
14.09.2016 Cosmological Surveys & Particle Physics  –  J. Lesgourgues 1 

TeVPA 2016, CERN, 14.09.2016

Particle physics constraints from cosmological surveys

J. Lesgourgues 
Institut für Theoretische Teilchenphysik und Kosmologie (TTK), RWTH Aachen University

•  Neutrino masses

•  Extra massless or light relics

•  Dark Matter properties



Neutrino masses
Current status:

•  New Planck data in April 2016: better low-l polarisation

•  Tighter bounds on reionization optical depth τ  è impact on several other 
parameters (reduction of parameter degeneracies)
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Planck Collaboration: Planck constraints on reionization history

Fig. 3. EE and T E power spectra for various ⌧ values ranging from 0.04 to 0.08. The ionization fraction is modelled using a
redshift-symmetric tanh function with �z = 0.5. Grey bands represent the cosmic variance (full-sky) associated with the ⌧ = 0.06
model.

spectra that was adapted by Mangilli et al. (2015) to be suitable
for cross-spectra. Cross-spectra between independent data sets
show common sky signal, but are not biased by the noise be-
cause this should be uncorrelated. This approximation assumes
that any systematic residuals are not correlated between the dif-
ferent data sets; We have shown using realistic simulations (in-
cluding Planck-HFI noise characteristics and systematic e↵ect
residuals), that the bias in the cross-spectra is very small and can
be corrected for at the power-spectrum level. Nevertheless, we
choose to remove the first two multipoles (` = 2 and ` = 3),
since they may still be partially contaminated by systematics.
Using those simulations, we derive the C` covariance matrix
used in the likelihood, which propagates both the noise and the
systematic uncertainties. For the astrophysical interpretation, the
power-spectra are estimated with a PCL estimate which is more
conservative. Indeed, it gives a slightly larger distribution on ⌧
than a QML estimator but is less sensitive to the limited number
of simulations available for the analysis.

With Planck sensitivity in polarization, the results from the
low-` EE power spectrum dominate the constraints compared to
the T E power spectrum, as can be seen in Fig. 3. This is because
of the relatively larger cosmic variance for T E (arising from the
temperature term) and the intrinsically weaker dependence on ⌧
(/ ⌧ compared with ⌧2 for EE), as well as the fact that there
is only partial correlation between T and E. As a consequence,
we do not consider the T E data in this analysis. Furthermore,
we do not make use of the high-` likelihoods in EE and T E
from Planck, since they do not carry additional information on
reionization parameters.

Planck temperature observations are complemented at
smaller angular scales by measurements from the ground-
based Atacama Cosmology Telescope (ACT) and South Pole
Telescope (SPT). As explained in Planck Collaboration XI
(2016), the high-` likelihood (hereafter VHL) includes ACT
power spectra at 148 and 218 GHz (Das et al. 2014), with a re-
vised binning (described in Calabrese et al. 2013) and final beam
estimates (Hasselfield et al. 2013), together with SPT measure-
ments in the range 2000 < ` < 13 000 from the 2540 deg2

SPT-SZ survey at 95, 150, and 220 GHz (George et al. 2015).
To assess the consistency between these data sets, we extend
the Planck foreground models up to ` = 13 000, with addi-
tional nuisance parameters for ACT and SPT (as described in

Planck Collaboration XIII 2016). We use the same models for
cosmic infrared background (CIB) fluctuations, the thermal SZ
(tSZ) e↵ect, kSZ e↵ect, and CIB ⇥ tSZ components. The kSZ
template used in the Planck 2015 results assumed homogeneous
reionization. In order to investigate inhomogeneous reionization,
we have modified the kSZ template when necessary, as discussed
in Sect. 4.2.

We use the CMB lensing likelihood
(Planck Collaboration XV 2016) in addition to the CMB
anisotropy likelihood. The lensing information can be
used to break the degeneracy between the normalization
of the initial power spectrum As and ⌧ (as discussed in
Planck Collaboration XIII 2016). Despite this potential for
improvement, we will show in Sect. 4.1 that Planck’s low-`
polarization signal-to-noise ratio is su�ciently high that the
lensing does not bring much additional information for the
reionization constraints.

