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Polarimetric methods are proposed for searching for light Goldstone bosons (axions and arions) 
in the emission from astrophysical objects. The basic idea is to make use of the conversion of 
photons into Goldstone bosons in the magnetic fields of compact stars and also in the interstellar 
and intergalactic media. This conversion is very sensitive to the polarization state of the photon, 
and it may lead to significant polarization of the radiation. Polarimetric observations may yield 
strong constraints on the Goldstone-boson-photon coupling constant. The best candidates for 
observation are core-emission pulsars, x-ray binaries with low-mass components, and magnetic 
white dwarfs. For the interstellar medium the effect may be comparable to the interstellar 
polarization. The radiation fluxes from quasars and from the nuclei of active galaxies may 
oscillate as a function of the cosmological redshift Z because of the conversion of photons into 
arions. 

1. INTRODUCTION 

A confluence of some seemingly disparate research di- 
rections-elementary particle physics, cosmology, and stel- 
lar physics-has become the center of attention in astro- 
nomical research. A crucial aspect of this confluence is the 
problem of "dark matter." The mass of radiating matter in 
the form of stars, galaxies, and the interstellar and interga- 
lactic gas does not match the estimate of the mass in the 
universe derived from the gravitational interaction of mat- 
ter. In addition, measurements of the behavior of the orbital 
velocities of stars as a function of the distance to the centers 
of galaxies indicate that galaxies seem to contain some 
"dark" or "hidden" mass. The same conclusion is reached 
by astrophysicists who have measured the orbital velocities 
of galaxies which are part of clusters. 

What is the nature of this dark matter? If we assume 
that it consists of baryons, then constraints on its magnitude 
follow from primordial nucleosynthesis. ' 

Other possible candidates have been advanced for this 
dark matter: neutron stars, black holes, and also some faintly 
radiating celestial objects like one of the major planets of the 
solar system (Jupiter), which would fill a spherical halo 
around many galaxies (including our own). Such hypoth- 
eses, however, run into some serious difficulties from the 
astronomical standpoint. We will not go into those difficul- 
ties here. 

In this situation, the idea that the dark matter consists 
of weakly interacting fundamental elementary particles has 
become extremely popular. Recent advances in elementary 
particle physics have significantly expanded the spectrum of 
such candidates. 

The axion has recently been one of the most popular 
particles. This is a pseudoscalar Higgs boson of exceedingly 
small mass, which interacts weakly with other matter (a  
"dark axion"). Elementary particle theory itself tells us next 
to nothing about possible values of its mass (ma ) or about 
the coupling constants of an axion with fermions and pho- 
tons ( ga,g). It is known, however, that they are coupled. 
For example, we have'.2 ma = 10-'9{g, where { is a factor 
on the order of unity which depends on the particular model. 

Another particle, very similar to an axion, is the ariom3 

Phenomenologically, its only distinction from the axion is 
that its mass is strictly zero. 

The strongest constraints on ma, gOJ, and g have 
emerged from astrophysical considerations. Specifically, 
after axions (or arions) are produced in the interior of stars 
(as a result of processes like the Compton effect, bremsstrah- 
lung etc.) they escape freely from the star, carrying off some 
energy and thereby influencing stellar evolution. Analysis of 
these considerations yields1 

g <  lo-'' GeV-I. (1) 

An important aspect of an axion (or arion) is the nature 
of its interaction with phonons (Fig. 1 ) . 

The existence of such a vertex has the consequence that 
an axion (or arion) in a external magnetic field B is capable 
of converting into a photon (polarized parallel to B), and 
vice versa. The energy of the photon which is produced is 
equal to the total energy of the axion. The inverse process is 
also possible: a photon can convert into an axion (or arion) 
in a external magnetic field; this photon-axion (or -arion) 
conversion is an oscillatory process. 

In this paper we discuss, and carry out some related 
calculations on, some effects associated with the conversion 
of photons into axions and arions in astrophysical objects 
with magnetic fields (neutron stars, magnetic white dwarfs, 
and the interstellar medium). The photon ++ axion conver- 
sion acts as an additional absorption process, one which is 

FIG. 1.  Interactions of photons with axions (or arions). a-Two-photon 
decay of an axion (or arion); b-the axion (arion)ttphoton conversion. 
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very sensitive to the polarization state of the photon, since 
only a single polarization state is subject to the conversion. 
It  is thus possible to observe some additional photometric 
and (especially) polarimetric effects resulting from these 
processes in radiation from stars which is propagating across 
magnetic field lines. The process with which we are primar- 
ily concerned here is the conversion of a photon into an 
arion. 

