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Photon-graviton conversion in a primordial magnetic field
and the cosmic microwave background
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We reconsider the effects of photon-graviton conversion in a primordial magnetic field upon the cosmic
microwave background radiation. We argue that plasma effects make the photon-graviton conversion process
negligible.[S0556-282(96)01016-9
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[. INTRODUCTION In an external, homogeneous magnetic fiBldphotons
and gravitons can convert into each other, conserving energy
A photon that covers a distande within a transverse, and linear momentum. The linearized interaction term be-
homogeneous magnetic field of stren@thas a probability tween electromagnetic and gravitational plane waves with

of converting into a graviton given bii,2] the same wave vector can be written as
B\?/ L\?
P=47GB?L%2=8X 10—50(6) (C—m) , ) Sint= Bsinaf [h,E, +hEjld*x. ©)
where G is Newton’s constant. HereE; andE, denote, respectively, the component of the

It has recently been sugges{@] that a primordial mag- electric field in the electromagnetic wave that is either par-
netic field may imprint observable consequences upon thallel or perpendicular to the plane that contains the direction
cosmic microwave backgroundCMB) radiation through of propagation and the external homogeneous magnetic field,
photon-graviton conversion. According to Ed), a primor-  h, andhy describe two independent polarization modes of
dial magnetic field of present value around £0G, if it the gravitational wave, in the transverse-traceless gauge, and
already existed at the time of the decoupling of matter and’ is the angle between the external magnetic field and the
radiation and was homogeneous over the Hubble radius;ommon direction of propagation of the electromagnetic and
would have induced a degree-scale anisotropy of the cosmigravitational waves.
microwave background of about 19 of the order of the From Eq.(3) the conversion probability between photons
observed valu¢5]. Although current bounds suggest that aand gravitons is easily read off. Incoming photons with po-
cosmological magnetic field, if it exists, has a presentarization eithed| or L convert into gravitons with the same
strength smaller than around 10 G [6], photon-graviton probability
conversion could in principle provide an independent method
to constrain or eventually detect a primordial cosmological P=47GB?L%sir?, (4)
magnetic field. _ ] o )

In this article we wish to point out that plasma effects duethe only difference being the polarization of the resulting
to the Universe residual ionization make the photon-gravitorgraviton. . _
oscillation length much shorter than the Hubble radius, and W€ Wwish to point out that precisely because these two
the probability of photon-graviton conversion is conse-independent states of linear polarization have the same con-
quently much smaller than in the absence of free electrond/€rsion probability, unpolarized electromagnetic radiation
The effects of a primordial magnetic field of present valuedoes not become linearly polarized due to photon-graviton

around 10° G or smaller are consequently negligible. conversion as it propagates through a homogeneous mag-
netic field. In this respect, photon-graviton conversion differs

qualitatively from the conversion between photons and pseu-
doscalar particlef7,8]. In the latter case, onlg; mixes with
The interaction between a gravitational and an electrothe pseudoscalar field. Photon-pseudoscalar conversion in a
magnetic field linearized in the small perturbatidn,,  cosmological magnetic field induces a small degree of linear
around flat space-time is described, in general relativity, bypolarization in the cosmic microwave backgrouf®]. We
the term in the action conclude, however, and contrary to the claim in Réf, that
photon-graviton conversion does not induce linear polariza-
_ vyl tion in the cosmic microwave background.
Sint_§ hu, T, 2 In the presence of a free electron density, photons
propagate as if they had an effective mass equal to the
whereT,, is the flat-space energy-momentum tensor of theplasma frequencyu§|=47rane/me, wherem, denotes the
electromagnetic field. electron mass and=e?/4m~ 3 is the fine structure con-

II. PHOTON-GRAVITON CONVERSION PROBABILITY
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stant. We work in Heaviside-Lorentz natural uniits which ~ scale factor, due to flux conservati¢f]. Photon-graviton
1G=1.95x10 2 eV?). If the external magnetic field and the conversion would thus have had larger effects in the past, if

electron density are perfectly homogeneous, there are oscilhe magnetic field was always homogenous over a Hubble
lations between the electromagnetic and gravitational planeadius, since the factorBH )2 scales with redshift as

waves, over an oscillation length given 8] 1+z in a matter-dominated universe. Anisotropies induced
before decoupling, however, are quickly erased by Thomson

/ :477‘” 5) scattering during the period of tight coupling between pho-

- os¢ Zf,,_ tons, electrons, and baryons. The largest effect would thus

arise right around decoupling. The anisotropy induced
where w is the angular frequency of the electromagneticaround the time of the decoupling of matter and radiation
wave. Indeed, the photon-graviton conversion probability(t=t,), on angular scales of the order the size of the horizon
for either|| or L polarization, becomels] at decoupling, which corresponds to about one degree on our

L sky, is, neglecting plasma effects,
o

4 ~
2 girp sifo 10
P GBZ/os i (/Os | . () 5( (t*) 2( ) 2

(€)

1+z*)‘3

1100
Of course, ifL <l ., this expression reduces to Hg), as if

there were no free electrons. Otherwise, the conversion prOt]_'075 is the order of the observed anisotropy on angu|ar
ability does not accumulate over distances larger tan. scales of about one degré8]. The present value of a pri-

The situation is different when there are processes, sucordial magnetic field which had a strendlit, )=0.04 G
as inhomogeneities in the electron density, that affect thet decoupling i8(t,)=3x 10"8 G. We thus conclude, as in
coherence of the photon-graviton oscillations. In this case @&efs.[3,4], that if plasma effects were negligible, the con-
fractionf of the photons that mixed into graVitonS within one version between photons and gravitons ina primordia| mag-
oscillation does not oscillate back into phOtOﬂS. Addlng th%e“c field around the time of the decoup“ng of matter and
effect over N=L/l,s independent regions the photon- radiation could have non-negligible effects upon the isotropy
graviton conversion probability over a distaricdbecomes  of the CMB.

