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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 la supernovae may be a conse-
guence 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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[. INTRODUCTION have arisen from pseudoscalars emitted by SN 1987A
[19,20.

The mixing between photons and axions, in an external The implications on the cosmic microwave background of
magnetic field, is a well studied mechanigin-4] as is its  the similar effect involving photon-graviton oscillation has
analogue with gravitong5,6]. It is experimentally used, been considered in empty spa@l,22 and it was shown
since the pioneering work by Sikivig2], to constrain the that it becomes negligible for standard cosmological mag-
axion parameterg7/—11] (see also e.g. Ref12] for an up to  netic fields[23] once the contribution of the intergalactic
date review on such experimentsThe astrophysical and plasma is properly taken into accoutite case of axions is
cosmological implications of this mechanism have also beeflso considered if24]). The effect of the inhomogeneities of
studied[12], and it was recently advocated to be a possiblehe electron density upon the coherence of the oscillations
explanation for the observed dimming of distant type la suwas also considered by Carlsenal.[18].
pernovad 13,14 by Cs&i et al. [15] (see alsd 16] for the The purpose of this work is to discuss the effect of this
analysis of supernovae data with the model[05]). The plasma on the proposal §15].
underlying idea is simply that the luminosity of distant su- The paper is organized as follows. We first recall standard
pernovae can be diminished due to the decay of photons intésults on photon-pseudoscalar oscillations in order to intro-
very light pseudoscalar particles induced by intergalactigluce our conventiongsee[1], or [24] where contributions
magnetic fields over cosmological distances, and thus thdtom Kaluza-Klein modes were also includetlve then dis-
the luminosity distance-redshift relationship can mimic thecuss specifically the effect of the plasma for the parameters
one of a universe with a nonzero cosmological constant withrelevant for type la supernovae.
out need for a cosmological constant. The pseudoscalar par-
ticles must have an electromagnetic coupling similar to ax- Il. PHOTON-PSEUDOSCALAR MIXING
ions, and a specific and very small mass~10 ¢ eV) to
avoid affecting the cosmic microwave background anisot-
ropy beyond its observed value. Another aspect of photon
pseudoscalar conversion in intergalactic magnetic fields is
the change of the polarization properties of distant sources 54:f d4
[17] such as supernovae. Conversion in the magnetic field of
our own galaxy can be used to place constraints on the 1
photon-pseudoscalar coupling from the lack of observed lin- -—F, F*"|,
ear polarization of the cosmic microwave background 4"
[17,18, the possibility to see stars through otherwise opaque

clouds[18], and from the flux of gamma rays that would W where a is the pseudoscalar field am, its mass.F,,
Fr?/2 is the dual of the electromagnetic tensor,

We consider the generic action for the pseudoscalar-
photon system

1 2.2 a Eupy
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€,.p0 DEINg the completely antisymmetric tensor such that
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on a characteristic scalg; in the sense that its variations in Ref. [25]) and can be computed by adding the Euler-
space and time are negligible on scales comparable to thdeisenberg effective Lagrangian which is the lowest order
photon wavelength and period. From the three independertéerm of the non-linearity of the Maxwell equations in

vectors vacuum(see e.g[26,27)) to the action(1).2 The second term
. . describes the Cotton-Mouton effect, i.e. the birefringence of
-k . Bgn - gases and liquids in the presence of a magnetic field and the
=K eHEB_On’ €, (2 third term the effect of the plasméince, in general, the

photon does not propagate in vacuuifheir explicit expres-
we define a direct orthonormal basis of the three dimensionadions are given by

space éH ,éL ,é). éo,n is the component oﬁo perpendicular

. . .o 7
to the direction of propagauoh. . . AgED: E“’g’ AéEngwg
The electromagnetic wave derives from a potential vector

that can be chosen to be of the formA

. 2
=j (A”(s),Ai(s),O)e*"“t wheres is the coordinate along the A __ “plasma
direction of propagatioh. With this decomposition, the plasma 2w '
coupled Klein-Gordon and Maxwell equations derived from
the action(1) read ALy, —AL,=27CB2 7
(O-m?)a= 4Bon with £=(a/45m)(Bon/Bc)% Bc=mZe=4.41x10" G, m,
a Mg, I the electron masg the electron charge and the fine struc-
ture constantC is the Cotton-Mouton constap28]; its ef-
_ 4Bon fect is to give only the difference of the refractive indices
DAK_M_a“"sAHa’ (3 and the exact value of is hard to determing29]. The