2. THEORY OF THE PHOTON ct AXlON CONVERSION IN A 
MAGNETIC FIELD 

We consider plane axion waves and plane electromag- 
netic waves which are propagating through a medium with a 
refractive index n ( E =  1 - n ( 1 ), along the z axis, which is 
perpendicular to the uniform external magnetic field B. We 
assume that these waves are of the form 

Here All  is the amplitude of the wave potential, which is 
polarized parallel to B (a wave polarized perpendicular to B 
does not interact with axions). The equations of motion are 

We are using the Lorentz-Heaviside system of units, with 
fi  = c = 1, and a fine-structure constant a = e2/4.rr 
= 1/137. The condition for the compatibility of these equa- 

tions is 

where 

and the solutions of these equations are 

If we have a "pure photon" at the origin of coordinates, i.e., 
if we have Al l  (0) = 1, $(0) = 0, then two mixed axion-elec- 
tromagnetic waves, each with its own amplitude and its own 
velocity, will subsequently propagate. The resultant poten- 
tial at an arbitrary point z is given by 

U+ exp(-ik+z) -u- exp ( - ik -z )  
u ( z )  = 

(k+-k-) l iBg 

The axion component at this point is 

where 

x = ~ w / B g .  

Correspondingly, the electromagnetic component de- 
creases: 

1 1  
l ~ ~ , l = l - l ~ l ~ ~  --sin'[- ( Z ~ + ~ ) Y B ~ ~ J  

1 +x2 2 
= I-A..: sin2 A. (7)  
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The argument of the sine is written under the assumption m, 
( w .  Expressions like (7) were derived in Refs. 3 and 4. We 
can expect effects due to the axion ++ photon conversion in 
the case A,,, - 1, i.e., in the case 1x1 < 1. Assuming that the 
medium is a plasma with an electron density N, and a neu- 
tral-gas (hydrogen) density N ,  , we find 

The first term in (8) describes the contribution of the 
plasma polarizability; the second describes the contribution 
of the gas; the third describes the contribution of the so 
called polarizability of vacuum in a magnetic field;5.6 and the 
last term is the contribution of the axion field. For arions we 
would have mu = 0. 

In the system of units we are using here, the unit for the 
magnetic field B is (eV)', and the unit of length is (eV) -I. 
One gauss corresponds to 6.9 )(. 10W2 (eV) 2,  and 1 cm to 
5~ lo4 (eV)-'. 

The various terms in (8)  have different signs, so there is 
the possibility that they would cancel out completely and 
that expression (8) would be equal to zero. This important 
case is discussed in more detail below. 

We thus have 

a x = - -  10-'N. m2 
bo, a=--- 

m Bg 2Bg' 

The requirement 1x1 < 1 is equivalent to the condition 

where 

Here w, is that frequency at which expression (8)  becomes 
Z(w,)  = 0. 

We can estimate the width of this resonant interval in 
various particular cases. 

1. We consider the case in which the plasma polarizabil- 
ity is offset by the contribution of the axion (mu #O)  field. 
We assume 

N, = (ma2/2-lo-') j- ANe and N ,  = 0 .  

Then we have 

If we follow the standard model of the axion1 and esti- 
mate the ratio g/ma as g/m, - 10-19, we find 

2. We consider the case of a resonance in which the 
polarizability in (8)  is completely cancelled by the polariza- 
bility of the magnetized vacuum. In an optically thick plas- 
ma with a strong magnetic field, a "vacuum" absorption line 
can form in this case (Refs. 6 8 ,  for example). This situation 
is characteristic of accreting neutron stars with strong mag- 
netic fields B = 10'2-10'3 G and of accreting magnetic white 
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dwarfs (objects of the AM Her t ~ p e ) . ~ . ~  
The amplitude (7)  for photon-axion oscillations can be 

rewritten in this case as 

where 

Using ( 14) and ( 15 1, we can easily estimate the width 
of the resonance for arions under the conditions prevailing at 
an accreting neutron star with a strong magnetic field: 

As a rule, the magnetic fields of stars are dipole fields. 
Let us assume that the magnetic field B(z) varies significant- 
ly over distances -z,. For stellar fields we would typically 
have 

Expression (7)  does not hold in this case. To find an esti- 
mate of the form (20), we assume that the arion tt photon 
conversion occurs only on the interval z,<z<z, where 
Ix(z) 1 < 1, and on this interval we ignore x in comparison 
with 1. Then for z > z, we have 

z, 

1 
~I~l l lz=l -s in2-g  J ~ ( y ) d y .  

