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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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What could Dark Matter be made of ? 

•  Dominant component (observed) behaving like a cold component 
•  CDM particles 
•  Or WDM particles with high mass 
•  Or several cold/warm particles 
 
Totally unknown nature: WIMPS, non-weakly interacting; annihilating, decaying,   stable; 
fluid, self-interacting…           (non-particle, like modified gravity or scalar field DM are very constrained…) 

 
•  Subdominant component (not observed) not behaving like a cold component 

•  Flavor neutrinos (theoretically motivated as small HDM component) 
•  But mass not yet observed. Could in principle be unobservable, although… 

•  Other light relics (sterile neutrinos, axions, etc…) 
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          CMB as a probe of Dark Matter 
•  Evidence for missing mass of non-relativistic species (like rotation curves!) 

•  CMB measures accurately: baryon density (first peaks asymmetry),                                      
time of 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 

•  In minimal cosmology (collisionless DM), this is the only effect (no probe of DM 
gravitational interactions)                                                Weinberg 2002, Voruz, JL & Tram in prep. 

 
•  Supported by Large Scale Structure (matter spectrum shape) and astrophysics 

•  Does it say anything more on DM properties? 
•  Cold or warm ? No, LSS can say something, not CMB 
•  Self-interactions ?            idem 
•  Completely stable, small annihilation rate or decay rate ? Yes 
•  Very small interactions with other species ? Yes 
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CMB as probe of DM annihilation or decay 
•  DM annihilation 

•  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 
•  Impact on CMB; results compete with DM indirect detection bounds 
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CMB as probe of DM annihilation or decay 
•  DM decay  

•  Should have similar effects 
•  Probe DM lifetime instead of annihilation cross-section 

 
•  But CMB constraints not as strong as those from cosmic ray 
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CMB and DM annihilation 
•  DM annihilation 

•  f(z) = fraction of released energy going into ionization and heating at redshift z 
•  Computed for wide range of WIMP candidates with different decay channels: 
               f(z=2500)=0.2 to 0.9,       f(z=0) 2 to 5 times smaller  
                                                                                              T. R. Slatyer, N. Padmanabhan, and D. P. Finkbeiner 2009 
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and cosmorec [23] account for all important radiative transfer effects exactly, by evolving
the radiation field numerically. This part of the calculation is heavier computationally, but
efficient implementations render the runtime for the recombination calculation comparable
with the runtime of the Boltzmann code itself. recfast accounts for radiative transfer
effects by adding a correction function to the recombination rate ẋe|corr, fitted to reproduce
the detailed codes for cosmologies close to the current best-fit value.

2.2 Parametrization of Dark Matter annihilation

We wish to express the rate at which the energy released by DM annihilations is injected in
the thermal bath. In the next subsection, we will summarize how this energy is used and
in which proportions.

We can write the energy injected into the plasma per unit of volume and time as the
product of the number of DM particle pairs npairs, the annihilation probability per unit of
time Pann, the released energy per annihilation Eann, and the redshift-dependent fraction
of released energy f(z) absorbed by the gas

dE

dV dt

����
DM

(z) = npairs· Pann· Eann· f(z) =
nDM

2

· h�vi· nDM· 2mDMc2· f(z)

= ⇢2
cc

2
⌦

2
DM(1 + z)6f(z)

h�vi
mDM

. (2.5)

In Eq. (2.5), � is the annihilation cross-section, v is the relative velocity of DM particles,
h�vi is the average of �⇥v over the velocity distribution, mDM the mass of the DM particle,
⇢c =

3H2
0

8⇡G the critical density of the universe today (with H0 the Hubble constant today),
and ⌦DM the Dark Matter abundance today relative to the critical density. In the case
where DM consists of Dirac Fermions, there should be an extra factor 1/2 in the last two
equalities (since only half of the pairs are made of one particle and one anti-particle). If
this is the case, we can decide to absorb this factor in a redefinition of f(z). Then, for a
given cosmological evolution, all the model-dependent part of the energy injection rate can
be parametrized by the following function of redshift,

pann(z) = f(z)
h�vi
mDM

. (2.6)

The authors of [7] computed f(z) for several WIMP models. They found that f(z) is a
smoothly decreasing function, lying in the range from 0.2 to 0.9 at redshift 2500 (depending
on the WIMP mass and dominant annihilation channel), and decreasing by a factor 2 to
5 at small redshift. Similar calculations could be carried for any type of annihilating or
decaying DM particles.

2.3 Effects of Dark Matter annihilation on the thermal history of the universe

The energy injected by DM annihilation has three effects: ionizing the plasma, exciting
hydrogen atoms , and heating the plasma [30, 6]. A fraction of the atoms excited by the
second mechanism will be subsequently ionized by CMB photons. Hence, the first two
effects (illustrated in Figure 1) have a direct impact on the free electron fraction, and the
last one on the matter temperature.

5
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CMB and DM annihilation 
•  Ionization and excitation modify the recombination history 
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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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Recfast: Hswitch=1

Recfast: Hswitch=0

Hyrec: Recfast

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

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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Figure 2: Free electron fraction and matter temperature as a function of the redshift with, from
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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
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•  DM annihilation effects: 
1.  High z:       small delay in recombination: shift in peak scale 
                        slightly enhanced Thomson scattering rate: increased Silk damping 
2.  Intermediate z: increased probability of rescattering:  

•  suppression of CMB fluctuations on sub-Hubble scale, 
•  regeneration of polarisation anisotropies near that scale    (peaks near z=600) 
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Figure 3: Temperature and polarization power spectra for several models with DM annihilation or
reionization, rescaled by a reference model with none of them. The curves with oscillatory patterns
correspond to different values of p

ann

(expressed in the key in m3s�1kg�1) and no reionization. The
last curve was obtained with p

ann

= 0 and with reionization at z
reio

= 11.

inside the Hubble radius at reionization, i.e. all multipoles l > 20. The regeneration of
power in the polarization spectrum is limited to l < 20 for the same reason (but is very
strong, since reionization enhances xe(z) much more than DM annihilation).

Hence, DM annihilation effects are clearly not degenerate with reionization effects. In
order to check that the impact of pann cannot be mimicked by other parameters in the
⇤CDM model, we should however run a parameter extraction code and marginalize the
posterior distribution of pann over other cosmological parameters.

3.3 Analysis with WMAP and SPT data

We compared to observations a model described by the six free parameters of the vanilla
⇤CDM model, the annihilation parameter pann, and the effective neutrino number Ne↵ ,
accounting e.g. for extra relativistic degrees of freedom. Since the South Pole Telescope
(SPT) collaboration reported an intriguingly high best-fit value of Ne↵ [36], we wish to check
whether pann and Ne↵ are correlated in some way, such that the effect of one parameter
could be confused with that of the other. A priori, this is not impossible, because both
parameters impact the amplitude of the high-l damping tail of the temperature spectrum,
relatively to the amplitude of the first acoustic peaks.

We compared this model to WMAP 7-year data [37] and SPT data [36], using the
code monte python [38], based on Monte Carlo Markhov Chains and on the Metropolis-
Hastings algorithm (like CosmoMC [39], but monte python is interfaced with class

10

Relative impact: 
 
•  On temperature 

•  On polarisation 
http://class-code.net 

Different from reionisation: 
 
•  Higher redshift 

•  Smaller scales 
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•  DM annihilation effects: 
1.  High z:       small shift in recombination redhsift: shift in peak scale 
                        slightly enhanced Thomson scattering rate: increased Silk damping 
2.  Intermediate z: increased probability of rescattering:  

•  suppression of CMB fluctuations on sub-Hubble scale, 
•   regeneration of polarisation anisotropies near that scale (peaks near z=600) 



CMB and DM annihilation 
•  DM annihilation effects: 

3.  Small z:    DM concentrates in halos,  
                       energy injection enhanced, contribution to reionisation 

   … but lots of uncertainty on halo formation parameters 
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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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pann=10-6, different halo formation parameters 
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•  DM annihilation effects: 

3.  Small z:    DM concentrates in halos,  
                       energy injection enhanced, contribution to reionisation 

   … but lots of uncertainty on halo formation parameters 
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Figure 9: Low-l polarization spectrum for the three best-fitting models assuming reionization from
stars (with the usual single step parameterization), from DM annihilation in halos, or from both
with an additional Gunn-Peterson prior.

4.4 Can Dark Matter annihilation alone explain reionization?

We wish to check whether WMAP7 and SPT data are compatible with the assumption that
the reionization of the universe can be explained entirely by DM annihilation in halos, as
suggested in [4, 8, 12]. It is rather obvious that the free parameters zh and fh of our model
can be adjusted in such way that the reionization optical depth is be compatible with the
WMAP7 best-fitting value. However, we have seen that DM annihilation can only induce
slow reionization starting at high redshift, and induce a wider step (resp. bump) in the
low-l temperature (resp. polarization) spectrum. A priori, this may lead to a value of the
maximum likelihood significantly lower for the annihilation model. In addition, an analysis
with free zh and fh could lead to preferred values in strong contradiction with expectations
from structure formation and halo models.

The results of our montepython run with WMAP and SPT data are summarized in
the third column of Table 1 and in the triangle plot of figure 10. The new free parameters
zh and fh are not degenerate with other parameters, so the credible interval for the usual
⇤CDM parameters and Ne↵ are unchanged with respect to the standard model without
annihilation. There is instead a significant correlation between zh and fh: if halos form
very late, a very large amplitude parameter fh is needed in order to get the same optical
depth. The effective chi square �2

e↵ ⌘ �2 lnL is higher for DM reionization than single-step
star reionization, but only by 0.8, showing that the data shows no strong preference for one
model against the other.

