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Electromagnetic polarization effects due to axion-photon mixing
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We investigate the effect of axions on the polarization of electromagnetic waves as they propagate through
astronomical distances. We analyze the change in the dispersion of the electromagnetic wave due to its mixing
with axions. We find that this leads to a shift in polarization and turns out to be the dominant effect for a wide
range of frequencies. We analyze whether this effect or the decay of photons into axions can explain the large
scale anisotropies which have been observed in the polarizations of quasars and radio galaxies. We also
comment on the possibility that the axion-photon mixing can explain the dimming of distant supernovae.
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I. INTRODUCTION

The mixing of axions with photons and its observab
consequences have been analyzed by many authors@1–12#.
In the present paper we investigate the changes in the p
ization of electromagnetic waves that arise due to its mix
with axions. We are particularly interested in determining
this mixing can explain the polarization anisotropies th
have been claimed in Refs.@13–15#.

In Refs. @13,14# the authors claimed that the observ
polarizations from distant radio galaxies and quasars are
isotropically distributed on the dome of the sky. The obse
able of interest in that study was the angleb5x2c, where
c is the orientation angle of the axis of the radio galaxy a
x the observed polarization angle after the effect of Fara
rotation is taken out of the data. The authors claimed a dip
anisotropy such that the angleb is given by

b5lW • r̂ ~1!

wherer̂ is a unit vector in the direction of the source. ThelW
represent the three parameters of this fit. The magnitud
this vectorulW u is found to be approximately 0.5 and its d
rection

l̂5@~0 h,9 m!6~1 h,0 m!,21°615°#. ~2!

The anisotropy is independent of redshift and was fi
claimed in Ref.@13# and later verified by a more reliabl
statistical procedure@16# and by compiling a larger data se
@14#. This anisotropy, which we will refer to as the Birc
effect, may be a signal of some local phenomena arising
to the Milky Way or the local supercluster. However, so fa
is not known what physical mechanism could lead to
observed rotation in polarizations. Within the standard mo
of elementary particles it is difficult to conceive of a mech
nism which can lead to this anisotropy. The axion field wh
arises in many extensions of the standard model of par
physics may provide one possible explanation. In the pre
paper we investigate whether such a field can consiste
explain the Birch effect.

Another interesting effect we examine is the large sc
alignment of optical polarizations from distant quasa
@15,17#. A very striking alignment was found in the regio
0556-2821/2002/66~8!/085007~9!/$20.00 66 0850
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called A1 in @17#, delimited in Right Ascension by 11h15m

<RA<14h29m and in redshift by 1.0<z<2.3. The polariza-
tions from quasars in any particular spatial region have
tendency to align with one another. This alignment, wh
we will refer to as the Hutseme´kers effect, was only seen in
patches without any evidence of large scale anisotropy.
point out that the center of the A1 region~see Fig. 1 of Ref.
@17#! is exactly opposite to the axis, Eq.~2!, of the anisot-
ropy found in Ref.@14#. This might indicate a common ori
gin of these two effects.

Finally we also examine the recent claim@18# that dim-
ming of distant supernovae@19,20# can be explained in term
of axion-photon mixing.

II. AXION-PHOTON MIXING

The interaction Lagrangian of the axions with electroma
netic field can be written as@21#

Lint5
aN

12p f a
fFmnF̃mn ~3!

wheref is the axion field,Fmn is the electromagnetic field
tensor,f a is the scale of Peccei-Quinn~PQ! @22# symmetry
breaking andN is the number of light quark flavors. Th
current limits onf a are given by@7–9#

f a.1010 GeV. ~4!

The axion mass is related to the coupling 1/f a by

ma
25N2

f p
2 mp

2

f a
2

mumd

~mu1md!2 ~5!

where f p is the pion decay constant,mp the pion mass, and
mu andmd the masses of up and down quarks, respectiv
It is also interesting to consider other pseudoscalar parti
which arise in certain extensions of the standard mod
whose mass is not related tof a by Eq. ~5!. In our discussion
below we will take the mass of the pseudoscalar as a
parameter and not given by Eq.~5!.

Axions can mix with photons from distant galaxies a
lead to a rotation of polarization. The basic picture is that
photons emitted by the source can decay into axions as
propagate through the background magnetic field. Since o
©2002 The American Physical Society07-1
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the photons polarized parallel to the transverse compone
the background magnetic field (BW t) decay, this effect can
lead to a change in polarization of the electromagnetic wa
Another effect that can also contribute is the mixing of ph
tons with off-shell axions. This process changes the dis
sion equation for the photon polarized parallel toBW t and
hence can lead to changes in polarization. Alternatively
distant galaxies may be emitting axions along with photo
These axions can decay in the presence of magnetic fi
into photons which are polarized parallel toBW t . We examine
all of these possibilities.

The basic equations can be written as@5,6#,

~v21]z
22vp

2!Ai1gBtvf50 ~6!

~v21]z
22ma

2!f1gBtvAi50 ~7!

wherevp is the plasma frequency,Ai is the component of
the vector potential parallel toBW t , Bt5uBW tu and the coupling
g5aN/3p f a . By making the ansatz

Ai85expS ivz2 i E
0

zvp
2~z8!

