
PHYSICAL REVIEW D 66, 043517 ~2002!
Dimming of supernovae by photon-pseudoscalar conversion and the intergalactic plasma
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It has been suggested recently that the observed dimming of distant type Ia supernovae may be a conse-
quence of mixing of the photons with very light axions. We point out that the effect of the plasma, in which the
photons are propagating, must be taken into account. This effect changes the oscillation probability and renders
the dimming frequency dependent, contrary to observations. One may hope to accommodate the data by
averaging the oscillations over many different coherence domains. We estimate the effect of coherence loss,
either due to the inhomogeneities of the magnetic field or of the intergalactic plasma. These estimates indicate
that the achromaticity problem can be resolved only with very specific, and probably unrealistic, properties of
the intergalactic medium.
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I. INTRODUCTION

The mixing between photons and axions, in an exter
magnetic field, is a well studied mechanism@1–4# as is its
analogue with gravitons@5,6#. It is experimentally used
since the pioneering work by Sikivie@2#, to constrain the
axion parameters@7–11# ~see also e.g. Ref.@12# for an up to
date review on such experiments!. The astrophysical and
cosmological implications of this mechanism have also b
studied@12#, and it was recently advocated to be a possi
explanation for the observed dimming of distant type Ia
pernovae@13,14# by Csáki et al. @15# ~see also@16# for the
analysis of supernovae data with the model of@15#!. The
underlying idea is simply that the luminosity of distant s
pernovae can be diminished due to the decay of photons
very light pseudoscalar particles induced by intergala
magnetic fields over cosmological distances, and thus
the luminosity distance-redshift relationship can mimic t
one of a universe with a nonzero cosmological constant w
out need for a cosmological constant. The pseudoscalar
ticles must have an electromagnetic coupling similar to
ions, and a specific and very small mass (m;10216 eV) to
avoid affecting the cosmic microwave background anis
ropy beyond its observed value. Another aspect of phot
pseudoscalar conversion in intergalactic magnetic field
the change of the polarization properties of distant sour
@17# such as supernovae. Conversion in the magnetic fiel
our own galaxy can be used to place constraints on
photon-pseudoscalar coupling from the lack of observed
ear polarization of the cosmic microwave backgrou
@17,18#, the possibility to see stars through otherwise opa
clouds @18#, and from the flux of gamma rays that wou

*Email address: cjd2@physics.nyu.edu
†Email address: harari@df.uba.ar
‡Email address: uzan@th.u-psud.fr
§Email address: mz31@nyu.edu
0556-2821/2002/66~4!/043517~6!/$20.00 66 0435
al

n
e
-

to
c
at

-
ar-
-

t-
n-
is
s

of
e
-

e

have arisen from pseudoscalars emitted by SN 198
@19,20#.

The implications on the cosmic microwave background
the similar effect involving photon-graviton oscillation ha
been considered in empty space@21,22# and it was shown
that it becomes negligible for standard cosmological m
netic fields @23# once the contribution of the intergalact
plasma is properly taken into account~the case of axions is
also considered in@24#!. The effect of the inhomogeneities o
the electron density upon the coherence of the oscillati
was also considered by Carlsonet al. @18#.

The purpose of this work is to discuss the effect of th
plasma on the proposal of@15#.

The paper is organized as follows. We first recall stand
results on photon-pseudoscalar oscillations in order to in
duce our conventions~see@1#, or @24# where contributions
from Kaluza-Klein modes were also included!. We then dis-
cuss specifically the effect of the plasma for the parame
relevant for type Ia supernovae.

II. PHOTON-PSEUDOSCALAR MIXING

We consider the generic action for the pseudosca
photon system

S45E d4xF2
1

2
$]ma]ma1ma

2a2%1
a

Ma
FmnF̃mn

2
1

4
FmnFmnG , ~1!

where a is the pseudoscalar field andma its mass.F̃mn

[emnrsFrs/2 is the dual of the electromagnetic tenso
emnrs being the completely antisymmetric tensor such t
e0123511. The pseudoscalar couples to the photon with
coupling 1/Ma .

We now consider an electromagnetic plane wave in
presence of a magnetic fieldBW 0 which is assumed constan
©2002 The American Physical Society17-1
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on a characteristic scaleLc in the sense that its variations i
space and time are negligible on scales comparable to
photon wavelength and period. From the three independ
vectors

eW[
kW

k
, eW i[

BW 0,n

B0,n
, eW' , ~2!

we define a direct orthonormal basis of the three dimensio
space (eW i ,eW' ,eW ). BW 0,n is the component ofBW 0 perpendicular
to the direction of propagationkW .