The characteristic redshift zh is found in the range 12 < zh < 40 (95%C. L.). This
parameter has a strongly non-gaussian posterior probability, with a mean value of 23, but
a best-fit value of 19. The shape of the erfc(x) function is such that the halo contribution

22

… and difficult to discriminate from 
 star-induced reionization 
 (maybe through T, quasars) 
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•  WMAP bounds: 
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Figure 14: Summary of our bounds on p
ann

translated into constraints for the DM annihilation
thermal cross-section h�vi and mass m

DM

. Points in the shaded regions are above the 95% preferred
region for p

ann

(z = 600), considering only annihilation in the smooth DM background, and assuming
either f(z = 600) = 0.2 (dark shade) or f(z = 600) = 0.9 (light shade): these two extreme
assumptions cover the plausible range for f(z = 600) in the case of WIMP annihilation, see [7]. The
three black lines correspond to the CMB bounds inferred from DM annihilation in halos, assuming
f
NFW

(c
h

) = 10

3 (top), 104 (middle) or 10

5 (bottom), and taking in all three cases z
F

= 60 and
f(z ' 0) = 0.1 (or in other words, f(z = 600) = 0.5 and [p

ann

(600)/p
ann

(0)] = 5). When a realistic
upper bound on the matter temperature at low redshift is taken into account, the bounds move to
the green lines. The horizontal lines shows the standard WIMP thermal cross-section.

(neglecting halo effects) and does not change the result significantly. The energy fraction
going into ionization �i and Lyman-↵ excitation �↵ was also approximated, motivated by
a common sense argument by Chen and Kamionkowski [32]. However, the exact behavior
of these quantities have a negligible effect on the CMB. The average DM density during
non-linear structure formation has been approximated with a basic Press-Schechter model
and NFW profiles. We could have imposed priors on the parameters of this model inferred
from N-body simulations, or tried different profiles (Einasto profile, etc.), or a more real-
istic differential mass function [44]. Instead of the Press-Schechter model, we could have
accounted for halo formation using the excursion set formalism [56]. One could try to
model the matter temperature evolution at low redshift more accurately, taking into ac-
count matter inhomogeneities and the complicated thermodynamical evolution of the IGM
(including, for instance, line cooling or Bremsstrahlung effects). However, all these refine-
ments are probably unnecessary at the moment, given the large error bars on the optical
depth inferred from CMB observations.

Throughout this work, we assumed that DM annihilates. A similar study can be
performed in the case of decaying dark matter [13, 15, 16, 17]. In that case, the energy
injection rate varies like ⇢̄DM (instead of ⇢̄2

DM), i.e. like (1 + z)3. Hence, the effect of DM
decay in the smooth DM background is not very different from the effect of DM annihilation
in halos, studied in section 4. Note however that for a wide range of masses, constraints on
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CMB and DM annihilation 
•  WMAP results can exclude indirect-search-motivated models: 
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(neglecting halo effects) and does not change the result significantly. The energy fraction
going into ionization �i and Lyman-↵ excitation �↵ was also approximated, motivated by
a common sense argument by Chen and Kamionkowski [32]. However, the exact behavior
of these quantities have a negligible effect on the CMB. The average DM density during
non-linear structure formation has been approximated with a basic Press-Schechter model
and NFW profiles. We could have imposed priors on the parameters of this model inferred
from N-body simulations, or tried different profiles (Einasto profile, etc.), or a more real-
istic differential mass function [44]. Instead of the Press-Schechter model, we could have
accounted for halo formation using the excursion set formalism [56]. One could try to
model the matter temperature evolution at low redshift more accurately, taking into ac-
count matter inhomogeneities and the complicated thermodynamical evolution of the IGM
(including, for instance, line cooling or Bremsstrahlung effects). However, all these refine-
ments are probably unnecessary at the moment, given the large error bars on the optical
depth inferred from CMB observations.

Throughout this work, we assumed that DM annihilates. A similar study can be
performed in the case of decaying dark matter [13, 15, 16, 17]. In that case, the energy
injection rate varies like ⇢̄DM (instead of ⇢̄2

DM), i.e. like (1 + z)3. Hence, the effect of DM
decay in the smooth DM background is not very different from the effect of DM annihilation
in halos, studied in section 4. Note however that for a wide range of masses, constraints on

30

Candidate invoked to 
fit Pamela+Fermi 
positron anomaly, 
with Summerfeld 

enhancement leading 
to 10-24 today 

               Cirelli et al. 2009 
                Galli et al. 2009 
            Slatyer et al.  2009 



CMB and DM annihilation 
•  Current limits and forecasts:                                      Madhavasheril et al. 2013        
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FIG. 6: Current constraints are compared with dark matter
model fits to data from other indirect and direct dark mat-
ter searches. The data from indirect searches include that
from AMS-02, PAMELA, and Fermi, and the data from di-
rect searches include that from CDMS, CoGeNT, CRESST,
and DAMA. The lighter shaded direct detection region allows
for p-wave annihilations, and the dashed vertical lines for the
indirect detection regions allow for p-wave annihilations for
non-thermally produced dark matter.

the AMS-02/PAMELA positron excess suggest that a vi-
able dark matter candidate would need to have a mass
greater than ⇠ 1 TeV. As found by [42], dark matter
particles in the ⇠ 1.5 � 3 TeV range with a cross sec-
tion of h�vi ⇠ (6 � 23) ⇥ 10�24cm3/s, that annihilate
into light intermediate states that in turn decay into
muons and charged pions, can fit the Fermi, PAMELA,
and AMS-02 data. Direct annihilations into leptons do
not provide good fits [42]. Such high cross sections can
be reconciled with the current dark matter abundance
in the Universe in three ways: (i) Dark matter can have
a thermal cross section at freeze-out, and the cross sec-
tion can have a 1/v dependence, called Sommerfeld en-
hancement [48, 49]. If the cross section is Sommerfeld
enhanced to be ⇠ 10�24 today in the Galactic halo, then
it would be orders of magnitude larger at recombination
(since vrecom < vhalo). Such a possibility is strongly ex-
cluded by the CMB constraints (as noted in [3]) for a
wide range of masses including those that fit the AMS-
02 data. (ii) Dark matter has a thermal cross section at
freeze-out, and Sommerfeld enhancement saturates at a
cross section of ⇠ 10�24cm3/s. So dark matter has this
cross section just before (and during) recombination, and
also in the halo of the Milky Way. (iii) Dark matter par-
ticles are non-thermal, in which case the cross section has
always been (⇠ 10�24cm3/s). The last two possibilities
are shown in Figure 6, and are probed but not excluded
by our current constraints. Here we use the updated fe↵
values from Table III corresponding to the best-fit anni-
hilation channels found by [42].

One additional possibility is that dark matter has a p-
wave annihilation cross section with a ⇠ v2 dependence
on velocity. Dark matter that has a p-wave cross sec-
tion and fits the AMS-02/PAMELA data would have to
be non-thermal, since the cross section during freezeout
would be orders of magnitude larger and would vastly
over-deplete the relic density. Since vrecom ⌧ vhalo, the
cross section around recombination can be orders of mag-
nitude smaller in this case. We indicate this by dashed
vertical lines in Figure 6.

Recent direct detection experiments such as CDMS,
CoGeNT, CRESST, and DAMA, have also reported
anomalous signals that could potentially be interpreted

TABLE III: E↵ective energy deposition fractions for 41 dark
matter models. The third column is an updated version of
Table I in [3], and the fourth column includes systematic
corrections discussed in Section IIA.

Channel DM Mass (GeV) fe↵ fe↵, sys

Electrons 1 0.85 0.45

�� ! e+e� 10 0.77 0.67

100 0.60 0.46

700 0.58 0.45

1000 0.58 0.45

Muons 1 0.30 0.21

�� ! µ+µ� 10 0.29 0.23

100 0.23 0.18

250 0.21 0.16

1000 0.20 0.16

1500 0.20 0.16

Taus 200 0.19 0.15

�� ! ⌧+⌧� 1000 0.19 0.15

XDM electrons 1 0.85 0.52

�� ! �� 10 0.81 0.67

followed by 100 0.64 0.49

� ! e+e� 150 0.61 0.47

1000 0.58 0.45

XDM muons 10 0.30 0.21

�� ! �� 100 0.24 0.19

followed by 400 0.21 0.17

� ! µ+µ� 1000 0.20 0.16

2500 0.20 0.16

XDM taus 200 0.19 0.15

�� ! ��,� ! ⌧+⌧� 1000 0.18 0.14

XDM pions 100 0.20 0.16

�� ! �� 200 0.18 0.14

followed by 1000 0.16 0.13

� ! ⇡+⇡� 1500 0.16 0.13

2500 0.16 0.13

W bosons 200 0.26 0.19

�� ! W+W� 300 0.25 0.19

1000 0.24 0.19

Z bosons 200 0.24 0.18

�� ! ZZ 1000 0.23 0.18

Higgs bosons 200 0.30 0.22

�� ! hh̄ 1000 0.28 0.22

b quarks 200 0.31 0.23

�� ! bb̄ 1000 0.28 0.22

Light quarks 200 0.29 0.22

�� ! uū, dd̄ (50% each) 1000 0.28 0.21

σ constant 

σ ~ 1/v 
(Summerfeld) 

σ ~ v2 

(p-wave) 

CDMS 

leptons      hadrons 

γ	




DM interactions with other particles 
•  DM scattering rate(s) probed by: 

•  Relic density calculations                      only annihilation 
•  Indirect detection & CMB                      or decay rate                limited mass range 
•  Direct detection experiments          mainly with quarks 

•  Cosmological perturbations (CMB and Large Scale Structure power spectra) 
•  Probes elastic cross-section with γ, b, ν,  
•  ”universal”: for any mass, annihilating or decaying  
•  negligible for standard WIMPs, but several models with larger interactions  
     (millicharge, magnetic/dipole moment, …) 
•  also model-dependent: need to assume redshift-dependence of σ 
•  Collisional damping erasing CMB and/or matter fluctuations below given scale 
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DM interactions with other particles 
•  DM-γ elastic scattering cross section 

•  Extra diffusion damping, modified plasma sound speed 
•  SPT saw anomalous low damping tail! Neff, tilt running… or interactions? 
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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.
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For a constant cross section, since DM and baryons are
non-relativistic when we begin the integration, both µ̇ and k̇
behave as a�2 at high redshifts. Therefore, the ratio of µ̇ and
k̇ is proportional to the dimensionless quantity

u ⌘


sDM�g
sTh

�h mDM

100 GeV

i�1
, (7)

which depends on two essential parameters: the scattering
cross section, sDM�g, and the DM mass, mDM

7. We will use
this parameter to quantify the effect of DM–g interactions on
the evolution of primordial fluctuations. If instead the cross
section is proportional to the temperature squared, we can
write u = u0 a�2, where u0 is the present-day value (again
assuming that DM is non-relativistic).

