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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 called Al in[17], delimited in Right Ascension by 15"
<RA<14"29" and in redshift by 1.&z<2.3. The polariza-

The mixing of axions with photons and its observabletions from quasars in any particular spatial region have a
consequences have been analyzed by many authefs?.  tendency to align with one another. This alignment, which
In the present paper we investigate the changes in the polajre will refer to as the Hutsenkers effect, was only seen in
ization of electromagnetic waves that arise due to its mixingpatches without any evidence of large scale anisotropy. We
with axions. We are particularly interested in determining if point out that the center of the Al regi¢see Fig. 1 of Ref.
this mixing can explain the polarization anisotropies that[17]) is exactly opposite to the axis, ER), of the anisot-
have been claimed in Refgl3-15. ropy found in Ref[14]. This might indicate a common ori-

In Refs.[13,14 the authors claimed that the observedgin of these two effects.
polarizations from distant radio galaxies and quasars are not Finally we also examine the recent cla[h8] that dim-
isotropically distributed on the dome of the sky. The observ-ming of distant supernovgé9,20 can be explained in terms
able of interest in that study was the angle- y— i, where  of axion-photon mixing.
¢ is the orientation angle of the axis of the radio galaxy and

x the observed polarization angle after the effect of Faraday Il. AXION-PHOTON MIXING
rotation is taken out of the data. The authors claimed a dipole . . . _ _
anisotropy such that the ang&is given by The interaction Lagrang|an of the axions with e|eCtI‘0mag-

netic field can be written g1]
B=\-T (1) . aN o~ o o
wherer is a unit vector in the direction of the source. The 12wt T

represent the three parameters of this fit. The magnitude of

hi Sl is found to b . VO dits di where ¢ is the axion fieldF ,, is the electromagnetic field
tre';igﬁdorm Is found to be approximately 0.5 and its di- tensor,f, is the scale of Peccei-QuiniPQ [22] symmetry

breaking andN is the number of light quark flavors. The
R=[(0 h,9 M= (1 h,0 m,—1°+15°]. @ current limits onf, are given by{7-9]
, o _ , f,>10 GeV. (4

The anisotropy is independent of redshift and was first
claimed in Ref.[13] and later verified by a more reliable The axion mass is related to the coupling,1by
statistical procedurgl6] and by compiling a larger data set
[14]. This anisotropy, which we will refer to as the Birch 2 f2ZmZ  mymy
effect, may be a signal of some local phenomena arising due (my+mg)?
to the Milky Way or the local supercluster. However, so far it
is not known what physical mechanism could lead to thewheref . is the pion decay constant),, the pion mass, and
observed rotation in polarizations. Within the standard modein, andmy the masses of up and down quarks, respectively.
of elementary particles it is difficult to conceive of a mecha-It is also interesting to consider other pseudoscalar particles
nism which can lead to this anisotropy. The axion field whichwhich arise in certain extensions of the standard model,
arises in many extensions of the standard model of particlevhose mass is not related tQ by Eq.(5). In our discussion
physics may provide one possible explanation. In the presertelow we will take the mass of the pseudoscalar as a free
paper we investigate whether such a field can consistentlparameter and not given by E).
explain the Birch effect. Axions can mix with photons from distant galaxies and

Another interesting effect we examine is the large scaldead to a rotation of polarization. The basic picture is that the
alignment of optical polarizations from distant quasarsphotons emitted by the source can decay into axions as they
[15,17). A very striking alignment was found in the region, propagate through the background magnetic field. Since only

®
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the photons polarized parallel to the transverse component of 20
the background magnetic field§() decay, this effect can | = = 3 (14
lead to a change in polarization of the electromagnetic wave. wp— My

Another effect that can also contribute is the mixing of pho- —.

