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Fig. 11. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

lensing potential ⇥(n̂), as well as estimates of its power spectrum
C⇥⇥L . Although noisy, the Planck lensing potential map represents
a projected measurement of all dark matter back to the last scat-
tering surface, with considerable statistical power. In Fig. 7.2 we
plot the Planck lensing map, and in Fig. 7.2 we show an esti-
mate of its signal power spectrum. I have no idea why the fig-
ure numbers come out to be 5.3 no matter what I do... - latex
expert needed

As a tracer of the large scale gravitational potential, the
Planck lensing map is significantly correlated with other tracers
of large scale structure. We show several representative exam-
ples of such correlations in Planck Collaboration XVII (2013),
including the NVSS quasar catalog (Condon et al. 1998), the
MaxBCG cluster catalog (Koester et al. 2007), luminous red
galaxies from SDSS Ross et al. (2011), and a survey of in-
frared sources from the WISE satellite (Wright et al. 2010). The
strength of the correlation between the Planck lensing map and
such tracers provides a fairly direct measure of how they trace
dark matter; from our measurement of the lensing potential, the
Planck maps provide a mass survey of the intermediate redshift
Universe, in addition to a survey of the primary CMB tempera-
ture and polarization anisotropies.

7.3. Likelihood code

7.3.1. CMB likelihood

We follow a hybrid approach to construct the likelihood for the
Planck temperature data, using an exact likelihood approach at
large scales, ⌥ < 50, and a pseudo-C⌥ power spectrum at smaller
scales, 50 < ⌥ < 2500. This follows similar analyses in, e.g.,
Spergel et al. (2007). The likelihood is described more fully in

Galactic North

⇥WF(n̂)

Galactic South

Fig. 14. Wiener-filtered lensing potential estimate reconstruction, in
Galactic coordinates using orthographic projection. The reconstruction
was bandpass filtered to L � [10, 2048]. Note that the lensing recon-
struction, while highly statistically significant, is still noise dominated
for every individual mode, and is at best S/N � 0.7 around L = 30.

(Planck Collaboration XV 2013); here we summarize its main
features.

On large scales, the distribution for the angular power spec-
trum cannot be assumed to be a multivariate Gaussian, and the
Galactic contamination is most significant. We use the multi-
frequency temperature maps from LFI and HFI, in the range
30 < � < 353 GHz, to separate Galactic foregrounds. This pro-
cedure uses a Gibbs sampling method to estimate the CMB map
and the probability distribution of its power spectrum, p(C⌥ |d),
for bandpowers at ⌥ < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-⌥’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (⌥ < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
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(Planck Collaboration XV 2013); here we summarize its main
features.

On large scales, the distribution for the angular power spec-
trum cannot be assumed to be a multivariate Gaussian, and the
Galactic contamination is most significant. We use the multi-
frequency temperature maps from LFI and HFI, in the range
30 < � < 353 GHz, to separate Galactic foregrounds. This pro-
cedure uses a Gibbs sampling method to estimate the CMB map
and the probability distribution of its power spectrum, p(C⌥ |d),
for bandpowers at ⌥ < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-⌥’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (⌥ < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
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Planck lensing map is significantly correlated with other tracers
of large scale structure. We show several representative exam-
ples of such correlations in Planck Collaboration XVII (2013),
including the NVSS quasar catalog (Condon et al. 1998), the
MaxBCG cluster catalog (Koester et al. 2007), luminous red
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(Planck Collaboration XV 2013); here we summarize its main
features.

On large scales, the distribution for the angular power spec-
trum cannot be assumed to be a multivariate Gaussian, and the
Galactic contamination is most significant. We use the multi-
frequency temperature maps from LFI and HFI, in the range
30 < � < 353 GHz, to separate Galactic foregrounds. This pro-
cedure uses a Gibbs sampling method to estimate the CMB map
and the probability distribution of its power spectrum, p(C⌥ |d),
for bandpowers at ⌥ < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-⌥’ temperature likelihood with the pixel-
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be corrected for the dust contamination, for which we use the
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maps). To match the power spectrum of these simulations to the
power spectrum of the data maps, we find it is necessary to add
extragalactic foreground power following the model in Sect. 4,
with Acib = 18 µK2 and Asrc = 28 µK2. The resulting simula-
tions have a power spectrum which agrees with that of the CMB
map estimate based on the data to better than 2% at l < 2048.
This could be improved slightly by tailoring a specific correc-
tion for each map. We also add homogeneous pixel noise with a
level of 12 µK arcmin. If we neglected this power, the agreement
would be only at the 8% level, primarily due to the noise term
(the Acib and Asrc contributions are each at the level of 1 � 2%).
Due to the procedure which we use to subtract the disconnected
noise bias (Eq. 17) from our lensing power spectrum estimates,
the inclusion of these components does not significantly a�ect
our results, but comparison with the values used for our single-
frequency simulations in Sect. 4 are a useful indicator of the ex-
tent to which the foreground separation algorithms are able to
remove extragalactic foreground power in the high- regime.

As already discussed, our results on the component-
separated CMB maps are presented in Fig. 18. Because the
CMB and FFP6 noise components of the foreground-cleaned
map simulations are the same as those used to characterize
our fiducial lens reconstruction, we can measure the expected
scatter between the foreground separated maps and our fidu-
cial reconstruction. This scatter will be slightly overestimated
because we have not attempted to coherently model the con-
tribution to the reconstruction noise from residual di�use ex-
tragalactic foreground power. For the eight bins in 40 ⌅ L ⌅
400 on which our fiducial likelihood is based, we measure a
⇤2 for the di�erence between our fiducial reconstruction and
the corresponding foreground-cleaned reconstruction of ⇤2 =
(3.14, 4.3, 2.5, 14.7) for nilc, smica, sevem, and ruler respec-
tively. These ⇤2 values associated have probability-to-exceed
(PTE) values of (79%, 64%, 86%, 2%) respectively. At the level
which we are able to test, the nilc, smica, and sevem foreground-
cleaned maps give results which are quantitatively consistent
with our fiducial reconstruction. There is more scatter between
our fiducial reconstruction and the ruler map than expected
from simulations, as evidenced by a very high ⇤2 for the dif-
ference, however as can be seen in Fig. 18, there are not any
clear systematic di�erences. Indeed, the discrepancy for the bins
plotted in Fig. 18 (which di�er somewhat from the linear bins
used in our likelihood) is much less significant than for the bins
of our fiducial likelihood.

When using the component separated maps above, we have
used the same fsky = 0.7 Galactic mask as for our MV result, al-
though the confidence regions associated with each foreground
cleaned map allow more sky, ranging up to fsky = 0.94 for the
nilc method. We have used the metis pipeline (described later
in Sect. 7.5) to test whether this improved sky coverage could
benefit our lens reconstruction. The same method has been used
in (Planck Collaboration XII 2013) to evaluate possible biases
to lens reconstruction induced by these methods using the FFP6
simulated CMB realization, described in Planck Collaboration I
(2013), indicating that the di�erent component separation algo-
rithms do not alter significantly the lensing signal (at the level
which can be tested on a single simulation). Analyzing the nilc
map, which has the largest confidence region, we find that we
can increase the usable sky surface up to fsky = 0.87 without
encountering significant Galactic contamination. In Fig. 19 we
show the striking improvement in sky coverage on the nilc map.
smica and sevem are very similar; we have not considered ruler
because of its larger noise level.

Power spectrum estimates at this mask level show consis-
tency with the MV reconstruction within two standard devia-
tions of the measurement uncertainty. The increased sky cover-
age does not bring significant improvements in the error-bars of
the power spectrum, however. Using Eq. 20 as an estimate of the
power spectrum variance, the larger sky coverage yields only a
3.5% improvement at L < 40 over the MV result, decreasing
down to 0 at L = 400. This could be due to the di�erent weight-
ing used in the component separation compared to the one of
the MV map, which results in slightly noisier maps for our pur-
pose. While the component separated maps allow for a reduced
mask maintaining a robust lensing potential estimation, they lead
to a marginal improvement of the power spectrum uncertainties.
Nevertheless, their agreement with the MV result is reassuring.

