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Abstract

We present a simple model where photons propagating in extra-galactic magnetic
�elds can oscillate into very light axions. The oscillations may convert someof the pho-
tons departing a distant supernova into axions, making the supernova appear dimmer
and hencemore distant than it really is. Averagingover di�eren t con�gurations of the
magnetic �eld we �nd that the dimming saturatesat about 1/3 of the light from the su-
pernovaeat very large redshifts. This results in a luminosit y-distancevs. redshift curve
almost indistinguishable from that produced by the acceleratingUniverse,if the axion
massand coupling scaleare m � 10� 16 eV, M � 4 � 1011 GeV. This phenomenonmay
be an alternativ e to the acceleratingUniversefor explaining supernova observations.
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Current observations of supernovae(SNe) at redshifts 0:3 <� z <� 1:7 reveal that they are
fainter than expectedfrom the luminosity-redshift relationship in a deceleratingUniverse[1].
On the other hand, the large scalestructure and CMBR observations suggestthat the Uni-
verseis spatially 
at, with the matter density about 30% of the critical density [2{6]. It is
thereforeusually inferred that the Universemust have becomedominated by a dark energy
component, which comprisesabout 70%of the critical energydensity, and hasthe equation
of state p=� <� � 2=3, implying that our Universewould be acceleratingat present. The
dark energycomponent could either be a small cosmologicalconstant or a time-dependent
quintessenceenergy[7]. Neither possibility is elegant from the current vantage point of fun-
damental theory becauseof unnaturally small numbers neededto �t the data: the present
value of the energydensity, � c � 10� 12 eV4, and, in the caseof quintessence,the tiny mass
smaller than the current Hubble parametermQ < H0 � 10� 33 eV and sub-gravitational cou-
plings to visible matter to satisfy �fth-force constraints [8]. Further, describingan eternally
acceleratingUniversewith future horizonsis at present viewed asa conceptualchallengefor
string theory and more generallyany theory of quantum gravit y [9{11].

Becausethe SNeobservations probe length scalesl � H � 1
0 � few � 103 Mpc which are

inaccessibleto any particle physicsexperiments, it is natural to consideralternative expla-
nations to the supernova data without cosmologicaldark energy. A simple such alternative
is that light emitted by a distant supernova encounters an obstacleen route to us and gets
partially absorbed [12].� However any mechanismmust be very achromatic becausethe light
from the SNeappears to be dimmed independently of frequency. This would seemto rule
out a medium of matter particles, which can absorb light in the optical spectrum but will
re-emit it in the IR, a�ecting the CMBR in unacceptableways.

In this paper weconsidera modelwherethe dimming of SNeis basedon 
a vor oscillations.
Flavor oscillations occur whenever there are several degreesof freedom whoseinteraction
eigenstatesdo not coincide with the propagation eigenstates.Such particles can turn into
other particles simply by evolution and evade detection. We will consider a model with
an axion with a massm � 10� 16 eV, much smaller than the usual [15] QCD axion mass
scale,10� 5 eV <� max

QC D
<� 10� 1 eV, but exponentially larger than the quintessencemass

mQ
<� 10� 33 eV. This axion couplesto electromagnetismthrough the usual term (a=4M ) ~F F ,

which leadsto energy-dependent mixing of the photon and the axion in the presenceof an
external magnetic �eld B [16]. Hencelight traveling in inter-galactic magnetic �elds can in
part turn into axions,and evadedetectionon Earth. A sourcewould then appear fainter even
if the Universeis not accelerating.To satisfy other cosmologicalconstraints we assumethat
the Universeis presently dominated by someform of uniform dark energywhich does not
clump, but neednot leadto cosmologicalacceleration,e.g.with equationof statep=� = � 1=3.