plasma frequency,asmaiS defined by
wherex=|,L denotes the polarization.
Assuming that the magnetic field varies in space on scales ) Ne
much larger than the photon wavelength, we can perform the C’)plasmazdfm“ﬁe’ ®)
expansion %+ d2=(w+ids)(w—ids)=(w+Kk)(w—ids)
for a field propagating in the-s direction. If we assume a n, being the electron density. Note th&f, is always nega-
general dispersion relation of the form=nk and that the tive whereas\, is positive if the contribution of the vacuum
refractive indexn satisfiesin—1|<1, we may approximate dominates and negative when the plasma term dominates.
w+k=2w andk/w=1. This approximation can be under-  As seen from Eq(4), only the component, i.e. parallel
stood as a WKB limit where we se&¥(s)=|A(s)|e'*® and  to the magnetic field, couples to the pseudoscalars, a first
assumes that the amplitudig| varies slowly, i.e. that/A|  consequence of which is that the polarization plane of a light
<k|A|. In that limit, the above systerf8) reduces to the beam traveling in a magnetic field will rotate.
linearized system The solution to the equation of motid#d) is obtained by
diagonalizing M through a rotation

Al
(w—ide+ M)| A |=0. (4) Aj|_( cost  sind|[A )
a a’ —sind cosd/| a
The mixing matrixM is defined by with the mixing angled given by
AJ_ AH AM) A
ME( with M E( : (5 tan 29=2-——. 10
0 M Play A A—A, (19
The coefficientsA andA, are given by By solving Eq.(4) in this new basis, one can easily compute
B 5 the probability of oscillation of a photon after a distance of
_Z20n =_ Ma flight s starting from the initial statA(0)=1,a(0)=0]. It
A » Am : © Attt I
Ma 2w is explicitly given by
The termsA, can be decomposed a8,=AgeptAcu P(y—>a)E|(AH(O)|a(s))|2

+ Apiasma The first term contains the effect of vacuum po-
larization giving a refractive index to the photdsee e.g.

2The equation of motion derived from Effl) is Eq. (4) with A,
R =0. We intentionally omit the Euler-Heisenberg contribution in the
with this convention the electric field of the wave is simfly  presentation for the sake of clarity. Its Lagrangian is explicitly given

=— 5, A= (wA|(S),wA, (s),0e ", by Len=(a?/90me)[(FA'F ,,)%+ Z(F*'F ,,)?].
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:sinz(Zz‘})sinz( Az"“s) , (11)
_ , SIP(As5/2)
(B R si2)? 12

with the (reduced oscillation wave numbeA ... given by

CA—An  2Ay

0S¢ cos2)  sin29°

(13

The oscillation length is thus given Hy =2m/A .. We
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When one sets\, to zero in Eq.(5), the mixing angle
reduces to

AM w
tan 29,=— 2—m ~40 7oy eV) , (16)

A

so that for optical photongwith w~1.5 eV to 3 eV)
tan 29,>1 and 93~ w/4. This corresponds to a regime in
which w>m?/Ay, and the oscillation probability does not
depend orw so that the oscillation iachromatic The oscil-
lation wave numben ¢ ois given then by

Aosc,d\” 2Ay, (17)

see that a complete transition between a photon and a pseu-

doscalar is only possible when the mixing is maxirfsiong
mixing regime i.e. whend= /4.