As the magnitude of the u parameter determines the
collisional damping scale [33], one can readily see that the
efficiency of the damping is essentially governed by the ratio
of the interaction cross section to the DM mass.

B. Implementation in CLASS

The execution of CLASS begins by using three distinct
modules for the background, thermodynamical and
perturbation evolutions. In the present study, all necessary
modifications are confined to the thermodynamics and
perturbation modules.

The standard thermodynamics module solves the
recombination equations and stores an interpolation table for
[k̇, k̈,

...k , exp(�k)] as a function of redshift, z. At the same
time, we request that the module stores the corresponding
values of µ̇ (inferred analytically from u, a, sTh and rDM), its
higher derivatives and exp(�µ). It also stores values of the
visibility function

g(t) = (k̇+ µ̇)e�k�µ , (8)

along with its first and second time derivatives.
In the perturbation module, we began by adding the new

interaction terms to the photon and DM Euler equations [see
Eqns. (5) and (6)] and in the full hierarchy of Boltzmann
equations for photon temperature and polarisation. Apart
from the source term in the photon velocity equation, this
amounts to simply replacing all occurrences of k̇ with (k̇+ µ̇).
For instance, the evolution equation for photon temperature
multipoles with ` � 3 reads

Ḟg` =
k

2`+1
⇥
`Fg(`�1) � (`+1)Fg(`+1)

⇤
� (k̇+ µ̇)Fg` , (9)

where Fg` is defined as in Ref. [44].
At early times, the characteristic scale tc = (k̇)�1 is very

small, leading to a stiff system of equations. Integrating over

7 Note that after recombination, k̇ is strongly suppressed (by a factor ⇠
10�4 [45]) due to the drastic subsequent drop in the free electron density,
while µ̇ continues scaling like a�2.

time remains efficient in the baryon–photon tight-coupling
regime (in which small quantities like (q̇g � q̇b) and sg are
obtained analytically at order one or two in the expansion
parameter), while the remaining evolution equations become
independent of tc.

To obtain a CMB spectrum compatible with large-scale
observations, we can limit our analysis to the case in which
the new interaction rate is weaker than the Thomson scattering
rate, i.e. µ̇ < k̇. Therefore, there is no need to devise a
specific DM–g tight-coupling regime; we need only to correct
the baryon–g tight-coupling approximation in order to account
for the new interaction. This can be easily achieved by
following the step-by-step calculation of Ref. [43], including
the additional terms �µ̇(qg � qDM) and �S�1µ̇(qDM � qg) in
the photon and DM Euler equations respectively.

We implemented these modifications at order one in tc
(and even beyond that order, since we used the approximation
scheme called class compromise in Ref. [43]). We checked
the consistency of our approach by varying the time at
which the tight-coupling approximation is switched off in the
presence of a non-zero interaction rate, µ̇. As expected, the
results are independent of the switching time, unless it gets too
close to recombination (in which case, one needs to introduce
a DM–g tight-coupling regime).

In order to follow a reduced number of multipoles in
the hierarchy of Boltzmann equations for photons, we
expressed the final temperature and polarisation spectra
using a line-of-sight integral [46], i.e. we decompose the
temperature/polarisation photon transfer functions DT,P

l (k) as

DT,P
` (k) =

Z t0

ti

dt ST,P(k,t) j`[k(t0 � t)] , (10)

where t is conformal time, ti is an arbitrary time much
earlier than recombination, t0 is the time today, ST,P(k,t)
is the temperature/polarisation source function and the j`’s
are spherical Bessel functions. The source functions can be
obtained by integrating the Boltzmann equation by parts along
a given geodesic. For the model at hand, the source functions
for temperature and polarisation read

ST = e�k�µḟ+
g
4

✓
dg +

P
4

◆
+

e�k�µ

k2 ⇥
�
[k̈+ k̇(k̇+ µ̇)]qb + k̇q̇b +[µ̈+ µ̇(k̇+ µ̇)]qDM + µ̇q̇DM

 

+
d
dt


e�k�µy+

3
16k2 (ġP+gṖ)

�
, (11)

SP =
3

16
gP

[k(t0 � t)]2
, (12)

where P is a linear combination of temperature and
polarisation multipoles, corresponding to [Fg2 +Gg0 +Gg2] in
the notation of Ref. [44].

In the above formulae, for our numerical implementation
in CLASS, derivatives of perturbations denoted with a dot are
evaluated analytically using the evolution equations, while
the derivative denoted by d/dt is computed with a finite
difference method, after storing the function between the
square brackets.
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presence of a non-zero interaction rate, µ̇. As expected, the
results are independent of the switching time, unless it gets too
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temperature/polarisation photon transfer functions DT,P
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where t is conformal time, ti is an arbitrary time much
earlier than recombination, t0 is the time today, ST,P(k,t)
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are spherical Bessel functions. The source functions can be
obtained by integrating the Boltzmann equation by parts along
a given geodesic. For the model at hand, the source functions
for temperature and polarisation read

ST = e�k�µḟ+
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In the above formulae, for our numerical implementation
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evaluated analytically using the evolution equations, while
the derivative denoted by d/dt is computed with a finite
difference method, after storing the function between the
square brackets.
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We considered three active neutrino species; two massless
and the other with a small mass of 0.06 eV, reflecting the
lower bound imposed by neutrino oscillation experiments [48]
(this matches the assumption made in the Planck analysis). In
addition, we chose the standard value of 3.046 for the effective
number of neutrino species, Neff [47] (allowing Neff to vary
does not have a significant effect on our conclusions).

To efficiently sample the parameter space, we ran the
Markov Chain Monte Carlo code MONTE PYTHON8 [49]
combined with the one-year data release from Planck,
provided by the Planck Legacy Archive9 [6]. In particular,
we used the high-` and low-` temperature data of Planck
combined with the low-` WMAP polarisation data (this
corresponds to ‘Planck + WP’ in Ref. [41]). We marginalised
over the nuisance parameters listed in Ref. [41].

For a constant cross section, the bounds on the various
cosmological parameters are displayed in Table I and
illustrated in Fig. 2 (where we omit the nuisance parameters
for clarity). The posterior probability distribution for the u
parameter peaks at u ' 0 showing that the data does not prefer
a significant DM–g coupling. Importantly, we derive an upper
limit on the elastic scattering cross section of

sDM�g  8⇥10�31 (mDM/GeV) cm2 , (13)

corresponding to u  1.2 ⇥ 10�4 (at 68% CL). This result
constitutes an improvement by a factor of ⇠ 9 on the
pre-WMAP analysis of Ref. [33], which set a limit of
sDM�g . 7⇥10�30 (mDM/GeV) cm2 by comparing the CMB
anisotropy spectra with LCDM predictions.

We note that including data from the 2500-square degree
SPT survey [4] tightens the constraints on the cosmological
parameters with respect to ‘Planck + WP’ alone, giving
best-fit values that are consistent at the 1s level. We obtain the
slightly weaker result of u  1.3⇥10�4, in addition to a larger
value of H0 = 67.9+1.0

�1.1 and smaller value of zreio = 10.7+1.0
�1.2

(all at 68% CL)10.
For a DM candidate that is lighter than a few GeV (see

e.g. [23, 24]), Eq. (13) suggests that the particles must have
a cross section in the range of weak interactions. This result is
relevant for scenarios in which DM cannot annihilate directly
into the visible sector (where indirect detection techniques are
inappropriate). Meanwhile, for a heavy DM particle (⇠ TeV),
we obtain a weaker bound on the scattering cross section so
large DM–g interactions (with respect to weak interactions)
cannot yet be ruled out by CMB data alone.

For scenarios where DM cannot couple directly to photons,
this translates into an upper bound on the DM coupling to
charged particles, including those of the SM. However, the
requirement of a constant cross section implies that there is

8
montepython.net

9
pla.esac.esa.int/pla/aio/planckProducts.html

10 Note that these results must be considered with care, given the small
tension between the amplitudes of the CMB damping tail in the SPT and
Planck data (as reported in Ref. [41], although the Planck collaboration
now has a better understanding of the source of this tension).

some cancellation that enables us to remove the dependence
on the photon energy, as in the case of Thomson scattering.
Scenarios in which the DM mass is degenerated with the
mediator mass may therefore be more appropriate, providing
that the mass degeneracy passes the cuts at the LHC (e.g.
Ref. [50]) or the DM mass is large enough to satisfy the LHC
constraints on new charged particles.

A constant cross section is also expected in the presence
of a Z0–g or g0–g mixing [51]. In this case, the cross section
is essentially the Thomson cross section multiplied by the
Z0/g0 �g coupling, c, to the power four (i.e. sDM�g = c4 sTh).
Our result then translates into the constraint c . 0.1 in the
limit of a massless g0 or Z0, and essentially competes with the
present bounds on nearly massless dark photons (. 10�14 eV)
from Jupiter [51].