tons with off-shell axions. This process changes the dispe2ndwy, is the mean value of the plasma frequemfxz). In
sion equation for the photon polarized parallelBp and ~ ©btaining this result we have assumég0)=0. This con-
hence can lead to changes in polarization. Alternatively th&/€rsion probability turmns out to be very small assuming the
distant galaxies may be emitting axions along with photons€urrent limit for the value of and the galactic values fd;
These axions can decay in the presence of magnetic fielddw,, independent of the choice afi,. The special case

into photons which are polarized parallelBp. We examine Wherew? is accidently equal ton? is not considered in this

all of these possibilities. paper.
The basic equations can be written[&s], The conversion probability is, however, much larger if the
fluctuations in the plasma frequency and/or background mag-
(0?4 35— w3) A1+ gBw =0 (6) netic field are taken into accouf@]. The authors in Ref6]
s o assume a Kolmogorov power spectruRyy=CZk ™ for
(0"+3d;—m3) p+gBwA =0 () the electron density fluctuations, where Cy

h is the bl ¢ is th ¢ of ~3x10* m 2°% for the interstellar medium. The authors
where wp is the plasma frequencyy is the component of o ghow that for the electromagnetic wave propagating
the vector potential parallel #;, B;=|B;| and the coupling  through interstellar medium the probability to produce ax-

g=aN/3xf,. By making the ansatz ions, P, ,, is given by
2051
zwi(Z") 2/ =\ 2
Al=exp iwz—i P "dz |A (8) ~ g Bt
” p( J 20 ) " P, 4~2.7x10 % —————| | —
’ e 1071 Gev | | G
2
myz _3\ 11/3
¢’=exp<iwz—i—a>q§ (9) 0.03 cm® ( c? )
Ne 3xX10 4 m 298
and assuming that the frequeneyis much larger than the 5/3 113
mass eigenvalues, the wave equations can be written as % L v 1 Ma (15)
kpc/ | 10° GHz )

—id,A|+ gTBtexq—ig(z)lzw]¢’=0 (10 o _
In obtaining this result we have assumed that the vector po-
9B tential is approximately constant and kept only the leading
i r, 90t ; r_ order term in the expansion in powers of the fluctuations.
2"+ 2 exil1£(2)/20]A =0 (D Hence this result is valid only if the conversion probability is
small. The conversion probability given by this equation is
where much larger than that implied by E¢L3). For propagation
, over galactic distances this probability is still very small
f(z):f dz’[wf,(z’)—mi]. (120  compared to unity unless the frequency of the electromag-
0 netic wave is much larger than the optical frequencies. How-
. ) ever, for supercluster magnetic fields the probability may be
In arriving at Egs.(10) and (11) we have ignored second equal to unity even at optical frequencies. For example, in
derivatives of Aj and ¢’ since these are slowly varying the Virgo supercluster of galaxies the magnetic field strength
fields. is found to be about JuG over a very large length scale of
10 Mpc with plasma density of the order of 10cm™3 [23].
A. Axion-photon conversion probability In order to compute the correlation coefficie@y, for the
We next review the result obtained in RE8] for axion-  SUPercluster plasma deng/Lty we assume, by dimensional
photon conversion probability. We will ignore the fluctua- @nalysis, that it scales ag’®, sincen, is the only dimen-
tions in the background magnetic field in this section as welsionful  parameter  known.  This  gives Cf
as in the rest of the paper. If we also ignore the fluctuations=3.4x 10~ ** m~2%% This estimate oCy is not reliable and
in the plasma density, the probability(L)|? for producing ~ must be improved in future by direct observations. Using this

the pseudoscalar particles after propagation through distangeugh estimate the probability is found to be approximately
L is given by 8x 10° for g=10 !° GeV 1. This is large enough that it can

also significantly affect the cosmic microwave background
L radiation(CMBR) in the direction of the Virgo supercluster.
211 (13 By demanding thaP,,_, ,< 10" ° for the microwave photons

v=50 GHz we find thatg<0.9x10 ! GeV !. This con-
where straint is comparable to the constraint on couplimmptained

P, _s=ld(L)]?=|0'(L)|>~(gB)?sir?
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from red giants and SN 1987//—9] but depends on our where
assumed extrapolation @, and hence is not entirely reli- 5
able. The constraint imposed by CMBR also implies that (L)= ( gBt) I (20)

5/3 2

(16) For largeL, of the order of galactic or super-galactic scales,
the dominant contribution comes from the first term on the
dight-hand side of Eq(19). This term leads to an additional
phasel” for the parallel component of the vector potential in
comparison to the perpendicular component. The total pho-