MV, fsky = 0.70

nilc, fsky = 0.87

Fig. 19. Wiener-filtered potential maps in Galactic coordinates,
as in Fig. 8, plotted here in Mollweide projection. Top is the MV
reconstruction, bottom is an extended reconstruction on the nilc
component-separated map.

7.2. Point Source Correction

As can be seen in Table 1, the unresolved point source shot
noise correction in any individual band for our MV likelihood
is on the order of a few percent, reaching up to 6% for the
highest multipole bands. Averaged over the 40 ⌅ L ⌅ 400
band, the shot noise correction amounts to a 2% shift in the am-
plitude of Ĉ⇥⇥

L , which is small but non-negligible compared to
our statistical uncertainty of 4%. Physically, the amplitude of
our source corrections are reasonable; at 143 GHz we measure
Ŝ 4

143 = (1.3 ± 0.6) ⇥ 10�12 µK4. From the radio point source
model of De Zotti et al. (2010), this corresponds to an e�ec-
tive flux cut of approximately 150mJy at this frequency, roughly
comparable to that expected for the S/N > 5 cut we make when
masking sources in our fiducial analysis (Planck Collaboration
XXVIII 2013). The shot noise measured at 217 GHz is lower, as
expected given the smaller contribution from radio sources, with
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C⇥⇥L . Although noisy, the Planck lensing potential map represents
a projected measurement of all dark matter back to the last scat-
tering surface, with considerable statistical power. In Fig. 7.2 we
plot the Planck lensing map, and in Fig. 7.2 we show an esti-
mate of its signal power spectrum. I have no idea why the fig-
ure numbers come out to be 5.3 no matter what I do... - latex
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As a tracer of the large scale gravitational potential, the
Planck lensing map is significantly correlated with other tracers
of large scale structure. We show several representative exam-
ples of such correlations in Planck Collaboration XVII (2013),
including the NVSS quasar catalog (Condon et al. 1998), the
MaxBCG cluster catalog (Koester et al. 2007), luminous red
galaxies from SDSS Ross et al. (2011), and a survey of in-
frared sources from the WISE satellite (Wright et al. 2010). The
strength of the correlation between the Planck lensing map and
such tracers provides a fairly direct measure of how they trace
dark matter; from our measurement of the lensing potential, the
Planck maps provide a mass survey of the intermediate redshift
Universe, in addition to a survey of the primary CMB tempera-
ture and polarization anisotropies.

7.3. Likelihood code

7.3.1. CMB likelihood

We follow a hybrid approach to construct the likelihood for the
Planck temperature data, using an exact likelihood approach at
large scales, ⌥ < 50, and a pseudo-C⌥ power spectrum at smaller
scales, 50 < ⌥ < 2500. This follows similar analyses in, e.g.,
Spergel et al. (2007). The likelihood is described more fully in

Galactic North

⇥WF(n̂)
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Fig. 14. Wiener-filtered lensing potential estimate reconstruction, in
Galactic coordinates using orthographic projection. The reconstruction
was bandpass filtered to L � [10, 2048]. Note that the lensing recon-
struction, while highly statistically significant, is still noise dominated
for every individual mode, and is at best S/N � 0.7 around L = 30.

(Planck Collaboration XV 2013); here we summarize its main
features.

On large scales, the distribution for the angular power spec-
trum cannot be assumed to be a multivariate Gaussian, and the
Galactic contamination is most significant. We use the multi-
frequency temperature maps from LFI and HFI, in the range
30 < � < 353 GHz, to separate Galactic foregrounds. This pro-
cedure uses a Gibbs sampling method to estimate the CMB map
and the probability distribution of its power spectrum, p(C⌥ |d),
for bandpowers at ⌥ < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-⌥’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (⌥ < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
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maps). To match the power spectrum of these simulations to the
power spectrum of the data maps, we find it is necessary to add
extragalactic foreground power following the model in Sect. 4,
with Acib = 18 µK2 and Asrc = 28 µK2. The resulting simula-
tions have a power spectrum which agrees with that of the CMB
map estimate based on the data to better than 2% at l < 2048.
This could be improved slightly by tailoring a specific correc-
tion for each map. We also add homogeneous pixel noise with a
level of 12 µK arcmin. If we neglected this power, the agreement
would be only at the 8% level, primarily due to the noise term
(the Acib and Asrc contributions are each at the level of 1 � 2%).
Due to the procedure which we use to subtract the disconnected
noise bias (Eq. 17) from our lensing power spectrum estimates,
the inclusion of these components does not significantly a�ect
our results, but comparison with the values used for our single-
frequency simulations in Sect. 4 are a useful indicator of the ex-
tent to which the foreground separation algorithms are able to
remove extragalactic foreground power in the high- regime.

As already discussed, our results on the component-
separated CMB maps are presented in Fig. 18. Because the
CMB and FFP6 noise components of the foreground-cleaned
map simulations are the same as those used to characterize
our fiducial lens reconstruction, we can measure the expected
scatter between the foreground separated maps and our fidu-
cial reconstruction. This scatter will be slightly overestimated
because we have not attempted to coherently model the con-
tribution to the reconstruction noise from residual di�use ex-
tragalactic foreground power. For the eight bins in 40 ⌅ L ⌅
400 on which our fiducial likelihood is based, we measure a
⇤2 for the di�erence between our fiducial reconstruction and
the corresponding foreground-cleaned reconstruction of ⇤2 =
(3.14, 4.3, 2.5, 14.7) for nilc, smica, sevem, and ruler respec-
tively. These ⇤2 values associated have probability-to-exceed
(PTE) values of (79%, 64%, 86%, 2%) respectively. At the level
which we are able to test, the nilc, smica, and sevem foreground-
cleaned maps give results which are quantitatively consistent
with our fiducial reconstruction. There is more scatter between
our fiducial reconstruction and the ruler map than expected
from simulations, as evidenced by a very high ⇤2 for the dif-
ference, however as can be seen in Fig. 18, there are not any
clear systematic di�erences. Indeed, the discrepancy for the bins
plotted in Fig. 18 (which di�er somewhat from the linear bins
used in our likelihood) is much less significant than for the bins
of our fiducial likelihood.

When using the component separated maps above, we have
used the same fsky = 0.7 Galactic mask as for our MV result, al-
though the confidence regions associated with each foreground
cleaned map allow more sky, ranging up to fsky = 0.94 for the
nilc method. We have used the metis pipeline (described later
in Sect. 7.5) to test whether this improved sky coverage could
benefit our lens reconstruction. The same method has been used
in (Planck Collaboration XII 2013) to evaluate possible biases
to lens reconstruction induced by these methods using the FFP6
simulated CMB realization, described in Planck Collaboration I
(2013), indicating that the di�erent component separation algo-
rithms do not alter significantly the lensing signal (at the level
which can be tested on a single simulation). Analyzing the nilc
map, which has the largest confidence region, we find that we
can increase the usable sky surface up to fsky = 0.87 without
encountering significant Galactic contamination. In Fig. 19 we
show the striking improvement in sky coverage on the nilc map.
smica and sevem are very similar; we have not considered ruler
because of its larger noise level.

Power spectrum estimates at this mask level show consis-
tency with the MV reconstruction within two standard devia-
tions of the measurement uncertainty. The increased sky cover-
age does not bring significant improvements in the error-bars of
the power spectrum, however. Using Eq. 20 as an estimate of the
power spectrum variance, the larger sky coverage yields only a
3.5% improvement at L < 40 over the MV result, decreasing
down to 0 at L = 400. This could be due to the di�erent weight-
ing used in the component separation compared to the one of
the MV map, which results in slightly noisier maps for our pur-
pose. While the component separated maps allow for a reduced
mask maintaining a robust lensing potential estimation, they lead
to a marginal improvement of the power spectrum uncertainties.
Nevertheless, their agreement with the MV result is reassuring.

MV, fsky = 0.70

nilc, fsky = 0.87

Fig. 19. Wiener-filtered potential maps in Galactic coordinates,
as in Fig. 8, plotted here in Mollweide projection. Top is the MV
reconstruction, bottom is an extended reconstruction on the nilc
component-separated map.