IIl. APPLICATION TO SUPERNOVAE

The quantities required for our discussion &g, A,
Apiasma@nd A oep respectively given by Eqg6) and(7). It is
useful to rewrite them as

-1
il :2><10—26( 0 ) Ma
1 cmt 10°° G/\ 10" Gev
2 _
A m, ( ® ) !
=-2.5x10 %8 ,
1 cmt? (1016 ev) \1 eV
Aplasma: 36X 10_24( w )l Ne
1 cmt ' lev (107 ecm3)’
A w B 2
QED _ _45( ) 0
———=1.33x10 —_— ,
1 cm?t 1 evii10° G)

14

where we have used the facts that 1 =e%x10* cm %,

which is also independent @f. With the choice of param-
eters used if15], Ay =10 2% cm™%, so that the oscilla-
tion length is larger than the sizeof the domain of coher-
ence of the magnetic field considered which is of the order of
a Mpc (~3x10?* cm). The probability of oscillation over a
domain of sizes is then well approximated by

Po(y—a)~(Ays)?, (18)

which is of order 10*. The number of such domains in our
Hubble radiusH, *, and on a given line of sight, is given by
H, /s. If one considers that the universe is made by patch-

ing together such domains with uncorrela@gl the coher-
ence is lost from domain to domain and one can simply sum
up the probability of conversion over each domain to obtain
the probability of conversion of a photon on cosmological
distances given bysee also Sec. IV

Potol( y—a)~AGsHy L. (19

This number is of order 1, and one can thus expect a signifi-
cant reduction of the luminous flux over cosmological dis-
tances. This is the bottom line of the mechanism proposed by
Csi et al.[15].

Let us now include plasma effects. Sineg,asmd>|Am|,

and1 G=1.95x10 2 eV2in the natural Lorentz-Heaviside (1€ Mixing angled is now much smaller thai¥, and

units wherea = e?/47=1/137.
The parameters chosen 5] are M,~4x 10 GeV,

m,~10"1% eV andB,~10"° G. The intergalactic medium
(IGM) today is fully ionized, as indicated by the lack of

Ay

O~ (20)

Aplasma

Gunn-Petterson effef80]. Thus the mean electronic density Of order 10°°—10"2. With such a low mixing angléweak

can be estimated to hsee e.g[31])

Ne=10"" cm 3. (15)

One immediately sees that, with this choice of parameters,

Aqep is always negligible, whereas one Has,asmd>|An|

mixing regime, the probability of oscillatiorP(y—a) over
a domain of sizes can be approximated by
Sinz(ApIasm§/2)

P(y—a)~(Ays)?
(7 a) ( MS) (A|0Iasm§/2)2

so that the plasma effects are always dominant over the pure

mass term of the pseudoscalar.

In order to be more specific, let us compare the mixing
angles 9, oscillation wave numbers ;. and oscillation

Sinz(A plasm§/2)

~Po(y—a) :
(A plasm§/2) 2

(21)

probabilitiesP(y—a) with and without including the effect

of the intergalactic plasma, and for similar choice of param-Notice then that the oscillation wave numiey, is given by
eters (we will use a subscript 0 for the values computed
without the plasma effekt A gsc™ A plasmar (22)
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0.3 P(y—a)g

/ P(’y_)a)V P(‘y—>a)\/

- 1} <0.03, (24

o
'S

/ or equivalently to the statement that the conversion probabil-
ity has to scale with photon wavelength weaker thét?
/ near the visual band.

We now consider different limits of E§21) to investigate
the chromatic behavior. It is useful to introduce the plasma
length scale€p=AF]alsma. We can rewrite Eq(21) as

P(y—a)~(2Ay{,)2sin(s/2¢ ). (25

o
w
~

P(y - a)/Poly — )

2 2.5 3 3.5 4 In any astrophysically realistic situation, the effective coher-
ence length is either set by the magnetic field or by the
FIG. 1. Ratio between the probability of oscillation of a photon plasma frequency, so that it depends on properties of the
into a pseudoscalar including the effect of the intergalactic plasmaGM which are expected to have a significant dispersion,
and the probability of oscillation when this effect is not considered.and will then similarly exhibit such a dispersion.
The curves are drawn as a function of the photon energyMfpr We start by considering the case in which the coherence
~4X10" GeV, m,~10 ' eV andB,~10"° G, and for a dis- |ength is set by the magnetic field domains. For simplicity
tance of flight 0.5 Mpddashed ling 1 Mpc (solid ling) and 2 Mpc  we will take s to be distributed as a Gaussian variable with
(dotted ling. means* and dispersiorBs* . The average of Eq25) overs

so that the oscillation length is smaller than previously and ig/1€!dS
of the same order as the size of the domain of coherencag(y_)a»

considered.
It follows that the probability of oscillation is lower than ~2(Ay€) Y 1—cogs*/¢ )e—(ﬁs*/€p)2/2] (26)
. . . ; p p :
in the previous caséwith no plasma effects taken into ac-
coun) and that it is no longer achromatisee Fig. 1 Su- In the limit s*> ¢, it reduces to
pernovae observations not only argue for a dimming of dis- 5
tant supernovae but also argue for an effect that is (P(y—a))~2(Antp)”. (27)
achromatic, we will discuss this in more detail in the next .
section. The plasma lengtif, scales with the photon frequency so