2 (21 
20 

Let us consider the simple case in which the radiation is 
propagating radially in the equatorial plane of a magnetic 

With g = l o l o  G e V '  and Ne = l0I9 cm-39 the width dipole and Nis independent ofz. Requiring that the phase of 
the resonance is S/ao = 3 X lop5. This width would be com- the in ( 1 1 ) be greater than Cand that satisfy (20a) in 
pletely within the capabilities of future instruments (we we now have B = ~ ( ~ 1 ,  we find the conditions for 
have in mind the Spektr-Roentgen-Gamma project). A observing oscillations: 
variation of the density with distance in the accreting region - - 
of the neutron star would of course smear out the resonance. 

3. As the radiation propagates through the interstellar 
medium, a resonance may also occur because the plasma 
polarizability, determined by N, and by the neutral gas N,, 
appears in the expression for the dielectric constant (8) ,  
with different signs. 
The resonant frequency is 

In the case of the axions described by the standard mod- 
el,' it would hardly be possible to observe the photon - 
axion conversion under real astrophysical conditions. The 
requirement 1x1 < 1 imposes definite conditions on the na- 
ture of the density variation. For standard axions, photons of 
a certain frequency convert into axions only on the part of 
the path on which N, differs from the equilibrium density by 
an amount AN, : 

For standard axions we would have g/m, - 10-l9 and 
(AN, /N, ) 5 3 X We thus restrict the discussion be- 
low to the case of arions. For them we have 
S/w, = lo1'( g/@), i.e., S$w, under the conditions 

We thus have 1x1 < 1 if 

A second condition imposes a limitation on the phase of the 
sine in (7) :  

where Cis a measure of the sensitivity of the proposed exper- 
iment (with C = 0.1, for example, the light intensity lAll I 
decreases by - 1% after passage through the magnetic 
field ) . 

o~ min - a(Ro) ( { b ( A o ) '  (1-c,*)J12 

where R, is the radius of the star, and B, = B(R,). 
The photon tt axion (arion) conversion process in a 

magnetic field may cause birefringence effects. Specifically, 
ellipticity may arise when linearly polarized light propa- 
gates, and there may be oscillations in the plane of the posi- 
tion angle of the polarization vector (the analog of the Cot- 
ton-Mouton e f f e ~ t ) . ~  We know that the emission from 
plasma in a magnetic field is characterized by dichroism and 
birefringence. As light passes through vacuum in a strong 
magnetic field birefringence effects arise again, in this case 
because of QED polarization of virtual electron-positron 
pairs.5.6.10 The change in the parallel polarization mode as a 
result of the photon tt axion conversion also leads to bire- 
fringence effects, which follow directly from (3)-(5). 

Setting m, = 0 in (4)  and setting x2 1, we find, under 
the condition w $ Bg, 

The additional phase difference between the waves All and 
A, at the point z due to the contribution of the arion field is 

After light polarized at an angle a has passed through 
the magnetic-field region (we are ignoring the ellipticity), it 
is polarized at an angle a', where 

In general, the light acquires a circular polarization with a 
degree 

p,  = sin 2a' sin ( A  ( A T ) ) .  (25b) 
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FIG. 2. Probability for the photonuarion conversion as a function of the 
frequency. 

3. EXPECTED OBSERVATIONAL EFFECTS 

In principle, we can expect the following effects. 
1 ) After passage through the magnetic-field region, the 

intensity of the radiation from the star decreases (except 
when this radiation is polarized strictly perpendicular to the 
direction of the magnetic field B). The photon ++ arion con- 
version process thus acts as an additional cause of photon 
absorption under astrophysical conditions. 

2) As the result of the conversion process, initially un- 
polarized light from a star acquires a partial linear polariza- 
tion P,.  At small values of A the degree of polarization satis- 
fies P, oc A2. The photon tt arion conversion thus acts as an 
additional mechanism for the appearance of polarized light 
under astrophysical conditions. 

3) The conversion leads to rotation of the polarization 
plane of light propagating at an angle from the magnetic 
field. If the polarization initial makes an angle of 45" with B, 
it is rotated through an angle 0 -  A2/2 after it emerges from 
the magnetic-field region (at small values of A). 

4) As light from stars and other astrophysical sources 
propagates across the magnetic field, it acquires ellipticity as 
a result of the photon-arion conversion. The extent of this 
ellipticity is given by (24) and (25). 