We �nd that contrary to the familiar exampleof neutrino oscillations,in our model both
the 
a vor mixing and the oscillation length of photons in the optical range are insensitive
to energy, and so our axion will induce strongly achromatic oscillations of optical photons.
On the other hand the small axion massm � 10� 16eV insuresthat the photon-axion oscil-

� Other possibilities are that SNemay evolve with time [13], or that there are more than four space-time
dimensions[14].
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lations leave CMBR essentially una�ected. Our task here is to �nd a small correction to
the luminosity-redshift relation inducedby the oscillations. Becausethe SNeobservations at
redshiftsz � 0:5 canbe explainedby a 10%� 15%total increasein the distancerelative to a
matter dominateduniverse,the total attenuation of SNelight shouldbe about 30%between
the cosmicstring-dominatedgeometryand 
a vor oscillations. Hencewe needto account for
about a 20%of decreasein the luminosity by the 
a vor oscillations.

The axion-photon coupling is
L int =

a
M

~E � ~B ; (1)

wherethe scaleM characterizesthe strength of the axion-photon interactions. This induces
a mixing betweenthe photon and the axion [16,17] in the presenceof a background magnetic
�eld ~B (as exists in our Universe[18]). Indeed,working in the Coulomb gaugeat distances
short comparedto the size of a coherent magnetic domain L dom, we seethat the photon
with electric �eld orthogonal to ~B remains una�ected by mixing. The polarization whose
electric �eld is parallel to ~B mixes with the axion. The �eld equationsare, after rotating
the coordinate axessuch that the propagation is along the y-direction,

n d2

dy2
+ E2 �

 
0 iE B

M L

� iE B
M L

m2

!
o �

j
 i
jai

�

= 0 (2)

where we Fourier-transformedthe �elds to the energypicture E and introduced the state-
vectors j
 i and jai for the photon and the axion. Here B = h~e � ~B i � j ~Bj is the averaged
projection of the extra-galactic magnetic�eld on the photon polarization ~e. We will assume
that the averagedvalue of ~B is closeto its observed upper limit, and take for the magnetic
�eld amplitude j ~Bj � few � 10� 9 G [18, 19]. Therefore its energydensity is ~B 2 � cH2

0M 2
P l ,

where c � few � 10� 11 and the Hubble parameter is H0 � 10� 33 eV. The magnetic �elds
we will be consideringare su�cien tly small that we can safely ignore the Euler-Heisenberg
e�ect [16,20].

We can now de�ne the propagation eigenstatesby diagonalizing the mixing matrix in
Eq. (2), which is, using B=M = � ,

M 2 =
�

0 iE�
� iE� m2

�

: (3)

This matrix is the analogueof the usualsee-saw matrix for neutrinos,with the only di�erence
that the o�-diagonal terms are imaginary and complex-conjugatesof each other. This is
becausethe mixing arisesfrom the derivative terms in the �eld equationsrather than the
potential terms. De�ning the propagation eigenstatesj� � i and j� + i which diagonalizethe
matrix (3), whoseeigenvaluesare � � = m2

2 �
q

m4

4 + � 2E2, we can solve the Schr•odinger
equation (2). The solutionsdescribingparticles emitted by a supernova at a distancey0 > 0
and propagating towards us at y = 0 are

j
 i =
� E

q
� 2

� + � 2E2
j� � i e� i [Et+ p1(y� y0 )] +

i� E
q

� 2
+ + � 2E2

j� + i e� i [Et+ p2(y� y0 )] ;

jai =
� i� �q

� 2
� + � 2E2

j� � i e� i [Et+ p1(y� y0 )] +
� +q

� 2
+ + � 2E2

j� + i e� i [Et+ p2(y� y0 )] ; (4)
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wherepk =
p

E2 � � k . It is now clear that asthe photon propagates,it mixeswith the axion
by an amount depending on the energyof the particle. In the limit E2 � � i > m2, which
coversall of the applications of interest to us, the mixing angle is

sin� =
� E

q
� 2

+ + � 2E2
; (5)

the photon survival probabilit y P
 ! 
 = jh
 (y0)j
 (y)ij 2 is

P
 ! 
 = 1 �
4� 2E2

m4 + 4� 2E2
sin2

" p
m4 + 4� 2E2

4E
� y

#

; (6)

and the oscillation length is

LO =
4� E

p
m4 + 4� 2E2

: (7)

In the limit E � m2=� , the mixing is maximal, while the oscillation length is completely in-
dependent of the photon energy: sin� � 1p

2
, LO � 2�

� . Thus high-energyphotons(including
optical frequenciesE � 10 eV as we will see)oscillateachromatically.