The Planck reference cosmology used in this paper corre-
sponds to the PlanckTT+lowP+lensing best fit, as described in
table 4, column 2 of Planck Collaboration XIII (2016), namely
⌦bh2 = 0.02226, ⌦ch2 = 0.1197, ⌦m = 0.308, ns = 0.9677,
H0 = 67.81 km s�1 Mpc�1, for which YP = 0.2453. This best-fit
model comes from the combination of three Planck likelihoods:
the temperature power spectrum likelihood at high `; the “lowP”
temperature+polarization likelihood, based on the foreground-
cleaned LFI 70 GHz polarization maps, together with the tem-
perature map from the Commander component-separation algo-
rithm; and the power spectrum of the lensing potential as mea-
sured by Planck.

3. Parametrization of reionization history

The epoch of reionization (EoR) is the period during which
the cosmic gas transformed from a neutral to ionized state
at the onset of the first sources. Details of the transition are
thus strongly connected to many fundamental questions in cos-
mology, such as what were the properties of the first galax-
ies and the first (mini-)quasars, how did the formation of
very metal-poor stars proceed, etc. We certainly know that, at
some point, luminous sources started emitting ultraviolet ra-
diation that reionized the neutral regions around them. After
a su�cient number of ionizing sources had formed, the av-
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Neutrino masses
Current status:

•  Very conservative: 

Planck 2015 high-l TT + new 2016 low-l TT,TE,EE:
Mν < 590 meV (95%CL) 

•  More aggressive: 

Planck 2015 high-l TT,TE,EE + new 2016 low-l TT,TE,EE + lensing:
Mν < 140 meV (95%CL) 

Planck 2013 + Lyman-α from BOSS:
Mν < 120 meV (95%CL) 
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Palanque-Delabrouille et al. 1506.05976

[Planck col.] 1615.02985

[Planck col.] 1615.02985



Neutrino masses
Future prospects:
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New CMB data

•  Ground based (ongoing è CMB-S4)
•  Satellite? COrE+ [M5 proposal to 

ESA], LiteBird [proposal to JAXA]

New measurements of Baryon 
Acoustic Oscillation (BAO) scale

 
DES, eBOSS, LSST, DESI, Euclid, 

WFIRST…

New measurements of matter 
power spectrum shape

•  Cosmic shear of galaxies
•  Clustering of Galaxies and cluster

DES, eBOSS, LSST, DESI, Euclid, WFIRST…

21cm Hydrogen-line surveys

•  Reionisation history
•  Matter clustering in Dark Ages

SKA, …



Neutrino masses
Future prospects:
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New CMB data
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DES, eBOSS, LSST, DESI, Euclid, 

WFIRST…

New measurements of matter 
power spectrum shape

•  Cosmic shear of galaxies
•  Clustering of Galaxies and cluster

DES, eBOSS, LSST, DESI, Euclid, WFIRST…

21cm Hydrogen-line surveys

•  Reionisation history
•  Matter clustering in Dark Ages

SKA, …

Cosmic
complementarity



Future prospects:

 
 
 
 
 

Using sensitivity of COrE, DESI, Euclid, SKA                                  Archidiacono et al. [in prep.]
                                èTalk by Maria Archidiacono at 14:00
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Figure 5. Marginalized one- and two- � contours in the plane (H
0

, M⌫).

and clustering P (k), following the prescription of reference [6].
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Galaxy correlation 

Cosmic
complementarity

Neutrino masses

Figure 6. Marginalized one- and two- � contours in the plane (⌦m, M⌫ , H0

, As, ⌧reio) parameter space
from CORE only (gray contours), CORE+DESI (blue contours), CORE+DESI+EUCLID (red contours) and
CORE+DESI+EUCLID+21cm (green contours) forecasts.
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Figure 6. Marginalized one- and two- � contours in the plane (⌦m, M⌫ , H0