. _ye . . 72 .
It is important to realize that when plasma effects aref[hat the conversion probability is proportionalXo © which

number density of electrong.e. changes in the plasma fre-

quency. For example, in the case of photon-pseudoscalal‘ances such that the probability reaches its saturation value
conversion in the interstellar medium of our galdsy], the or the shorter wavelengths. The absence of such reddening

coherence length is most likely set by the fluctuations in thé"2Y Provide even more stringent constraints on the required

plasma frequency. When this is the source of coherence |O§5chrorrr]1aticity thanl.thaf‘t ‘jf Eq24).
one expects generically thatin Eq. (21) also depends on N the opposite limits*<¢,, we get

frequency. (P(y—a))~(Ays*)?, (28)
IV. CHROMATICITY CONSTRAINTS AND COHERENCE which is achromatic i* does not depend on frequency. The
LENGTH total probability of conversion will still be given by E¢19)

As we mentioned in the previous section, once plasmaVith s* replacings, however since one must hage< ¢, for
effects are considered the conversion probability can depenfgd- (28) to hold, and sincé,~0.1 Mpc, this means that the

on photon frequency. In this section we consider such contotal probability of conversion will be lower than the one
straints. computed i 15] by at least a factor 10 to 100. One can try

Supernovae observations put a constraint on what & overcome this by changing the coupling of the pseudo-
called the color excess between tBeand V wavelength ~ scalar, it is however difficult because the coupling is already
bands E[B—V]). The color excess is defined as near the astrophysical bound. Alternatively, the conversion

F°(B) FE(V)
FE(B) F°(V)

’ (23 SFor example, in the model of R€f32], the magnetic field in the

intergalactic medium was generated in quasars and expelled in their
whereF° (F°) is the observedemitted flux and theB (V)  outflows. The distribution of bubble sizes at redshifts around zero is
band corresponds to 0.44m (0.55 um). Observations predicted to be extremely broad with two main components, sizes
constrainE[ B—V] to be lower than 0.0813]. This can be ranging from 0.5 Mpc to about 5 Mpc, and a mean size of order
translated to 1 Mpc. The biggest bubbles have the largest magnetic field.

E[B—-V]=-25 Ioglo[
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probability may remain achromatic as well as sufficiently It seems that the only natural ways to avoid the chroma-
large if the intergalactic magnetic field were stronger in do-ticity constraint is(i) to assume that the magnetic field is
mains of sizes* <{,,. Faraday rotation measurements of dis-responsible for setting the coherence length of the oscillation
tant quasars impose a conservative bouil \/S_c and assume that" <{,, in which case either the coupling of
<10"° G Mpc on the strength of an intergalactic mag- the pseudoscalar needed to accommodate the dimming of the
netic field coherent over scalss[33] (it may be somewhat Supernovae becomes uncomfortably large or the magnetic
stronger depending on its spatial struct[84]). The conver- f|elq. must have very deflnllte strength and spectral features,
sion probability could be achromatic in the visible band and®' (ii) to have very constrained properties of the IGM.
become of order unity at cosmological distances if the inter- Finally, we note that the situation is not improved by giv-
galactic magnetic field had some very definite spectral propind @ higher mass to the pseudoscalar in order to laye
erties, for instance iB, were of order 108 G over domains = Apiasma this choice leads as well to chromaticitinceA,
of average size of the order of 10 kpc, and sufficiently@nd Apasmahave the same spectral dependgraed lowers
weaker on larger domains. Additional constraints on the spahe probability of oscillationand the mixing angle A last
tial distribution of the intergalactic magnetic field compatible logical possibility is that the mass of the pseudoscalar is such
with the proposed mechanism arise from preventing exceghat Am and Apasmaare of the same order. In this case, a
sive dispersion in the observed peak luminosity of distanfrong mixing regime is possible whenever the electron den-
supernovae. Clusters, for instance, may have magnetic fieldty is such thall , andA ,smacoincide with each other with
significantly strong and extended to make the conversio@ccuracyAy . This can happen in the IGM from the statis-
probability of order unity as photons get across them. tical fluctuations in the electronic density. Wh_en this i.s thg
Another possibility is to consider the case~¢, and to ~ €ase, a strong photon-pseudoscalar conversion can in prin-
require that the average in E(R6) be achromatic enough. Ciple take placéthis is very analogous to the resonant MSW
This usually does not happen, although it can be accommdffect of neutrino physigs However, for the transition to be
dated by correctly choosing ands*, or by a tight correla- ~ significant one has to maintain the resonant conditidg, (
tion between the strength of the magnetic field and the sizes A plasmaWith accuracyAy) over a distance of the order of
of the domains, and requires very special, and likely unrealthe oscillation lengthsr/Ay , which given the numerical val-
istic, statistical properties of the IGM. ues(14) is also very unlikely(not to mention the fact that a
Let us now turn to the case where the coherence length idimming of SNla induced by such a resonant conversion
determined by the spatial variations of the electron densityvould lead to a large dispersion in the observed SNia mag-
In this case the required achromaticity would even be morditude.