The electromagnetic wave derives from a potential vec
that can be chosen to be of the formAW
5 i „Ai(s),A'(s),0…e2 ivt wheres is the coordinate along th
direction of propagation.1 With this decomposition, the
coupled Klein-Gordon and Maxwell equations derived fro
the action~1! read

~h2ma
2!a5

4B0,n

Ma
vAi

hAl5
4B0,n

Ma
vdlia, ~3!

wherel5i ,' denotes the polarization.
Assuming that the magnetic field varies in space on sc

much larger than the photon wavelength, we can perform
expansion v21]s

25(v1 i ]s)(v2 i ]s)5(v1k)(v2 i ]s)
for a field propagating in the1s direction. If we assume a
general dispersion relation of the formv5nk and that the
refractive indexn satisfiesun21u!1, we may approximate
v1k52v and k/v51. This approximation can be unde
stood as a WKB limit where we setA(s)5uA(s)ueiks and
assumes that the amplitudeuAu varies slowly, i.e. that]suAu
!kuAu. In that limit, the above system~3! reduces to the
linearized system

~v2 i ]s1M!F A'

Ai

a
G50. ~4!

The mixing matrixM is defined by

M[S D' 0

0 Mi
D with Mi[S D i DM

DM Dm
D . ~5!

The coefficientsDM andDm are given by

DM5
2B0,n

Ma
, Dm52

ma
2

2v
. ~6!

The terms Dl can be decomposed asDl5DQED1DCM
1Dplasma. The first term contains the effect of vacuum p
larization giving a refractive index to the photon~see e.g.

1With this convention the electric field of the wave is simplyEW

[2] tAW 5„vAi(s),vA'(s),0…e2 ivt.
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Ref. @25#! and can be computed by adding the Eule
Heisenberg effective Lagrangian which is the lowest or
term of the non-linearity of the Maxwell equations
vacuum~see e.g.@26,27#! to the action~1!.2 The second term
describes the Cotton-Mouton effect, i.e. the birefringence
gases and liquids in the presence of a magnetic field and
third term the effect of the plasma~since, in general, the
photon does not propagate in vacuum!. Their explicit expres-
sions are given by

DQED
i 5

7

2
vj, DQED

' 52vj,

Dplasma52
vplasma

2

2v
,

DCM
i 2DCM

' 52pCB0
2 ~7!

with j[(a/45p)(B0,n /Bc)
2, Bc[me

2/e54.4131013 G, me

the electron mass,e the electron charge anda the fine struc-
ture constant.C is the Cotton-Mouton constant@28#; its ef-
fect is to give only the difference of the refractive indic
and the exact value ofC is hard to determine@29#. The
plasma frequencyvplasmais defined by

vplasma
2 [4pa

ne

me
, ~8!

ne being the electron density. Note thatDm is always nega-
tive whereasDl is positive if the contribution of the vacuum
dominates and negative when the plasma term dominate

As seen from Eq.~4!, only the componenti , i.e. parallel
to the magnetic field, couples to the pseudoscalars, a
consequence of which is that the polarization plane of a li
beam traveling in a magnetic field will rotate.

The solution to the equation of motion~4! is obtained by
diagonalizingMi through a rotation

FAi8

a8
G5S cosq sinq

2sinq cosq
D FAi

a G ~9!

with the mixing angleq given by

tan 2q[2
DM

D i2Dm
. ~10!

By solving Eq.~4! in this new basis, one can easily compu
the probability of oscillation of a photon after a distance
flight s starting from the initial state@Ai(0)51,a(0)50#. It
is explicitly given by

P~g→a![u^Ai~0!ua~s!&u2

2The equation of motion derived from Eq.~1! is Eq. ~4! with Dl

50. We intentionally omit the Euler-Heisenberg contribution in t
presentation for the sake of clarity. Its Lagrangian is explicitly giv

by LEH5(a2/90me
4)@(FmnFmn)21

7
4 (FmnF̃mn)2#.
7-2
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5sin2~2q!sin2S Dosc

2
sD , ~11!

5~DMs!2
sin2~Doscs/2!

~Doscs/2!2
~12!

with the ~reduced! oscillation wave numberDosc given by

Dosc5
D i2Dm

cos 2q
5

2DM

sin 2q
. ~13!

The oscillation length is thus given byl osc[2p/Dosc. We
see that a complete transition between a photon and a p
doscalar is only possible when the mixing is maximal~strong
mixing regime! i.e. whenq.p/4.