, As, ⌧reio) parameter space
from CORE only (gray contours), CORE+DESI (blue contours), CORE+DESI+EUCLID (red contours) and
CORE+DESI+EUCLID+21cm (green contours) forecasts.
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Figure 6. Marginalized one- and two- � contours in the plane (⌦m, M⌫ , H0

, As, ⌧reio) parameter space
from CORE only (gray contours), CORE+DESI (blue contours), CORE+DESI+EUCLID (red contours) and
CORE+DESI+EUCLID+21cm (green contours) forecasts.
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Future prospects:

 
 
 
 
 

COrE collaboration [in prep.], Carbone et al. 2012, Hamann et al. 2012, Audren et 
al. 2012, Liu et al. 2016, Archidiacono et al. [in prep.], etc.
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Cosmic
complementarity σ(Mν)

CMB COrE (including lensing extraction) 30 meV

CMB + BAO COrE + DESI 22meV

CMB + BAO
+ galaxy shear/

corr.

Planck + Euclid (with ultra-conservative 
assumptions)

COrE + DESI + Euclid (with more
ambitious assumptions)

20 meV

7 meV

CMB + BAO 
+ galaxy + 21cm COrE + DESI + Euclid + SKA 4 meV

Neutrino masses



Future prospects:
•  Error forecasts robust even for non-minimal cosmological 

assumptions

•  More sensitive than β- and double-β- decay (KATRIN, GERDA, …), 
works for Dirac and Majorana

•  Complementary to β-decay which contains independent 
information (on phases, angles, Dirac/Majorana…)

•  No direct test of NH versus IH like PINGU or ORCA, but if 
measured mass is close to 60 meV, IH could be excluded at 3σ to 
15σ…
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Neutrino masses



Extra relics (massless case)
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Figure 1. Contribution of a single thermally-decoupled Goldstone boson to the e↵ective number of
neutrinos, �Ne↵ , as a function of the freeze-out temperature TF . Shown are also the current 2� sensitivity
of the Planck satellite [1] and an (optimistic) estimate of the sensitivity of a future CMB-S4 mission [3].

particles to be more weakly coupled than neutrinos. Given the Moore’s law-like improvements

in CMB detector sensitivity [19, 20], cosmology will push the sensitivity to new light particles

beyond the strength of weak scale interactions and has the potential to explore a fundamentally

new territory of physics beyond the SM.

The total energy density in relativistic species is often defined as

⇢r =

"
1 +
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◆4/3

Ne↵

#
⇢� , (1.2)

where ⇢� is the energy density of photons and the parameter Ne↵ is often called the e↵ective

number of neutrinos, although there may be contributions to Ne↵ that have nothing to do with

neutrinos (see e.g. [21]). The SM predicts Ne↵ = 3.046 from neutrinos [22] and the current

constraint from the Planck satellite is Ne↵ = 3.04±0.18 [1]. Figure 1 shows the extra contribution

to the radiation density of a thermally-decoupled Goldstone boson as a function of its freeze-out

temperature TF . We see that particles that decoupled after the QCD phase transition are ruled

out (or at least are highly constrained) by the observations of the Planck satellite [17]. On the

other hand, the e↵ect of particles that decoupled before the QCD phase transition is suppressed

by an order of magnitude, 0.05 � �Ne↵ � 0.027. Although Planck is blind to these particles,

this regime is within reach of future experiments. In particular, the planned CMB Stage IV

(CMB-S4) experiments have the potential to constrain (or detect) extra relativistic species at the

level of �(Ne↵) ⇠ 0.01 [3, 19, 20].

The fact that the minimal thermal contribution may be detectable has interesting conse-

quences. First, the level �Ne↵ = 0.027 provides a natural observational target (see e.g. [17, 23–

25] for related discussions). Second, even the absence of a detection would be very informative.

2

COrE+ (2σ) 

(                      , optimistic!) 

Standard model of particle physics 
+ one light (thermal) relic

Planck 2015
(TT,TE,EE + lowP + 

lensing) 

COrE+ alone
COrE collaboration 

[in prep.]