of a fine tuning as the coherence Ien§tWiII also depend on

frequency. Just as in the case of the interstellar medium stud- V. CONCLUSIONS
ied in [18], the frequency dependence will be set by the )

In the case at hand we expect the intergalactic medium t#itérgalactic plasma to derive how the luminosity of distant
be very clumpy and complicated. Current numerical simulaSOUrces, such as supernovae, is affected by a mixing with a
tions indicate that the baryons today can be found in severdlyPothetical pseudoscalar particle. In most of the parameter
phases. About 30% by mass is in a warm phade ( SPace, this effect either renders the oscillation frequency-
~5000 K) that fills most of the volume of the universe, depeno_lent or lowers too much the oscillation proba_blllty.
about another 30% is in a warm-hot phase that resides ii"€re iS a slight hope to accommodate the mechanism of
non-virialized objects such as filaments and the rest resides?) if the IGM has very specific statistical properties. In
in virialized objects such as clusters and in condensed formis36) the authors of15] concluded that plasma effects do not

such as stars and cool galactic gase e.g[35] and refer- strongly influence the oscillations of optical photons if the
ences therein electron density is smaller than X80 ® cm 3, assumed

The most relevant phase for our study is the warm oné!Niform over magnetic domains of size 1 Mpc. This conclu-
because it fills most of the volume. It could be clumpy onSIon IS compatible Wlth our results above. Indeed as one can
scales smaller thafy,, so the clumpiness of the IGM may be clearly see from Fig. 1, and Eq21), one can render the
the most likely source of coherence loss. However a detailegscillation achromatic by demanding that the product
study of the loss of coherence should probably involve®piasms b€ low enough in order to be in a regime analogous
studying lines of sight across these type of simulations. It i§0_the one discussed after EG9). ThIS_Ig ach_uzved by low-
important to realize that even in the limit where the clumping®/ing the electron density below 230" cm™*. However,

scale,L., of the warm phase of the IGM is smaller thép increasing the size of the coherence domain by the same

we still expect thas will depend on frequency. For coher- factor one decreases the electron density would lead back to

ence to be lost, the random component of the accumulatefgj1
hase of the oscillationp, has to be of order one. The phase . .
(p)n cach segment of lengthy is L, /¢, and accumulates over cise properties pf_the IGM, a_nd dempnstrates the need for
cp much more realistic and detailed studies of the effect of co-
different segments as a random wadk:-L./€,Vs/Lc~1.  herence loss due to the electron density and magnetic field
In this limit, we estimates~€,2)/LC which will again induce a spatial variations before any significant conclusion can be
chromaticity that is ruled out by observations. drawn.

chromatic regiméas also appears on Fig. This confirms
at the mechanism of R€f15] is very sensitive to the pre-
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