III. APPLICATION TO SUPERNOVAE

The quantities required for our discussion areDM , Dm ,
DplasmaandDQED respectively given by Eqs.~6! and~7!. It is
useful to rewrite them as

DM

1 cm21
52310226S B0

1029 G
D S Ma

1011 GeV
D 21

,

Dm

1 cm21
522.5310228S ma

10216 eV
D 2S v

1 eVD 21

,

Dplasma

1 cm21
523.6310224S v

1 eVD 21S ne

1027 cm23D ,

DQED

1 cm21
51.33310245S v

1 eVD S B0

1029 G
D 2

,

~14!

where we have used the facts that 1 eV.53104 cm21,
and 1 G.1.9531022 eV2 in the natural Lorentz-Heavisid
units wherea5e2/4p51/137.

The parameters chosen in@15# are Ma;431011 GeV,
ma;10216 eV andB0;1029 G. The intergalactic medium
~IGM! today is fully ionized, as indicated by the lack o
Gunn-Petterson effect@30#. Thus the mean electronic densi
can be estimated to be~see e.g.@31#!

ne.1027 cm23. ~15!

One immediately sees that, with this choice of paramet
DQED is always negligible, whereas one hasuDplasmau@uDmu
so that the plasma effects are always dominant over the
mass term of the pseudoscalar.

In order to be more specific, let us compare the mix
angles q, oscillation wave numbersDosc and oscillation
probabilitiesP(g→a) with and without including the effec
of the intergalactic plasma, and for similar choice of para
eters ~we will use a subscript 0 for the values comput
without the plasma effect!.
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When one setsDl to zero in Eq.~5!, the mixing angle
reduces to

tan 2q0[22
DM

Dm
;40S v

1 eVD , ~16!

so that for optical photons~with v;1.5 eV to 3 eV)
tan 2q0@1 andq0;p/4. This corresponds to a regime i
which v@m2/DM and the oscillation probability does no
depend onv so that the oscillation isachromatic. The oscil-
lation wave numberDosc,0 is given then by

Dosc,0;2DM , ~17!

which is also independent ofv. With the choice of param-
eters used in@15#, Dosc,0.10226 cm21, so that the oscilla-
tion length is larger than the sizes of the domain of coher-
ence of the magnetic field considered which is of the orde
a Mpc (;331024 cm). The probability of oscillation over a
domain of sizes is then well approximated by

P0~g→a!;~DMs!2, ~18!

which is of order 1024. The number of such domains in ou
Hubble radiusH0

21, and on a given line of sight, is given b
H0

21/s. If one considers that the universe is made by pat

ing together such domains with uncorrelatedBW 0, the coher-
ence is lost from domain to domain and one can simply s
up the probability of conversion over each domain to obt
the probability of conversion of a photon on cosmologic
distances given by~see also Sec. IV!

P0,tot~g→a!;DM
2 sH0

21 . ~19!

This number is of order 1, and one can thus expect a sig
cant reduction of the luminous flux over cosmological d
tances. This is the bottom line of the mechanism proposed
Csáki et al. @15#.

Let us now include plasma effects. SinceuDplasmau@uDmu,
the mixing angleq is now much smaller thanq0 and

q;
DM

Dplasma
~20!

of order 102321022. With such a low mixing angle~weak
mixing regime!, the probability of oscillationP(g→a) over
a domain of sizes can be approximated by

P~g→a!;~DMs!2
sin2~Dplasmas/2!

~Dplasmas/2!2

;P0~g→a!
sin2~Dplasmas/2!

~Dplasmas/2!2
.

~21!

Notice then that the oscillation wave numberDosc is given by

Dosc;Dplasma, ~22!
7-3
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so that the oscillation length is smaller than previously an
of the same order as the size of the domain of cohere
considered.

It follows that the probability of oscillation is lower tha
in the previous case~with no plasma effects taken into ac
count! and that it is no longer achromatic~see Fig. 1!. Su-
pernovae observations not only argue for a dimming of d
tant supernovae but also argue for an effect that
achromatic, we will discuss this in more detail in the ne
section.

It is important to realize that when plasma effects a
considered there are two sources for the loss of cohere
spatial fluctuations in the magnetic field and variations in
number density of electrons~i.e. changes in the plasma fre
quency!. For example, in the case of photon-pseudosc
conversion in the interstellar medium of our galaxy@18#, the
coherence length is most likely set by the fluctuations in
plasma frequency. When this is the source of coherence
one expects generically thats in Eq. ~21! also depends on
frequency.

IV. CHROMATICITY CONSTRAINTS AND COHERENCE
LENGTH

As we mentioned in the previous section, once plas
effects are considered the conversion probability can dep
on photon frequency. In this section we consider such c
straints.

