(tg) sin 2X(t)], (34)
_u(®) |—g(to) .

0(0) = 122 2209 Qo) sin 23 (1) + (35)

pu(t) [—g(to)

—+ U(tO) COS 2)‘(t)] V() = ,u(to) —g(1)

V(t1).




It immediately follows that

Pr(t) = Pr(tg), PFPc(t) = Pc(tg); (36)

that is, the degree of linear polarization and
the degree of circular polarization do not vary
with time as the electromagnetic wave prop-
agates in an anisotropic space-time.

Under such conditions, the rotation of the
polarization plane is the only nontrivial po-
larization effect. The angle 7 of this rotation
in the plane orthogonal to the direction of
wave propagation is determined by the rela-
tion

U
tan 2t = —. 37
an2r 0 (37)

It follows that

sin 2\ 4+ tan 27(tg) cos 2\
CosS 2\ — tan27(tg) sin 2\

Differentiating this last relation, we find that
the variable y = tan 27 satisfies the equation

d 2
Y= 2A(1 +y©). (39)

tan27(t) = . (38)



Solving this equation, we obtain

T(t) = A(t) + 70
or

t

AT:/édt/. (40)

to 2“

Taking into account expression (22) for A
and using the linear approximation in the aniso-
tropy parameter AA = A, — A7 [the latter
is reduced to setting b = u = 1/A, where
A = (A1A>A3)1/3], we obtain

AT(t) = %COSQ sin2¢ (A(t)AA(t) — A(tg) A A(tg)) .

We can see that the polarization plane un-
dergoes rotation only if the wave propagates
in a direction other than that specified by
the coordinate values 6 = 5(2k+ 1) and ¢ =
sk(k = 0,1,2,...) and if AA # 0, that is,
if the anisotropic model under study is not
axially symmetric.



IVV. The CMB linear polariza-
tion effects due to the quantum
generation of photons

Assuming that at the time moment ¢;, the
Universe start be partially transparent on the
one hand and the metrics can be represented
on the other hand as the Bianchi I metrics

3
ds? = dt? — > A,L-Q(t) (dwi)z ,
1=1

Let us assume also that at t < t;, the state of
the EM field can be described with the den-
sity matrix with non-zero occupation num-
ber of the photons in the mode ng(vg) cor-
responding to the black-body radiation.

The latter is strictly constant at t < t;;, and

constant in the zeroth in respect to the anisotropy

parameters approximation at ¢ > tj:

0

anO(VO) = 0.



The frequency vg is considered to be inde-
pendent of time and equal to the radiation
frequency in the current epoch.

With the frequency at any time moment ¢ it
IS related as follows

voA(to) = v(t)A(1), (41)

and A3 = (A1A5A3) at t > tj,.
The particle number in the mode at the time
moment t > tj, satisfies the relation

n (t,vg,0,9) = no(vg) + (42)
+ n1 (¢, v0,0,0) + nq (T, v0,0,9).

n1 (t,v0,0,¢) = no(v0)d (t,v0,0,¢), (43)

where |d] < 1 is the correction, describing the
anisotropic distribution over momenta which
arises due to the anisotropic expansion of the
photons already existing to the time moment
tin-



The quantity

Ngq (t77/079790) :2( Z |5T (t7V0797¢)|2> X

r—=+1
X (2no(ro) +1), (44)

is the additional number of photons which
arose due to their generation in the non-
stationary gravitational field.

B" is the coefficient of the Bogoliubov trans-
formation at the transition to the time-inde-
pendent operators of the generation-annihila-
tion of photons bringing to the diagonal form
the instantaneous Hamiltonian of the quan-
tised EMF at the time moment ¢t on the oper-
ators of the generation-annihilation, in terms
of which the Hamiltonian has the diagonal
form at the initial time moment ¢;, ;

187 (t, 10,0, ¢)|? is the density of the proba-
bility of the generation of a photon with a
certain frequency vg, direction of the wave
vector 60, p, and the spin projection » on the
direction of the wave vector.