Neff  = 3.04 ± 0.18 
(68%CL) σ(Neff ) = 0.036 

Current and future bounds on 
density of relativistic relics 
beyond photons (standard 
model: Neff = 3.046)

Test of non-thermal or early 
decoupled thermal re l ics 
(Axion-Like Particles, …), low-
temperature reheating models, 
neutrino NSI (non-standard 
interactions…) 
 

Bauman et al. 1604.08614 



Extra relics (small mass case)
Current bounds and future bounds on one early-decoupled or non-thermalized extra light 
species (e.g. sterile neutrino)

                                                                                                                         
(forecasted errors obtained while simultaneously varying active neutrino mass scale) 
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Planck Collaboration: Cosmological parameters

Note the significantly tighter constraint with the inclusion of
Planck high-` polarization, with �Ne↵ < 1 at over 4� from
Planck alone. This constraint is not very stable between like-
lihoods, with the CamSpec likelihood giving a roughly 0.8�
lower value of Ne↵ . However, the strong limit from polarization
is also consistent with the joint Planck TT+lowP+BAO result,
so Eq. (60b) leads to the robust conclusion that �Ne↵ < 1 at over
3�. The addition of Planck lensing has very little e↵ect on this
constraint.

For Ne↵ > 3, the Planck data favour higher values of the
Hubble parameter than the Planck base ⇤CDM value, which as
discussed in Sect. 5.4 may be in better agreement with some
direct measurements of H0 . This is because Planck accurately
measures the acoustic scale r⇤/DA; increasing Ne↵ means (via
the Friedmann equation) that the early Universe expands faster,
so the sound horizon at recombination, r⇤, is smaller and hence
recombination has to be closer (larger H0 and hence smaller
DA) for it to subtend the same angular size observed by Planck.
However, models with Ne↵ > 3 and a higher Hubble constant
also have higher values of the fluctuation amplitude�8, as shown
by the coloured samples in Fig. 31. Thus, these models increase
the tensions between the CMB measurements and astrophysical
measurements of �8 discussed in Sect. 5.6. It therefore seems
unlikely that additional radiation alone can help to resolve ten-
sions with large-scale structure data.

The energy density in the early Universe can also be probed
by the predictions of big bang nucleosynthesis (BBN). In partic-
ular �Ne↵ > 0 increases the primordial expansion rate, leading
to earlier freeze-out with a higher neutron density, and hence a
greater abundance of helium and deuterium after BBN has com-
pleted. A detailed discussion of the implications of Planck for
BBN is given in Sect. 6.5. Observations of both the primordial
helium and deuterium abundance are compatible with the predic-
tions of standard BBN with the Planck base ⇤CDM value of the
baryon density. The Planck+BBN constraints on Ne↵ (Eqs. 75
and 76) are compatible, and slightly tighter than Eq. (60b).

Although there is a large continuous range of plausible Ne↵
values, it is worth mentioning briefly a few of the discrete values
from fully thermalized models. This serves as an indication of
how strongly Planck prefers base ⇤CDM, and also how the in-
ferred values of other cosmological parameters might be a↵ected
by this particular extension to base ⇤CDM. As discussed above,
one fully thermalized neutrino (�Ne↵ ⇡ 1) is ruled out at over
3�, and is disfavoured by ��2 ⇡ 8 compared to base ⇤CDM
by Planck TT+lowP, and much more strongly in combination
with Planck high-` polarization or BAO. The thermalized boson
models that give �Ne↵ = 0.39 or �Ne↵ = 0.57 are disfavoured
by ��2 ⇡ 1.5 and ��2 ⇡ 3, respectively, and are therefore not
strongly excluded. We focus on the former since it is also consis-
tent with the Planck TT+lowP+BAO constraint at 2�. As shown
in Fig. 31, larger Ne↵ corresponds to a region of parameter space
with significantly higher Hubble parameter,

