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Photon-axion oscillations and type la supernovae
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We compute the probability of photon-axion oscillations in the presence of both intergalactic magnetic fields
and an electron plasma and investigate the effect on type la supernovae observations. The conversion prob-
ability is calculated using a density matrix formalism by following light paths through simulated universes in
a Monte Carlo fashion. We find that, even though the effect is highly frequency dependent, one needs to
analyze relatively narrow spectral features of high redshift objects in order to discriminate between the dim-
ming effect from oscillations and a cosmological constant, in contrast with earlier claims that broadband
photometry is sufficient. However, it should be possible to put severe constraints on the effect by studying, e.g.,
quasar-, gamma-ray burst-, and galaxy-spectra.
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[. INTRODUCTION probability and may also cause the oscillations for optical
photons to be frequency dependent to a degree where the
Recently, Cski, Kaloper, and Terning1] (CKT) pro-  effect can be ruled out by studying the color excess between
posed that the observed faintness of high redshift supernovdkee B andV wavelength bands. Only for very definitive prop-
(SNe could be attributed to the mixing of photons with a erties of the intergalactic magnetic field could one get a large
light axion in an intergalactic magnetic field. Assuming mag-enough mixing angle and weak enough frequency depen-
netic domains with an uncorrelated field direction of a sizedence, namely, witHI§|~1O*8 G over domains of size
~ Mpc, CKT found that for optical photons the oscillation ~10 kpc and weaker magnetic field strength over larger do-
is maximal and independent of energy, i.e., in the limit of mains. (The strength and spatial properties of intergalactic
infinite travel distance one approaches an equilibrium bemagnetic fields are not well constrained by present measure-
tween the two photon polarization states and the axion. Foments; for a recent review s¢8].)
optical photons, the probability to detect a photon as a func- Csxi et al. [1,4] argue that the mean electron density in

tion of the traveled distandewas approximated as most of space realistically is lower than the estimate used by
5 1 Deffayetet al. by a factor of at least 15, which is enough to
P,==+=expg—/ly, (1) bring the energy dependence within current experimental
3 3 bounds.

. . ) In this paper, we perform a full density matrix calculation
wherel, is the exponential decay length. It was claimed thaty¢ he photon-axion oscillations and find the conversion
since this effect W_|II cause addltlongl dimming of high red- robability to be highly frequency dependent and also not
shift SNe, constraints on the equation of state parameter Qfecessarily monotonically increasing with redshift. We also
the dark energy component could be significantly relaxedcgicyjate the color excess between different wavelength
The presence of a nonclustering component of dark energy, s tor type la SNe by integrating over spectrum templates
has recently been independently inferred from a combinatio}, qified by performing the density matrix calculation over

of measurements of the cosmic microwave background anfe onnropriate frequency rangaking the redshifting of the
the distribution of galaxies on large scales. The proposeg{)ectra into account

mechanism does not remove the need for such a componen
but its equation of state need not be as close to that for a
cosmological constant as is the case without such a mixing.
For a magnetic field strength B|~10"° G, CKT found We compute the mixing probability using the formalism
that the current data can be accommodatedigy= 0.3y of density matricessee, e.g.[5]). Following the notation of
=0.7wyx=— 1/3 if the axion mass im~10 ¢ eV and the [2], we define the mixing matrix as
coupling scale iV ~4x 10" GeV.

It was pointed out by Deffayet, Harari, Uzan, and Zaldar- Ay 0 Ay cosa
riaga[2]_ that one hag. to take the effect of _the intergalactic M = 0 A Ay sina | . ()
plasma into account, i.e., the free electrons in which the pho-
tons are propagating. For a mean electron densitynof
~10 7 cm™3, they found that this will lower the oscillation

II. DENSITY MATRIX FORMALISM

Ay cosae Ay sina A

The different quantities appearing in this matrix are given by
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A=A (4) whereA=A, =A andA), is the component of the magnetic
=41, ) I S
field parallel to the average polarization vector of the photon