2v
dz8DAi ~8!

f85expS ivz2 i
ma

2z

2v Df ~9!

and assuming that the frequencyv is much larger than the
mass eigenvalues, the wave equations can be written as

2 i ]zAi81
gBt

2
exp@2 i j~z!/2v#f850 ~10!

2 i ]zf81
gBt

2
exp@ i j~z!/2v#Ai850 ~11!

where

j~z!5E
0

z

dz8@vp
2~z8!2ma

2#. ~12!

In arriving at Eqs.~10! and ~11! we have ignored secon
derivatives ofAi8 and f8 since these are slowly varyin
fields.

A. Axion-photon conversion probability

We next review the result obtained in Ref.@6# for axion-
photon conversion probability. We will ignore the fluctu
tions in the background magnetic field in this section as w
as in the rest of the paper. If we also ignore the fluctuati
in the plasma density, the probabilityuf(L)u2 for producing
the pseudoscalar particles after propagation through dist
L is given by

Pg→f5uf~L !u25uf8~L !u2'~gBtl !
2sin2F L

2l G . ~13!

where
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2v

v̄p
22ma

2
~14!

andv̄p
2 is the mean value of the plasma frequencyvp

2(z). In
obtaining this result we have assumedf(0)50. This con-
version probability turns out to be very small assuming
current limit for the value ofg and the galactic values forBt

and v̄p , independent of the choice ofma . The special case
wherev̄p

2 is accidently equal toma
2 is not considered in this

paper.
The conversion probability is, however, much larger if t

fluctuations in the plasma frequency and/or background m
netic field are taken into account@6#. The authors in Ref.@6#
assume a Kolmogorov power spectrum,P3N5CN

2 k211/3 for
the electron density fluctuations, where CN
'331024 m220/3 for the interstellar medium. The author
then show that for the electromagnetic wave propaga
through interstellar medium the probability to produce a
ions, Pg→f , is given by

Pg→f'2.731025F g

10210 GeV21G 2S B̄t

mG
D 2

3S 0.03 cm23

n̄e
D 11/3

3S CN
2

331024 m220/3D
3S L

kpcD S n

106 GHz
D 5/3U12

ma

v̄p
2U211/3

. ~15!

In obtaining this result we have assumed that the vector
tential is approximately constant and kept only the lead
order term in the expansion in powers of the fluctuatio
Hence this result is valid only if the conversion probability
small. The conversion probability given by this equation
much larger than that implied by Eq.~13!. For propagation
over galactic distances this probability is still very sm
compared to unity unless the frequency of the electrom
netic wave is much larger than the optical frequencies. Ho
ever, for supercluster magnetic fields the probability may
equal to unity even at optical frequencies. For example
the Virgo supercluster of galaxies the magnetic field stren
is found to be about 1mG over a very large length scale o
10 Mpc with plasma density of the order of 1026 cm23 @23#.
In order to compute the correlation coefficientCN for the
supercluster plasma density we assume, by dimensi
analysis, that it scales asne

20/9, sincene is the only dimen-
sionful parameter known. This gives CN

2

'3.4310214 m220/3. This estimate ofCN is not reliable and
must be improved in future by direct observations. Using t
rough estimate the probability is found to be approximat
83105 for g510210 GeV21. This is large enough that it ca
also significantly affect the cosmic microwave backgrou
radiation~CMBR! in the direction of the Virgo supercluste
By demanding thatPg→f,1025 for the microwave photons
n550 GHz we find thatg,0.9310211 GeV21. This con-
straint is comparable to the constraint on couplingg obtained
7-2
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from red giants and SN 1987A@7–9# but depends on ou
assumed extrapolation ofCN and hence is not entirely reli
able. The constraint imposed by CMBR also implies that

Pg→f,6.53103S n

106 GHz
D 5/3

. ~16!

The conversion probability is of course always less than o
The large conversion probability is obtained by using E
~15! in the regime where it is not valid. As mentioned abov
Eq. ~15! is applicable only when the conversion probabil
is small. In the present case the result, Eq.~16!, has to be
interpreted in the sense that for a considerable range of
rametersPg→f is of order unity forn>106 GHz.

B. Calculation of phases in vector potential

We have so far studied the conversion probability of ph
tons to axions. We next solve the coupled equations Eqs.~10!
and ~11! in order to find the explicit form of the vector po
tential Ai8(L) after propagation through a distanceL. We
shall find that the photon field acquires an additional ph
during propagation due to its mixing with axions. This pha
changes its dispersion equation and hence can lea
changes in polarization.

1. Constant plasma density

We first consider propagation through a uniform mediu
We integrate Eq.~11! by parts to obtain

f8~z!2f8~0!52
gBt

2
l Feiz/ lAi8~z!2Ai8~0!

2E
0

z

dz8]z8Ai8 exp~ iz8/ l !G . ~17!

It is clear that the third term inside the brackets is high
order in g and can be dropped. Substituting this express
for f8 into Eq. ~10! we find that

]zAi8~z!52 i
gB

2
f8~0!exp~2 iz/ l !

1 i
g2Bt

2

4
l @Ai8~z!2exp~2 iz/ l !Ai8~0!#. ~18!