On the other hand, in the low energy limit E � m2=� , the mixing is small, and the
oscillation length is sensitive to energy: sin� � � E

m2 , LO � 4� E
m2 . The oscillations are very

dispersive,dueto the energy-dependenceof both the mixing angleand the oscillation length.
But the probabilit y to �nd axions P
 ! a = 1 � P
 ! 
 is small, bounded from above by
P
 ! a < sin2(2� ) � 4� 2E2=m4.

In our Universethe magnetic�eld is not uniform. Assumingthat a typical domainsizefor
the extra-galactic magnetic �eld is L dom � Mpc [18,19], it is straightforward to numerically
solve for the quantum mechanical evolution of unpolarized light in such magnetic domains
with uncorrelated�eld directions. An analytic calculation shows that in the caseof maximal
mixing, with cos(�L dom) > � 1=3, the survival probabilit y is monotonically decreasing:

P
 ! 
 =
2
3

+
1
3

e� � y=L deca y (8)

wherethe inversedecay length is given by

Ldecay =
Ldom

ln
�

4
1+3 cos(�L dom )

� : (9)

For �L dom � 1 this reducesto

Ldecay =
8

3� 2Ldom
: (10)

Thus we seethat with a random magnetic �eld the problem becomesessentially classical
and after the traversal of many magnetic domains the system is equilibrated between the
two photon polarizationsand the axion. This leadsto the genericprediction that on average
one-third of all photonsconverts to axionsafter large traverseddistances.
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We can now estimatethe axion massand coupling neededto reproduceSN observations.
To take the oscillations into account, in the luminosity-distance v.s. redshift formula we
should replacethe absoluteluminosity L by an e�ectiv e one:

L ef f = L P
 ! 
 : (11)

The optical photons must oscillate independently of their frequency. For them, the oscilla-
tions should reducethe 
ux of incoming photons by about 20% for SNe at z � 0:5. This
requiresLdec

<� H � 1
0 =2. Thus the massscaleM for this should be M � 4 � 1011 GeV. Note,

that this is above the experimental exclusionlimit for M . The experimental bound on M
quoted by the PDG [21] is M � 1:7 � 1010 GeV [22]. However, for ultraligh t axions there
is [22, 23] a more stringent (though also more model dependent) limit from SN1987Agiven
by M � 1011 GeV, which is still lower than the value required here.

If the microwave photons had 
uctuated a lot in the extra-galactic magnetic �eld, their
anisotropy would be very largedue to the variations in the magnetic�eld. To avoid a�ecting
the small primordial CMBR anisotropy, � T=T � 10� 5, the axion mass should be large
enoughfor the mixing betweenmicrowave photonsand the axion to be small. In this limit,
we can ignore the averaging over many random magnetic domains and simply treat each
domain as a sourceof CMBR 
uctuation. The photon-axion mixing and the oscillation
length in that caseare given by sin� � � E

m2 , LO � 4� E
m2 . The disturbancesof CMBR are

controlled by the transition probabilit y into axionsP
 ! a � 4 B 2E2

m4 M 2 , which using the explicit
expressionfor B is

P
 ! a � 4 � 10� 11 M 2
P l H

2
0E2

M 2m4
: (12)

For microwave photons E � 10� 4 eV, and so P
 ! a � 2:5 � 10� 70(eV)4=m4. Therefore for
m � few � 10� 16 eV we �nd P
 ! a � 10� 7, which is smaller than the observed temperature
anisotropy. For this massscale,the oscillation length of microwavephotonsis L O � 10� 4H � 1