7.2. Point Source Correction

As can be seen in Table 1, the unresolved point source shot
noise correction in any individual band for our MV likelihood
is on the order of a few percent, reaching up to 6% for the
highest multipole bands. Averaged over the 40 ⌅ L ⌅ 400
band, the shot noise correction amounts to a 2% shift in the am-
plitude of Ĉ⇥⇥

L , which is small but non-negligible compared to
our statistical uncertainty of 4%. Physically, the amplitude of
our source corrections are reasonable; at 143 GHz we measure
Ŝ 4

143 = (1.3 ± 0.6) ⇥ 10�12 µK4. From the radio point source
model of De Zotti et al. (2010), this corresponds to an e�ec-
tive flux cut of approximately 150mJy at this frequency, roughly
comparable to that expected for the S/N > 5 cut we make when
masking sources in our fiducial analysis (Planck Collaboration
XXVIII 2013). The shot noise measured at 217 GHz is lower, as
expected given the smaller contribution from radio sources, with
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Waiting for November 2014 release! 
•  More temperature data 
•  E-mode and B-mode polarisation data 
•  Better lensing data 
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•  Energy scale and dynamics of inflation: 
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•  Energy scale and dynamics of inflation: 
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Inflationary model status in 2013 

•  Also OK: Hill-top with p=2 or p≥4; also disfavored: inverse power-law  
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, minimal Higgs inflation 

V* < (1.94 x 1016 GeV)4  (95%CL) 



March 2014: BICEP2 
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DETECTION OF B-MODES BY BICEP2 9
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple �2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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FIG. 3.— Left: BICEP2 apodized E-mode and B-mode maps filtered to 50 < ` < 120. Right: The equivalent maps for the first of the lensed-⇤CDM+noise
simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and orientation of
linear polarization. Note that excess B-mode is detected over lensing+noise with high signal-to-noise ratio in the map (s/n > 2 per map mode at `⇡ 70). (Also
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BICEP2 B-modes interpreted as gravity waves 

•  Also OK: Hill-top with p=2 or p≥4; also disfavored: inverse power-law  
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, minimal Higgs inflation 

V* < (1.94 x 1016 GeV)4  (95%CL) 



BICEP2 B-modes interpreted as dust + GW 

•  Also OK: Hill-top with p=2 or p≥4; also disfavored: inverse power-law  
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, minimal Higgs inflation 

V* < (1.94 x 1016 GeV)4  (95%CL) 

Planck+BICEP2,  
assuming free dust level 



When will we know ? 
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•  August/September 2015: Planck paper on level of polarised dust in BICEP2 region 

•  September/October 2015: joint Planck+BICEP2 paper on Cl
BB after dust removal 

•  November 2015: new Planck papers, using full Planck data + BICEP2 and other CMB data, 

with new r constraints from T, E, B 

•  Situation could be conclusive (e.g. r = 0.?? ± 0.04 at 1σ),  

      or just improved bound (e.g. r < 0.04 at 1σ) 

•  Few years: other ground based experiments, à σ(r) ~ 0.01 

•  15 years: Lite Bird, Core…. σ(r) ~ 10-3 à 10-4 



If GW interpretation confirmed… 
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•  Energy scale of inflation T~1016GeV !!!  

•  Challenges for QFT (super-Planckian excursion), string theory, etc. 

•  Most probably, highest temperature in universe after reheating was T~1013-15GeV !!! (no 

more “low-scale reheating”, most particles thermalized) 

•  topological defects, phase transitions, magnetic fields…  

•  example of PQ axion: different (model-dependent) smoking guns: 

•  Axion quantum fluctuations during inflation:  
              Isocurvature modes? 

•  Axionic dark matter from misalignement angle, 
              or contribution from axionic string decays? 



If we don’t believe BICEP2: 

 

•  PQ symmetry may break down before inflation  

•  axion-induced isocurvature perturbations may survive if PQ not restored during 
inflation or reheating 

•  Axion density from misalignement angle ONLY 

•  Relation between Ωah2 and fa (unless anthropic suppression of θa) 

•  Then Planck non-detection of isocurvature modes gives: 
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2

matter component of the universe, as neutrinos, and the
cosmological limits on their properties have been recently
updated and presented in Refs. [14, 15].

Here we focus on axion-like particles produced non-
thermally, as they were postulated as natural candidates
for the cold dark matter component [16–20]. The history
of axions start at the PQ scale f

a

. For temperatures
between this scale and the QCD phase transition ⇤

QCD

,
the axion is, for practical purposes, a massless particle.
When the universe’s temperature approaches ⇤

QCD

, the
axion acquires a mass via instanton e↵ects. The e↵ective
potential V for the axion field a(x) is generated through
non-pertubative QCD e↵ects [21] and, setting the color
anomaly N = 1, it may be written as

V (a) = f2

a

m2

a

(T )


1� cos

✓
a

f
a

◆�
, (1)

where the axion mass is a function of temperature. In-
troducing the misalignment angle ✓ ⌘ a/f

a

, the field
evolves according to the Klein-Gordon equation on a flat
Friedmann-Robertson-Walker background:

✓̈ + 3H ✓̇ +m2

a

(T )✓ = 0 , (2)

where the axion temperature-dependent mass is [21]

m
a

(T ) =

(
Cm

a

(T = 0)(⇤
QCD

/T )4 T & ⇤
QCD

m
a

(T = 0) T . ⇤
QCD

(3)

where C ' 0.018 is a model dependent factor, see
Refs [21, 22], ⇤

QCD

' 200MeV and the zero-temperature
mass m

a

(T = 0) is related to the PQ scale:

m
a

' 6.2µeV

✓
f
a

1012 GeV

◆�1

. (4)

The axion is e↵ectively massless at T � ⇤
QCD

, as it can
be seen from Eq. (3).

The PQ symmetry breaking can occur before or after
inflation. If there was an inflationary period in the uni-
verse after or during the PQ phase transition, there will

exist, together with the standard adiabatic perturbations
generated by the inflaton field, axion isocurvature pertur-
bations, associated to quantum fluctuations in the axion
field. In this scenario, i.e. when the condition

f
a

>

✓
HI

2⇡

◆
, (5)

is satisfied, the initial misalignment angle ✓i should be
identical in the whole observable universe, with a vari-
ance given by

h�2

✓i =
✓

HI

2⇡f
a

◆
2

, (6)

and corresponding to quantum fluctuations in the mass-
less axion field

h�2ai =
✓
HI

2⇡

◆
2

, (7)

where HI is the value of the Hubble parameter during
inflation. These quantum fluctuations generate an axion
isocurvature power spectrum

�a(k) = k3|�2a|/2⇡2 =
H2

I

⇡2

✓2i f
2

a

. (8)

The Planck data, combined with the 9-year polarization
data from WMAP [23] constrain the primordial isocur-
vature fraction (defined as the ratio of the isocurvature
perturbation spectrum to the sum of the adiabatic and
isocurvature spectra) to be [24]

�
iso

< 0.039 , (9)

at 95% CL and at a scale k = 0.05 Mpc�1. This limit
can be used to exclude regions in the parameter space of
the PQ scale and the scale of inflation HI , since they are
related via

HI = 0.96⇥ 107 GeV

✓
�
iso

0.04

◆
1/2 ✓ ⌦

a

0.120

◆
1/2 ✓

f
a

1011 GeV

◆
0.408

, (10)

where ⌦
a

is the axion mass-energy density. In this sce-
nario, in which the PQ symmetry is not restored after
inflation, and therefore the condition f

a

>
�
HI
2⇡

�
holds,

and assuming that the dark matter is made of axions pro-
duced by the misalignment mechanism [39], Planck data
has set a 95% CL upper bound on the energy scale of

inflation [24]

HI  0.87⇥ 107 GeV

✓
f
a

1011 GeV

◆
0.408

. (11)

Very recently the BICEP2 collaboration has reported
6� evidence for the detection of primordial gravitational
waves, with a tensor to scalar ratio r = 0.2+0.07