The solution to this equation can be written as

Ai8~L !5Ai8~0!exp@ iG~L !#2S l

11 lG~L !/L D
3FgBt

2 G S f8~0!1
gBt

2
lA i8~0! D

3F2 sin2S L

2l
1

G~L !

2 D
1 i sinS L

l
1G~L ! D Gexp@ iG~L !# ~19!
08500
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where

G~L !5S gBt

2 D 2

lL . ~20!

For largeL, of the order of galactic or super-galactic scale
the dominant contribution comes from the first term on t
right-hand side of Eq.~19!. This term leads to an additiona
phaseG for the parallel component of the vector potential
comparison to the perpendicular component. The total p
ton flux fluctuates due to its conversion into axions.

In the optical frequencies, assuming the galactic value
the magnetic fieldBt'1 mG and the plasma densityn̄e
'0.03 cm23, we find thatG(L) is of order of 1025 for L
'1 kpc andg'10210 GeV21 which is comparable to the
probability of conversion of photon into an axion as given
Eq. ~15!. However, for smaller frequencies this gives a mu
larger result in comparison to Eq.~15!. If we assume the
Virgo supercluster values of the magnetic fieldBt'1 mG

and plasma densityn̄e'1026 cm23 @23# we find that, for
ma!v̄p ,

l'
n

106 GHz
0.04 Mpc ~21!

and the phaseG can be written as

G~L !52.43103F g

10210 GeV21G 2

3S B̄t

mG
D 2S 1026 cm23

n̄e
D S L

10 MpcD F n

106 GHz
G .

~22!

This phase can produce observable changes in the pola
tion of the electromagnetic wave as we discuss later.

2. Fluctuations in plasma density

We next compute the contribution to the phase that ar
due to fluctuations in the plasma density. We assume,
simplicity, that the background magnetic field is consta
Then solving forf8 in Eq. ~11! and substituting into Eq.~10!
we find

]zAi852S gBt

2 D 2

expS 2 i
j

2v D
3E

0

z

dz8expS i
j

2v DAi8 . ~23!

Here we have setf8(0)50. If f8(0)Þ0 then we will find
another term on the right-hand side which can be evalua
easily to leading order in the fluctuations. We discuss t
case later. We next writeAi85eiV'11 iV, whereV is in
general complex. We setAi8(0)51 and henceV(0)50. We
assume thatV(L) is small and keep only the leading ord
terms. In order to compute the higher order terms we w
7-3
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require the higher order density correlations functions for
turbulent interstellar~or intergalactic! medium. These corre
lation functions are, however, unknown and hence it is
possible to go beyond the leading order term. In any c
even the leading order calculation is very useful since it
reliably provide us with the parameter ranges where
axion-photon mixing may be significant. We find thatV(L)
can be written as

V~L !5 i S gBt

2 D 2E
0

L

dz expS 2 i
j

2v D
3E

0

z

dz8 expS i
j

2v D . ~24!

We can now expandj/2v in terms of the fluctuations in the
plasma density to get

j

2v
5

z

l
1

1

2v

v̄p
2

ne
E

0

z

dz8dne ~25!

where we have usedvp
2}ne , vp

25v̄p
21dvp

2 and ne5n̄e

1dne . Substituting this into Eq.~24! and expanding the
right-hand side to second order in the fluctuationsdne we
can write the expectation value^V&5V01dV with

dV~L !5S gBt

2 D 2 2i l 2

8v2S v̄p
2

n̄e
D 2

e2 iL / l I 1

1S gBt

2 D 2 i l 2

4v2S v̄p
2

n̄e
D 2

~ I 22I 3! ~26!

where

I 15K E
0

L

dzeiz/ ldneE
0

z

dz1dneL
I 25K E

0

L

dze2 iz/ ldneE
0

z

dz1eiz1 / ldneL ~27!

I 35K E
0

L

dze2 iz/ ldneE
0

z

dz1dneL
and V0 is the contribution obtained by keeping only th
mean electron density and can be extracted from Eq.~19!.

These integrals can be evaluated by expressing them
terms of the Fourier transform ofdne5*dkñe(k)eik•x and
using the Kolmogorov power spectrum̂ñe(k)ñe* (k8)&
5P3N(k)d3(k2k8), wherek5uku and

P3N~k!5
CN

2

~k21L0
22!11/6

exp~2k2l 0
2/2!. ~28!

Here CN
2 is the correlation coefficient,l 0 is the inner scale

and L0 the outer scale@24#. In our calculation we setl 0
50. We have explicitly kept the dependence on the ou
scaleL0 since we find that some of the integrals are infrar
08500
e

t
e
n
e
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r
d

divergent which are regulated by this scale. We point out t

sincedne is real ñe* (k)5ñe(2k). We find thatdV is given
by

dV~L !' i
6

5
p2CN

2 l 2

4v2S gBtv̄p
2

2ne
D 2

Ll 5/3

1
6

5
pCN

2 l 2

4v2S gBtv̄p
2

2ne
D 2

3E
2`

`

dkz

1

~kz
211/L0

2!5/6

1

1

l
2kz

3F L2
sin~L/ l 2kzL !

1

l
2kz

G . ~29!