H0 = 70.6±1.0 (68%,Planck TT+lowP; �Ne↵ = 0.39). (61)
This can be compared to the direct measurements of H0 dis-
cussed in Sect. 5.4. Evidently, Eq. (61) is consistent with the
H0 prior adopted in this paper (Eq. 30), but this example shows
that an accurate direct measurement of H0 can potentially pro-
vide evidence for new physics beyond that probed by Planck. As
shown in Fig. 31, the �Ne↵ = 0.39 cosmology also has a signif-
icantly higher small-scale fluctuation amplitude and the spectral
index ns is also bluer, with
�8 = 0.850 ± 0.015
ns = 0.983 ± 0.006

)
Planck TT+lowP; �Ne↵ = 0.39. (62)
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Fig. 32. Samples from Planck TT+lowP in the Ne↵–me↵
⌫, sterile

plane, colour-coded by �8, in models with one massive sterile
neutrino family, with e↵ective mass me↵

⌫, sterile, and the three ac-
tive neutrinos as in the base ⇤CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is con-
stant along the grey dashed lines, with the indicated mass in
eV; the grey region shows the region excluded by our prior
mthermal

sterile < 10 eV, which excludes most of the area where the
neutrinos behave nearly like dark matter. The physical mass in
the Dodelson-Widrow scenario, mDW

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

The �8 range in this model is higher than preferred by the
Planck lensing likelihood in base ⇤CDM. However, the fit to
the Planck lensing likelihood is model dependent and the lens-
ing degeneracy direction also associates high H0 and low ⌦m
values with higher �8. The joint Planck TT+lowP+lensing con-
straint does pull �8 down slightly to �8 = 0.84 ± 0.01 and pro-
vides an acceptable fit to the Planck data. Note that for Planck
TT+lowP+lensing, the di↵erence in �2 between the best fit base
⇤CDM model and the extension with �Ne↵ = 0.39 is only
��2

CMB ⇡ 2. The higher spectral index with �Ne↵ = 0.39 gives a
decrease in large-scale power, fitting the low ` < 30 Planck TT
spectrum better by ��2 ⇡ 1, but the high-` data prefer �Ne↵ ⇡ 0.
Correlations with other cosmological parameters can be seen
in Fig. 20. Clearly, a very e↵ective way of testing these mod-
els would be to obtain reliable, accurate, astrophysical measure-
ments of H0 and �8.

In summary, models with �Ne↵ = 1 are disfavoured by
Planck combined with BAO data at about the 3� level. Models
with fractional changes of �Ne↵ ⇡ 0.39 are mildly disfavoured
by Planck, but require higher H0 and �8 compared to base
⇤CDM.

6.4.3. Simultaneous constraints on Ne↵ and neutrino mass

As discussed in the previous sections, neither a higher neu-
trino mass nor additional radiation density alone can resolve
all of the tensions between Planck and other astrophysi-
cal data. However, the presence of additional massive parti-
cles, such as massive sterile neutrinos, could potentially im-
prove the situation by introducing enough freedom to allow
higher values of the Hubble constant and lower values of

43

Figure 7. Results for the extended model “DEG+sterile” featuring massive active neutrinos plus one
light and non-thermalised sterile neutrino.

is mediated by a scalar (like, e.g. in Majoron models), �int ⇠ g4T⌫ , (g being the typical value
of the Yukawa couplings), so that �int/H increases with time and neutrino become collisional
again at some later time after decoupling. In models in which the interaction is mediated
by a vector, �int ⇠ G2

XT 5
⌫ (GX being the “Fermi constant” of the new interaction), so that

neutrino possibly remain collisional for a longer time after weak decoupling.
Here we consider models of the first kind, i.e., scalar-mediated, and write the interaction

rate as �int = g4e↵T⌫ . We thus run ⇤CDM + ge↵ , with a flat prior on g4e↵ , assuming massless
neutrinos. The fiducial model has g4e↵ = 0 and M⌫ = 0, to be coherent with the assumption
of massless neutrinos. We report our results in Tab. 11 and show one- and two-dimensional
posteriors in Fig. 8. We find that typical 95% upper limit on g4e↵ are of the order of 7 ⇥
10�29 for all COrE configurations considered here, roughly a factor 8 improvement with
respect to current limits from Planck. Non-standard neutrino scalar interactions can also be
probed by searches for neutrinoless double � decay or observations of the neutrino signal from
supernovae. A proper comparison between constraints from the various probes, including
cosmology, is somehow model-dependent; however, for simple models, cosmology gives the
tightest limits on the couplings.