0 ,
which is of order of the coherencelength of magneticdomainsL dom and soa lot shorter than
the horizon size. This is harmlesssincethe oscillation amplitude is so small. Thus we see
that if the axion scalesare

m � 10� 16eV ; M � 4 � 1011GeV; (13)

the mixing could produce the desired e�ect of reducing the 
ux of light from SNe while
leaving the primordial CMBR anisotropy una�ected. We stress here that while at early
times the CMBR photons were much more energeticthere were no sizeableextra-galactic
magnetic�elds yet, sincetheir origin is likely tied to structure formation [24]. Hencewe can
get a rough estimateof the in
uence of our e�ect on CMBR usingtheir current energyscale.
Having determinedthe scales,we can check that the approximations we have beenusingare
appropriate for optical and microwave photons, respectively. In the former case,the mixing
angle and the oscillation length receive energy-dependent corrections / m4

� 2 E2
optical

� 10� 5,

while in the latter casethe energy-dependent correctionsare / � 2E2
CMB

m4 � 10� 6, con�rming
the validit y of our approximations.
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Figure 1: The luminosit y-distance vs. redshift curve for several models, relativ e to the curve with

 tot = 0 (dotted horizontal line). The dashedcurve is a best �t to the supernova data assumingthe
Universeis accelerating(
 m = 0:3, 
 � = 0:7); the solid line is the oscillation model with 
 m = 0:3,

 S = 0:7, M = 4 � 1011 GeV, m = 10� 16 eV; the dot-dashed line is 
 m = 0:3, 
 S = 0:7 with no
oscillations, and the dot-dot-dashed line is for 
 m = 1 again with no oscillations.

To compareour model with observations, we assumethat the constraint on the total
energydensity of the Universe
 tot ' 1 is satis�ed becausethe Universecontains someform
of dark energy which does not clump, but it need not lead to cosmologicalacceleration.
A simple example is dark energywith the equation of state w = p=� = � 1=3 and energy
density 
 S = 0:7, which could originate from a network of frustrated strings with small
massper unit length. Note that becausethe scale factor a of the universeobeys •a=a =
� 4�

3M 2
P L

(� total + 3ptotal ), and assuming
 m = 0:3 and 
 dar k = 0:7, then as long as the ratio
w = p=� is greater than � 1=2:1 ' � 0:48 the Universewould presently not be accelerating.
These forms of dark energy do not appear to be excluded either by the position of the
�rst acoustic peak in the CMBR measurements [26] or by combined CMBR+large scale
structure �ts [27]. In Fig. 1 we have plotted the typical prediction of the oscillation model
in a spatially 
at Universewith 
 m = 0:3 and 
 S = 0:7 against the best �t model for
the acceleratingUniversewith a cosmologicalconstant (
 m = 0:3 and 
 � = 0:7). The
two curves are practically indistinguishable. We note that the oscillation model predicts
limited attenuation of the SN luminosities,unlikesomeother alternativesto the accelerating
Universe. The total attenuation is limited to about 1=3 of the initial luminosity, as we
have explainedabove. Sincefor larger valuesof z the Universebecomesmatter dominated,
and the disappearanceof photons is saturated in the oscillation model, the two curveswill
continue lying on top of each other for higher values of z. Thus simply �nding higher z
supernovae [25] will not distinguish betweenthe two models. The main di�erence between
the two is that the curve for the oscillation model is an averagedcurve, with relatively large
standard deviations. Thereforeit may be much easierto explain outlying events than in the
caseof the acceleratingUniverse.
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Figure 2: The e�ect of the oscillation on the polarization of the photons. We assumethat the
photon emitted is totally polarized, and show how much polarization remains as a function of
physical distance traveled.