Let us generalise the relation (42) — (44) to
the case when the matter of interest is the
particle number in the mode, which polarisa-
tion vector is oriented along a certain direc-
tion in the coordinate frame connected with
the wave vector of the photon. Then we can
introduce the symbolic vector

1 3
2 hv3(t)
I(t71/079790)+Q(t71/079790)

X I(t7VO79790>_Q(t7VO79790> )
U (t,v0,0,¢)
where I,(Q),U are the Stokes parameters of
the EM radiation. By analogy with (42), n
can be represented as

n (t,vg,0,9) = ng(vg) + (46)
+ ny (t,v0,0,9) +nq(t,v0,0,0),

X (45)

n(t,vp,0,p) =

where

1

ng(vg) =ng(ro) | 1 |,
O

which corresponds to the isotropic nonpo-
larised radiation.



In the case when there is no scattering of
the photons on the electrons of the cosmic
plasma, ni can be represented as

nj (t7 Lo, 0, 90) — nO(VO) (Oé(t, 1/0)3_(0, 90)_'_
+ &(t, I/O>5-(97 90)) )

1 1
a=1|1 <cos2 0 — —) : (47)
3
o
1 1
a=—|1 (1 — cos? 9) COS 2.
2\ o

This corresponds to the start of the depen-
dence on angles, i.e. anisotropy, in the dis-
tribution of the photons over momenta.

The coefficients o« and a characterise the

degree of the quadrupole anisotropy of the
CMB.



The quantity n, describes the contribution of
the quantum effects.

In the linear in respect to the anisotropy pa-
rameters approximation of the metrics (8) it
can be represented in the form:

ng (t, 10,6, @) = 2"0‘(”20) T, (48)

3 Qvagc(t, 10,0, ¢)
—QV“ (¢, 10,0, ¢)
3 ) b b

h=(8) \ 20vac (1, v, 0, )

C
X

The quantities 1Va¢, QVa¢, UVA© are the vac-
uum Stokes parameters (VSP), evaluated for
the case when the initial state of the EM field
at the time moment t¢;, was vacuum. In gen-
eral (i.e. not in the linear approximation) the
Stokes parameters are related with the polar-
isation density matrix of the quantum effects
of the EM field as a new characteristics of
the latter.



As usually:

1 [vac + vacC Uvac . ivvac
Jab — 5 ( vac 1 f‘z/vac jvac _ gvac > (49)

where

Jab vac __ Jfbl—b vac + ng vac)

hk

1

— X
2 u(t, 0,¢)

X <Otm|Nt [8a(t,X, k)vgb(t7xa k)] |Otin>'

Jib fUCLC(t7 k) —

Here £%(t,x,k) are the components of the
spectral component of the vector of electric
field (19), multiplied by exp(ikx).

The calculations have shown that Jebvac = o
i.e. according to the common interpretation,
the generating photons do not have an ad-
mixture of the circular polarisation.



The symmetric part of the polarisation tensor
could be expressed via spectral components
of the vacuum averages of the operator of
energy-momentum tensor

ﬂﬁ%w::/mﬂwgng/MQWuma¢)x
x TyeC (t,k,0,9),
Ko (t,k,0,p0) = cku(t,0,p) ,
as follows

b __ b mvac
J4 = G TyEC.

The specific form of the components G/‘j;‘, has
been evaluated by Grib A.A. and Nesteruk A.V.
(1983).

Where also is given the explicit form of the
spectral components T;{SC.

So the VSP can be presented as :

<Ivac Qvac yvac Vvac) — (50)

3
:h% d o (@2, u",rr",0),
r==41



The functions s", v, 7" satisfy the set of the
equations

(

s" = %ur + TgTT,

at =W (25" 4+ 1) — (rW+ cho) 77 (51)

\ T =rW(2s" 4+ 1) + (TW -+ QCKO) u”,
(uT)Z 4 (7_7“)2 — 45" (ST + 1)

with the initial values

s"(tin) = u"(tin) = 7" (tin) = 0.

The quantities W and W in the metrics, lin-
ear in respect to the anisotropy parameters
of metrics (8) are as follows:

W = (1 _ cos? 9) AH + % <1 -+ cos? 9) COS 2,

W = —cosf sin2pAH, (52)

where

AH:H—%(Hl—l—HQ), AH = Hy — Ho,
H3 = (H1HoH3),  H;= A;/A,

(the parameters AA, AA, A could be intro-
duced similarly).



The set of the equations (51) plays the part
of the transfer equations for VSP.