In obtaining this result we have kept only the dominant ter
which scale likeL in the limit of largeL@ l , L@L0. The
imaginary partV I of ^V&5VR1 iV I gives the decay rate o
the photons with polarization vectors parallel to the tra
verse component of background magnetic field. It is rela
to the production rate of axions byuf8(L)u252V I . The real
part,VR , leads to an extra phase factor in the parallel co
ponent of the vector potential. The integral in the real part
dV can be done numerically. We find

dV~L !' i
6

5
p2CN

2 l 2

4v2S gBtv̄p
2

2ne
D 2

Ll 5/3

1
6

5
pCN

2 l 2

4v2S gBtv̄p
2

2ne
D 2

4LlL 0
2/3. ~30!

It is clear from Eq.~30! that thedVR /dV I;(L0 / l )2/3,
where dVR and dV I are defined bydV5dVR1 idV I .
Hence we find thatdVR is much larger thandV I if the
frequency is such thatl !L, l !L0 andL0!L. We therefore
find that for a wide range of frequencies, which satisfy the
inequalities, the phase factorVR@V I irrespective of whether
the plasma density is uniform or has a fluctuating part.
both cases we find that the contribution toVR}v. For the

Virgo supercluster, assuming thatCN
2 scales asn̄e and L0

scales asL we find thatdVR'93104 for optical frequencies
n5106 GHz and g510210 GeV21. Hence at optical fre-
quencies the real part ofdV is comparable to the imaginar
part. However, at lower frequencies the real part is mu
larger.

We next consider the case when the source is emit
axions along with photons. In this casef8(0)Þ0. The ex-
pression forAi8(L) can now be written as
7-4
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ELECTROMAGNETIC POLARIZATION EFFECTS DUE TO . . . PHYSICAL REVIEW D66, 085007 ~2002!
Ai8~L !5Ai8~0!2 i
gBt

2
f8~0!E

0

L

dz expS 2 i
j

2v D
2S gBt

2 D 2

Ai8~0!E
0

L

dz expS 2 i
j

2v D
3E

0

z

dz8 expS i
j

2v D . ~31!

In order to compute the polarization properties of the el
tromagnetic wave after propagation through a large dista
L we need to compute the correlations^Ai8* (L)Ai8(L)& and
^A'(L)Ai8* (L)&. We ignore all terms which involve third
and higher powers of the couplingg. Furthermore, we in-
clude only those terms which scale likeL for very large
values ofL@ l . With these requirements it is clear that on
three terms contribute tô Ai8* (L)Ai8(L)&. These are
uAi8(0)u2,

K U i gBt

2
f8~0!E

0

L

dz expS 2 i
j

2v DU2L ~32!

and

K 2Ai8* ~0!S gBt

2 D 2

Ai8~0!E
0

L

dz expS 2 i
j

2v D
3E

0

z

dz8 expS i
j

2v D1c.c.L . ~33!

The second term@Eq. ~32!# given above is equal to the resu
given in Eq.~15! up to an overall factor ofuf8(0)u2. The
third term, given in Eq.~33!, is equal to the right-hand sid
~RHS! of Eq. ~24! ~plus its complex conjugate! up to an
overall factor ofiA i8* (0)Ai8(0). Thefluctuating part of this
expression is evaluated in Eq.~30!. Similarly the only non-
trivial term that contributes tôA'(L)Ai8* (L)& involves the
expectation value of the third term on the RHS of Eq.~31!
which is already evaluated in Eq.~30!. We point out that the
expectation value of the second term on the RHS of Eq.~31!
does not scale likeL in the limit of largeL. Hence the terms
which involve interference of this term with a term indepe
dent of fluctuations is neglected. We, therefore, find that
only change introduced due tof8(0)Þ0 is an extra term in
^Ai8* (L)Ai8(L)& which arises due to decay of axions. This
the term given in Eq.~32! and up to an overall factor o
uf8(0)u2, its expression is given in Eq.~15!.

C. Polarization shifts due to axion-photon mixing

We next compute the changes in polarization induced
the phaseVR due to axion-photon mixing. We neglect th
imaginary part ofV in the following discussion. As shown
above it is in general much smaller than the real part. F
thermore, its contribution can be easily included by multip
ing the component of vector potential~or the electric field!
parallel toBW t by e2V I. If the incident electromagnetic wav
is unpolarized then the phaseVR does not produce any ob
08500
-
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-
e

y
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servable effect. However, if the incident beam is already
larized thenVR can change its polarization. Let us consid
the simple case of a monochromatic wave:

Ex5a1 exp~ ia12 ivt !,
~34!

Ey5a2 exp~ ia22 ivt !,

whereEx and Ey are the two transverse components of t
electromagnetic wave. By choosing the coordinate axis s
that they axis is aligned along the direction of the transver
component of the background magnetic field, we find t
after propagation through the medium they component of
the electric fieldEy acquires an additional phaseVR . Hence
the final values of the Stokes parameters are given by

S05a1
21a2

2 ~35!

S15a1
22a2

2 ~36!

S252a1a2 cos~D1VR! ~37!

S352a1a2 sin~D1VR! ~38!

whereD5a22a1. The linear polarization anglec is then
given by

tan 2c5
S2

S1
5

2a1a2 cos~D1VR!

a1
22a2

2 . ~39!