Bo. M, \° beam. We solve E@8) for the density matrix?2° with initial

Ay=2x10 2¢ 10° G| 0 Gev cm !, (5) conditions
e
m 2 w |71 10

Ap=—2.5% 10—28( 10*1; v |\ Tev cm ', (6) Po=lo o) @)

whereBy, is the strength of the magnetic field perpendicularwhere the diagonal elements refer to the photon and the ax-
to the direction of the photoriyl, is the inverse coupling 0N intensity, respectively. Assuming a homogeneous mag-
between the photon and the axion,is the electron density, netic field and electron density, we can solve the two-
m, is the axion mass, and is the energy of the photon. The dimensional system analytically. For thg7 component,
anglea is the angle between th@rojected magnetic field referring to the photon intensity, we get
and the(arbitrary, but fixed perpendicular polarization vec-
tor. Our standard set of parameter values is given by Ay \?
p'lezl—(—) (1—cosQt),
B,=10 %(1+2)? G, 200

M.=10" GeV, J(A—A)Z+2A2

Q= : (12)
m,=10 1 eV,

2w

n(z)=10"81+2)°% cm 3, (77  We see that we get maximal mixing X=A,, i.e., if m,
= Mpa=38VN/(10 8 cm °)1071¢ eV. For m,>my
with a 20% dispersion B, andn,, and the redshift depen- the oscillations are suppressedm§4_ For my<m,., the
dence of the magnetic field strength and the electron densityffect is insensitive to the values of the axion mass which our
comes from flux conservation and cosmological expansionaumerical simulations show is true even fog~my,,. For
respectively. The equation to solve for the evolution of thevalues close to the typical set of parameter values, we can set

density matrixp is given by Q=A/(2w) to get
i5 x [M,p] (8) Ay\? At
1op= Ll 2D M
2 =] —| — — —
w P11 (A) (1 COSZw)' (13

with initial conditions
For small mixing angles, the effect should be roughly pro-

16 o portional toB3 andM ; #, whereas the effect should be rather
2 insensitive to the exact values of the input parameters in
_ cases of close to maximal mixing. We also expect the effect
Po= 1 . ) .
0 3 0 to be stronger for low values of the electron density ap-
proaching maximal mixing fon,=0. These predictions are
0 0 O confirmed by numerical simulations. The oscillation length is

of the order~ Mpc, i.e., comparable to the size of the mag-

Here the three diagonal elements refer to two different ponetic domains used in the numerical integration. In general,
larization intensities and the axion intenSity, reSpeCtively. W%ma”er magnetic domain@orresponding to smaller cell
solve the system of nine couplecbmpley differential equa-  sjzeg yield lower oscillation probablities, in accordance with
tions numerically[6], by following individual light paths the results of Ref|1].
through a large number of cells where the strength of the
magnetic field and the electron density is determined from
predefined distributions and the direction of the magnetic . RESULTS
field is random. Through each cell the background cosmol-
ogy and the wavelength of the photon are updated, as well a5y
the matricesp and M. The cell sizes correspond to typical
distances between galaxies, i.e.3 Mpc.

In order to study the qualitative behavior of the solutions
we rewriteM as a 2<2 matrix,

In Fig. 1, we show the attenuation due to photon-axion
cillations as a function of wavelength for one specific line
of sight for our standard set of input parameter valis=e
Eq. (7)] at z=0.1 (upper pane| z=0.2 (middle pane), and
'z=0.5 (lower panel in a Q) =0.28, Q, =0.72 universe,
which is what we will use subsequently. We have performed
A A a number of simulations using a wide range of cosmological
M), (100  parameter values and found the oscillation effect to depend
only weakly on cosmology. The most dramatic effect is the
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FIG. 1. The attenuation due to photon-axion oscillations for the |G, 2. The attenuation integrated over the rest-fr@mnd of
standard set of parameter vallisse Eq(7)] as a function of wave-  type |a SNe due to photon-axion oscillations with=10"7(1
length at redshifz=0.1 (upper pang| z=0.2 (middle pane), and +2)% cm 3 (upper panél n.=5x1081+2)® cm 3 (middle
2=0.5 (lower pane). pane), andn,=10"8(1+2)% cm 2 (lower pane). All other param-

eter values are given by E/).
strong variation of attenuation with photon energy.