Let us now considerphotons which may passthrough the magnetic �eld of a galaxy, or
just skim it. The galactic magnetic �elds are much stronger than the extra-galactic ones,
BG � � G � 103B. However, the density of baryons (and therefore also of electrons) is
largeenoughin such regionsthat refraction hasto be taken into account, which introducesa
diagonalelement M 11 for the photon in (3).y A simpleestimate[16] for this term givesM 11 �
10� 23(eV)2 for 10eV photonstravelingwithin a galaxy, while the o�-diagonal termsareof the
order 10� 27(eV)2. Thereforethis term will dominate the mixing matrix, and the oscillations
will be highly suppressedwhile passingthrough the magnetic �eld of a galaxy. However,
sincethere is no evidencefor the presenceof gasuniformly distributed betweenclusters,this
e�ect is likely negligible for most of extra-galactic space.This is becausea simple estimate
shows, that even assumingthe worst-casescenariowhereall matter is uniformly distributed
and totally ionized, M 11 would be � 10� 29(eV)2 for 
 baryon = 0:05, which would somewhat
suppressthe mixing. However sincematter is not uniformly distributed and de�nitely not
ionizedin the inter-clustervoids(which makeup most of space)this e�ect shouldbenegligible
for our results.

While it is natural to wonder if there are laboratory constraints on our mechanism, a
simpleorder of magnitudeestimateshows that it would be di�cult to observe in a lab. Since
we have assumedthat the extra-galacticmagnetic�eld is � 10� 13 T, for a uniform magnetic
�eld about 1014 times larger the corresponding oscillation length would be L O=1014 � 6� 1012

cm, which is about a thousand times the circumferenceof the Earth. The current direct
experimental bounds [28] quoted by the PDG [21] on the coupling of an axion-like particle
(with a masslessthan 0.03eV) to ~E � ~B is M > 1:6 � 109 GeV.

Another questionis whether the oscillationsmay causeany observablepolarization e�ects
on the light arriving from the SNe. If the orientation of the extra-galactic magnetic �eld

yWe thank Georg Ra�elt for pointing out this e�ect.
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were constant, and the �eld perfectly homogeneous,light from the SNewould be partially
plane-polarized. However, sincethe coherencelength of the extra-galactic magnetic �eld is
of order � Mpc, the direction of the magnetic�eld is e�ectiv ely random, and thus no strong
polarization e�ects are expectedfor faraway SNe. Rather, the conversee�ect of depolarizing
incoming light is more important, since the oscillations in a random magnetic �eld may
deplete existing photon beam polarizations. Becausethere are distant sourceswhich are
partially polarized, with the polarization direction correlated with the shape of the source,
it is important to show that the photon-axion mixing does not completely depolarize light
from a polarized source. The observed polarization as a function of distance is shown in
Fig. 2, wherewe seethat the polarization decreaseis rather slow. This should be expected
becausethe degradationof polarization occursafter an axion producedby a polarizedphoton
conversion regeneratesa photon of a di�eren t polarization, after the orientation of the ~B
haschanged.This is a second-ordere�ect, and so polarization is depletedmore slowly than
intensity. As a result the existing measurements of polarized optical photons from distant
sourcescan be accommodated in this model.

An axion with the scaleswhich are neededfor our model can for example arise from
the spontaneous breaking of an axial lepton number symmetry. Suppose that it couples
to the electroweak gaugetheory in the standard way. Speci�cally it would couple to the
electromagnetic�eld like the QCD axion [15]. Then the massscaleM would be related to
the scaleof the spontaneousbreaking of axial symmetry f a by

M =
8�
�

f a

�
; (14)

where� = g2=4� is related to the gaugecoupling constant, and � is a dimensionlessnumber
depending on the precisecouplings to fermions. We will take � � 1=30 and � = O(1) in
what follows for simplicity. Hencef a � 10� 3M . In perturbation theory the shift symmetry
a ! a + c protects the axion from acquiring a massterm (more generally any potential).
This symmetry is broken by nonperturbativ e e�ects induced by instantons, which give rise
to the axion potential [15]. Becauseby assumptionour axion couplesto electroweakgauge
�elds, a possibility to generatethe potential is via the electroweakinstantons. In particular
the axion potential will be of the form