The degree of polarizationP5(S1
21S2

21S3
2)1/2/S0 remains

equal to unity. Similarly the degree of circular polarizatio
defined asPC5uS3u/S0 is given by

PC5u2a1a2 sin~D1VR!u/~a1
21a2

2! ~40!

and the degree of linear polarizationPL5(S1
21S2

2)1/2/S0 is
given by

PL5@~a1
22a2

2!214a1
2a2

2 cos2~D1VR!#1/2/S0 . ~41!

We see that the linear polarization anglec, the degree of
circular polarizationPC and the degree of linear polarizatio
PL all depend in a precise manner on the frequencyv of the
incident wave. If we assume thatVR is small then these
depend linearly onv. In general these are oscillatory func
tions ofv. On the other hand, the degree of polarizationP is
independent of frequency. Hence we can observe the co
7-5
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bution due to the phaseVR by analyzing spectral data from
distant active galactic nuclei~AGNs! at optical and higher
frequencies.

If the incident beam is quasi-monochromatic the abo
analysis goes through with minimal modification. The wa
is now partially polarized. We may write its coherency m
trix as

J5S J11 J12

J21 J22
D ~42!

whereJi j 5^Ei* (t)Ej (t)& andJ215J12* @25#. After propagat-
ing through the magnetic field which is assumed to be po
ing in theŷ direction we find that they componentE2 of the
electric field acquires an additional phaseVR . Hence the
coherency matrix changes to

J5S J11 eiVRJ12

e2 iVRJ21 J22
D . ~43!

The Stokes parameters can be written asS05J111J22, S1
5J112J22, S25eiVRJ121 c.c. andS35 i (e2 iVRJ212c.c.).
ParametrizingJ125 jeid we find thatS252 j cos(d1VR) and
S352 j sin(d1VR). We again find that the degree of polariz
tion is independent ofV but the orientation of linear polar
ization as well as the degree of linear and circular polari
tion (PL and PC) become oscillatory functions ofv due to
their dependence onVR .

III. ASTROPHYSICAL APPLICATIONS

We next examine if the astrophysical effects discusse
the Introduction can be explained in terms of axion-pho
mixing. As we have seen the mixing is too small for the ca
of interstellar magnetic fields. However, the mixing can
large and produce observable consequences if we con
the Virgo supercluster magnetic fields, especially at opt
frequencies.

A. Alignment of optical polarizations from distant quasars

We first consider the Hutseme´kers effect@15#. This effect
can be explained by the depletion of the photons polari
parallel toBW t . We point out that the real part ofV by itself
cannot explain this effect. As explained in the Introduction
very striking alignment was found in the region A1 in Re
@17#, which is bounded in Right Ascension by 11h15m<RA
<14h29m and in redshift by 1.0<z<2.3. In Ref.@17# it is
also shown that the quasar polarization in the region
show alignment with the supergalactic plane. By invoki
coherent cluster magnetic field it may be possible to exp
the existence of large scale correlation. The region A1 tu
out to be in the direction of the Virgo supercluster and t
appears to be a promising explanation. As pointed out in R
@17# the correlation with the supergalactic plane may be
evidence in favor of a propagation effect such as axi
photon mixing. An alternate possibility, also mentioned
Ref. @17#, is extinction due to dust. However, this explan
tion suffers from two drawbacks. The first problem is that t
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Hutseme´kers effect is redshift dependent, i.e. the regio
which show alignment are bounded in redshift as well as
angular coordinates. Secondly one finds that in general
distribution of the degree of polarization for the radio qu
~RQ! along with optically selected non-broad absorption li
quasars~O! differs from the distribution of the broad absorp
tion line ~BAL ! quasars. Precisely the same difference
tween these different types of quasars is also seen in the
region @17#. If the supercluster magnetic field causes t
alignment in polarization due to decay ofAi then this differ-
ence would not be preserved in the A1 region.

It, therefore, seems that a propagation effect is not lik
to provide an explanation for the observed alignment of
larizations. This would, however, imply that the quasar p
larizations are intrinsically aligned with one another ov
cosmologically large distances. Correlations over cosmolo
cal distances violate the basic assumption of isotropy
homogeniety of the Universe. Here we propose an altern
mechanism which explains these observations in terms
propagation effect related to axion-photon mixing. We fi
notice that there are very few RQ1O quasars in the A1 re
gion which satisfy the cutp.0.6% imposed on the dat
@15#. Hence these quasars do not contribute significantly
the alignment effect. We next assume that the quasars
emitting axions along with the photons. During propagati
the axions decay into photons in the presence of backgro
magnetic field. In this case the total photon flux after prop
gation through a distanceL can be evaluated by using Eq
~19! for the case of constant background and the Eqs.~32!,
~33! if the fluctuations are also included. As explained in t
discussion following Eq.~33! the dominant change intro
duced due tof8(0)Þ0 is an extra factor in̂Ai8* (L)Ai8(L)&
which arises due to decay of axions and, up to an ove
factor of uf8(0)u2, its expression is given in Eq.~15!. The
emitted photon is polarized in the direction parallel to t
transverse magnetic field. The axion-photon coupling is
sumed to be such that in the optical frequencies the de
probability of axions, or that of photons, from distant quas
is small, less than about 1%, such that it does not sign
cantly affect the polarizations of the~RQ1O! quasars. The
total photon flux generated due to decay of axions is equa
the product of the initial axion fluxF and its decay prob-
ability Pf→g . We further assume that for the BAL quasa
the initial axion fluxF is large enough at optical frequencie
such that it leads to significant change in polarizations dur
propagation. In order to explain the Hutseme´kers effect we
require that the axion flux is of the same order of magnitu
but larger than the photon flux from BAL quasars, if th
probability Pf→g'1%. In the current paper we will no
address the question of the emission rate of axions from q
sars since the basic physics of the interior of the quasar
not well understood. For the~RQ1O! quasars we assum
that the emitted axion flux is small enough such that it do
not affect the optical polarizations. The distribution of th
degree of polarization for the~RQ1O! quasars will, there-
fore, be unaffected during propagation. However, the deg
of polarization for the case of BAL quasars will be dete
mined primarily by the axion-photon mixing. Hence th
7-6
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ELECTROMAGNETIC POLARIZATION EFFECTS DUE TO . . . PHYSICAL REVIEW D66, 085007 ~2002!
mechanism explains the observed difference between
BAL and ~RQ1O! quasars.