�0.05, pointing



If we believe BICEP2: 

 

•  Hinflation ~ 1014 GeV,     Hreahting ~ 1012-14 GeV 

•  PQ symmetry breaks down after inflation  

•  No axion-induced isocurvature perturbations 

•  Axion density from misalignement angle θa + axionic string decay  

•  Relation between Ωah2 and fa (order-of-magnitude relation, θa being unknown, but 
no possible anthropic suppression) 

•  Assuming all CDM is axions and typical θa:  

                         ma ~ 80 µeV                 (fa ~ 7.5 x 1010 GeV)                 see arXiv:1405.1860 
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Neutrinos and other light/massless relic particles 
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Cosmology could probe light relics if their density is sufficient: 
 

1)  to contribute to a fraction of radiation during radiation domination: Neff  
        [e.g. ultra relativistic relics with T ~ Tγ and m << 0.01eV] 
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Cosmology could probe light relics if their density is sufficient: 
 

1)  to contribute to a fraction of radiation during radiation domination: Neff  
        [e.g. ultra relativistic relics with T ~ Tγ and m << 0.01eV] 
 
 
Several effects on CMB 
•  impact on expansion 
•  γ gravitational interactions 

17.07.2014 Planck & Particle Physics – J. Lesgourgues 
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Cosmology could probe light relics if their density is sufficient: 
 

1)  to contribute to a fraction of radiation during radiation domination: Neff  
        [e.g. ultra relativistic relics with T ~ Tγ and m << 0.01eV] 
 
 
Planck compatible with 3 
 
Neff > 3 = way to release tension with H0 
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Planck Collaboration: Cosmological parameters

which favour higher values. Increasing the neutrino mass will
only make this tension worse and drive us to artificially tight
constraints on

⇧
m⇥. If we relax spatial flatness, the CMB ge-

ometric degeneracy becomes three-dimensional in models with
massive neutrinos and the constraints on

⇧
m⇥ weaken consider-

ably to

⌃
m⇥ <

�⌅⌅⇤
⌅⌅⇥

0.98 eV (95%; Planck+WP+highL)
0.32 eV (95%; Planck+WP+highL+BAO).

(73)

6.3.2. Constraints on Ne⇤

As discussed in Sect. 2, the density of radiation in the Universe
(besides photons) is usually parameterized by the e⇤ective neu-
trino number Ne⇤ . This parameter specifies the energy density
when the species are relativistic in terms of the neutrino tem-
perature assuming exactly three flavours and instantaneous de-
coupling. In the Standard Model, Ne⇤ = 3.046, due to non-
instantaneous decoupling corrections (Mangano et al. 2005).

However, there has been some mild preference for
Ne⇤ > 3.046 from recent CMB anisotropy measurements
(Komatsu et al. 2011; Dunkley et al. 2011; Keisler et al. 2011;
Archidiacono et al. 2011; Hinshaw et al. 2012; Hou et al. 2012).
This is potentially interesting, since an excess could be caused
by a neutrino/anti-neutrino asymmetry, sterile neutrinos, and/or
any other light relics in the Universe. In this subsection we dis-
cuss the constraints on Ne⇤ from Planck in scenarios where the
extra relativistic degrees of freedom are e⇤ectively massless.

The physics of how Ne⇤ is constrained by CMB anisotropies
is explained in Bashinsky & Seljak (2004), Hou et al. (2011)
and Lesgourgues et al. (2013). The main e⇤ect is that increasing
the radiation density at fixed �⇥ (to preserve the angular scales of
the acoustic peaks) and fixed zeq (to preserve the early-ISW ef-
fect and so first-peak height) increases the expansion rate before
recombination and reduces the age of the Universe at recombi-
nation. Since the di⇤usion length scales approximately as the
square root of the age, while the sound horizon varies propor-
tionately with the age, the angular scale of the photon di⇤usion
length, �D, increases, thereby reducing power in the damping tail
at a given multipole. Combining Planck, WMAP polarization and
the high-⌦ experiments gives

Ne⇤ = 3.36+0.68
�0.64 (95%; Planck+WP+highL). (74)

The marginalized posterior distribution is given in Fig. 27 (black
curve).

Increasing Ne⇤ at fixed �⇥ and zeq necessarily raises the ex-
pansion rate at low redshifts too. Combining CMB with distance
measurements can therefore improve constraints (see Fig. 27) al-
though for the BAO observable rdrag/DV(z) the reduction in both
rdrag and DV(z) with increasing Ne⇤ partly cancel. With the BAO
data of Sect. 5.2, the Ne⇤ constraint is tightened to

Ne⇤ = 3.30+0.54
�0.51 (95%; Planck+WP+highL+BAO). (75)

Our constraints from CMB alone and CMB+BAO are compati-
ble with the standard value Ne⇤ = 3.046 at the 1⇤ level, giving
no evidence for extra relativistic degrees of freedom.

Since Ne⇤ is positively correlated with H0, the tension be-
tween the Planck data and direct measurements of H0 in the base
⇥CDM model (Sect. 5.3) can be reduced at the expense of high
Ne⇤ . The marginalized constraint is

Ne⇤ = 3.62+0.50
�0.48 (95%; Planck+WP+highL+H0). (76)
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Fig. 27. Marginalized posterior distribution of Ne⇤ for
Planck+WP+highL (black) and additionally BAO (blue),
the H0 measurement (red), and both BAO and H0 (green).

For this data combination, the ⌅2 for the best-fitting model al-
lowing Ne⇤ to vary is lower by 5.0 than for the base Ne⇤ = 3.046
model. The H0 fit is much better, with �⌅2 = �4.0, but there
is no strong preference either way from the CMB. The low-⌦
temperature power spectrum does mildly favour the high Ne⇤
model (�⌅2 = �1.6) since Ne⇤ is positively correlated with ns
(see Fig. 24) and increasing ns reduces power on large scales.
The rest of the Planck power spectrum is agnostic (�⌅2 = �0.5),
while the high-⌦ experiments mildly disfavour high Ne⇤ in our
fits (�⌅2 = 1.3). Further including the BAO data pulls the cen-
tral value downwards by around 0.5⇤ (see Fig. 27):

Ne⇤ = 3.52+0.48
�0.45 (95%; Planck+WP+highL+H0+BAO). (77)

The ⌅2 at the best-fit for this data combination (Ne⇤ = 3.37)
is lower by 3.6 than the best-fitting Ne⇤ = 3.046 model. While
the high Ne⇤ best-fit is preferred by Planck+WP (�⌅2 = �3.3)
and the H0 data (�⌅2 = �2.8 giving an acceptable ⌅2 = 2.4
for this data point), it is disfavoured by the high-⌦ CMB data
(�⌅2 = 2.0) and slightly by BAO (�⌅2 = 0.4). We conclude
that the tension between direct H0 measurements and the CMB
and BAO data in the base ⇥CDM can be relieved at the cost of
additional neutrino-like physics, but there is no strong preference
for this extension from the CMB damping tail.

Throughout this subsection, we have assumed that all the
relativistic components parameterized by Ne⇤ consist of ordi-
nary free-streaming relativistic particles. Extra radiation com-
ponents with a di⇤erent sound speed or viscosity parame-
ter (Hu 1998) can provide a good fit to pre-Planck CMB
data (Archidiacono et al. 2013), but are not investigated in this
paper.