Let us analyse the expressions (50), solving
(51) via expansion of the functions in a power
series in respect to small parameter h which
Is introduced as

In doing so,
s"= )Y h"sp,u"= > hMu,, "= > A"7).
n=0
(53)

The expansions of W and W are given with
(52). Further we shall keep in the expansion
(53) only linear terms in respect to h. In the
zeroth approximation in respect to h it fol-
lows from (51), (52), taking into the account
the initial values, that

sp = ug =14 = 0.



This means that there are no photon quan-
tum effects in isotropic case.

In the linear approximation the set of the
equations for s, uy, 71 is

sf=0, W\ =W-2vr{, 7]{=rW+42vu]

(in the zeroth approximation in respect to h
Ko(t,k,0,0) = ko/A(t) = v(t)).

Solving this set, one can obtain the expres-
sions for VSP in the linear approximation:

(Ivac, Qvac) Uvac) — (54)

3 _
25 [ (0. W), W) cos (2(2(1) ~ ) d’,

tin

Q(t) = / dtu(t).



Such a distribution of the VSP quantum ef-
fects in the anisotropic gravitational field is
unusual from the viewpoint of the classical
electrodynamics.

The reason is the structure of the vacuum
energy-momentum tensor of the EMF in the
external gravitational field.

(Zeldovich, & Starobinsky (1971) have re-
marked that quantum effects of the material
field in the external anisotropic gravitational
field bring about the breaking of the condi-
tion of the energy dominance of the energy-
momentum tensor (EMT) of these fields.)

T his fact shows itself in different dependence
of the EMT components on the anisotropy
parameters of the metrics (8), namely:

TS ~ h2, T ~ h, ik=1,2 3.
The fact that EMT does not satisfy the con-
dition of the energy dominance means that it
contains both the contribution from the re-

ally generated particles and the contribution
of the vacuum polarisation of the EM field.



Let us bring n, to the form analogous that
of n1, singling out explicitly the dependence
on the angles 6§ and . To this end we use
(52) and (54), then

2no(vp) + 1
nCI(ta V0797§0) — 2 X

X </BQ(t7 VO)b(97 90) + BQ(ta VO)B(97 90)) ’

(55)

here

t

B,(t) = | AH(t) cos (Q(Q(t) - Q(t’))) dt'. (56)
tin

The expression for 3; can be obtained from

(56), substituting AH for AH. Vectors b
and b are defined via the relations:

1
b=| -1 | (1-cos?6),
0

) (1 4+ cos?20) cos 2¢p
b=§ —(1 + cos26) cos 2y
4 Ccos O sin 2¢p

Assuming that ng > 1 and substituting (47),
(55) into (56), we obtain

n = ng + ng [aa—l— Byb + aa + Bqt‘)] . (57)



The quantities 8, and B, are related with the
degree of the linear polarisation of the CMB.

The relation (57) is similar to that derived by
Basco M.M. and Polnarev A.G. (1980) under
the solution the radiation transfer equation
taking into the account Thomson scattering
of the photons on the electrons of the cosmic
plasma.

The quantities which undergo the measure-
ment in the course of experiment are the
Stokes parameters I,(Q) and U.

Let us evaluate, for example, the Stokes pa-
rameter () in the Heckman-Schuking model.
According to (45), (57)

2hv3
Q(t,v0,0,9) = = 3%no(vo) (1 — 0s?0) fy(t, vo)-
The dependence of Q on the time t is de-

termined with the quantity g; (56). Let us
transform it to more clear form.




To this end let us temporarily change in the
integral (56) the integration variable X as
follows:

X =(1+x)" Y2
AH = AHo(1+ x)? = AHo/X°,
1
- X _ 2 y2ix
Ho(1+4x)%2  Ho

v(t) = vo(1 + x) = v X 2,

where AHg, Hg, vg are the current values
of the corresponding parameters. By this
change of variable the integral is brought to
the form

X' (58)

X
AHg cos M(X — X'
/BC] — / A d
Ho X
Xin
where XA = 4vy/Hg ~ 1030 is a large parame-
ter.

Estimating (58) asymptotically in A\, we ob-
tain
AHp

1
Bq = Hy AXA sin (AM(X — Xipn)) .




Let us change in the last formula from the
current variable X to the synchronous time ¢
according to the relation X = (3Hqt/2)/3.