The redshift dependence of the Hutseme´kers effect
@15,17# is difficult to explain even with the axion deca
mechanism discussed above. However, we notice that
dominant contribution to the effect comes from the A1
gion which can be explained in terms of the Virgo supercl
ter magnetic fields. The strong alignment of the polarizatio
with the supercluster plane, as shown in Fig. 3 of Ref.@17#,
provides further support for this explanation. Some reds
dependence may be obtained due to the evolution of
quasars with redshift. It is possible that the axion emiss
rate of quasars is redshift dependent and hence only qua
within a certain redshift interval give dominant contributio
with the remaining quasars dominantly contributing noise
is also possible that the dominant contribution to the Hut
mékers effect comes from a few clusters within our ast
physical neighborhood which can then also contribute to
observed redshift dependence. This can be studied by
lecting a larger data sample and putting appropriate cuts
the redshift.

B. A limit on the axion-photon coupling

It is interesting to note that the observed difference
tween the BAL and RQ1O quasars in the direction of th
Virgo supercluster allows us to put a very stringent constra
on the pseudoscalar-photon couplingg in the limit of ma

!v̄p provided we assume our extrapolated value of the c
relation coefficientCN . We may isolate the influence of th
Virgo supercluster by taking only the region in which a lar
Faraday Rotation Measure is observed. This corresponds
patch of 20o radius around the center of the Virgo superclu
ter (RA512h28m, DEC512°408) @23#. We find that in this
region there are 16 BAL quasars and 9 RQ1O quasars
among the objects given in Table 2 of Ref.@17#. The differ-
ence between these two types of quasars persists in thi
gion also as can be seen in Fig. 1. If the photon to ax

FIG. 1. The distribution of polarization degreep ~in %! for the
BAL quasars~solid line! and the RQ1O quasars~dashed line! for a
patch of 20o radius centered around the Virgo supercluster.
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conversion probability is large then this difference would
completely washed out due to propagation through the Vi
supercluster. This is because the degree of polarizationp of
RQ1O quasars peaks at very small values (p'0.2%) and
we find no quasars in this category withp.1%. This obser-
vation implies that the photon decay probabilityPg→f,1,
where the upper limit, unity, is chosen in order to obtain
conservative upper bound ong. By using Eq.~15! and the
parameters for the Virgo supercluster, given in the discuss
following Eq. ~15!, we find that

g,10213 GeV21F3.4310214 m220/3

CN
2 G F1 mG

Bt
G

3F n̄e

1026 cm23G F10 Mpc

L G . ~44!

The reliability of this constraint depends on our assum
extrapolation of the correlation coefficientCN for the super-
cluster. In the future it is clearly of interest to obtain th
parameter by direct observations which can lead to a m
reliable constraint.

C. Global anisotropy in radio polarization
from extragalactic sources

In the radio frequencies (;1 GHz) the axion-photon
mixing is clearly very small. The dominant contribution
given bydVR assuming Virgo supercluster parameters, giv
in the discussion following Eq.~30!. We find that for radio
frequencies n51 GHz, dVR'0.1 for g510210 GeV21

with ma!v̄p . The appropriate value ofg is, however, likely
to be much smaller thang510210 GeV21 which would im-
ply that dVR!0.1. Hence if we assume that the axion flu
from extragalactic source is negligible, this small mixing e
fect is unable to explain the radio anisotropy.