– 23 –

Effective 
density 

parameters

Planck 2015
(TT + lowP + lensing)

+ BAO 

COrE+
COrE 

collaboration
 [in prep.]

ΔNeff 
(extra 

contribution to 
density before 
NR transition)

<0.7 (95%CL) 2σ ~ 0.08

meff 
(extra 

contribution to 
density after NR 

transition)

< 400 meV 
(95%CL)

2σ ~ 65 
meV

Planck  
 
             COrE+ 



DM annihilation cross-section (WIMPs, etc.)
Current bounds and future bounds from CMB only (due to heating, ionization and 
excitation of thermal plasma)

                                                                                                                         
                                                                                  Planck 2015 collaboration 1502.01589
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Effective 
annihilation 
parameter

Planck 2015
(TT,TE,EE + 

lowP + lensing) 

COrE+
COrE 

collaboration
[in prep.]

pann
= <σv>/mDM x 

{branching-ratio-
dependent 

factor}
[cm3/s/GeV]

< 3.4 10-28

 (95%CL)

2σ ~ 1.4 
10-28

mDM
Assuming

thermal WIMP cross-
section, 

and ≠ branching 
ratios, from ττ to ee

> 10 to 50 GeV 
(95%CL)

2σ ~ 
25 to 120 

GeV

Planck Collaboration: Cosmological parameters
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pann [10�27cm3 s�1 GeV�1]
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n
s

Planck TT,TE,EE+lowP

Planck TE+lowP

Planck EE+lowP

Planck TT+lowP

WMAP9

Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little

1 10 100 1000 10000
m�[GeV]

10�27

10�26

10�25

10�24

10�23

f
e
�

��
v
�
[c

m
3
s�

1
]

Thermal relic

Planck TT,TE,EE+lowP
WMAP9
CVL
Possible interpretations for:
AMS-02/Fermi/Pamela
Fermi GC

Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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DM lifetime (gravitational effects)
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Planck 2015
(TT,TE,EE + lowP + lensing) 

Poulin et al. 1606.02073

COrE+ alone
COrE collaboration 

[in prep.]

100% of CDM =  
decaying particles

> 160 Gyr
 (95%CL)

> 320 Gyr

Fraction f of CDM = 
decaying particles

•  Long-lived: <same> / f

•  Short-lived: 4.2% of CDM 
may decay completely 
between CMB time and 
today (even more may 
decay much earlier)

Figure 1. Comparison of the lensed TT (top) and EE (bottom) power spectra for several de-
caying DM lifetimes and a fixed abundance f

dcdm

= 0.2. Boxes show the (binned) cosmic variance
uncertainty.

– 8 –

Current bounds and future bounds on lifetime from CMB only (DM decaying into neutrinos or 
extra relativistic relics; non trivial CMB effects, especially on CMB lensing and late Integrated 
Sachs Wolfe effect)

                                                                                                                         
                                                                                                     Effect on CMB polarisation spectrum 
 
 



DM lifetime (electromagnetic effects)

14.09.2016 Cosmological Surveys & Particle Physics  –  J. Lesgourgues 13 

Current bounds and future bounds on decay rate from CMB only (DM decaying into SM 
particles other than neutrinos, heating/ionization/excitation of thermal plasma)

                                                                                                                         Effect on CMB polarisation 

Another technique: measuring distorsions in CMB blackbody: PIXIE [proposed 
to NASA]
è Talk by Vivian Poulin at 17:50 
 
 

Planck 2015
(TT,TE,EE + lowP + 

lensing) 
Oldengott et al. 