P,  4,<6.5x10°| ———
7 (106 GHz

The conversion probability is of course always less than on
The large conversion probability is obtained by using Eq.
(15) in the regime where it is not valid. As mentioned above, . A .
Eq. (15) is applicable only when the conversion probability 1O flux fluctuates due to its conversion into axions.
is small. In the present case the result, Ef), has to be In the optical frequencies, assuming the galactic val_ues of
interpreted in the sense that for a considerable range of p&he magnegic fieldBi~1 nG and the plasma d(sansitye
rametersP., _, is of order unity forv=10° GHz. ~0.03 cm*, we find thatl'(L) is of order of 10 for L
~1 kpc andg~10 1% GeVv ! which is comparable to the
probability of conversion of photon into an axion as given by
Eq. (15. However, for smaller frequencies this gives a much
We have so far studied the conversion probability of pho'larger result in comparison to E@15). If we assume the
and (11) in order to find the explicit form of the vector po- and plasma density|_~10‘6 cm™3 [23] we find that, for
tential Aj(L) after propagation through a distante We — © ’
shall find that the photon field acquires an additional phas@qﬁ1
during propagation due to its mixing with axions. This phase

B. Calculation of phases in vector potential

<wp,

changes its dispersion equation and hence can lead to |~ ———0.04 Mpc (21)
changes in polarization. 10° GHz
1. Constant plasma density and the phas& can be written as
We first consider propagation through a uniform medium. 2
We integrate Eq(11) by parts to obtain [(L)=2.4x10° 9
1071 Gev !
’ ’ gBt i ’ ’ —
e LN (oot L[
X| — — .
, uG Ne 10 Mpc/| 10f GHz
—fodz’aZ,A”’ expiiz'/ly|.  (17) (22)

It is cl hat the third inside the brackets is hiah This phase can produce observable changes in the polariza-
tis clear that the third term inside t. € brac gts IS NIGNCLion of the electromagnetic wave as we discuss later.
order ing and can be dropped. Substituting this expression

for ¢ into Eq. (10) we find that 2. Fluctuations in plasma density
/ gB _ We next compute the contribution to the phase that arises
IA|(2)=—i=¢'(0)exp —iz/l) due to fluctuations in the plasma density. We assume, for
simplicity, that the background magnetic field is constant.
. gZBtZ _ Then solving forg’ in Eq. (11) and substituting into Eq10)
+|TI[Aﬁ(z)—exp(—|Z/I)Aﬁ(0)]. (18  we find
: i i i 9Bi|? ¢
The solution to this equation can be written as aZAH,: _ <_t) ex;{ —j _>
2 2w
I
’ — A/ H I z
AL =Aj(O)exdil'(L)] 1+|r(|_)/|_) xf dz’ex%ii>A’ . (23
0 2w
gB; , gB; o
X157 || ¢ (O+ 1A (0) Here we have sep’(0)=0. If ¢'(0)#0 then we will find
another term on the right-hand side which can be evaluated
2 L TI'(L) easily to leading order in the fluctuations. We discuss this
X|2si EJr > case later. We next Writé\ﬁ=e'”%1+i0, where( is in
. general complex. We s@qj(0)= 1 and hencé)(0)=0. We
+isin —+F(L)) exdil(L)] (19 assume thaf)(L) is small and keep only the leading orde_r
| terms. In order to compute the higher order terms we will
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require the higher order density correlations functions for thelivergent which are regulated by this scale. We point out that
turbulent interstellafor intergalactic medium. These corre-  gince n, is realn? % (k) =Te(—k). We find thatsQ is given

lation functions are, however, unknown and hence it is not,
possible to go beyond the leading order term. In any case
even the leading order calculation is very useful since it can
reliably provide us with the parameter ranges where the

2 —2\2
axion-photon mixing may be significant. We find tHagL) i E 22 I_ 9Biwp 5/3
. oQ(L)=i Cx LI
can be written as 4 2n,
2
(9B TL p( §) 6 12 [ 9B}
QL)=i|—= dzexp —i=— —c2 |2 7P
(L) ( 2) 0 20 T 5TN 1,2 2n,
z ¢ 1
X | dZ' expiz—]|. 24
| p( Zw) (24) <[ dkz(k2+1/L .
Z
We can now expang/2w in terms of the fluctuations in the !
plasma density to get sm(L/I —k L)
(29)
¢ _z, 1 55 Zd 'S 25
20 11 201, )o 97 O 9

where we have used3xn,, w’=w’+sw? and ne=n,
+ 8ne. Substituting this into Eq(24) and expanding the
right-hand side to second order in the fluctuatidgimg, we
can write the expectation valy€l)=Qq+ 5Q with

