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Fig. 19. Posterior distributions for ⌦m (assuming a flat cosmol-
ogy) for the SNe compilations described in the text. The poste-
rior distribution for ⌦m from the Planck+WP+highL fits to the
base ⇤CDM model is shown by the solid green line.

combining CMB and SNe data should therefore be treated with
caution.

5.5. Additional data

In this subsection we review a number of other astrophysical data
sets that have sometimes been combined with CMB data. These
data sets are not used with Planck in this paper, either because
they are statistically less powerful than the data reviewed in pre-
vious subsections and/or they involve complex physics (such as
the intra-cluster gas in rich clusters of galaxies) which is not yet
well understood.

5.5.1. Shape information on the galaxy/matter power
spectrum

Reid et al. (2010) present an estimate of the dark matter
halo power spectrum, Phalo(k), derived from 110,756 lumi-
nous red galaxies (LRGs) from the SDSS 7th data release
(Abazajian et al. 2009). The sample extends to redshifts z ⇡ 0.5,
and is processed to identify LRGs occupying the same dark
matter halo, reducing the impact of redshift-space distortions
and recovering an approximation to the halo density field. The
power spectrum Phalo(k) is reported in 45 bands, covering the
wavenumber range 0.02 h Mpc�1 < k < 0.2 h Mpc�1. The win-
dow functions, covariance matrix and CosmoMC likelihood mod-
ule are available on the NASA LAMBDA web site25.

The halo power spectrum is plotted in Fig. 20. The blue line
shows the predicted halo power spectrum from our best-fit base
⇤CDM parameters convolved with the Reid et al. (2010) win-
dow functions. Here we show the predicted halo power spec-
trum for the best-fit values of the “nuisance” parameters b0
(halo bias), a1, and a2 (defined in equation 15 of Reid et al.
2010) which relate the halo power spectrum to the dark mat-
ter power spectrum (computed using camb). The Planck model
gives �2

LRG = 46.9 for 42 degrees of freedom and is an ac-
ceptable, though marginally worse, fit than the best-fit model

25http://lambda.gsfc.nasa.gov/toolbox/lrgdr.

Fig. 20. Band-power estimates of the halo power spectrum,
Phalo(k), from Reid et al. (2010) together with 1� errors. (Note
that these data points are strongly correlated.) The line shows
the predicted spectrum for the best-fit Planck+WP+highL base
⇤CDM parameters.

of Reid et al. (2010), which has �2
LRG = 40.0. Interestingly, the

main di↵erences between the two models are at wavenumbers
k >⇠ 0.1 h Mpc�1, where the nonlinear corrections to the matter
power spectrum become important.

Figure 20 shows that the Planck parameters provide a good
match to the shape of the halo power spectrum. However, we do
not use these data (in this form) in conjunction with Planck. The
BAO scale derived from these and other data is used with Planck,
as summarized in Sect. 5.2. As discussed by Reid et al. (2010,
see their figure 5) there is very little additional information on
cosmology once the BAO features are filtered from the spec-
trum, and hence little to be gained by adding this information to
Planck. The corrections for nonlinear evolution, though small in
the wavenumber range 0.1–0.2 h Mpc�1, add to the complexity
of using shape information from the halo power spectrum.

5.5.2. Cosmic shear

Another key cosmological observable is the distortion of distant
galaxy images by the gravitational lensing of large-scale struc-
ture, often called cosmic shear. The shear probes the (nonlinear)
matter density projected along the line of sight with a broad ker-
nel. It is thus sensitive to the geometry of the Universe and the
growth of large-scale structure, with a strong sensitivity to the
amplitude of the matter power spectrum.

The most recent, and largest, cosmic shear data sets are
provided by the CFHTLenS survey (Heymans et al. 2012;
Erben et al. 2012), which covers26 154 deg2 in five optical
bands with accurate shear measurements and photometric
redshifts. The CFHTLenS team has released several cosmic
shear results which are relevant to this paper. Benjamin et al.
(2012) present results from a two-bin tomographic analysis,
Heymans et al. (2013) from a finely binned tomographic anal-
ysis, and Kitching et al. (2013) from a 3D analysis.

Heymans et al. (2013) estimate shear correlation func-
tions associated with six redshift bins. Assuming a flat,
⇤CDM model, from the weak lensing data alone they find
�8 (⌦m/0.27)0.46±0.02 = 0.774 ± 0.04 (68% errors) which is con-

26Approximately 61% of the survey is fit for cosmic shear science.
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Fig. 19. Posterior distributions for ⌦m (assuming a flat cosmol-
ogy) for the SNe compilations described in the text. The poste-
rior distribution for ⌦m from the Planck+WP+highL fits to the
base ⇤CDM model is shown by the solid green line.
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Planck. The corrections for nonlinear evolution, though small in
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matter density projected along the line of sight with a broad ker-
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than 5%. We also show the corresponding 99% C.L. con-
tour which is very close to the 95% contour so that an-
other regression method and/or exclusion criterion would
not change the results very much. Within a factor of a
few, the same contours also hold if one varies the domain
size s within a factor 10.