If instead, the cross section is proportional to the
temperature squared, we obtain the stringent upper bound of

sDM�g  6⇥10�40 (mDM/GeV) cm2 , (14)

for the present-day value of the scattering cross section
(at 68% CL), corresponding to u0  9.0 ⇥ 10�14, which is
consistent with Eq. (13). Brought back to epochs much earlier
than the CMB time, this result is clearly not as powerful as
the constant cross section case, but does apply to all scenarios
where the dependence on the energy of the photon cannot be
alleviated. In the case of dipolar DM models [36–38], this
enables one to constrain the DM dipole moment.

We note that our analysis assumes that the interacting DM
accounts for the entire DM component of the Universe; if
more than one species were responsible for the observed relic
density [52], larger cross sections would be allowed.

B. Prospects for future experiments

As shown in Table I, our best fit to the Planck data for
u . 10�4 leads to values of the cosmological parameters that
are consistent with those obtained by Planck at the 1s level.
However, there are a number of differences with respect to
LCDM at high ` due to the impact of DM–g interactions,
which eventually dampen structure on very small scales.

The effect is particularly noticeable if one considers
the T T angular power spectrum for ` & 3000, which has
not yet been probed by Planck (see Fig. 3). Indeed,
for ` ' 6000, small-scale fluctuations are suppressed by a
factor of ⇠ 4 with respect to LCDM for our maximally
allowed cross section. This result could be promising for
CMB experiments such as SPT [4] and ACT [5]; however,
such a large value of ` corresponds to the region where
the foregrounds (emission from extra-galactic sources and
the thermal Sunyaev-Zeldovich effect) are dominant [53].
Therefore, the detectability of DM–g interactions in the
temperature anisotropy spectrum will depend on the accuracy
of foreground modelling and removal.

The damping with respect to LCDM is also evident in
the B-mode spectrum (a consequence of E-mode lensing by
large-scale structure), as shown in Fig. 4. The reduction in
power is due to the combined damping of the E-modes (see
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some cancellation that enables us to remove the dependence
on the photon energy, as in the case of Thomson scattering.
Scenarios in which the DM mass is degenerated with the
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that the mass degeneracy passes the cuts at the LHC (e.g.
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are consistent with those obtained by Planck at the 1s level.
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LCDM at high ` due to the impact of DM–g interactions,
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the thermal Sunyaev-Zeldovich effect) are dominant [53].
Therefore, the detectability of DM–g interactions in the
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large-scale structure), as shown in Fig. 4. The reduction in
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For a constant cross section, since DM and baryons are
non-relativistic when we begin the integration, both µ̇ and k̇
behave as a�2 at high redshifts. Therefore, the ratio of µ̇ and
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which depends on two essential parameters: the scattering
cross section, sDM�g, and the DM mass, mDM

7. We will use
this parameter to quantify the effect of DM–g interactions on
the evolution of primordial fluctuations. If instead the cross
section is proportional to the temperature squared, we can
write u = u0 a�2, where u0 is the present-day value (again
assuming that DM is non-relativistic).

As the magnitude of the u parameter determines the
collisional damping scale [33], one can readily see that the
efficiency of the damping is essentially governed by the ratio
of the interaction cross section to the DM mass.

B. Implementation in CLASS

The execution of CLASS begins by using three distinct
modules for the background, thermodynamical and
perturbation evolutions. In the present study, all necessary
modifications are confined to the thermodynamics and
perturbation modules.
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[k̇, k̈,

...k , exp(�k)] as a function of redshift, z. At the same
time, we request that the module stores the corresponding
values of µ̇ (inferred analytically from u, a, sTh and rDM), its
higher derivatives and exp(�µ). It also stores values of the
visibility function

g(t) = (k̇+ µ̇)e�k�µ , (8)

along with its first and second time derivatives.
In the perturbation module, we began by adding the new

interaction terms to the photon and DM Euler equations [see
Eqns. (5) and (6)] and in the full hierarchy of Boltzmann
equations for photon temperature and polarisation. Apart
from the source term in the photon velocity equation, this
amounts to simply replacing all occurrences of k̇ with (k̇+ µ̇).
For instance, the evolution equation for photon temperature
multipoles with ` � 3 reads

Ḟg` =
k

2`+1
⇥
`Fg(`�1) � (`+1)Fg(`+1)

⇤
� (k̇+ µ̇)Fg` , (9)

where Fg` is defined as in Ref. [44].
At early times, the characteristic scale tc = (k̇)�1 is very

small, leading to a stiff system of equations. Integrating over

7 Note that after recombination, k̇ is strongly suppressed (by a factor ⇠
10�4 [45]) due to the drastic subsequent drop in the free electron density,
while µ̇ continues scaling like a�2.

time remains efficient in the baryon–photon tight-coupling
regime (in which small quantities like (q̇g � q̇b) and sg are
obtained analytically at order one or two in the expansion
parameter), while the remaining evolution equations become
independent of tc.

To obtain a CMB spectrum compatible with large-scale
observations, we can limit our analysis to the case in which
the new interaction rate is weaker than the Thomson scattering
rate, i.e. µ̇ < k̇. Therefore, there is no need to devise a
specific DM–g tight-coupling regime; we need only to correct
the baryon–g tight-coupling approximation in order to account
for the new interaction. This can be easily achieved by
following the step-by-step calculation of Ref. [43], including
the additional terms �µ̇(qg � qDM) and �S�1µ̇(qDM � qg) in
the photon and DM Euler equations respectively.

We implemented these modifications at order one in tc
(and even beyond that order, since we used the approximation
scheme called class compromise in Ref. [43]). We checked
the consistency of our approach by varying the time at
which the tight-coupling approximation is switched off in the
presence of a non-zero interaction rate, µ̇. As expected, the
results are independent of the switching time, unless it gets too
close to recombination (in which case, one needs to introduce
a DM–g tight-coupling regime).

In order to follow a reduced number of multipoles in
the hierarchy of Boltzmann equations for photons, we
expressed the final temperature and polarisation spectra
using a line-of-sight integral [46], i.e. we decompose the
temperature/polarisation photon transfer functions DT,P

l (k) as

DT,P
` (k) =

Z t0

ti

dt ST,P(k,t) j`[k(t0 � t)] , (10)

where t is conformal time, ti is an arbitrary time much
earlier than recombination, t0 is the time today, ST,P(k,t)
is the temperature/polarisation source function and the j`’s
are spherical Bessel functions. The source functions can be
obtained by integrating the Boltzmann equation by parts along
a given geodesic. For the model at hand, the source functions
for temperature and polarisation read
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16
gP
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, (12)

where P is a linear combination of temperature and
polarisation multipoles, corresponding to [Fg2 +Gg0 +Gg2] in
the notation of Ref. [44].

In the above formulae, for our numerical implementation
in CLASS, derivatives of perturbations denoted with a dot are
evaluated analytically using the evolution equations, while
the derivative denoted by d/dt is computed with a finite
difference method, after storing the function between the
square brackets.
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We considered three active neutrino species; two massless
and the other with a small mass of 0.06 eV, reflecting the
lower bound imposed by neutrino oscillation experiments [48]
(this matches the assumption made in the Planck analysis). In
addition, we chose the standard value of 3.046 for the effective
number of neutrino species, Neff [47] (allowing Neff to vary
does not have a significant effect on our conclusions).

To efficiently sample the parameter space, we ran the
Markov Chain Monte Carlo code MONTE PYTHON8 [49]
combined with the one-year data release from Planck,
provided by the Planck Legacy Archive9 [6]. In particular,
we used the high-` and low-` temperature data of Planck
combined with the low-` WMAP polarisation data (this
corresponds to ‘Planck + WP’ in Ref. [41]). We marginalised
over the nuisance parameters listed in Ref. [41].

For a constant cross section, the bounds on the various
cosmological parameters are displayed in Table I and
illustrated in Fig. 2 (where we omit the nuisance parameters
for clarity). The posterior probability distribution for the u
parameter peaks at u ' 0 showing that the data does not prefer
a significant DM–g coupling. Importantly, we derive an upper
limit on the elastic scattering cross section of

sDM�g  8⇥10�31 (mDM/GeV) cm2 , (13)

corresponding to u  1.2 ⇥ 10�4 (at 68% CL). This result
constitutes an improvement by a factor of ⇠ 9 on the
pre-WMAP analysis of Ref. [33], which set a limit of
sDM�g . 7⇥10�30 (mDM/GeV) cm2 by comparing the CMB
anisotropy spectra with LCDM predictions.

We note that including data from the 2500-square degree
SPT survey [4] tightens the constraints on the cosmological
parameters with respect to ‘Planck + WP’ alone, giving
best-fit values that are consistent at the 1s level. We obtain the
slightly weaker result of u  1.3⇥10�4, in addition to a larger
value of H0 = 67.9+1.0

�1.1 and smaller value of zreio = 10.7+1.0
�1.2

(all at 68% CL)10.
For a DM candidate that is lighter than a few GeV (see

e.g. [23, 24]), Eq. (13) suggests that the particles must have
a cross section in the range of weak interactions. This result is
relevant for scenarios in which DM cannot annihilate directly
into the visible sector (where indirect detection techniques are
inappropriate). Meanwhile, for a heavy DM particle (⇠ TeV),
we obtain a weaker bound on the scattering cross section so
large DM–g interactions (with respect to weak interactions)
cannot yet be ruled out by CMB data alone.

For scenarios where DM cannot couple directly to photons,
this translates into an upper bound on the DM coupling to
charged particles, including those of the SM. However, the
requirement of a constant cross section implies that there is

8
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10 Note that these results must be considered with care, given the small
tension between the amplitudes of the CMB damping tail in the SPT and
Planck data (as reported in Ref. [41], although the Planck collaboration
now has a better understanding of the source of this tension).

some cancellation that enables us to remove the dependence
on the photon energy, as in the case of Thomson scattering.
Scenarios in which the DM mass is degenerated with the
mediator mass may therefore be more appropriate, providing
that the mass degeneracy passes the cuts at the LHC (e.g.
Ref. [50]) or the DM mass is large enough to satisfy the LHC
constraints on new charged particles.