1605.03928

COrE+ alone
COrE collaboration 

[in prep.]

< 5.3 10-26 s-1 (95%CL) < 5.7 10-27 s-1 (95%CL)
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Figure 6. Lensed temperature and E-mode polarisation power spectra, as well as their residuals,
for � ! e+e�, two different masses m� = 100 MeV and 100 GeV, and several couple of parameters
(⌧dcdm[s], ⇠): top panel (10

20, 10

�5), middle panel (10

15, 10

�10), bottom panel (10

13, 10

�10).
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DM scattering rate(s)
•  Cosmological bounds complementary to direct detection experiments

•  Goes beyond scattering on quarks
•  Applies to very wide range of dark matter masses

•  Large range of possible cosmological effects: 
•  DM may scatter with baryon/electrons, photons, neutrinos, dark relativistic 

relics…
•  Different models/couplings motivate different scaling of scattering rate with 

temperature of the universe

•  Rich cosmological phenomenology: 
•  non-trivial effects in CMB spectra, 
•  growth of matter fluctuations (early or late; large or small scales); 
•  challenges for CMB/LSS physics or for N-body simulations

Wilkinson et al. 1309.7588, 1401.7597; Dvorkin et al. 1311.2937; Cyr-Racine et al. 1310.3278; Buen-Abad et al. 
1505.03542; Cyr-Racine et al. 1512.05344; …       
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DM scattering rate(s)
•  Example: Dark Matter – Dark Radiation coupling with momentum 

transfer rate Γ~T2 may affect growth of matter fluctuations during 
radiation domination, for all k>keq even if ΔNeff is tiny

     
        May explain tensions between 
       Planck and astrophysical data 
     (direct H0 measurements, low σ8)                                   
         Marques-Tavares et al. 1507.04351

                                                                                            growth of δcdm w.r.t ΛCDM 

•  Future CMB and LSS data very sensitive to these effects
•  Topic reviewed by next speaker Jesus Zavala
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FIG. 1: Ratio of the dark matter density perturbation �
dm

for an interaction rate �
0

= 2 ⇥

10�7 Mpc�1 ' 2 ⇥ 10�21 s�1 over the same perturbation in the standard non-interacting limit, in

the Newtonian gauge, as a function of conformal time, and for six representative wavenumbers. The

interaction rate causes a suppression of �
dm

inside the Hubble radius, e�cient especially during

radiation domination, and continuing during the beginning of matter domination (the vertical

dashed line shows the time of equality between radiation and matter). Apart from �
0

, the two

cosmological models share the same parameters, including �N
fluid

= 0.21.

In Section IV, we will find that models with a rate of the order of �
0

' 2⇥ 10�7 Mpc�1 '

2 ⇥ 10�21 s�1 provide the best fits to the data. Figure 1 shows the evolution of �
dm

for such

a value of �
0

normalized to a ⇤CDM model with �
0

= 0. In the figure, �N
fluid

= 0.21, but

we will later show that the e↵ect of �
0

and �N
fluid

are not strongly correlated. The figure

shows the evolution of six di↵erent wavenumbers between k = 10�3 Mpc�1 to k = 1 Mpc�1.

We see that the growth of DM fluctuations is suppressed roughly between ⌧ ⇠ 2⇡/k (time of

Hubble crossing) and the beginning of matter domination (roughly until ⌧ ⇠ 2500 Mpc, the

time at which the ratio of radiation to matter density is of order 0.1). Later on, i.e. deep in

the matter dominated regime and during ⇤ domination, the growth curves are horizontal,

showing that the growth rate is the same as in the ⇤CDM model.

Figure 2 shows, first, the e↵ect on the temperature and polarisation CMB spectra of in-
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Conclusion
•  After Planck: still a very bright future for cosmology with strong 

connections to particle physics
•  Many of previous experiments already on-going or approved 

(Euclid, LSST, SKA…)

•  Cross fingers for the other proposals (COrE+, LiteBird, PIXIE…)
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