6.3.3. Simultaneous constraints on Ne⇤ and either
⇧

m⇥ or
me⇤
⇥, sterile

It is interesting to investigate simultaneous contraints on Ne⇤ and⇧
m⇥, since extra relics could coexist with neutrinos of size-

able mass, or could themselves have a mass in the eV range.
Joint constraints on Ne⇤ and

⇧
m⇥ have been explored sev-

eral times in the literature. These two parameters are known

43



Cosmology could probe light relics if their density is sufficient: 
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2)  To contribute to radiation during RD and matter during MD (hot dark matter fraction) 
[e.g. sterile neutrinos with ~ 1 eV and (nearly) thermalised]	
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Cosmology could probe light relics if their density is sufficient: 
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Non-relativistic 

•  Hot Dark Matter effects (in CMB and in Large Scale Structure),  
      HDM density à neutrino-equivalent mass Meff 

•  Enhancement of Neff >1 if this mass comes not only from neutrinos 

2)  To contribute to radiation during RD and matter during MD (hot dark matter fraction) 
[e.g. sterile neutrinos with ~ 1 eV and (nearly) thermalised]	





Cosmology could probe light relics if their density is sufficient: 
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matter 
Λ	



log(density) 

log(scale factor) 

Non-relativistic 

•  Impact on Neff >1  
•  Hot Dark Matter effects (in CMB and in Large Scale Structure),  
      HDM density à neutrino-equivalent mass Meff 
 

2)  To contribute to radiation during RD and matter during MD (hot dark matter fraction) 
[e.g. sterile neutrinos with ~ 1 eV and (nearly) thermalised]	



Meff < 0.23 eV or Meff ~ 0.3-0.5 eV ? 



Dominant Dark Matter component 
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CMB = best probe of Dark Matter 

       Evidence for missing mass of non-relativistic species (like rotation curves!) 

        CMB measures accurately:  

•  baryon density (first peaks asymmetry),                                       

•  total matter density (radiation-matter equality, first peaks height) 

•  ωb~0.022,      ωm~0.142,      need    ωdm~ 0.1199 ± 0.0027 (68%CL) :   44σ detection! 

Planck XVI 2013 

•  Supported by Large Scale Structure (matter spectrum shape) and astrophysics 
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CMB/LSS and nature of (dominant) Dark Matter 

 
•  For CMB and LSS: Dark Matter required to be  

•  not interacting as much as ordinary electromagnetic interactions 
•  not hot (small velocities) 
 

•  but totally unknown nature: 
•  WIMPS, non-weakly interacting;       
•  annihilating, decaying, stable;  
•  cold or warm;      
•  collisionless, self-interacting;      
•  oscillating scalar fields;  
•  … 

? 



Possible properties of DM 
    Warm,     Self-interacting             Annihilation,   Decay                Elastic Scattering 
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DM               DM   DM                         DM  DM          DM                             DM      ? 

DM               DM   DM                          ?      ?          ?      ?                           DM      ? 

CMB 
LSS 

 

CMB 
LSS 

Cosmic Rays 

CMB 
LSS 

Direct DM detection 

    Warm,     Self-interacting             Annihilation,   Decay                Elastic Scattering 

Possible properties of DM 
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DM               DM   DM                         DM  DM          DM                             DM      ? 

DM               DM   DM                          ?      ?          ?      ?                           DM      ? 

CMB 
LSS 

 

CMB 
LSS 

Cosmic Rays 

CMB 
LSS 

Direct DM detection 

    Warm,     Self-interacting             Annihilation,   Decay                Elastic Scattering 

Case 1: warm or self-interacting 
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Case 1: warm or self-interacting 
CUT-OFF in matter power spectrum (not in CMB spectrum on same scales) 

 
•  For decoupled DM, CMB does not probe clustering properties of DM 

with two WDM masses m
1

= 500 eV and m
2

= 1000 eV. In figure 8, the solid lines show
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Figure 8. Power spectra of two pure WDM models, with a Dodelson-Widrow mass m
1

= 500 eV
(red) or m

2

= 1000 eV (green), compare to those of a CDM model with the same cosmological
parameters. In both plots, solid lines refer to matter power spectra P (k), dashed lines to unlensed
CMB spectra and dotted lines to lensed CMB spectra. However the dashed and dotted lines account
for temperature on the left panel, and for polarisation on the right panel.

the ratio of the respective matter power spectra P (k). We see the free-streaming cut-o↵,
which appears at a twice larger wavenumber k

cut

for the mass m
2

. Note that this cut-o↵
is imprinted at a very high redshift z

nr

(when WDM becomes non-relativistic), and keeps a
fixed shape in comoving wavenumber space for z < z

nr

. Hence the figure shows the ratio of
the power spectra calculated at any redshift z < z

nr

, including the redshift of recombination,
or z = 0.

Instead of plotting the matter power spectrum as a function of k, we show it as a
function of the dimensionless number k(⌧

0

�⌧
rec

): this corresponds to the multipole to which
this comoving wavenumber contributes maximally at the time recombination. In the models
of figure 8, the quantity (⌧

0

� ⌧
rec

) is equal to 9530h�1Mpc. With such a rescaling, we can
compare directly features in the matter power spectrum and in the primary CMB anisotropy
spectra.

If the gravitational coupling between DM and photons played a role, we would expect
the CMB temperature and polarisation spectra to be suppressed at the same scale l

cut

=
k
cut

(⌧
0

�⌧
rec

) as the matter power spectrum. Indeed, on the scale where the cut-o↵ is visible,
the CDM model has a ratio of DM over photon density perturbations (⇢

c

�
c

)/(⇢
�

�
�

) much
larger than one during the end of radiation domination and throughout matter domination.
Hence, beyond l

cut

, one may naively expect that gravitational e↵ects are more important in
the CDM case than in the WDM case, and a feature should be visible in the CMB spectra.

But this is without counting on the e↵ective gravitational decoupling discussed in the
previous sections. We know that in the CDM case, DM perturbations are only relevant for
slow modes, while the CMB is dominated by fast modes at least on intermediate scales. This
conclusion can easily be extended to WDM. At very high redshift, when WDM is relativistic,
it behaves like massless neutrinos, and it couples to fast modes. However the impact of WDM
on fast modes is negligible, because WDM can only represent a tiny fraction of the radiation
background. Indeed, any DM model reasonably fitting observations must have a background
density scaling like a�3 for an extended period of time before recombination9. Extrapolating

9This would not be true for a very small mass (e.g. a Dodelson-Widrow mass m ⌧ 100 eV) for which dark
matter would almost be hot.
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CUT-OFF SCALE depends on velocity dispersion (<p>/m) or sound speed 

 
•  For decoupled DM, CMB does not probe clustering properties of DM 

Effective gravitational decoupling between dark matter and the CMB  
                                          Voruz et al., JCAP, arXiv:1312.5301  



•  best constraints from Lyman-alpha:    <p>/m ~ T/m < …  

•  Thermal WDM: T given by ΩDM ~ 0.23:  

    m > 4 keV (95%CL) 

•  Non-resonantly produced sterile neutrinos: T given by Tν : 

    m > 28 keV (95%CL)	



•  Resonantly produced sterile neutrino: like CDM+WDM. Loose bound :  

    m > 2 keV (95%CL) 

•  X-ray bounds exclude NRP sterile neutrino 

•  X-ray line at 3.5 keV: 3σ evidence for sterile neutrinos with m = 7 keV 
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Case 1: warm or self-interacting 

Viel et al. 2007, 2013 

Viel et al. 2007, 2013 

Viel et al. 2007, 2013 

Boyarsky et al. 2009 



•  best constraints from Lyman-alpha:    <p>/m ~ T/m < …  

•  Thermal WDM: T given by ΩDM ~ 0.23:  

    m > 4 keV (95%CL) 

•  Non-resonantly produced sterile neutrinos: T given by Tν : 

    m > 28 keV (95%CL)	



•  Resonantly produced sterile neutrino: like CDM+WDM. Loose bound :  

    m > 2 keV (95%CL) 

•  X-ray bounds exclude NRP sterile neutrino 

•  X-ray line at 3.5 keV: 3σ evidence for sterile neutrinos with m = 7 keV 
        Connection with leptogenesis! 
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Case 1: warm or self-interacting 

Bulbul et al. 1402.2301; Boyarsky et al. 1402.4119 

Viel et al. 2007, 2013 

Viel et al. 2007, 2013 

Viel et al. 2007, 2013 

Boyarsky et al. 2009 

Decay in  
γ+νa 

constrains 
(m, θ) 
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Direct DM detection 

    Warm,     Self-interacting             Annihilation,   Decay                Elastic Scattering 

Case 2: annihilating or decaying 
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Case 2: annihilating or decaying 

•  DM à hadrons, leptons, gauge bosons à    …   à electrons, neutrinos, photons 
•  Ionization of thermal plasma 
•  Heating of thermal plasma               (unless 100% in neutrinos) 
•  Hydrogen excitation  
 

•  Modification of recombination and reionisation history 
•  Effects depends on cross-section over mass σ/m or lifetime τ , and on annihilation/

decay channel 

•  DM à neutrinos and/or lighter sterile species (dark sector) 
•  Non-conservation of ρma3: direct effect on matter power spectrum, indirect effect 

on CMB (integrated Sachs-Wolfe effect) 
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Case 2: annihilating or decaying 
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Figure 8: Free electron fraction and matter temperature for p
ann

= 0, 10�6 and 10

�5 m3s�1kg�1

(from bottom to top) and different values of f
h

and z
h

, compared to the usual results for p
ann

= 0

and a single-step model for reionization from stars. All curves were obtained using hyrec in mode
RECFAST.

free electron fraction explodes and oscillates very rapidly already for small value of our
parameters fh and zh. With hyrec in FULL modes, the only problem is that for large
values of zh and fh, the ratio TM/Tr may exceed one, falling outside the range of one
interpolation tables. The RECFAST mode of hyrec is always well behaved.