A constant cross section is also expected in the presence
of a Z0–g or g0–g mixing [51]. In this case, the cross section
is essentially the Thomson cross section multiplied by the
Z0/g0 �g coupling, c, to the power four (i.e. sDM�g = c4 sTh).
Our result then translates into the constraint c . 0.1 in the
limit of a massless g0 or Z0, and essentially competes with the
present bounds on nearly massless dark photons (. 10�14 eV)
from Jupiter [51].

If instead, the cross section is proportional to the
temperature squared, we obtain the stringent upper bound of

sDM�g  6⇥10�40 (mDM/GeV) cm2 , (14)

for the present-day value of the scattering cross section
(at 68% CL), corresponding to u0  9.0 ⇥ 10�14, which is
consistent with Eq. (13). Brought back to epochs much earlier
than the CMB time, this result is clearly not as powerful as
the constant cross section case, but does apply to all scenarios
where the dependence on the energy of the photon cannot be
alleviated. In the case of dipolar DM models [36–38], this
enables one to constrain the DM dipole moment.

We note that our analysis assumes that the interacting DM
accounts for the entire DM component of the Universe; if
more than one species were responsible for the observed relic
density [52], larger cross sections would be allowed.

B. Prospects for future experiments

As shown in Table I, our best fit to the Planck data for
u . 10�4 leads to values of the cosmological parameters that
are consistent with those obtained by Planck at the 1s level.
However, there are a number of differences with respect to
LCDM at high ` due to the impact of DM–g interactions,
which eventually dampen structure on very small scales.

The effect is particularly noticeable if one considers
the T T angular power spectrum for ` & 3000, which has
not yet been probed by Planck (see Fig. 3). Indeed,
for ` ' 6000, small-scale fluctuations are suppressed by a
factor of ⇠ 4 with respect to LCDM for our maximally
allowed cross section. This result could be promising for
CMB experiments such as SPT [4] and ACT [5]; however,
such a large value of ` corresponds to the region where
the foregrounds (emission from extra-galactic sources and
the thermal Sunyaev-Zeldovich effect) are dominant [53].
Therefore, the detectability of DM–g interactions in the
temperature anisotropy spectrum will depend on the accuracy
of foreground modelling and removal.

The damping with respect to LCDM is also evident in
the B-mode spectrum (a consequence of E-mode lensing by
large-scale structure), as shown in Fig. 4. The reduction in
power is due to the combined damping of the E-modes (see
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For a constant cross section, since DM and baryons are
non-relativistic when we begin the integration, both µ̇ and k̇
behave as a�2 at high redshifts. Therefore, the ratio of µ̇ and
k̇ is proportional to the dimensionless quantity

u ⌘


sDM�g
sTh

�h mDM

100 GeV

i�1
, (7)

which depends on two essential parameters: the scattering
cross section, sDM�g, and the DM mass, mDM

7. We will use
this parameter to quantify the effect of DM–g interactions on
the evolution of primordial fluctuations. If instead the cross
section is proportional to the temperature squared, we can
write u = u0 a�2, where u0 is the present-day value (again
assuming that DM is non-relativistic).

As the magnitude of the u parameter determines the
collisional damping scale [33], one can readily see that the
efficiency of the damping is essentially governed by the ratio
of the interaction cross section to the DM mass.

B. Implementation in CLASS

The execution of CLASS begins by using three distinct
modules for the background, thermodynamical and
perturbation evolutions. In the present study, all necessary
modifications are confined to the thermodynamics and
perturbation modules.

The standard thermodynamics module solves the
recombination equations and stores an interpolation table for
[k̇, k̈,

...k , exp(�k)] as a function of redshift, z. At the same
time, we request that the module stores the corresponding
values of µ̇ (inferred analytically from u, a, sTh and rDM), its
higher derivatives and exp(�µ). It also stores values of the
visibility function

g(t) = (k̇+ µ̇)e�k�µ , (8)

along with its first and second time derivatives.
In the perturbation module, we began by adding the new

interaction terms to the photon and DM Euler equations [see
Eqns. (5) and (6)] and in the full hierarchy of Boltzmann
equations for photon temperature and polarisation. Apart
from the source term in the photon velocity equation, this
amounts to simply replacing all occurrences of k̇ with (k̇+ µ̇).
For instance, the evolution equation for photon temperature
multipoles with ` � 3 reads

Ḟg` =
k

2`+1
⇥
`Fg(`�1) � (`+1)Fg(`+1)

⇤
� (k̇+ µ̇)Fg` , (9)

where Fg` is defined as in Ref. [44].
At early times, the characteristic scale tc = (k̇)�1 is very

small, leading to a stiff system of equations. Integrating over

7 Note that after recombination, k̇ is strongly suppressed (by a factor ⇠
10�4 [45]) due to the drastic subsequent drop in the free electron density,
while µ̇ continues scaling like a�2.

time remains efficient in the baryon–photon tight-coupling
regime (in which small quantities like (q̇g � q̇b) and sg are
obtained analytically at order one or two in the expansion
parameter), while the remaining evolution equations become
independent of tc.

To obtain a CMB spectrum compatible with large-scale
observations, we can limit our analysis to the case in which
the new interaction rate is weaker than the Thomson scattering
rate, i.e. µ̇ < k̇. Therefore, there is no need to devise a
specific DM–g tight-coupling regime; we need only to correct
the baryon–g tight-coupling approximation in order to account
for the new interaction. This can be easily achieved by
following the step-by-step calculation of Ref. [43], including
the additional terms �µ̇(qg � qDM) and �S�1µ̇(qDM � qg) in
the photon and DM Euler equations respectively.

We implemented these modifications at order one in tc
(and even beyond that order, since we used the approximation
scheme called class compromise in Ref. [43]). We checked
the consistency of our approach by varying the time at
which the tight-coupling approximation is switched off in the
presence of a non-zero interaction rate, µ̇. As expected, the
results are independent of the switching time, unless it gets too
close to recombination (in which case, one needs to introduce
a DM–g tight-coupling regime).

In order to follow a reduced number of multipoles in
the hierarchy of Boltzmann equations for photons, we
expressed the final temperature and polarisation spectra
using a line-of-sight integral [46], i.e. we decompose the
temperature/polarisation photon transfer functions DT,P

l (k) as
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dt ST,P(k,t) j`[k(t0 � t)] , (10)

where t is conformal time, ti is an arbitrary time much
earlier than recombination, t0 is the time today, ST,P(k,t)
is the temperature/polarisation source function and the j`’s
are spherical Bessel functions. The source functions can be
obtained by integrating the Boltzmann equation by parts along
a given geodesic. For the model at hand, the source functions
for temperature and polarisation read
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where P is a linear combination of temperature and
polarisation multipoles, corresponding to [Fg2 +Gg0 +Gg2] in
the notation of Ref. [44].

In the above formulae, for our numerical implementation
in CLASS, derivatives of perturbations denoted with a dot are
evaluated analytically using the evolution equations, while
the derivative denoted by d/dt is computed with a finite
difference method, after storing the function between the
square brackets.
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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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angular power spectrum, where the strength of the interaction
is characterised by u ⌘

⇥
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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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spectrum, where the strength of the interaction is characterised by
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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)



DM interactions with other particles 
•  DM-γ elastic scattering cross section 

•  Potential progress with better foreground removal, polarisation, or large scale 
structure: 

12.12.2013 CMB & DM – J. Lesgourgues 26 

3

For a constant cross section, since DM and baryons are
non-relativistic when we begin the integration, both µ̇ and k̇
behave as a�2 at high redshifts. Therefore, the ratio of µ̇ and
k̇ is proportional to the dimensionless quantity

u ⌘


sDM�g
sTh

�h mDM

100 GeV

i�1
, (7)

which depends on two essential parameters: the scattering
cross section, sDM�g, and the DM mass, mDM

7. We will use
this parameter to quantify the effect of DM–g interactions on
the evolution of primordial fluctuations. If instead the cross
section is proportional to the temperature squared, we can
write u = u0 a�2, where u0 is the present-day value (again
assuming that DM is non-relativistic).

As the magnitude of the u parameter determines the
collisional damping scale [33], one can readily see that the
efficiency of the damping is essentially governed by the ratio
of the interaction cross section to the DM mass.

B. Implementation in CLASS

The execution of CLASS begins by using three distinct
modules for the background, thermodynamical and
perturbation evolutions. In the present study, all necessary
modifications are confined to the thermodynamics and
perturbation modules.

The standard thermodynamics module solves the
recombination equations and stores an interpolation table for
[k̇, k̈,

...k , exp(�k)] as a function of redshift, z. At the same
time, we request that the module stores the corresponding
values of µ̇ (inferred analytically from u, a, sTh and rDM), its
higher derivatives and exp(�µ). It also stores values of the
visibility function

g(t) = (k̇+ µ̇)e�k�µ , (8)

along with its first and second time derivatives.
In the perturbation module, we began by adding the new

interaction terms to the photon and DM Euler equations [see
Eqns. (5) and (6)] and in the full hierarchy of Boltzmann
equations for photon temperature and polarisation. Apart
from the source term in the photon velocity equation, this
amounts to simply replacing all occurrences of k̇ with (k̇+ µ̇).
For instance, the evolution equation for photon temperature
multipoles with ` � 3 reads

Ḟg` =
k

2`+1
⇥
`Fg(`�1) � (`+1)Fg(`+1)

⇤
� (k̇+ µ̇)Fg` , (9)

where Fg` is defined as in Ref. [44].
At early times, the characteristic scale tc = (k̇)�1 is very

small, leading to a stiff system of equations. Integrating over

7 Note that after recombination, k̇ is strongly suppressed (by a factor ⇠
10�4 [45]) due to the drastic subsequent drop in the free electron density,
while µ̇ continues scaling like a�2.

time remains efficient in the baryon–photon tight-coupling
regime (in which small quantities like (q̇g � q̇b) and sg are
obtained analytically at order one or two in the expansion
parameter), while the remaining evolution equations become
independent of tc.