In obtaining this result we have kept only the dominant terms
which scale likeL in the limit of largeL>I, L>L,. The
imaginary partQ), of (Q)=Qg+iQ, gives the decay rate of
the photons with polarization vectors parallel to the trans-
gB,\22il2 “2\2 verse component of background magnetic field. It is related
5Q(L)= ( ) —| =] e /| to the production rate of axions By’ (L)|2=2, . The real
8(1) n . _
e part, Qg, leads to an extra phase factor in the parallel com
12 [ o2\2 ponent of the vector potential. The integral in the real part of
%) _( _) (I,—13) (26) 6Q) can be done numerically. We find

* 4
e
where 6 12 ( gBw? 2
L , 5Q(L)~i§7rzc,2\,ﬁ< 2;] ") HEE
=<f dzéz"ﬁnef d215n6> @ e
0 0 6 2
) , +5ch4 (92; ") 4LILZ%. (30
=<J dze“z“anef dzleizl“ane> (27 €
0 0
S z It is clear from Eq.(30) that the 8Qg/8Q,~(Lo/1)?3,
ls= f dze 5”ef dz,6n, where 8Qg and 5Q, are defined bysQ=8Qx+idQ,.

Hence we find thatsQdg is much larger tharns(), if the
and Q, is the contribution obtained by keeping only the frequency is such thd&L, | <Ly, andLy<L. We therefore
mean electron density and can be extracted from(E8). find that for a wide range of frequencies, which satisfy these

These integrals can be evaluated by expressing them iimequalities, the phase factfig> (), irrespective of whether
terms of the Fourier transform afn.= [dkn(k)e’** and  the plasma density is uniform or has a fluctuating part. In

using the Ko|mogorov power Spectrumﬁe(k)ﬁ:(k’)> both cases we find that the Contl’ibution(ﬂ:hocw. For the

=Pgn(k) 83(k—k’), wherek=|k| and Virgo supercluster, assuming th@lﬁ, scales as?e and L
) scales a& we find thatsQg~9x 10* for optical frequencies
CN v=10° GHz andg=10 °GeV 1. Hence at optical fre-
- 1212
Pan(k)= (K2+ |_62)11/66XF( K6/2). (28) guencies the real part @) is comparable to the imaginary

part. However, at lower frequencies the real part is much
Here Cﬁ, is the correlation coefficient,, is the inner scale larger.
and Ly the outer scald24]. In our calculation we sel, We next consider the case when the source is emitting
=0. We have explicitly kept the dependence on the outerxions along with photons. In this cagé(0)#0. The ex-
scaleL since we find that some of the integrals are infraredpression forAj (L) can now be written as
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gB, L ¢ servable effect. However, if the incident beam is already po-
Aj(L)=A[(0)—i 7¢>'(0)f dz exp( —i %) larized thenQ g can change its polarization. Let us consider
0 the simple case of a monochromatic wave:
gB|? L 3 : :
_| 22 AH’(O)f dzexg —i — E,=a; expia;—iwt),
2 0 2w
(34)
z ¢ _ . .
xf dz’ expi—|. (31 Ey,=a, expliay—iwt),
0 2w

In order to compute the polarization properties of the elecwhereE, andE, are the two transverse components of the
tromagnetic wave after propagation through a large distancelectromagnetic wave. By choosing the coordinate axis such
L we need to compute the correlatiofs|* (L)A[(L)) and  that they axis is aligned along the direction of the transverse
<AJ_(L)A”’*(L)>- We ignore all terms which involve third component of_the background magnetlc field, we find that
and higher powers of the coupling Furthermore, we in- after propagation through the medium thecomponent of
clude only those terms which scale like for very large the electric fieldE, acquires an additional pha$k:. Hence
values ofL>1. With these requirements it is clear that only the final values of the Stokes parameters are given by
three terms contribute to{A[*(L)A[(L)). These are

|A[(0)[%, Sy=a’+aj (35
9B | L ’{ S ) 2>
— 0 d -l 32
<‘I 2 ¥ )fo “R 20 42 S;=a?—aj3 (36)
and
" 9B\ | L ¢ S,=2a;a; CogA+ ) (37
A (0) 7 AH(O) OdzeX _|Z
83: 2a1a2 S|n(A +QR) (38)