Supernovae observations put a constraint on wha
called the color excess between theB and V wavelength
bands (E@B2V#). The color excess is defined as

E@B2V#[22.5 log10FFo~B!

Fe~B!

Fe~V!

Fo~V!G , ~23!

whereFo (Fe) is the observed~emitted! flux and theB ~V!
band corresponds to 0.44mm (0.55 mm). Observations
constrainE@B2V# to be lower than 0.03@13#. This can be
translated to

FIG. 1. Ratio between the probability of oscillation of a phot
into a pseudoscalar including the effect of the intergalactic plas
and the probability of oscillation when this effect is not consider
The curves are drawn as a function of the photon energy, forMa

;431011 GeV, ma;10216 eV andB0;1029 G, and for a dis-
tance of flight 0.5 Mpc~dashed line!, 1 Mpc ~solid line! and 2 Mpc
~dotted line!.
04351
is
ce

-
is
t

e
ce,
e

r

e
ss

a
nd
n-

is

P~g→a!VFP~g→a!B

P~g→a!V
21G,0.03, ~24!

or equivalently to the statement that the conversion proba
ity has to scale with photon wavelength weaker thanl0.6

near the visual band.
We now consider different limits of Eq.~21! to investigate

the chromatic behavior. It is useful to introduce the plas
length scale,p5Dplasma

21 . We can rewrite Eq.~21! as

P~g→a!;~2DM,p!2sin2~s/2,p!. ~25!

In any astrophysically realistic situation, the effective coh
ence length is either set by the magnetic field or by
plasma frequency, so that it depends on properties of
IGM which are expected to have a significant dispersio3

and will then similarly exhibit such a dispersion.
We start by considering the case in which the cohere

length is set by the magnetic field domains. For simplic
we will take s to be distributed as a Gaussian variable w
means* and dispersionbs* . The average of Eq.~25! overs
yields

^P~g→a!&

;2~DM,p!2@12cos~s* /,p!e2(bs* /,p)2/2#. ~26!

In the limit s* @,p , it reduces to

^P~g→a!&;2~DM,p!2. ~27!

The plasma length,p scales with the photon frequency s
that the conversion probability is proportional tol22 which
is ruled out by the constraint in Eq.~24!. Notice also that a
conversion probability that grows with frequency would pr
duce a very significant reddening of sources located at
tances such that the probability reaches its saturation v
for the shorter wavelengths. The absence of such redde
may provide even more stringent constraints on the requ
achromaticity than that of Eq.~24!.

In the opposite limit,s* !,p , we get

^P~g→a!&;~DMs* !2, ~28!

which is achromatic ifs* does not depend on frequency. Th
total probability of conversion will still be given by Eq.~19!
with s* replacings, however since one must haves* !,p for
Eq. ~28! to hold, and since,p;0.1 Mpc, this means that th
total probability of conversion will be lower than the on
computed in@15# by at least a factor 10 to 100. One can t
to overcome this by changing the coupling of the pseu
scalar, it is however difficult because the coupling is alrea
near the astrophysical bound. Alternatively, the convers

3For example, in the model of Ref.@32#, the magnetic field in the
intergalactic medium was generated in quasars and expelled in
outflows. The distribution of bubble sizes at redshifts around zer
predicted to be extremely broad with two main components, s
ranging from 0.5 Mpc to about 5 Mpc, and a mean size of or
1 Mpc. The biggest bubbles have the largest magnetic field.

a
.
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probability may remain achromatic as well as sufficien
large if the intergalactic magnetic field were stronger in d
mains of sizes* !,p . Faraday rotation measurements of d
tant quasars impose a conservative boundB0 Asc

<1029 G AMpc on the strength of an intergalactic ma
netic field coherent over scalessc @33# ~it may be somewha
stronger depending on its spatial structure@34#!. The conver-
sion probability could be achromatic in the visible band a
become of order unity at cosmological distances if the in
galactic magnetic field had some very definite spectral pr
erties, for instance ifB0 were of order 1028 G over domains
of average size of the order of 10 kpc, and sufficien
weaker on larger domains. Additional constraints on the s
tial distribution of the intergalactic magnetic field compatib
with the proposed mechanism arise from preventing exc
sive dispersion in the observed peak luminosity of dist
supernovae. Clusters, for instance, may have magnetic fi
significantly strong and extended to make the convers
probability of order unity as photons get across them.