To obtain a CMB spectrum compatible with large-scale
observations, we can limit our analysis to the case in which
the new interaction rate is weaker than the Thomson scattering
rate, i.e. µ̇ < k̇. Therefore, there is no need to devise a
specific DM–g tight-coupling regime; we need only to correct
the baryon–g tight-coupling approximation in order to account
for the new interaction. This can be easily achieved by
following the step-by-step calculation of Ref. [43], including
the additional terms �µ̇(qg � qDM) and �S�1µ̇(qDM � qg) in
the photon and DM Euler equations respectively.

We implemented these modifications at order one in tc
(and even beyond that order, since we used the approximation
scheme called class compromise in Ref. [43]). We checked
the consistency of our approach by varying the time at
which the tight-coupling approximation is switched off in the
presence of a non-zero interaction rate, µ̇. As expected, the
results are independent of the switching time, unless it gets too
close to recombination (in which case, one needs to introduce
a DM–g tight-coupling regime).

In order to follow a reduced number of multipoles in
the hierarchy of Boltzmann equations for photons, we
expressed the final temperature and polarisation spectra
using a line-of-sight integral [46], i.e. we decompose the
temperature/polarisation photon transfer functions DT,P

l (k) as

DT,P
` (k) =

Z t0

ti

dt ST,P(k,t) j`[k(t0 � t)] , (10)

where t is conformal time, ti is an arbitrary time much
earlier than recombination, t0 is the time today, ST,P(k,t)
is the temperature/polarisation source function and the j`’s
are spherical Bessel functions. The source functions can be
obtained by integrating the Boltzmann equation by parts along
a given geodesic. For the model at hand, the source functions
for temperature and polarisation read

ST = e�k�µḟ+
g
4

✓
dg +

P
4

◆
+

e�k�µ

k2 ⇥
�
[k̈+ k̇(k̇+ µ̇)]qb + k̇q̇b +[µ̈+ µ̇(k̇+ µ̇)]qDM + µ̇q̇DM

 

+
d
dt


e�k�µy+

3
16k2 (ġP+gṖ)

�
, (11)

SP =
3

16
gP

[k(t0 � t)]2
, (12)

where P is a linear combination of temperature and
polarisation multipoles, corresponding to [Fg2 +Gg0 +Gg2] in
the notation of Ref. [44].

In the above formulae, for our numerical implementation
in CLASS, derivatives of perturbations denoted with a dot are
evaluated analytically using the evolution equations, while
the derivative denoted by d/dt is computed with a finite
difference method, after storing the function between the
square brackets.
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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)
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Having obtained a constraint on σ0 in this way for mχ = 10 GeV, we present our result as a constraint on (σ0/mχ),
valid for any value of mχ subject to mχ ≫ mH, and quoted separately for different values of n. Note that, in the
limit of mχ ≫ mH, there is no dependence on n in the scaling of the bound as function of mχ for fixed σ0, to leading
order in (mH/mχ). This is so because all the dynamical difference between the models is contained in the velocity

dependence, where the thermal dispersion becomes dominated by the baryons,
〈

(∆v⃗)2
〉

≈ 3 (Tb/mb) to leading order

in (mH/mχ). While we do not discuss here in detail the limit mχ < mH, we note that the set of equations presented
in Sec. III provides all of the information required to evaluate the bounds in the low-mχ limit, as long as the DM is
non-relativistic throughout the time of interest z ! 109 (satisfied for mχ " 1 MeV).
We determine joint constraints on σ0 and the basic set of ΛCDM cosmological parameters,

pµ = {Ωbh
2,Ωχh

2, τ, θ, As, ns}. (20)

Here Ωbh2 is the physical baryon density, Ωχh2 is the physical dark matter density, τ is the reionization optical depth,
and θ is the angular size of the sound horizon at recombination. We ignore tensor modes and assume a flat geometry.
Our numerical results are summarized in Table I. In obtaining these bounds, instead of solving for Tχ [which can

easily be done using Eq. (13)] we simply set Tχ = Tb. The induced error is of O (mH/mχ) for heavy DM.

n CMB (95%CL, cm2/g) CMB + Lyman-α (95%CL, cm2/g) λ (MW)

-4 1.8× 10−17 1.7× 10−17 27 Gpc

-2 3.0× 10−9 6.2× 10−10 738 Mpc

-1 1.6× 10−5 1.4 × 10−6 313 Mpc

0 0.12 3.3 × 10−3 138 Mpc

+2 1.3× 105 9.5 × 103 46 Mpc

TABLE I: 95%CL constraints on (σ0/mχ) from CMB alone (with Planck data) and from CMB in combination with Lyman-α
data from the SDSS. Results are valid for mχ ≫ mH, and conservatively neglect scattering from helium, setting FHe = 0.76
(adding coherent isospin-independent scattering on helium would tighten the bounds by a factor of 6). First column: power-
law index n of Eq. (4). Second column: CMB alone, constraint in units of cm2/g. Third column: combined CMB and
Lyman-α. Fourth column: minimal mean free path for baryon scattering on DM in the MW solar cycle (ρχ ∼ 0.4 GeV/cm3,
v = vMW ∼ 10−3), using the CMB + Lyman-α constraint.

These constraints are obtained using the momentum-transfer rate given in Eq. (18). As discussed at the end of
Sec. III B, at redshift z < 104 Eq. (18) provides only an approximate treatment of the perturbation equations as the
full evolution becomes nonlinear3. To estimate the impact of our approximation, we compare the constraints reported
in Tab. I to the constraints obtained using Eq. (14), instead of (18). For the the n = −2, n = 0, and n = +2 models,
we find that the CMB+Lyman-α constraints exhibit essentially no change. This happens because for these models,
Lyman-α dominates the constraint, and the matter power spectrum on the scales probed by Lyman-α is determined
by mode evolution at z ≫ 104, where Eqs. (14) and (18) are equally valid. In contrast, the model with n = −4 is
constrained primarily by the CMB data, and is sensitive to the appearance of V 2

RMS in Eq. (18) that regularizes an
otherwise decreasing thermal velocity. Using Eq. (14) instead of (18) for the model with n = −4, we would find an
artificially stronger bound, (σ0/mχ) < 1.4 × 10−18, more constraining by a factor of 10 compared with the number
we quote in Tab. I. We believe that our simplified analysis of the n = −4 case in the nonlinear regime is conservative,
and leaves room for significant improvement of the constraints. This could be of particular interest as n = −4 arises
in simple particle physics models where DM has a small electric charge.
In Fig. 3 we show the effect of DM-baryon scattering on the CMB and matter power spectra, using for the plots the

95% CL limits from the CMB + Lyman-α chains, taken from Tab. I. We add in Fig. 3 (right panel) the experimental
Lyman-α data point used in the likelihood analysis, at k = 1.03 h/Mpc, showing the 95% CL limit of both amplitude
and slope. In the CMB plot, we denote the ±1σ error bars of Planck, including beam noise and cosmic variance, as
black (+) marks.
In Fig. 4 we show separately the slope of the linear matter power spectra for the different models, along with the

experimental value and its 95%CL limit coming from the Lyman-α analysis done in Ref. [42].
Finally, we comment that the likelihood procedure given in Ref. [42] strictly applies only to cosmological models

with a power-law matter power spectrum. This assumption is not completely satisfied in our framework, where a large

3 This issue is relevant for models with n ̸= −1. For n = −1, Eqs. (14) and (18) coincide.
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Flavor neutrinos 
Neutrino mass effect on CMB: 

•  not observed by Planck! Especially because spectrum has low peak contrast and 
would like even more lensing than in ΛCDM… 

 

•  Compatible with bounds from galaxy surveys and Lyman-α	

•  Anomalies: lensing extraction, galaxy shear, cluster mass function 
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CMB alone (Planck+WP+HighL): 
 

	
Σmν < 0.66eV  (95%CL) 
 
With BAO: 
 

	
Σmν < 0.23eV  (95%CL) 



SZ cluster count 
•  Using SZ cluster count from Planck 
 
 
 
 
 
 
 
 
 
 
 
 
Planck XX, 2013 
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Fig. 1. The distribution on the sky of the Planck SZ cluster sub-sample used in this paper, with the 35% mask overlaid.

The present-day expansion rate of the Universe is quantified by
the Hubble constant H0 = 100 h km s�1 Mpc�1.

The cluster number counts are very sensitive to the ampli-
tude of the matter power spectrum. When studying cluster counts
it is usual to parametrize this in terms of the density variance
in spheres of radius 8h�1 Mpc, denoted �8, rather than overall
power spectrum amplitude, As. In cases where we include pri-
mary CMB data we use As and compute �8 as a derived param-
eter. In addition to the parameters above, we also allow the other
standard cosmological parameters to vary: ns representing the
spectral index of density fluctuations; and ⌦bh2 quantifying the
baryon density.

The number of clusters predicted to be observed by a survey
in a given redshift interval [zi, zi+1] can be written

ni =

Z zi+1

zi

dz
dN
dz

(1)

with

dN
dz
=

Z
d⌦
Z

dM500 �̂(z,M500, l, b)
dN

dz dM500 d⌦
, (2)

where d⌦ is the solid angle element and M500 is the mass within
the radius where the mean enclosed density is 500 times the crit-
ical density. The quantity �̂(z,M500, l, b) is the survey complete-
ness at a given location (l, b) on the sky, given by

�̂ =

Z
dY500

Z
d✓500P(z,M500|Y500, ✓500) �(Y500, ✓500, l, b) . (3)

Here P(z,M500|Y500, ✓500) is the distribution of (z,M500) for a
given (Y500, ✓500), where Y500 and ✓500 are the SZ flux and size
of a cluster of redshift and mass (z,M500).