The right plot in figure 8 shows that the matter temperature increases a lot due DM
annihilation in halos. Note also that for extreme values of the temperature TM > 2⇥10

4 K,
using RECFAST’s case-B recombination coefficient becomes inaccurate [45]. We will see
anyway in section 4.6 that such large values are in contradiction with constraints on the
temperature of the inter-galactic medium at z  4, as inferred from Lyman-↵ observations:
this will provide an addition constraint on the DM annihilation rate.

The signature of DM annihilation on the primary CMB anisotropy spectrum is found
to be very similar to that of reionization. In addition to the peak shifting and damping
due to a non-zero pann parameter, the halo effect controlled mainly by fh leads to an
overall suppression of temperature/polarization power for l > 30, and an enhancement of
polarization for l < 30. We can anticipate that the CMB alone can hardly discriminate
between the contribution of reionization from stars and from halos, since the CMB spectra
probe mainly the optical depth, i.e. the integral of xe over time. However, the fact that
DM induces a slow reionization process starting at high redshift4 implies that the step-
like suppression of temperature and the low-l polarization bump are smoother and wider
than with the default reionization model. To illustrate this, we compare in figure 9 the
low-l polarization spectrum for two models with the same optical depth. Accurate CMB
polarization data limited only by cosmic variance on large angular scale may probe such a

4
In the CMB analysis of the next subsections, zh is found in the range from 20 to 30, implying that

halos start contributing between 40 and 60, well before star formation.
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study separately in the next section. Since the two regimes have a rather different impact on
the CMB spectra, it is legitimate to split the discussion in this way. DM annihilation effects
on the CMB at high redshift have been thoroughly investigated by Galli et al. [6, 9, 10].
In this section, we will only update previous results, before exploring new models including
halo effects in the next section.

For simplicity, we first assume in subsections 3.1, 3.2, 3.3 that the annihilation pa-
rameter pann is independent of redshift, as in [6, 9]. We will relax this assumption in
subsection 3.4.

3.1 Annihilation effects on xe and TM

In figure 2, we show the evolution of xe(z) and TM(z) computed with either recfast or
hyrec for four values of the annihilation parameter. We tested recfast and hyrec
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Hyrec: Full

Figure 2: Free electron fraction and matter temperature as a function of the redshift with, from
bottom to top, p

ann

= 0, 10�6, 5· 10�6 or 10

�5 m3s�1kg�1. For each value of p
ann

, we used either
recfast or hyrec, and two different options for each of the two codes; the four results agree to
better than a few percent, and the difference would be indistinguishable on the plots.

in two modes: for recfast, with or without taking into account the hydrogen physics ef-
fects described in [35] (using the switch Hswitch), and for hyrec, using the mode RECFAST
(mimicking a simplified version of recfast) and FULL (including a state-of-the art descrip-
tion of an effective multi-level hydrogen atom as well as radiative transfer near the Lyman
lines). The FULL mode uses interpolation tables requiring TM < Tr. This is the case at all
times provided that the annihilation parameter does not exceed pann  3· 10�6 m3s�1kg�1.
In order to test hyrec/FULL above this value, we removed the condition TM < Tr from the
code, letting it extrapolate from the table. For all used values of pann, TM never exceeds Tr

by a large fraction and the extrapolation is therefore accurate.
In the results presented in figure 2, we assumed a ⇤CDM model without reionization.

The first two small steps seen on the electron fraction curve correspond to the two helium

8

ionisation fraction 
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1+z 1+z 

recombination reionisation 

Only if 
annihilating 

Naselsky et al. 2001; Padmanabhan & Finkbeiner 2005; Mapelli et al. 2006; Zhang et al. 2006; Natarajan & Schwarz  2008; Belikov & Hooper 2009; Cirelli et al.  
2009; Galli et al. 2009; Slatyer et al. 2009; Natarajan & Schwarz 2010; Galli et al. 2011; Finkbeiner et al. 2011; Hutsi et al. 2011; A. Natarajan 2012; Giesen et al.  
2012; Slatyer 2013; Cline & Scott 2013; Dvorkin et l. 2013; Planck XVI 2013; Lopez-Honorez et al. 2013; Chluba 2013; Gali et al. 2013; Diamanti et al. 2013; 
Madhavacheril et al. 2013;  
 Adams et al. 1998; Hansen & Haiman 2004; Chen & Kamionkowski 2004; Ichiki et al. 2004; Zhang et al. 2007; Kasuya & Kawasaki 2007; Yeung et al. 2012; 
Cirelli et al. 2012 
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Case 2: annihilating or decaying 
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Delayed 
recombination 

Enhanced 
damping 

rescattering at 0 < z < 1000 

Naselsky et al. 2001; Padmanabhan & Finkbeiner 2005; Mapelli et al. 2006; Zhang et al. 2006; Natarajan & Schwarz  2008; Belikov & Hooper 2009; Cirelli et al.  
2009; Galli et al. 2009; Slatyer et al. 2009; Natarajan & Schwarz 2010; Galli et al. 2011; Finkbeiner et al. 2011; Hutsi et al. 2011; A. Natarajan 2012; Giesen et al.  
2012; Slatyer 2013; Cline & Scott 2013; Dvorkin et l. 2013; Planck XVI 2013; Lopez-Honorez et al. 2013; Chluba 2013; Gali et al. 2013; Diamanti et al. 2013; 
Madhavacheril et al. 2013;  
 Adams et al. 1998; Hansen & Haiman 2004; Chen & Kamionkowski 2004; Ichiki et al. 2004; Zhang et al. 2007; Kasuya & Kawasaki 2007; Yeung et al. 2012; 
Cirelli et al. 2012 
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Case 2: annihilating or decaying 
•  Bounds from WMAP7/9 and Planck 2003 very similar        Madhavasheril et al. 2013 

•  m>10GeV for thermal wimp; progress expected with Planck polarisation 
 

Annihilation: VERY INTERESTING RESULTS compared to direct/indirect detection 
•  Currently excludes DM intepretation of AMS/Pamela positron anomaly if annihilation is 

Sommerfeld-enhanced (m~TeV) 
•  Marginal agreement with Fermi anomaly (inner galaxy) (m~20-40 GeV), but can be 

excluded with Planck polarisation 
•  … unless DM annihilation cross-section enhanced in halos (p-wave) 
•  … conclusions based on recombination effects, not reionisation 

 
Decay into photons and charged particles: not as strong as cosmic ray bounds  
 

Decay into neutrino or dark sector: T > 160 Gyr (95%CL)                  Audren et al. 2014 
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Case 3: DM interactions (elastic scattering) 
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DM               DM   DM                         DM  DM          DM                             DM      ? 

DM               DM   DM                          ?      ?          ?      ?                           DM      ? 