We next investigate whether the proposed emission of
ions due to quasars can explain the Birch effect@13,14#.
Given a large enough flux of axions it is clearly possible
obtain an observable effect on the polarization at radio
quencies. The probability for decay of axions into photo
Pf→g in the presence of background magnetic fields is a
given by the result given in Eq.~15!. Using the CMBR con-
straint on the coupling g we find that the Pf→g
<6.531027 at radio frequenciesn;1 GHz. Hence in order
that axion decay can lead to observable consequences
axion flux has to be roughly 106 times larger than the photo
flux Fg at radio frequencies. The photon flux at radio fr
quencies is given byC/nq where C is a constant and the
spectral indexq varies roughly between 0.5 to 2 and is
general larger for larger frequencies. Assuming that the ax
flux from quasars is indeed 106 times larger than the photo
flux at radio frequencies and that its spectral dependenc
given byA/np, whereA andp are constants, we findp>q
15/3 in order that photon spectrum is not in conflict wi
observations. Assuming thatq'0.8 at radio frequencies we
7-7
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JAIN, PANDA, AND SARALA PHYSICAL REVIEW D 66, 085007 ~2002!
find thatp'2.5. The axion luminosity of the quasar is give
approximately by 4pL2A/@(p21)nc

p21#, where nc is the
lower cutoff on the frequency andL is the total distance o
propagation. We, therefore, find that the axion luminosity
larger than roughly 106 times the radio photon luminosity
For most quasars this is one to two orders of magnit
larger than their total bolometric luminosity. This large lum
nosity required suggests that this mechanism is disfavo
and we do not pursue it further.

Another mechanism that might be relevant for explain
the anisotropy in radio waves involves the presence of ba
ground axion field. As shown in Ref.@4# the rotation in the
linear polarization angle due to a background magnetic fi
is equal togDf/2 whereDf is the total change in the back
ground axion field along the trajectory of the electromagne
wave. If we assume that the axion field in our neighborho

shows a dipole distribution,f(rW)5f0(r )cos(Q) whereQ is
the angle with respect to the dipole axis andf0(0) is of
order 1/g, then the dipole anisotropy claimed in Ref
@13,14# can be explained. This explanation requires that
axion field at very large distances, which correspond to
positions of the quasars, is relatively smooth. The rand
component of the axion field should have a strength sma
than 1/g. However, it is difficult to theoretically justify the
existence of such a dipole distribution of the axion field a
hence this explanation is also not very compelling.

D. Dimming of distant supernovae

Finally we examine the recent claim@18# that the ob-
served supernova dimming@19,20# at large redshifts can b
explained in terms of axion-photon mixing. It has be
pointed out that axion-photon mixing is unlikely to provid
an explanation because inclusion of the intergalactic pla
density leads to a considerable reduction of the effect@26#.
Furthermore it also gives rise to a spectral dependence w
is incompatible with observations@26#. The intergalactic pa-
rameters used in Ref.@26# are B51029 G and n̄e
51027 cm23. However, in Ref.@27# the authors argue tha
the intergalactic plasma density is likely to be much sma
than this. By usingn̄e51028 cm23 it is found that the axion-
photon mixing can provide an explanation for the dimmi
effect @27,28#. Here we examine the magnitude of this effe
due to the fluctuating part of the plasma density as given
Eq. ~15!. Here again if we assume thatLc! l then thel, and
hence the spectral, dependence goes away. The result in
case can be obtained by calculatinguf8(Lc)u2 which is the
probability Pg→f over a single coherence length and th
adding all the contributions over the entire propagation d
tance. The decay probability over a single coherence len
is given by@6#

Pg→f5F gBtv̄p
2

2n̄e~v̄p
22ma

2!
G 2

^I & ~45!

where
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Lc
dzdne expS i

v̄p
22ma

2

2v
zDU2

. ~46!

We then find, usingl @Lc , that

^I &54pE
2`

`

dkzE
0

`

dkT
2 sin2~kzLc/2!

kz
2 P3N . ~47!

HereP3N5CN
2 /(kz

21kT
211/Lc

2)11/6 where the outer lengthL0

has been set equal to the coherence length. We perform
kT integral to find

^I &5
24

5
pCN

2
Lc

8/3

25/3E0

`

dx
sin2 x

x2

1

~x211/4!5/6
. ~48!

The remaining integral can now be done numerically and
found to be approximately equal to 2. It is clear that t
dimming effect is independent ofn. Adding the contribu-
tions from the entire propagation distance we need to rep
Lc

8/3→LLc
5/3. Here we have assumed that the total effect

small and the initial axion flux is negligible. We have als
ignored the fact that magnetic fields in different domains
aligned in different directions. A more reliable summatio
over different domains is obtained in Ref.@29#. Here we are
only interested in an order of magnitude estimate and he
these additional refinements are unnecessary. In order to
timate the magnitude of the effect we takeL51 Gpc, Lc
50.1 Mpc, g510211 GeV21, ne51027 cm23 and again
assume thatCN

2 scales asne
20/9. We point out that the param

etersLc , g and CN are subject to considerable uncertain
We have chosen a range which is allowed by current ob
vations and for which the effect is significant and indepe
dent of n. With this choice of parameters we find th
Pg→f'1.5, i.e. the conversion probability is of order unit
It is clear that the range of allowed parameter space is e
larger if we usene51028 cm23. Hence we cannot exclud
the possibility that axion-photon mixing may be responsi
for the dimming of distance supernovae.