Since the attenuation varies very rapidly with photon en- Our results indicate that we need low electron densities in
ergy in a similar manner over a broad energy range, we exerder to get an attenuation that increases with redshift. One
pect the frequency dependence to wash out to a large exteshould keep in mind that the overall normalization can be set

when doing broadband photometry. by varying the strength of the magnetic fields and/or the
In Fig. 2, we show the source rest-frafBeéband[i.e., the  photon-axion coupling strength.
filter redshifted by a factor (% z) in wavelength magnitude Based on a sample of 36-0.5 SNe, Perlmuttest al.[7]

attenuation for type la SNe due to photon-axion oscillationaneasured the average rest-frae-V color excess to be

for three different values of the electron density, in the red-0.035+0.022 mag. We find the expected color excess with
shift interval 0<z<2, using values for the other input pa- our standard set of parameters to BB —V)=0.006 mag,
rameters from Eq(7). Each point represents the averagewith a scatter around this value of 0.004 mag.

value and the error bars the dispersion for ten different lines We can investigate the frequency dependence when doing
of sight. In the upper panel, we have used, broadband photometry by studying the extincti@h maxi-
=10"" cm 3(1+2)°% in the middle panel n.=5 mum intensity in V—J, R—J, andl —J for type la SNe as
x10°8 cm 3(1+2)3 and in the lower paneln, a function of redshift, as we show in Fig. 4. All the broad-
=108 cm 3(1+2)3. Note that the effect is not necessarily band filters and spectroscopy wavelength scales are in the
increasing with increasing redshift. This is due to the factobserver’'s frame. We can see that in all three cases the color
that we are studying theest-frame Bband magnitude. Since excess is very small and thus difficult to measure.

the amplitude of the oscillations scales roughly agn()? In general, the nature of the frequency dependence will
[see Eq(13)], we need this combination to be large at somedepend on the exact values of the input parameters and the
point in order to get close to maximal mixing. If the plasma redshift with the possibility of generating both reddening and
density is high, the photon energy will be redshifted to tooblueing. We thus conclude that it will be very difficult to use
low energies before the plasma density is diluted due to théhe color excess between different broadbands to put severe
expansion. limits on the photon-axion mixing parameters.

In Fig. 3, the rest-fram8-band magnitude attenuation for
type la SNe for three different values of the intergalactic
field strength is shown. Again, each point represents the av-
erage value and the error bars the dispersion for ten different Our numerical simulations indicate that, in order to get a
lines of sight. In the upper paneB,=10 %(1+2)? G, in  dimming effect from photon-axion oscillations similar to the
the middle paneB,=5%x10 1%(1+2)2 G, and in the lower one from a cosmological constafihcreasing at lower red-
panelBo=10 °(1+2)? G. All other parameter values are shifts, saturating at highgrone would need to have an av-
given by Eq.(7). erage intergalactic electron density of<108 cm 3(1

IV. DISCUSSION
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FIG. 3. The attenuation integrated over the rest-fréeand of FIG. 4. Color extinction€E(V—J), E(R—J), andE(1 —J) for

type la SNe due to photon-axion oscillations wl=10"'A1  yne |a SNe as a function of redshift. Note that the dimming asso-

+2)> G (upper pang| Bo=5x10""Y(1+2)?> G (middle panel  ciated with photon-axion mixing, unlike extinction by dust, can also
andB,=10"°(1+2)* G (lower panel. All other parameter values generateblueing

are given by Eq(7).
the best probes for the photon-axion mixing parameter space.

3 ] o ] Note that the source size sets a lower limit to the size of the
+2)”. Assuming this, it should be possible to vary the averyctuations that can be probed since the fluctuations will
age magnetic field strength or the photon-axion couplingaverage out if photons from different parts of the source
strength in order to fit the current broadband photometrytravel through different magnetic field strengths and electron
data. Note that in the case of close to maximal mixing, redensities.
sults are generally not very sensitive to the exact values of Supernova spectra, available with good signal-to-noise ra-
the input parameters, yielding results similar to the uppetios up to at leasz~0.5, are useful probes for the large
panel in Fig. 2. mixing parameters that would yield a sufficient dimming of

Since photon-axion oscillations can cause either reddertype la SNe as to explain the Hubble diagram§78] with-

ing or blueing(or no color excess at alfor close to maximal —out invoking dark energy.
mixing and the integrated broadband magnitudes wash out
the dispersion in attenuation, we expect spectroscopic studies ACKNOWLEDGMENTS
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