z
xf dz' exr{ii +c.c.>. (33
0 2w

where A= a,— a4. The linear polarization anglé is then
The second terrfEq. (32)] given above is equal to the result given by
given in Eq.(15) up to an overall factor of¢’(0)|?. The
third term, given in Eq(33), is equal to the right-hand side
(RHS) of Eq. (24) (plus its complex conjugateup to an tan 2= S _ 2318 CZOS{A;QR)‘ (39)
overall factor ofiA[*(0)A|(0). Thefluctuating part of this St a;—az
expression is evaluated in EO). Similarly the only non-
trivial term that contributes tA, (L)A[* (L)) involves the
expectation value of the third term on the RHS of Eg{)
which is already evaluated in E¢B0). We point out that the
expectation value of the second term on the RHS of(Bd).
does not scale like in the limit of largeL. Hence the terms
which involve interference of this term with a term indepen- _ - 2, .2
dent of fluctuations is neglected. We, therefore, find that the Pe=l2a,13; sin(a+Qg)l/(a; +a3) (40
only change introduced due ' (0)#0 is an extra term in
(A[™(L)Aj (L)) which arises due to decay of axions. This is and the degree of linear polarizatiéh = (S3+S2)¥%/S, is
the term given in Eq(32) and up to an overall factor of gjven by
|4’ (0)|?, its expression is given in E@15).

The degree of polarizatio® = (S;+ S5+ S3)Y%/'S, remains
equal to unity. Similarly the degree of circular polarization
defined asP-=|S;|/S, is given by

(a2 A2 2.2 /
C. Polarization shifts due to axion-photon mixing PL=[(ai—a3)?+4aja; cos(A+Qg)]Y4S. (41

We next compute the changes in polarization induced by
the phase&lr due to axion-photon mixing. We neglect the We see that the linear polarization angle the degree of
imaginary part of() in the following discussion. As shown circular polarizatiorP. and the degree of linear polarization
above it is in general much smaller than the real part. FUYPL all depend in a precise manner on the frequenayf the
thermore, its contribution can be easily included by multiply-incident wave. If we assume th&ly is small then these
ing the component of vector potentiar the electric field  depend linearly onw. In general these are oscillatory func-
parallel toB, by e 1. If the incident electromagnetic wave tions of w. On the other hand, the degree of polarizafvis
is unpolarized then the pha$ks; does not produce any ob- independent of frequency. Hence we can observe the contri-
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bution due to the phas@y by analyzing spectral data from Hutsemé&ers effect is redshift dependent, i.e. the regions
distant active galactic nucldAGNs) at optical and higher which show alignment are bounded in redshift as well as in
frequencies. angular coordinates. Secondly one finds that in general the
If the incident beam is quasi-monochromatic the abovedistribution of the degree of polarization for the radio quiet
analysis goes through with minimal modification. The wave(RQ) along with optically selected non-broad absorption line
is now partially polarized. We may write its coherency ma-quasarg0O) differs from the distribution of the broad absorp-

trix as tion line (BAL) quasars. Precisely the same difference be-
T 3 tween these different types of quasars is also seen in the Al
:( 1 12) (42)  region[17]. If the supercluster magnetic field causes the
Jo1 I alignment in polarization due to decay Af then this differ-

. . ence would not be preserved in the Al region.
whereJ;; = (Ef (t)E;(t)) andJp;=J7, [25]. After propagat- It, therefore, seems that a propagation effect is not likely
ing through the magnetic field which is assumed to be pointyg provide an explanation for the observed alignment of po-
ing in they direction we find that thg componenE; of the  |arizations. This would, however, imply that the quasar po-
electric field acquires an additional pha€g,. Hence the |arizations are intrinsically aligned with one another over

coherency matrix changes to cosmologically large distances. Correlations over cosmologi-
3 o1 0r] cal distances violate the basic assumption of isotropy and

_ i 12) (43) homogeniety of the Universe. Here we propose an alternate

e 'RJy, J2 mechanism which explains these observations in terms of a

propagation effect related to axion-photon mixing. We first
notice that there are very few R€D quasars in the Al re-
gion which satisfy the cup>0.6% imposed on the data
P L . [15]. Hence these quasars do not contribute significantly to
Sy=2] sin(+ {2g). We again find that the degree of polariza- the alignment effect. We next assume that the quasars are

tion is independent o) but the orientation Of. linear polar; emitting axions along with the photons. During propagation
ization as well as the degree of linear and circular polariza;

tion (P, and P¢) become oscillatory functions ab due to the axio.ns.decay int_o photons in the presence of background

their dependence oft5. magnetlc field. In thls case the total photon flux aftgr propa-
gation through a distance can be evaluated by using Eq.