5) In principle, light could also be completely depolar- 
ized. If the phase difference between the amplitudes All and 
A, is sufficiently large, these waves lose their coherence. 
Light which is (for example) initially polarized at an angle 
of 45" from B thus emerges completely unpolarized from the 
magnetic-field region. The contribution of arions to this pro- 
cess is determined by the value of A(Ap). 

There are numerous mechanisms which would lead to 
similar effects. The interpretation of observations can be 
simplified by the very specific dependence of these quantities 
(P,,B, ... ) on the frequency near the boundaries of interval 
(20a) at large values of A. We get an idea of the situation 
from Fig. 2, which is a plot of 1 - /Al1 1 versus log( w/wo) for 
the case A = 5, S/wo = 5. 

4. SOME ASTROPHYSICAL APPLICATIONS 

The probability for a photon-arion conversion is deter- 
mined by the product of the magnetic field B and the path 
length 1 which the electromagnetic wave traverses in this 
field. The most suitable candidates for observing effects due 
to this transition are therefore compact magnetic stars 

(white dwarfs and neutron stars). Let us look at some exam- 
ples. 

a) Rapidly rotating neutron stars (pulsars). For these 
objects, conditions (20) become 

Under conditions (26) we would expect a significant 
additional polarization due to the photon-arion-transition 
mechanism. 

Rankin" (see also Ref. 12) studied the profiles and po- 
larization characteristics of the light from a significant num- 
ber of pulsars, reaching the conclusion that the pulsating 
radio emission might be generated in two regions, which dif- 
fer in their depth below the surface of the neutron star. For 
"core-emission" pulsars, the radiation is generated in the 
immediate vicinity of the surface. At frequencies -400 
MHz, this radiation predominates, and it is for this radiation 
that we would expect the most significant manifestation of 
effects of the photon-arion conversion. 

Setting B, = lOI3 G and Ro = lo6 cm, we find that 
w = 4X 108.2r ( s - I )  falls in the interval (22b), and in this 
case we can expect to observe effects due to arion-photon 
oscillations ( C  = 1) over the range to g = 10-l3 GeV- I. 
Weak effects ( C  = 0.1 ), on the other hand, can be expected 
even at g = 10-l4 GeV-'. 

We also note that under these conditions we have 

and interactions with arions can have a strong effect on the 
ellipticity of the radiation. 

b) Magnetic white dwarfs. Conditions (20) for an iso- 
lated white dwarf take the form 

For g we thus find the estimate 

for C- 1. 
The magnetic white dwarfs GrW 703247 and PG 

1031 + 234 are especially interesting because of their ex- 
ceedingly strong magnetic fields (B = 15&320 and 200- 
1000 MG, respectivelyI3). Assuming B = lo9 G, we find 

1O"m 
A=U,1 for g=lO-" --- GeV-: 043.10-2 eV, 

RWD 
(29) 

10'cm 
= for g=lO-" - G ~ V -  1 040 .3  eV. 

~ W D  

It is particularly worth noting that in the latter case we have 
A(Ap) - 1.5 (with w -0.3 eV). In other words, an interac- 
tion with arions is capable of converting linearized polarized 
radiation into circularly polarized radiation, and vice versa. 
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c) Photon-arion conversion in the interstellar medium. 
The weakness of the magnetic field here may be offset by the 
huge distances. Assuming B - 3 ~ 1 0 - ~  G, we find 
A- 1.5 ( g/10-'O GeV- ") (z/l kpc). The polarization prop- 
erties of the emission from stars should thus vary periodical- 
ly with distance. The period of these variations should be 
smaller than the dimensions of the galactic halo ( -40 kpc) 
at g) lo-" GeV-'. Because of the neutral hydrogen [see 
( 14) 1, however, this effect will be manifested in only narrow 
frequency range near 

Interestingly, w, depends on the parameters of the medium 
but not on g. For disk stars, with wo=: 2 eV, the width of the 
interval is (A, - 1 ) 

d) Photon-arion conversions in the intergalactic medi- 
um. The magnetic field and the electron density of the inter- 
galactic medium can be estimated as B- G and N, - lo-' ~ m - ~ .  We then have 

g z B A=0,5 -- 
lo-'' GeV-' 1 Mpc lop9 G ' 

lo-'' GeV- 2 
4 (A91 l .=a 50 

69 1 Mpc 

The polarization (and thus the photometric bright- 
ness) of galaxies will oscillate as a function of the cosmologi- 
cal redshift Z,.  The polarization will reach a maximum at a 
cosmological redshift 

where H i s  the Hubble constant. 
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