Plasma effects, however, are not negligible. Even in the
most favorable case, with~1 in Eq. (7), the conversion
probability drops precipitously. Consider the Universe right
after decoupling of matter and radiation. The number density
of free electrons is

P=fGB2L/ ,xsirté. (7)

The precise value of the factbiis model dependent. See, for
instance, Ref[10] for an estimate of these effects in the
interstellar medium in our galaxy. For our purposes it will be
enough to consider its largest possible valeel. We shall
see that even in this most favorable case, photon-graviton ne(tmt*):o_w(
conversion in a primordial magnetic field has negligible ef-

fects.

Q,h?
0.01

1+z,\3 X
1100/ (1078

) cm 3, (10

where X is the fractional residual ionization arfd,, is the
baryon energy-density in units of the critical density. Notice
that because the oscillation length depends on the photon
frequency, so does the conversion probability. Photon-
Photon-graviton conversion in a cosmological magnetiggraviton conversion does not preserve the blackbody spec-
field induces anisotropies in the CMB due to the angulatrum of the CMB. We still write, for comparison purposes,
dependence of the conversion probabili®~4]. Ignoring the anisotropy in the CMB intensity induced by photon-
plasma effects, the conversion probability is frequency indegraviton conversion in terms of an effective temperature an-
pendent, and thus preserves the black body CMB spectrunsotropy, at a given frequency. The anisotropy induced by a
Using Eqg.(4) we see that a cosmological magnetic field of magnetic field homogeneous over a Hubble radius at decou-
present valueB(t,) assumed homogeneous over a scale opling would be at most, including plasma effects,
order the present Hubble radiud,* would induce (if
plasma effects were negligibla large angular scale anisot-
ropy of order

lll. CMB ANISOTROPY INDUCED
BY PHOTON-GRAVITON CONVERSION

AT 9 1
?SGB (L )H T (1) osd ty)

AT B B(t)) |3 h) 2 L (B(t*))2 h)1< v(to)z)
T =5X10° 1501075 G) ﬁ) ! ® =10° 1776 los lsoomg- @Y

whereH,=100h km sec ! Mpc 1. The anisotropy induced Here v(t,) is the present value of the CMB photon fre-
at present times by a cosmological magnetic field of aboutjuency. A magnetic field of strength 14 G at decoupling
10" ° G would thus be negligible, about six orders of mag-would have a strength of order 19 G today. A realistic
nitude smaller than the observed quadrupole CMB anisotvalue, smaller than 10 G today, would thus induce
ropy [11], even in the absence of plasma effects. anisotropies through photon-graviton conversion at least
A cosmological magnetic field of present valBéty) is  eight orders of magnitude smaller than those observed.

expected to have been larger in the past, by a factor We have already seen that the large angular scale anisot-
B(t)=B(ty)a%(ty)/a%(t), wherea is the Robertson-Walker ropy in the CMB induced at present times by a field of
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10"° G would be negligible even in the absence of freenot induce linear polarization upon the cosmic microwave
electrons. A small electron-density would reduce the effecbackground, contrary to the case of photon-pseudoscalar
of photon-graviton conversion even further. The presentonversion9,10].
value of the free electron density in the intergalactic medium The probability of photon-graviton conversion in a mag-
is not known with certainty. The Gunn-Peterson limit on thenetic field in the presence of free electrons depends on the
abundance of neutral hydrogéh?], however, suggests that photon frequency. In principle, one could also attempt to
most of the intergalactic material is ionized. A probably re-detect the effects of a primordial magnetic field through de-
alistic figure for the present electron number density is thugpartures from the blackbody spectrum in the CMB. Since
n.~10 ‘cm 3. The anisotropy induced today on large an-thermalization processes are effective only at redshifts larger
gular scales by a cosmological magnetic field would, thus, béhan abouz~ 10°, one could test in this way for the presence
5 L, of primordial magnetic fields at very early times. One can

( B(to) v J(lo cm ) show, however, that the departure from the blackbody spec-
0.006 90 GH Ne trum is also negligibly small. For a present field of £0G at
ho-1 CMB frequencies of order £0GHz, the fractional departure
_) _ (12) from a blackbody spectrum is at most of order 1) in-

0.5 duced right after decoupling. At earlier times, with matter

) o fully ionized, the large free electron density makes the effect
Clearly, the effect of a cosmological magnetic field of cur-g\an smaller, of order I0° at the time of matter-radiation

rent value around 10 G would be completely negligible. equality, Zeg~ 10*. At higher redshifts the factor
B?H 1/, remains constant.
IV. CONCLUSIONS We should mention that a primordial magnetic field may
Photon-graviton conversion induced by a cosmologica?ti.II have significant effects upon the isot_ropy of the COS”.“C
magnetic field of present strength T0G or smaller has microwave background. by driving an anisotropic expansion
negligible effects upon the isotropy of the cosmic microwaveOf the Universe2]. Its direct effect through photon-graviton

background. The effect would have been much larger in thgonversion, however, is negligible due to plasma effects.

absence of free electrons. Plasma effects, however, make the
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