V(a) = � 4
h
1 + cos(

a
f a

)
i

: (15)

For example,in a particular supersymmetric (SUSY) model [29], the scale� is

� 4 = e� 2�
� 2 ( M P l ) � 10M 3

SUSY MP l ; (16)

whereMSUSY is the soft SUSY-breakingmassscale,� a 
a vor symmetry breakingparameter
and � 2(MP l ) the electroweak gaugecoupling strength at the Planck scale. It is straightfor-
ward to verify that for M SUSY � few TeV, � = O(1) and � 2(MP l ) = 1=23, we get � � 10
eV. Sincethe axion massis

m '
� 2

f a
; (17)
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we seethat for f a � 4 � 108 GeV we �nd m � 10� 16 eV. As we have seenabove, theseare
roughly the scalesmost interesting for photon-axion oscillations in extra-galactic magnetic
�elds.

It is important to stressthat while our axion must be light it is not light enoughto be
quintessence.Cosmologically, the axion particles with massm � 10� 16 eV are relativistic
throughout the history of the Universe,and sowould behave likewarm dark matter. Because
they are weakly coupled,with M � 1 � 10� 12 GeV� 1, they are out of equilibrium from a very
early time. If they are not signi�cantly produced during reheating after in
ation, their
abundancecanbe harmlesslysmall. On the other hand, the homogeneousaxion background
�eld a(t) will oscillate around its minimum, with its energy density scaling as cold dark
matter at late times. Thus one may worry about the cosmologicalmoduli problem which
such �elds usually lead to. However in our casethis does not happen becausef a � 108

GeV and m � 10� 16 eV. In the early Universe,the background �eld will satisfy the slow
roll conditions, and remain frozen until the Hubble scalecomesdown to H � 10� 16 eV,
when the Universecools to the temperature Ti � 100 keV. At that moment, the �eld may
start rolling. Its kinetic and potential energywill rapidly virialize, after which the energy
density stored in it will scaleas � � � i (T=Ti )3. The initial energydensity is determinedby
the initial displacement of the axion from its minimum, which is of order f a. Thereforethe
energydensity will be of ordergivenin Eq. (16), � 4 � (few� 1eV)4. This would not compete
with radiation until the temperature comesdown to T � � i =T3

i � 10� 15 eV, which means
that even if the axion wasdisplacedfrom the minimum it would remain tiny for a long time
into the future. Furthermore, while an axionic sectorcan give rise to both domain walls and
cosmicstrings in the early Universe,becausethe axion scalesin the model we discussare so
low, thesedefectsmay remain negligiblewell into the future of our Universe[30].

In summary, we have presented an alternative explanation of the observed dimming of
SNe at large distances. The e�ect is basedon a quantum mechanical oscillation between
the photon �eld and a hypothetical axion �eld in the presenceof extra-galactic magnetic
�elds. This would result on averagein about a third of the photonsemitted by distant SNe
oscillating into axions. This is, roughly, the right amount neededto explain the supernova
observations. If the averagemagnetic �eld is of the order 10� 9 G, and the averagedomain
size is of order � Mpc, one would need an axion whosecoupling to the photon is given
by M � 4 � 1011 GeV, and massm � 10� 16 eV. With these parameters the luminosity-
distance vs. redshift curve is almost indistinguishable from the curve of an accelerating
Universewith 
 m = 0:3; 
 � = 0:7. Sincethe precisevalue of the luminosity-distancefor a
particular supernova dependson the details of the inter-galactic magnetic �eld, we expect
more variations in the observed luminosity, and thus this model may easily incorporate
outlying data points. However, distinguishing this model from the acceleratingUniverse
paradigm will likely be easierthrough improving the boundson the couplingsof ultra-ligh t
axions, by understanding the details of the intergalactic magnetic �eld, or by a precise
independent determination of the equation of state for the dark energy component, for
examplethrough the DEEP survey [31].
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