Comparing our exclusion plot with the iso-dimming
curves of Fig. 1 we conclude that the entire region ne

<
!

10!9 cm!3 is excluded for SN dimming.
A few comments are in order. Intergalactic magnetic

fields probably are a relatively recent phenomenon in the
cosmic history, arising only at redshifts of a few. As a
first approximation we have then considered the photon-
axion conversion as happening on present (z = 0) CMB
photons. Since P!"! is an increasing function of the pho-
ton energy !, our approach leads to conservative limits.
Moreover, we assumed no correlation between ne and the
intergalactic magnetic field strength. It is however phys-
ically expected that the fields are positively correlated
with the plasma density so that relatively high values of
g10BnG should be more likely when ne is larger. Our
constraints in the region of ne

>
! 10!10 cm!3 are thus

probably tighter than what naively appears.

V. QSO CONSTRAINTS

Our limits are nicely complementary to the ones ob-
tained from the e!ects of photon-axion conversion on
quasar colors and spectra [10]. In Fig. 3 we superimpose
our CMB exclusion contours with the schematic region
excluded by quasars [31]. The region to the right of the
dot-dashed line is excluded by requiring achromaticity of
SN Ia dimming [9]. The region inside the dashed lines
is excluded by the dispersion in QSO spectra. Moreover,
assuming an intrinsic dispersion of 5% in these spectra,
the excluded region could be enlarged up to the dotted
lines. Our CMB argument excludes the region above the
solid curve at 95% C.L.

A cautionary remark is in order when combining the
two constraints. As we have discussed in the previous
section, our CMB limits on photon-axion conversion are
model independent. Conversely, the limits placed by the
QSO spectra are possibly subjected to loop holes, since
they are based on a full correlation between the inter-
galactic electron density and the magnetic field strength,
which is reasonable but not well established observation-
ally.

VI. CONCLUSIONS

We have examined the conversion of CMB photons into
very low-mass axions in the presence of intergalactic mag-
netic fields. The resulting CMB spectral deformation ex-
cludes a previously allowed parameter region correspond-
ing to very low densities of the intergalactic medium. Our
new limits are complementary to the ones derived from

FIG. 3: Exclusion plot for photon-axion conversion. The re-
gion to the right of the dot-dashed line is excluded by re-
quiring achromaticity of SN Ia dimming. The region inside
the dashed lines is excluded by the dispersion in QSO spec-
tra. Assuming an intrinsic dispersion of 5% in QSO spectra,
the excluded region could be extended up to the dotted curve.
Our CMB argument excludes the entire region above the con-
tinuous curve at 95% C.L.

QSO dispersion which place serious constraints on the
axion-photon conversion mechanism. As a result, it ap-
pears that this mechanism can hardly play a leading role
for the apparent SN Ia dimming.

The axion-photon conversion hypothesis has also been
advocated to explain trans-GZK cuto! events in Ultra
High Energy Cosmic Rays (UHECRs) [29]. In principle,
UHECR photons, produced in cosmological sources far
away, could drastically reduce energy losses while prop-
agating in the intergalactic medium as axions. Some of
these particles would eventually convert back to photons
within a few GZK radii, thus justifying the observations
of extremely high energy events as well as their isotropy.
While one can not rule out the possibility that some UHE
“photon-like” events at energies E >

! 4 " 1019 eV might
be due to this mechanism, our bounds imply that it can
play only a subdominant role. Moreover, photons any-
way are disfavored as candidates for the majority of the
UHECRs.

In summary, the CMB constraints together with pre-
vious limits suggest that the fascinating mechanism of
photon-axion conversion in the intergalactic magnetic
fields does not play an important role for either the phe-
nomenon of SN Ia dimming or for UHECR propagation.
A definitive verdict would probably require a common
analysis of SN Ia dimming, QSO spectra, and the Fara-
day e!ect of distant radio sources, based on mutually con-

Mortsell, Goobar astro-ph/0303081 
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Searches

cleaning of maps should be done without 
removing a potential axion signal

systematic survey should be done of known voids



Conclusions

axions could resolve the tension between
Planck and Supernovae dimming

photon-axion mixing can affect the CMB spectrum
requires more careful cleaning of higher frequencies