(19) for the case of constant background and the E8@),

(33) if the fluctuations are also included. As explained in the

We next examine if the astrophysical effects discussed igliscussion following Eq(33) the dominant change intro-
the Introduction can be explained in terms of axion-photorduced due tap’(0)#0 is an extra factor ifA{* (L)Aj (L))
mixing. As we have seen the mixing is too small for the casevhich arises due to decay of axions and, up to an overall
of interstellar magnetic fields. However, the mixing can befactor of |¢'(0)|?, its expression is given in Eq15). The
large and produce observable consequences if we considefitted photon is polarized in the direction parallel to the

the Virgo supercluster magnetic fields, especially at opticafransverse magnetic field. The axion-photon coupling is as-
frequencies. sumed to be such that in the optical frequencies the decay

probability of axions, or that of photons, from distant quasars
is small, less than about 1%, such that it does not signifi-
. cantly affect the polarizations of th&Q+0O) quasars. The
We first consider the Hutserkers effec{15]. This effect  total photon flux generated due to decay of axions is equal to
can be explained by the depletion of the photons polarizeghe product of the initial axion fluxb and its decay prob-
parallel toét. We point out that the real part ¢ by itself  ability P,_,,,. We further assume that for the BAL quasars
cannot explain this effect. As explained in the Introduction, athe initial axion flux® is large enough at optical frequencies
very striking alignment was found in the region Al in Ref. such that it leads to significant change in polarizations during
[17], which is bounded in Right Ascension by"M8"<RA  propagation. In order to explain the Hutséwmes effect we
<14"29" and in redshift by 1.&z<2.3. In Ref.[17] it is require that the axion flux is of the same order of magnitude
also shown that the quasar polarization in the region Albut larger than the photon flux from BAL quasars, if the
show alignment with the supergalactic plane. By invokingprobability P,_.,~1%. In the current paper we will not
coherent cluster magnetic field it may be possible to explaiaddress the question of the emission rate of axions from qua-
the existence of large scale correlation. The region Al turnsars since the basic physics of the interior of the quasars is
out to be in the direction of the Virgo supercluster and thisnot well understood. For théRQ+0O) quasars we assume
appears to be a promising explanation. As pointed out in Rethat the emitted axion flux is small enough such that it does
[17] the correlation with the supergalactic plane may be amot affect the optical polarizations. The distribution of the
evidence in favor of a propagation effect such as axiondegree of polarization for th€RQ+O) quasars will, there-
photon mixing. An alternate possibility, also mentioned infore, be unaffected during propagation. However, the degree
Ref. [17], is extinction due to dust. However, this explana-of polarization for the case of BAL quasars will be deter-
tion suffers from two drawbacks. The first problem is that themined primarily by the axion-photon mixing. Hence this

The Stokes parameters can be writtenS§gs-J;1+J5,, S;
=J11—J2, S;=€' PRI+ c.c. andS;=i(e 'Rl —c.C.).
Parametrizing);,=je'° we find thatS,=2j cos@+Qg) and

IIl. ASTROPHYSICAL APPLICATIONS

A. Alignment of optical polarizations from distant quasars
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' ' ' ' ' ' ' ' ' conversion probability is large then this difference would be
J completely washed out due to propagation through the Virgo
supercluster. This is because the degree of polarizatioh
RQ+0O quasars peaks at very small valugs=(0.2%) and

. we find no quasars in this category wiph>1%. This obser-
vation implies that the photon decay probabilRy, . ,<1,
where the upper limit, unity, is chosen in order to obtain a
. conservative upper bound ap By using Eq.(15) and the
parameters for the Virgo supercluster, given in the discussion
following Eg. (15), we find that

1 1 1 1 |_| <1Ofl3 G Vl 3.4x10° H m_20/3 [1 MG}
e
0 04 038 12 16 2 9 c? B
Polarization Degree —
&r Ne 10 Mpc
FIG. 1. The distribution of polarization degree(in %) for the 10°% cm3 L | (44

BAL quasargsolid line) and the RGO quasargdashed lingfor a
patch of 20 radius centered around the Virgo supercluster.