This distribution is obtained from the scaling relations be-
tween Y500, ✓500, and M500, discussed later in this section. Note
that �̂(z,M500, l, b) depends on cosmological parameters through
P(z,M500|Y500, ✓500), while the completeness in terms of the ob-
servables, �(Y500, ✓500, l, b), does not depend on the cosmology
as it refers directly to the observed quantities.

For the present work, we restrict our analysis to the quan-
tity dN/dz which measures the total counts in redshift bins.
In particular, we do not use the blind SZ flux estimated by
the cluster candidate extraction methods that, as detailed in
Planck Collaboration VIII (2011), is found to be significantly
higher than the flux predicted from X-ray measurements. In con-
trast to the blind SZ flux, the blind S/N is in good agreement with
the S/N measured using X-ray priors. Figure 2 shows the blind
S/N (S/Nblind) versus the S/N re-extracted at the X-ray position
and using the X-ray size (S/NX). The clusters follow the equality
line. In Sect. 3, we use the (S/Nblind) values to define our cosmo-
logical sample, while for the predicted counts (defined in Sect. 2)
we use the completeness based on S/NX. Our analysis relies on
the good match between these two quantities.

To carry out a prediction of the counts expected in a survey,
given cosmological assumptions, we therefore need the follow-
ing inputs:

– a mass function that tells us the number distribution of clus-
ters with mass and redshift;

– scaling relations that can predict observable quantities from
the mass and redshift;

– the completeness of the survey in terms of those observables,
which tells us the probability that a model cluster would
make it into the survey catalogue.

These are described in the remainder of this section and in the
next.

2.2. Mass function

Our main results use the mass function from Tinker et al. (2008),
which is given by

dN
dM500

(M500, z) = f (�)
⇢m(z = 0)

M500

d ln��1

dM500
, (4)

where

f (�) = A

1 +
✓�

b

◆�a�
exp
✓
� c
�2

◆
, (5)

3

Planck Collaboration: Cosmology from SZ clusters counts

Table 2. Best-fit cosmological parameters for various combinations of data and analysis methods. Note that for the analysis using Watson et al.
mass function, or (1-b) in [0.7-1], the degeneracy line is different and thus the value of �8(⌦m/0.27)0.3 is just illustrative

�8(⌦m/0.27)0.3 ⌦m �8 1 � b

Planck SZ +BAO+BBN 0.782 ± 0.010 0.29 ± 0.02 0.77 ± 0.02 0.8
Planck SZ +HST+BBN 0.792 ± 0.012 0.28 ± 0.03 0.78 ± 0.03 0.8
MMF1 sample +BAO+BBN 0.800 ± 0.010 0.29 ± 0.02 0.78 ± 0.02 0.8
MMF3 S/N > 8 +BAO+BBN 0.785 ± 0.011 0.29 ± 0.02 0.77 ± 0.02 0.8
Planck SZ +BAO+BBN (MC completeness) 0.778 ± 0.010 0.30 ± 0.03 0.75 ± 0.02 0.8
Planck SZ +BAO+BBN (Watson et al. mass function) 0.802 ± 0.014 0.30 ± 0.01 0.77 ± 0.02 0.8
Planck SZ +BAO+BBN (1 � b in [0.7, 1.0]) 0.764 ± 0.025 0.29 ± 0.02 0.75 ± 0.03 [0.7,1]
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Fig. 7. Distribution in redshift for the clusters of the Planck cos-
mological sample. The observed number counts (red), are com-
pared to our best model prediction (blue). The dashed and dot-
dashed lines are the best models from the Planck SZ power spec-
trum and Planck CMB power spectrum fits, respectively. The
uncertainties on the observed counts, shown for illustration only,
are the standard deviation based on the observed counts, except
for empty bins where we show the inferred 84% upper limit
on the predicted counts assuming a Poissonian distribution. See
Sect. 6 for more discussion.

To investigate how robust our results are when changing our
priors, we repeat the analysis substituting the HST constraints
on H0 for the BAO results. Figure 6 (black contours) shows that
the main effect is to change the best-fit value of H0, leaving the
(⌦m,�8) degeneracy almost identical.

5.2. Robustness to observational sample

To test the robustness of our results, we performed the same anal-
ysis with different sub-samples drawn from our cosmological
sample or from the PSZ, as described in Sect. 3, following that
section’s discussion of completeness. Figure 8 shows the likeli-
hood contours of the three samples (blue, MMF3 S/N > 8; red,
MMF3 S/N > 7; black, MMF1 S/N > 7) in the (⌦m,�8) plane.
There is good agreement between the three samples. Obviously
the three samples are not independent, as many clusters are com-

Fig. 8. 95% contours for different robustness tests: MMF3 with
S/N cut at 7 in red; MMF3 with S/N cut at 8 in blue; and MMF1
with S/N cut at 7 in black; and MMF3 with S/N cut at 7 but as-
suming the MC completeness in purple.

mon, but the noise estimates for MMF3 and MMF1 are different
leading to different selection functions. Table 2 summarizes the
best-fit values.

We perform the same analysis as on the baseline cosmologi-
cal sample (SZ+BAO+BBN), but assuming a different computa-
tion of the completeness function using the Monte Carlo method
described in Sect. 3. Figure 8 shows the change in the 2D like-
lihoods when the alternative approach is adopted. The Monte
Carlo estimation (in purple), being close to the analytic one,
gives constraints that are similar, but shifts the contour along
the (⌦m,�8) degeneracy.

5.3. Robustness to cluster modelling

A key ingredient in the modelling of the number counts is the
mass function. Our main results adopt the Tinker et al. mass
function as the reference model. We use the Watson et al. mass
function to check for possible differences in our results due to
the most massive/extreme clusters. Figure 9 shows the 95% con-
tours when the different mass functions are assumed. The main
effect is a change in the slope of the degeneracy between⌦m and
�8, moving the best-fit values by less than 1�.

We also relax the assumption of standard evolution of the
scalings with redshift by allowing � to vary with a Gaussian prior
taken from Planck Collaboration X (2011), � = 0.66±0.5. Once
again, the contours move along the �8–⌦m degeneracy direction
(shown in blue in Fig. 9).
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SZ cluster count 
•  Using SZ cluster count from Planck, issue with bias parameter  

 (bias between SZ flux Y and true mass) 
 
 
 
 
Planck XX, 2013; Battye & Moss 2013; 
 

… systematics or evidence for neutrino mass ? 
 
Same issue with cluster count from other catalogues 
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Fig. 12. Cosmological constraints when including neutrino
masses

�
m� from: Planck CMB data alone (black dotted line);

Planck CMB + SZ with 1�b in [0.7, 1] (red); Planck CMB + SZ
+ BAO with 1 � b in [0.7, 1] (blue); and Planck CMB + SZ with
1 � b = 0.8 (green).

studied in Planck Collaboration XII (2011), Sehgal et al. (2011),
Draper et al. (2012), and Biesiadzinski et al. (2012), based on
stacking analyses of X-ray, SZ, and lensing data for the very
large MaxBCG cluster sample, suggesting that the issue is not
yet fully settled from an observational point of view.

A different mass function may also help reconcile the ten-
sion. Mass functions are calibrated against numerical simula-
tions that may still suffer from volume effects for the largest ha-
los, as shown in the difference between the Tinker et al. (2008)
and Watson et al. (2012) mass functions. This does not seem suf-
ficient, however, given the results presented in Fig. 9.

Alternatively, the discrepancy may indicate the need to ex-
tend the minimal �CDM model that is used to generate the ⇥8
values. Any extension would need to modify the power spectrum
on the scales probed by clusters, while leaving the scales probed
by primary CMB observations unaffected. The inclusion of neu-
trino masses, quantified by their sum,

�
m�, can achieve this (see

Marulli et al. 2011 for a review of how cosmological observa-
tions can be affected by the inclusion of neutrino masses). The
SPT collaboration (Hou et al. 2012) recently considered such a
possibility to mitigate their tension with WMAP-7 primary CMB
data. There is an upper limit of

�
m� < 0.93 eV from the Planck

primary CMB data alone (Planck Collaboration XVI 2013). If
we include the cluster count data using a fixed value (1�b) = 0.8,
then we find a 2.9⇥ preference for the inclusion of neutrino
masses with

�
m� = (0.58 ± 0.20) eV, as shown in Fig. 12. If,

on the other hand, we adopt a more conservative point of view
and allow (1 � b) to vary between 0.7 and 1.0, this preference
drops to 2⇥ with

�
m� = (0.45 ± 0.21) eV. Adding BAO data

to the compilation lowers the value of the required mass but in-
creases the significance, yielding

�
m� = (0.22 ± 0.09) eV, due

to a breaking of the degeneracy between H0 and
�

m�.
As these results depends on the value and allowed range of

(1 � b), better understanding of the scaling relation is the key to

further investigation. This provides strong motivation for further
study of the relationship between Y and M.

7. Summary
We have used a sample of nearly 200 clusters from the PSZ,
along with the corresponding selection function, to place strong
constraints in the (⇥m,⇥8) plane. We have carried out a series
of tests to verify the robustness of our constraints, varying the
observed sample choice, the estimation method for the selection
function, and the theoretical methodology, and have found that
our results are not altered significantly by those changes.

The relation between the mass and the integrated SZ signal
plays a major role in the computation of the expected number
counts. Uncertainties in cosmological constraints from clusters
are no longer dominated by small number statistics, but by the
gas physics. Uncertainties in the Y–M relation include X-ray in-
strument calibration, X-ray temperature measurement, inhomo-
geneities in cluster density or temperature profiles, and selec-
tion effects. Considering several ingredients of the gas physics
of clusters, numerical simulations predict scaling relations with
30% scatter in amplitude (at a fiducial mass of 6⇥1014Msol). All
this points toward a mass bias between the true mass and the es-
timated mass of (1 � b) = 0.8+0.2

�0.1, and adopting the central value
we found constraints on ⇥m and ⇥8 that are in good agreement
with previous measurements using clusters of galaxies.