Another possibility is to consider the cases* ;,p and to
require that the average in Eq.~26! be achromatic enough
This usually does not happen, although it can be accom
dated by correctly choosingb ands* , or by a tight correla-
tion between the strength of the magnetic field and the s
of the domains, and requires very special, and likely unre
istic, statistical properties of the IGM.

Let us now turn to the case where the coherence leng
determined by the spatial variations of the electron dens
In this case the required achromaticity would even be m
of a fine tuning as the coherence lengths̄ will also depend on
frequency. Just as in the case of the interstellar medium s
ied in @18#, the frequency dependence will be set by t
clustering properties of the electron density.

In the case at hand we expect the intergalactic medium
be very clumpy and complicated. Current numerical simu
tions indicate that the baryons today can be found in sev
phases. About 30% by mass is in a warm phaseT
;5000 K) that fills most of the volume of the univers
about another 30% is in a warm-hot phase that reside
non-virialized objects such as filaments and the rest res
in virialized objects such as clusters and in condensed fo
such as stars and cool galactic gas~see e.g.@35# and refer-
ences therein!.

The most relevant phase for our study is the warm o
because it fills most of the volume. It could be clumpy
scales smaller than,p , so the clumpiness of the IGM may b
the most likely source of coherence loss. However a deta
study of the loss of coherence should probably invo
studying lines of sight across these type of simulations. I
important to realize that even in the limit where the clumpi
scale,Lc , of the warm phase of the IGM is smaller than,p

we still expect thats̄ will depend on frequency. For cohe
ence to be lost, the random component of the accumul
phase of the oscillation,f, has to be of order one. The pha
on each segment of lengthLc is Lc /,p and accumulates ove

different segments as a random walk,f;Lc /,pAs̄/Lc;1.
In this limit, we estimates̄;,p

2/Lc which will again induce a
chromaticity that is ruled out by observations.
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It seems that the only natural ways to avoid the chrom
ticity constraint is~i! to assume that the magnetic field
responsible for setting the coherence length of the oscilla
and assume thats* !,p , in which case either the coupling o
the pseudoscalar needed to accommodate the dimming o
supernovae becomes uncomfortably large or the magn
field must have very definite strength and spectral featu
or ~ii ! to have very constrained properties of the IGM.

Finally, we note that the situation is not improved by gi
ing a higher mass to the pseudoscalar in order to haveDm
.Dplasma; this choice leads as well to chromaticity~sinceDm
and Dplasmahave the same spectral dependence! and lowers
the probability of oscillation~and the mixing angle!. A last
logical possibility is that the mass of the pseudoscalar is s
that Dm and Dplasma are of the same order. In this case,
strong mixing regime is possible whenever the electron d
sity is such thatDm andDplasmacoincide with each other with
accuracyDM . This can happen in the IGM from the stati
tical fluctuations in the electronic density. When this is t
case, a strong photon-pseudoscalar conversion can in
ciple take place~this is very analogous to the resonant MS
effect of neutrino physics!. However, for the transition to be
significant one has to maintain the resonant condition (Dm
;Dplasmawith accuracyDM! over a distance of the order o
the oscillation length,p/DM , which given the numerical val-
ues~14! is also very unlikely~not to mention the fact that a
dimming of SNIa induced by such a resonant convers
would lead to a large dispersion in the observed SNIa m
nitude!.

V. CONCLUSIONS

We have shown that one cannot ignore the effect of
intergalactic plasma to derive how the luminosity of dista
sources, such as supernovae, is affected by a mixing wi
hypothetical pseudoscalar particle. In most of the param
space, this effect either renders the oscillation frequen
dependent or lowers too much the oscillation probabil
There is a slight hope to accommodate the mechanism
@15# if the IGM has very specific statistical properties.
@36#, the authors of@15# concluded that plasma effects do n
strongly influence the oscillations of optical photons if t
electron density is smaller than 2.531028 cm23, assumed
uniform over magnetic domains of size 1 Mpc. This conc
sion is compatible with our results above. Indeed as one
clearly see from Fig. 1, and Eq.~21!, one can render the
oscillation achromatic by demanding that the produ
Dplasmas be low enough in order to be in a regime analogo
to the one discussed after Eq.~28!. This is achieved by low-
ering the electron density below 2.531028 cm23. However,
increasing the size of the coherence domain by the s
factor one decreases the electron density would lead bac
a chromatic regime~as also appears on Fig. 1!. This confirms
that the mechanism of Ref.@15# is very sensitive to the pre
cise properties of the IGM, and demonstrates the need
much more realistic and detailed studies of the effect of
herence loss due to the electron density and magnetic
spatial variations before any significant conclusion can
drawn.
7-5
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