The reliability of this constraint depends on our assumed
mechanism explains the observed difference between thgxtrapolation of the correlation coefficie@y, for the super-
BAL and (RQ+0) quasars. ) cluster. In the future it is clearly of interest to obtain this

The redshift dependence of the Hutséers effect parameter by direct observations which can lead to a more
[15,17] is difficult to explain even with the axion decay reliable constraint.
mechanism discussed above. However, we notice that the
dominant contribution to the effect comes from the Al re-

gion which can be explained in terms of the Virgo superclus- C. Global anisotropy in radio polarization
ter magnetic fields. The strong alignment of the polarizations from extragalactic sources
with the supercluster plane, as shown in Fig. 3 of R&7], In the radio frequencies~1 GHz) the axion-photon

provides further support for this explanation. Some redshifiyixing is clearly very small. The dominant contribution is
dependence may be obtained due to the evolution of thgiven by 50 assuming Virgo supercluster parameters, given
quasars with redshift. It is possible that the axion emissionn the discussion following Eq(30). We find that for radio
rate of quasars is redshift dependent and hence only quasdrequencies v=1 GHz, 8Qr~0.1 for g=10"1°GeVv !
within a certain redshift interval give dominant contribution, ith ma<;p_ The appropriate value afis, however, likely
with the remaining quasars dominantly contributing noise. ltyg he much smaller thag=10"2° GeV ! which would im-

is also possible that the dominant contribution to the Hutseply that 5Q0;<0.1. Hence if we assume that the axion flux
mekers effect comes from a few clusters within our astro-from extragalactic source is negligible, this small mixing ef-

physical neighborhood which can then also contribute to theect is unable to explain the radio anisotropy.
observed redshift dependence. This can be studied by col- We next investigate whether the proposed emission of ax-
lecting a larger data sample and putting appropriate cuts oions due to quasars can explain the Birch effg3,14].

the redshift. Given a large enough flux of axions it is clearly possible to
obtain an observable effect on the polarization at radio fre-

B. A limit on the axion-photon coupling quencies. The probability for decay of axions into photons

P,_, in the presence of background magnetic fields is also

It is interesting to note that the (_)bservec_j dif_ference begiven by the result given in E415). Using the CMBR con-
tween the BAL and RQO quasars in the direction of the gizint “on  the couplingg we find that the P,
-y

Virgo supercluster allows us to put a very stringent constraintc g 5% 10-7 at radio frequencies~1 GHz. Hence in order

on the pseudoscalar-photon coupliggn the limit of m,  that axion decay can lead to observable consequences the
<w, provided we assume our extrapolated value of the coraxion flux has to be roughly faimes larger than the photon
relation coefficientCy. We may isolate the influence of the flux F, at radio frequencies. The photon flux at radio fre-
Virgo supercluster by taking only the region in which a largequencies is given byC/v9 where C is a constant and the
Faraday Rotation Measure is observed. This corresponds tospectral indexg varies roughly between 0.5 to 2 and is in
patch of 20 radius around the center of the Virgo superclus-general larger for larger frequencies. Assuming that the axion
ter (RA=12"28", DEC=12°40) [23]. We find that in this flux from quasars is indeed $@imes larger than the photon
region there are 16 BAL quasars and 9 RQ quasars flux at radio frequencies and that its spectral dependence is
among the objects given in Table 2 of REf7]. The differ-  given by A/vP, whereA andp are constants, we fing=q

ence between these two types of quasars persists in this re-5/3 in order that photon spectrum is not in conflict with
gion also as can be seen in Fig. 1. If the photon to axiorobservations. Assuming thge=0.8 at radio frequencies we
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find thatp~2.5. The axion luminosity of the quasar is given L 22—m2 \|?
approximately by 4L2A/[(p—1)»P"1], where v, is the I=U dzéng exp(i p2 az) (46)
lower cutoff on the frequency and is the total distance of 0 @

propagation. We, therefore, find that the axion luminosity is ) )

larger than roughly 1Dtimes the radio photon luminosity. Ve then find, using>L, that