CMB 
LSS 

Direct DM detection 

    Warm,     Self-interacting             Annihilation,   Decay                Elastic Scattering 

Case 3: DM interactions (elastic scattering) 

•  For WIMPS: weak interactions (with quarks, neutrinos) too 
small to leave any signature on CMB/LSS 

 
•  More generally: many reasonable DM models predict 

interactions with photons / baryons / neutrinos / other dark 
species with intermediate strength between weak and 
electromagnetic 

     (minicharged, asymmetric, magnetic/dipole moment, …) 

•  Direct detection provide constraints, limited to quarks and to 
restricted mass range 

•  CMB/LSS constraints are universal  
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Case 3: DM interactions (elastic scattering) 

•  DM-photons 

•  Collisional damping erasing CMB and/or matter fluctuations below given scale 

Wilkinson, JL & Boehm 1309.7588  
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FIG. 1: The effect of DM–g interactions on the T T (left) and EE (right) components of the CMB angular power spectrum, where the strength
of the interaction is characterised by u ⌘

⇥
sDM�g/sTh

⇤
[mDM/100 GeV]�1 (u = 0 corresponds to zero DM–g coupling) and sDM�g is constant.

For all the curves, we consider a flat LCDM model with H0 = 70 km s�1 Mpc�1 (h = 0.7), WL = 0.7, Wm = 0.3 and Wb = 0.05, where u
is the only additional parameter. The new coupling has two main effects: i) a suppression of the small-scale peaks due to a combination of
collisional damping and a delayed photon decoupling, and ii) a shift in the peaks to larger ` due to a decrease in the sound speed of the thermal
plasma. (Note that u = 10�4 is difficult to distinguish from u = 0 at this scale).

C. Effect of DM–g interactions on the CMB spectrum

The impact of DM–g interactions on the T T and EE
components of the CMB angular power spectrum generated
by CLASS is illustrated in Fig. 1 for specific values of the
parameter u ⌘

⇥
sDM�g/sTh

⇤
[mDM/100 GeV]�1. Here we

take the DM� g cross section to be constant, however, we note
that similar effects are observed for temperature-dependent
cross sections.

For illustrative purposes, we consider a flat LCDM
cosmology, where the energy content of the Universe is
divided between baryons (Wb = 0.05), dark matter (WDM =
0.25) and dark energy in the form of a cosmological constant
(WL = 0.7). We select a present-day value for the Hubble
parameter of H0 = 70 km s�1 Mpc�1 (h = 0.7) and a
standard value of 3.046 for the effective number of neutrino
species [47].

There are two important effects on the relative amplitude
and position of the Doppler peaks with respect to standard
LCDM, both of which can be used to constrain the DM–g
elastic scattering cross section.

Firstly, the DM–g interactions induce collisional damping
(see Ref. [32, 34]), thus reducing the magnitude of the
small-scale peaks and effectively cutting off the angular
power spectrum at lower values of `. For very large
cross sections, this effect is enhanced by a delay in the
epoch of photon last-scattering, increasing the width of the
last-scattering surface. Secondly, the presence of significant
DM–g interactions decreases the sound speed of the thermal
plasma [33]. Acoustic oscillations have a lower frequency,
leading to a shift in the position of the Doppler peaks to larger
`.

We note that there is a slight enhancement of the first

acoustic peak with respect to LCDM (⇠ 0.1% in T T and
⇠ 0.3% in EE for u = 10�4) due to a decrease in the diffusion
length of the photons.

As expected, these effects are enhanced for a larger cross
section or a smaller DM mass (i.e. a greater number density
of DM particles for the same relic density), corresponding to
a larger value of u and a later epoch of DM–g decoupling.
Therefore, by fitting the T T and EE components of the CMB
spectrum with cosmological data, one can constrain the value
of u and thus determine the maximal scattering cross section
that is allowed for a given DM mass.

III. RESULTS AND OUTLOOK

In this section, we present our constraints on the DM–g
elastic scattering cross section, which is considered to be
either constant or proportional to the temperature squared. We
discuss important features of the temperature and polarisation
spectra in the presence of DM–g interactions and outline
prospects for future CMB experiments.

A. Constraints from the Planck One-Year Data Release

To fit our model to the data, we varied the parameters
of the minimal flat LCDM cosmology, namely: the
baryon density (Wbh2), the dark matter density (WDMh2),
the scalar spectral index (ns), the primordial spectrum
amplitude (As), the reduced Hubble parameter (h) and the
redshift of reionisation (zreio), supplemented by the additional
parameter characterising the DM–g interaction strength, u ⌘⇥
sDM�g/sTh

⇤
[mDM/100 GeV]�1.

http://class-code.net 
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Case 3: DM interactions (elastic scattering) 

•  DM-neutrinos 

•  Neutrino cluster more due to their interactions, more gravity boost of photon-baryon fluid 
•  higher damping tail (dominant effect for small cross section) 

http://class-code.net 

Wilkinson, Boehm & JL, 1401.7597  

2

In most cases, the scattering cross section between DM and
neutrinos, sDM�n, will have one of two distinct behaviours:
either constant (like Thomson scattering) or proportional to
the temperature squared (in analogy to neutrino–electron
scattering). This will depend on the particle physics model
that is being considered (see Ref. [37] for specific examples).

To quantify the effect of DM–neutrino interactions on the
evolution of primordial density fluctuations, we introduce the
dimensionless quantity

u ⌘


sDM�n
sTh

�h mDM

100 GeV

i�1
, (2)

where sTh is the Thomson cross section.
Since the magnitude of the u parameter determines

the collisional damping scale [10], the efficiency of
small-scale suppression is essentially governed by the ratio
of the interaction cross section to the DM mass. For
temperature-dependent cross sections, we can write u =
u0 a�2, where u0 is the present-day value and a is the
cosmological scale factor (normalised to unity today).

III. RESULTS

In this section, we present our constraints on the
DM–neutrino elastic scattering cross section from the CMB
angular power spectrum (Sec. III A) and LSS matter power
spectrum (Sec. III B) using the modified version of CLASS
described above.

A. Cosmic Microwave Background

The impact of DM–neutrino interactions on the CMB
angular power spectrum is illustrated in Fig. 1 for specific
values of the parameter u ⌘ [sDM�n/sTh] [mDM/100 GeV]�1.
We consider a flat LCDM model (with the only addition
being the DM–neutrino coupling), where the cosmological
parameters are taken from the one-year data release of
Planck [32]. We show the impact of a constant cross
section in Fig. 1, however, the effects are similar for
temperature-dependent cross sections.

In the T T (top panel) and EE (middle panel) components
of the CMB spectrum, we see an increase in the magnitude of
the Doppler peaks and a slight shift to larger l with respect to
vanilla LCDM (u = 0), which can be understood as follows:

The shape of the CMB spectrum is affected by the
gravitational force felt by the coupled photon–baryon fluid
before decoupling. In principle, this force receives
contributions from the distribution of free-streaming neutrinos
and from that of slowly-clustering DM. In fact, when
decomposing the solution to the system of cosmological
perturbations into slow modes and fast modes [40, 41],
one sees that the photon–baryon and neutrino perturbations
are described by fast modes, while the DM perturbations
are described by slow modes. This implies that the
photon–baryon fluid only has significant gravitational
interactions with the free-streaming neutrinos.
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FIG. 1: The effect of DM–neutrino interactions on the T T (top),
EE (middle) and BB (bottom) components of the angular power
spectrum, where u ⌘ [sDM�n/sTh] [mDM/100 GeV]�1 (such that
u = 0 corresponds to no coupling). We take sDM�n to be constant
and use the ‘Planck + WP’ best-fit parameters from Ref. [32].
The data points in the BB spectrum are recent measurements from
the SPTpol experiment [38], where the three datasets correspond
to (Ê150f̂CIB) ⇥ B̂150, (Ê95f̂CIB) ⇥ B̂150 and (Ê150f̂CIB) ⇥ B̂150

c
respectively in Ref. [39]. The new coupling enhances the peaks in
the T T and EE spectra, while significantly damping the B-modes.
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Case 3: DM interactions (elastic scattering) 

•  DM-baryons 

•  DM-Dark Radiation 

 
•  DM-Dark Energy 

Dvorkin, Blum, Kamionkowski 1311.2937  

Cyr-Racine, de Putter, Raccanelli, Sigurdson 1310.3278  

… 
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Case 3: DM interactions (elastic scattering) 