Comparing our results with Planck primary CMB con-
straints within the �CDM cosmology indicates some tension.
This can be alleviated by permitting a large mass bias (1 �
b ⌅ 0.55), which is however significantly larger than expected.
Alternatively, the tension may motivate an extension of the
�CDM model that modifies its power spectrum shape. For ex-
ample the inclusion of non-zero neutrino masses helps in recon-
ciling the primary CMB and cluster constraints, a fit to Planck
CMB + SZ + BAO yielding

�
m� = (0.22 ± 0.09) eV.

Cosmological parameter determination using clusters is cur-
rently limited by the knowledge of the observable–mass rela-
tions. In the future our goal is to increase the number of ded-
icated follow-up programmes to obtain better estimates of the
mass proxy and redshift for most of the S/N > 5 Planck clusters.
This will allow for better determination of the scaling laws and
the mass bias, increase the number of clusters that can be used,
and allow us to investigate an extended cosmological parameter
space.
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Lensing extraction 
•  exaggerated effect of a huge cluster: 

•  In fact, only 2’-3’ deflections, coherent 
over large scales: invisible by eye 

•  Lensing potential = projected 
gravitational field (with some kernel: 
sensitive to structures at z~1-3) 

•  Induces non-gaussianity with very 
specific correlations. Can be extracted 
with specific “quadratic estimator” (= 4-
point correlations) 

•  Proposed  by Hu & Okamoto (2001) 
First success in 2012 (SPT-ACT) 
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                                                     Lensing potential map: 
 
 
 
 
 
 
 
 
 
 
Low signal-to-noise, but correlates at high level with different tracers of LSS (20 sigma 
with NVSS quasars, 10 sigma with SDSS LRG, 42 sigma with Planck’s CIB) 

Planck Collaboration: Gravitational lensing by large-scale structures with Planck

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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Lensing extraction 
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•  Lensing power spectrum consistent 
with ΛCDM 

•  Helps removing degeneracies and 
measuring extended model 
parameters with Planck alone 
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•  Lensing power spectrum consistent 
with ΛCDM 

•  Helps removing degeneracies and 
measuring extended model 
parameters with Planck alone 

 
 
 
 
 
 
 
 
 

CMB alone (Planck+WP+HighL): 
 

	
Σmν < 0.66eV  (95%CL) 
 
With lensing: 
 

	
Σmν < 0.85eV  (95%CL) 
 



Other light relics 
 
 

Anomalies could be related flavor neutrinos,  
 

or to mass of other relics!! 
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Is Neff > 3 ? 

•  Neff constraints driven by CMB damping tail   
•  WMAP+SPT see anomalously low tail: Neff > 3 at 2 sigma 
•  Planck and Planck+BAO well compatible with 3.046 at 1 sigma 
•  Planck (+BAO) + HST : enforce higher H0, hence also higher Neff  
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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
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CMB alone (Planck+WP+HighL) 
 
Neff = 3.36 ± 0.66   (95%CL) 
 
 
With lensing and BAO: 
 
Neff = 3.30 ± 0.52   (95%CL) 
 
 



Light sterile neutrinos 

CMB only (Planck + WP + highL) analysis for 3+1 case: 
 
 
 
Total neutrino density 
in early universe 
 
 
 
 
 
                                                Sterile neutrino density today ωνs 
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Fig. 28. Left: 2D joint posterior distribution between Ne⇤ and
�

m� (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne⇤–me⇤

�, sterile plane, colour-coded by ⇥ch2, in models with one massive
sterile neutrino family, with e⇤ective mass me⇤

�, sterile, and the three active neutrinos as in the base �CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines).

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ⇤ 4nHe/nb for helium-4 and yBBN
DP ⇤ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density ⌅b, the number
of relativistic degrees of freedom parameterized by Ne⇤ , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10�3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Ne⇤ would
be required. Note that the results of Mangano et al. (2012) assume that
Ne⇤ departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
compute primordial abundances.

To calculate the dependence of YBBN
P and yBBN

DP on the
parameters ⌅b and Ne⇤ , we use the accurate public code
PArthENoPE (Pisanti et al. 2008), which incorporates values
of nuclear reaction rates, particle masses and fundamental
constants, and an updated estimate of the neutron lifetime
(⇤n = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (⌅b,Ne⇤) and yBBN
DP (⌅b,Ne⇤). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

⇥(YBBN
P ) = 0.0003. For deuterium, the error is dominated by

uncertainties in several nuclear rates, and is estimated to be
⇥(yBBN

DP ) = 0.04 (Serpico et al. 2004).
These predictions for the light elements can be confronted

with measurements of their abundances, and also with CMB data
(which is sensitive to ⌅b, Ne⇤ , and YP). We shall see below that
for the base cosmological model with Ne⇤ = 3.046 (or even for
an extended scenario with free Ne⇤) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
abundances. Furthermore, the CMB predictions are consistent
with direct abundance measurements.

6.4.1. Observational data on primordial abundances

The observational constraint on the primordial helium-4 frac-
tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
nated by systematic e⇤ects that will be di⌅cult to resolve in the
near future. It is reassuring that the independent and conserva-

35Serpico et al. (2004) quotes ⇥(YBBN
P ) = 0.0002, but since that

work, the uncertainty on the neutron lifetime has been re-evaluated,
from ⇥(⇤n) = 0.8 s to ⇥(⇤n) = 1.1 s Beringer et al. (2012).
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Fig. 28. Left: 2D joint posterior distribution between Ne⇤ and
�

m� (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne⇤–me⇤

�, sterile plane, colour-coded by ⇥ch2, in models with one massive
sterile neutrino family, with e⇤ective mass me⇤

�, sterile, and the three active neutrinos as in the base �CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines).

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ⇤ 4nHe/nb for helium-4 and yBBN
DP ⇤ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density ⌅b, the number
of relativistic degrees of freedom parameterized by Ne⇤ , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10�3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Ne⇤ would
be required. Note that the results of Mangano et al. (2012) assume that
Ne⇤ departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
compute primordial abundances.

To calculate the dependence of YBBN
P and yBBN

DP on the
parameters ⌅b and Ne⇤ , we use the accurate public code
PArthENoPE (Pisanti et al. 2008), which incorporates values
of nuclear reaction rates, particle masses and fundamental
constants, and an updated estimate of the neutron lifetime
(⇤n = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (⌅b,Ne⇤) and yBBN
DP (⌅b,Ne⇤). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

⇥(YBBN
P ) = 0.0003. For deuterium, the error is dominated by

uncertainties in several nuclear rates, and is estimated to be
⇥(yBBN

DP ) = 0.04 (Serpico et al. 2004).
These predictions for the light elements can be confronted

with measurements of their abundances, and also with CMB data
(which is sensitive to ⌅b, Ne⇤ , and YP). We shall see below that
for the base cosmological model with Ne⇤ = 3.046 (or even for
an extended scenario with free Ne⇤) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
abundances. Furthermore, the CMB predictions are consistent
with direct abundance measurements.

6.4.1. Observational data on primordial abundances

The observational constraint on the primordial helium-4 frac-
tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
nated by systematic e⇤ects that will be di⌅cult to resolve in the
near future. It is reassuring that the independent and conserva-

35Serpico et al. (2004) quotes ⇥(YBBN
P ) = 0.0002, but since that

work, the uncertainty on the neutron lifetime has been re-evaluated,
from ⇥(⇤n) = 0.8 s to ⇥(⇤n) = 1.1 s Beringer et al. (2012).
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Fig. 28. Left: 2D joint posterior distribution between Ne⇤ and
�

m� (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne⇤–me⇤

�, sterile plane, colour-coded by ⇥ch2, in models with one massive
sterile neutrino family, with e⇤ective mass me⇤

�, sterile, and the three active neutrinos as in the base �CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines).

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ⇤ 4nHe/nb for helium-4 and yBBN
DP ⇤ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density ⌅b, the number
of relativistic degrees of freedom parameterized by Ne⇤ , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10�3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Ne⇤ would
be required. Note that the results of Mangano et al. (2012) assume that
Ne⇤ departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
compute primordial abundances.

To calculate the dependence of YBBN
P and yBBN

DP on the
parameters ⌅b and Ne⇤ , we use the accurate public code
PArthENoPE (Pisanti et al. 2008), which incorporates values
of nuclear reaction rates, particle masses and fundamental
constants, and an updated estimate of the neutron lifetime
(⇤n = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (⌅b,Ne⇤) and yBBN
DP (⌅b,Ne⇤). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

⇥(YBBN
P ) = 0.0003. For deuterium, the error is dominated by

uncertainties in several nuclear rates, and is estimated to be
⇥(yBBN

DP ) = 0.04 (Serpico et al. 2004).
These predictions for the light elements can be confronted

with measurements of their abundances, and also with CMB data
(which is sensitive to ⌅b, Ne⇤ , and YP). We shall see below that
for the base cosmological model with Ne⇤ = 3.046 (or even for
an extended scenario with free Ne⇤) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
abundances. Furthermore, the CMB predictions are consistent
with direct abundance measurements.

6.4.1. Observational data on primordial abundances

The observational constraint on the primordial helium-4 frac-
tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
nated by systematic e⇤ects that will be di⌅cult to resolve in the
near future. It is reassuring that the independent and conserva-

35Serpico et al. (2004) quotes ⇥(YBBN
P ) = 0.0002, but since that

work, the uncertainty on the neutron lifetime has been re-evaluated,
from ⇥(⇤n) = 0.8 s to ⇥(⇤n) = 1.1 s Beringer et al. (2012).
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interplay between  

cosmological perturbations and particle physics  

even more rich than thought 15 years ago… 

Conclusion 
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                                    lot more to come from Planck 
                                                       … 
 
             from next generation satellite (?) … 
 
 
and from large scale structure! 