For most quasars this is one to two orders of magnitude _

larger than their total bolometric luminosity. This large lumi- <|>:47TJ°° dk dekz sinf(k,L/2) a7
nosity required suggests that this mechanism is disfavored e 2o T kz2 3N

and we do not pursue it further.
Another mechanism that might be relevant for explaininggre Pany= Cﬁ,/(kar k$+ 1/L2) 16 where the outer lengthy
the anisotropy in radio waves involves the presence of backi;s peen set equal to the f:oherence length. We perform the
ground axion field. As shown in Reff4] the rotation in the k; integral to find
linear polarization angle due to a background magnetic field
is equal togA ¢/2 whereA ¢ is the total change in the back- o4 L83 ., 2 1
ground axion field along the trajectory of the electromagnetic (hY="—m ﬁlL XS' 5 X . (48
wave. If we assume that the axion field in our neighborhood 5 2%3J 0 X (x2+1/4)56

shows a dipole distributiortp(F) = ¢o(r)cos®) whereO is
the angle with respect to the dipole axis asg(0) is of  The remaining integral can now be done numerically and is
order 1¢, then the dipole anisotropy claimed in Refs. found to be approximately equal to 2. It is clear that the
[13,14 can be explained. This explanation requires that thélimming effect is independent of. Adding the contribu-
axion field at very large distances, which correspond to thé'ggs fron;/gthe entire propagation distance we need to replace
positions of the quasars, is relatively smooth. The randonkc —LLc . Here we have assumed that the total effect is
component of the axion field should have a strength smallegmall and the initial axion flux is negligible. We have also
than 1¢. However, it is difficult to theoretically justify the ignored the fact that magnetic fields in different domains are
existence of such a dipole distribution of the axion field and®igned in different directions. A more reliable summation
hence this explanation is also not very compelling. over _dlfferent d(_)malns is obtained in RER9). _Here we are
only interested in an order of magnitude estimate and hence

these additional refinements are unnecessary. In order to es-
timate the magnitude of the effect we take=1 Gpc, L.
Finally we examine the recent claifi8] that the ob- =0.1 Mpc, g=10" 1 GeVv !, n,=10"" cm ® and again
served supernova dimmirfd.9,20 at large redshifts can be assume that scales asn2%°. We point out that the param-
explained in terms of axion-photon mixing. It has beenetersL., g and Cy are subject to considerable uncertainty.
pointed out that axion-photon mixing is unlikely to provide We have chosen a range which is allowed by current obser-
an explanation because inclusion of the intergalactic plasmeations and for which the effect is significant and indepen-
density leads to a considerable reduction of the eff2éf.  dent of ». With this choice of parameters we find that
Furthermore it also gives rise to a spectral dependence whidR,_,,~1.5, i.e. the conversion probability is of order unity.
is incompatible with observatio26]|. The intergalactic pa- It is clear that the range of allowed parameter space is even
rameters used in Ref[26] are B=10°G and n, larger if we usen.= 1078 cm3. Hence we cannot exclude

=107 cm 2. However, in Ref[27] the authors argue that the possibility that axion-photon mixing may be responsible
the intergalactic plasma density is likely to be much smallefor the dimming of distance supernovae.

than this. By usingi,=10"8 cm3 it is found that the axion-

photon mixing can provide an explanation for the dimming IV. CONCLUSIONS

effect[27,28. Here we examine the magnitude of this effect . . . .
due to the fluctuating part of the plasma density as given in " conclusion we have analyzed the mixing of axions with
Eq. (15). Here again if we assume that<! then thel, and photons. We have_determmg—zd hovy Fhe dispersion equation of
hence the spectral, dependence goes away. The result in tﬁ&‘? electromagnetic waves is ”?Od'“ed due to the presence of
case can be obtained by calculatingf (L.)|? which is the axions. We found that for a wide range of parameters this

probability P, over a single coherence length and then_provides the dominant contribution to the changes in polar-

adding all the contributions over the entire propagation disization of electromagnetic waves due to mixing with axions.

tance. The decay probability over a single coherence IengtWe hff“’e also determlned_whethc_ar the (_aX|ste_nce of axions can
is given by[6] expla_m the large scale anisotropies claimed in F{éB.—ﬂ.
We find that the Hutsenkers effect{15] may be explained
2 by the supercluster magnetic fields if we assume that the
(1) (45) guasars emit axions such that the axion flux is larger than the
photon flux at optical frequencies. The Birch eff¢tB,14]
may also be explained by assuming axion emission from
radio galaxies and quasars but requires a very large flux at
where radio frequencies. Its explanation in terms of axions is there-

D. Dimming of distant supernovae

g B@ﬁ

2no(w5—m3)

P7H¢:[
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