The time t is synchronous cosmological time,
counted from the singularity.

Let us divide it into two summands as fol-
lOwWS:

t=1tg+ 1, t < to,

where tg = %Ho is the time counted from the

beginning of the expansion, corresponding to
the current epoch, and ¢’ is the current time,
for example, the period, during which the ob-
servations take place.

Then
2hu3
Q(t,v0,0, ) = C3Ono(1/o)(1 — cos”6) x
AHp Xin _. /
el (2vot’ + A(1 = Xin)) .



et us discuss the possibility of experimental
measuring of Q. The power of the polarised
component of interest for us of the EM radia-
tion, hitting the aerial of the radio-telescope,
with the directivity diagram P,(0, ) and the
effective area of the surface A per unit fre-
quency band is defined as:

W) = 5 Aer (59

| [ @t v0,0,0)Pu(6,¢)ds2
Q

Separating the dependence on angle, we bring
(51) to the form

QhVO

W(t) = Bq(t,v0)| -

nO(VO)Qefr

The quantity W (t) is the instantaneous power
of the signal in the aerial. On the load of
the aerial the voltage is induced, the square
of which is proportional to the instantaneous
power, so that the current at the output of
the detector is as follows:

i9 (1) = KU%(t) = KW (t) =

Q QhV

= k' Qg Bq(t, vo)| -

52n0(vo)




After averaging over time, we obtain

_ 3 2

Q . Q QhVO A HgXin g

lget = K (Qefr)< 3 ”0(’/0)> Hy A 7
Similarly, measuring the Stokes parameter I

in the zeroth approximation with respect to
the anisotropy parameter AH, we arrive at

T 2hV3
iget = K’ (ngr) ( C3Ono(l/o)> :

The observable degree of polarisation turns
out to be

Q Q% A HA 12
} Il ’

Thus, the degree of polarisation of the CMB
due to the quantum effects turns out to be of
essence only in the case, when the anisotropy
of the metrics has manifested itself sufficiently
early, i.e. under the red shifts xi,, which are
determined by the order of magnitude from
the relation Xizn/>\ ~ 1. For the characteristic
value A = 1030 at vg &~ 10}2 and Hg =~ 10718
we conclude that the effect is important if
xin ~ 1015,



V. Conclusions

e [ he background of this report constitutes
the idea, which attempts to explain some
matter in the Universe as produced by
quantum creation from vacuum.

e [Thus, it turns out that in the case of
the transparent medium when there is no
scattering of the photons, the CMB in
the homogeneous anisotropic and non-
stationary Universe becomes linearly po-
larised due to the quantum effects of the
photon generation and polarisation of the
vacuum of the EM field. It is remarkable
that the angular dependence of the pho-
ton number is quadrupole and completely
coincides with that arising under the scat-
tering of the photons on electrons in the
epoch of the recombination or the sec-
ondary ionization.



e The peculiar feature of (57) is that gy is
defined according to (56) independently
of the degree of anisotropy in contrast to
Basco M.M. and Polnarev A.G. (1980),
where both characteristics of the radia-
tion could be determined from the gen-
eral transfer equation.

e [ heimportance of CMB polarisation con-
cerning the physics of the early universe
relies on the fact that scalar fluctuations
and the photon quantum effects can pro-
duce only linear polarisation and no cir-
cular polarisation. A measurement of the
circular polarisation could therefore be in-
terpreted as the detection of primordial
gravitational waves.

e Anisotropy in a cosmological photon dis-
tribution usually refers to the cosmic back-
ground radiation after the decoupling of
photons from matter.



e Such anisotropy is predominantly caused
by density perturbations in the matter at
the epoch of last scattering. Here we in-
vestigated another kind of anisotropy, not
connected with density perturbations or
gravity wave perturbations, and not aris-
ing from scalar field fluctuations in the in-
flationary epoch, but caused by vacuum-
polarisation type quantum effects of the
electro-magnetic field itself. These early-
universe effects would be partially washed
out by the interaction of photons with
matter during the recombination epoch.
As such, our results are a contribution
to the early-universe dynamics. The new
frontier of cosmological exploration will
then shift towards observations of the CMB
linear polarisation, for which the rota-
tion of the polarization plane is the sec-
ond nontrivial polarization effect, if the
anisotropic model under study is not ax-
ially symmetric .