IV. CONCLUSIONS

In conclusion we have analyzed the mixing of axions w
photons. We have determined how the dispersion equatio
the electromagnetic waves is modified due to the presenc
axions. We found that for a wide range of parameters t
provides the dominant contribution to the changes in po
ization of electromagnetic waves due to mixing with axion
We have also determined whether the existence of axions
explain the large scale anisotropies claimed in Refs.@13–15#.
We find that the Hutseme´kers effect@15# may be explained
by the supercluster magnetic fields if we assume that
quasars emit axions such that the axion flux is larger than
photon flux at optical frequencies. The Birch effect@13,14#
may also be explained by assuming axion emission fr
radio galaxies and quasars but requires a very large flu
radio frequencies. Its explanation in terms of axions is the
7-8
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fore disfavored. Finally we have estimated the contribut
of the fluctuations in the plasma density to the dimming
distant supernovae due to axion-photon mixing. We find t
this contribution can be rather large and for a considera
range of currently allowed parameter space can provide
explanation for the supernova dimming.
B
s.

s.
an
e,

08500
n
f
t

le
n

ACKNOWLEDGMENTS

We thank John Ralston, Ajit Srivastava and Mahend
Verma for very useful comments. This work is supported
part by a grant from Department of Science and Technolo
India.
d-

. J.

-
95
ys.
@1# P. Sikivie, Phys. Rev. Lett.51, 1415~1983!; Phys. Rev. D32,
2988 ~1985!.

@2# L. Maiani, R. Petronzio, and E. Zavattini, Phys. Lett. B175,
359 ~1986!.

@3# P. Sikivie, Phys. Rev. Lett.61, 783 ~1988!.
@4# D. Harari and P. Sikivie, Phys. Lett. B289, 67 ~1992!.
@5# G. Raffelt and L. Stodolsky, Phys. Rev. D37, 1237~1988!.
@6# E.D. Carlson and W.D. Garretson, Phys. Lett. B336, 431

~1994!.
@7# L.J. Rosenberg and K.A. van Bibber, Phys. Rep.325, 1 ~2000!.
@8# G. Raffelt, Annu. Rev. Nucl. Part. Sci.49, 163 ~1999!.
@9# J.W. Brockway, E.D. Carlson, and G.G. Raffelt, Phys. Lett.

383, 439 ~1996!; J.A. Grifols, E. Masso, and R. Toldra, Phy
Rev. Lett.77, 2372~1996!.

@10# W.-T. Ni, Phys. Rev. Lett.38, 301 ~1977!; M. Sachs,General
Relativity and Matter~Reidel, Dordrecht, 1982!; M. Sachs,
Nuovo Cimento A111, 611~1997!; C. Wolf, Phys. Lett. A132,
151 ~1988!; 145, 413 ~1990!; R.B. Mann, J.W. Moffat, and
J.H. Palmer,ibid. 62, 2765~1989!; R.B. Mann and J.W. Mof-
fat, Can. J. Phys.59, 1730 ~1981!; D.V. Ahluwalia and T.
Goldman, Mod. Phys. Lett. A28, 2623 ~1993!; C.M. Will,
Phys. Rev. Lett.62, 369~1989!; J.P. Ralston, Phys. Rev. D51,
2018 ~1995!.

@11# S. Kar, P. Majumdar, S. Sengupta, and A. Sinha, Eur. Phy
C 23, 357 ~2002!; P. Majumdar and S. Sengupta, Class. Qu
tum Grav.16, L89 ~1999!; P. Das, P. Jain, and S. Mukherje
Int. J. Mod. Phys. A16, 4011~2001!.

@12# S.M. Carroll, G.B. Field, and R. Jackiw, Phys. Rev. D41, 1231
~1990!.
J.
-

@13# P. Birch, Nature~London! 298, 451 ~1982!.
@14# P. Jain and J.P. Ralston, Mod. Phys. Lett. A14, 417 ~1999!.
@15# D. Hutseme´kers, Astron. Astrophys.332, 410 ~1998!.
@16# D.G. Kendall and A.G. Young, Mon. Not. R. Astron. Soc.207,

637 ~1984!.
@17# D. Hutseme´kers and H. Lamy, Astron. Astrophys.367, 381

~2001!.
@18# C. Csaki, N. Kaloper, and J. Terning, Phys. Rev. Lett.88,

161302~2002!; Phys. Lett. B353, 33 ~2002!.
@19# S. Perlmutteret al., Astrophys. J.517, 565 ~1999!.
@20# A.G. Riesset al., Astrophys. J.116, 1009 ~1998!; 560, 49

~2001!.
@21# M. Krauss, in the Proceedings of the Yale Theoretical A

vanced Study Institute, High Energy Physics~1985!, edited by
Mark J. Bowick and Feza Gursey.

@22# R.D. Peccei and H. Quinn, Phys. Rev. Lett.38, 1440 ~1977!;
Phys. Rev. D16, 1791~1977!.

@23# J.P. Vallee, Astron. J.99, 459 ~1990!.
@24# J.W. Armstrong, B.J. Rickett, and S.R. Spangler, Astrophys

443, 209 ~1995!.
@25# L. Mandel and E. Wolf,Optical Coherence and Quantum Op

tics ~Cambridge University Press, Cambridge, England, 19!
@26# C. Deffayet, D. Harari, J.P. Uzan, and M. Zaldarriaga, Ph

Rev. D66, 043517~2002!.
@27# C. Csaki, N. Kaloper, and J. Terning, Phys. Lett. B535, 33

~2002!.
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