Also effects in matter power spectrum: 
 

                      DM-photons                                                DM-neutrinos 

                   
 
                                      CMB bounds can be tightened by Lyman-α	
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FIG. 3: A comparison between the T T angular power spectra for the maximally allowed (constant) DM–g cross section (u ' 10�4), and the
9-year WMAP [3] and one-year Planck [41] best-fit data. Also plotted are the full 3-year data from the SPT [4] and ACT [5] telescopes. On
the left, we see a suppression of power with respect to WMAP-9 and Planck for ` & 3000 and on the right, we give our prediction for the T T
component of the angular power spectrum at high `.
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FIG. 4: The effect of DM–g interactions on the B-modes of the
angular power spectrum, where the strength of the interaction
is characterised by u ⌘

⇥
sDM�g/sTh

⇤
[mDM/100 GeV]�1 (with a

constant sDM�g) and we use the ‘Planck + WP’ best-fit parameters
from Ref. [41]. The data points are the recent B-mode polarisation
measurements from the SPT experiment, where SPTpol 1, SPTpol
2 and SPTpol 3 refer to (Ê150f̂CIB) ⇥ B̂150, (Ê95f̂CIB) ⇥ B̂150 and
(Ê150f̂CIB) ⇥ B̂150

c respectively in Ref. [54]. For the maximally
allowed (constant) DM–g cross section (u ' 10�4), we see a
deviation from the Planck best-fit LCDM model for ` & 500 and a
significant suppression of power for larger `.

Fig. 1) and the matter power spectrum (see Fig. 5). While the
overall effect is small for u . 10�4, if we consider ` & 500,
one can use the B-modes alone combined with the first-season
SPTpol data [54] to effectively rule out u & 5⇥10�3. In fact,
future polarisation data from e.g. SPT [4], POLARBEAR [55]
and SPIDER [56] could be sensitive enough to distinguish
u ' 10�5 from LCDM.

Finally, the matter power spectrum may provide us with
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FIG. 5: The influence of DM–g interactions on the matter power
spectrum, where the strength of the interaction is characterised by
u ⌘

⇥
sDM�g/sTh

⇤
[mDM/100 GeV]�1 (with a constant sDM�g) and

we use the ‘Planck + WP’ best-fit parameters from Ref. [41]. The
new coupling produces (power-law) damped oscillations at large
scales, reducing the number of small-scale structures, thus allowing
the cross section to be constrained. For allowed (constant) DM–g
cross sections (u . 10�4), significant damping effects are restricted
to the non-linear regime (k & 0.2 h Mpc�1).

an even stronger limit on the DM–g interaction cross section
(see Fig. 5). The pattern of oscillations together with the
suppression of power at small scales, as noticed already in
Ref. [33], could indeed constitute an interesting signature.
The observability of such an effect depends on the non–linear
evolution of the matter power spectrum (for which k &
0.2 h Mpc�1). Typically, one would expect it to be somewhat
intermediate between cold and warm dark matter (WDM)

http://class-code.net 
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if it is constant and

sDM�n,0 . 10�35 (mDM/GeV) cm2 , (8)

if it is proportional to the temperature squared.
Forthcoming polarisation data from e.g. Planck [4],

ACTpol [48], POLARBEAR [49] and SPIDER [50] will
improve these results and could provide us with a powerful
tool to study DM interactions in the future.

B. Large-Scale Structure

The effects of introducing DM–neutrino interactions on the
matter power spectrum, P(k), are shown in Fig. 2 (where
for simplicity, we assume that the cross section is constant).
We obtain a series of damped oscillations, which suppress
power on small scales (see Ref. [10]). For the cross sections
of interest, significant damping effects are restricted to the
non-linear regime (for which k & 0.2 h Mpc�1).

In general, the reduction of small-scale power for a DM
candidate is described by a transfer function, T (k), defined by

P(k) = T 2(k) PCDM(k) , (9)

where PCDM(k) is the equivalent matter power spectrum for
CDM.

For a non-interacting warm DM (WDM) particle, the
transfer function can be approximated by the fitting
formula [51]:

T (k) = [1+(ak)2n]�5/n , (10)

where

a =
0.049

h Mpc�1

⇣mWDM

keV

⌘�1.11
✓

WDM

0.25

◆0.11✓ h
0.7

◆1.22
, (11)

n ' 1.12 and mWDM is the mass of the warm thermal relic [52].
From Fig. 2, one can see that cosmological models

including DM–neutrino interactions can provide an initial
reduction of small-scale power in a similar manner to the
exponential cut-off of WDM. The presence of damped
oscillations is unimportant for setting limits since we are only
interested in the cut-off of the spectrum and the power is
already significantly reduced by the first oscillation. However,
we note that this difference could allow one to distinguish the
two models in high-resolution N-body simulations [53].

Using an analysis of the Lyman-a flux from the HIRES [54]
and MIKE spectrographs [55], Ref. [33] obtained a bound
on the free-streaming scale of a warm thermal relic,
corresponding to a particle mass of mWDM ' 3.3 keV (or
equivalently, a ' 0.012). This constraint is represented by
the solid grey curve in Fig. 2.

By comparing models of DM–neutrino interactions with
WDM, we can effectively rule out cross sections in
which the collisional damping scale is larger than the
maximally-allowed WDM free-streaming scale. Taking into
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FIG. 2: The impact of DM–neutrino interactions on the matter power
spectrum, where u ⌘ [sDM�n/sTh] [mDM/100 GeV]�1 (such that
u = 0 corresponds to no coupling). We take sDM�n to be constant
and use the ‘Planck + WP’ best-fit parameters from Ref. [32]. The
solid grey curve represents the most recent constraint on warm DM
models from the Lyman-a forest [33]. The new coupling produces
(power-law) damped oscillations, reducing the number of small-scale
structures with respect to vanilla LCDM [10].

account the freedom from the other cosmological parameters,
we obtain the conservative upper bounds:

sDM�n . 10�33 (mDM/GeV) cm2 , (12)

if the cross section is constant and

sDM�n,0 . 10�45 (mDM/GeV) cm2 , (13)

if it scales as the temperature squared.
These limits are significantly stronger than those obtained

from the CMB analysis in Sec. III A and will improve
further with forthcoming data from LSS surveys such as
SDSS-III [56] and Euclid [57]. However, CMB constraints
are important to compare to as they do not depend on the
non-linear evolution of the matter fluctuations.

We can now fix the cross section to be the maximum value
allowed by these constraints and redo our CMB analysis.
Applying Eq. (12) for a constant cross section, we obtain the
bounds on the cosmological parameters shown in Table II and
illustrated in Fig. 5. These results are similar to the case of no
interaction with Neff free to vary, corresponding to the second
line in Table I (especially after correcting the central value
of 100 h by 0.6, as explained in Footnote 6). The reason is
that the cross section imposed by the Lyman-a data is small
enough to not significantly modify the CMB spectrum.

Finally, we note that if more than one species were
responsible for the observed DM relic density (which is
the case that we consider here), larger values of the elastic
scattering cross section would be allowed.
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Case 3: DM interactions (elastic scattering) 

NO INTERACTION DETECTED but potentially interesting results for particle physics… and 
astrophysics… [See Celine Boehm’s talk] 
 
•  DM-γ interaction :     

•  Light  (< GeV): at most weak interactions.  
     Interesting for DM not annihilating into SM (e.g. asymmetric DM) 
•  Heavy (>GeV): DM can interact significantly more than with weak interactions    

                           
•  DM-ν interaction : 

•  Upper bound close to predictions of model with coupling between scalar dark matter 
and neutrinos, giving DM relic density and neutrino masses (radiative corrections)                                   

                                          Boehm, Farzan, Hambye, Palomarez-Ruiz & Pascoli 2008 
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Planck 2014 release expected to shed more light on 

•  Energy scale of inflation (BICEP = dust or GWs? ) 

•  Neff, Neutrino and light relic masses  

•  DM annihilation  

•  Plenty of other things… 
 
 


