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�  Constraints before and after Planck 

�  Cosmological effects on BBN and CMB 

�  Dark radiation models: sterile neutrinos 

�  Conclusions 



Cosmic pie(s) 



Cosmic pie(s) 



The effective number of 
relativistic degrees of freedom 
Radiation content of the Universe: 
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Effects on BBN 
�  Friedmann equation: 
 
 
    
   increase of the expansion rate. Earlier freeze-out! 
   higher primordial helium abundance 
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Origin of ∆Neff as a Result of an Interaction between Dark Radiation and Dark Matter7

Figure 1. For each panel we show the best-fit vanilla 6-parameter model from
WMAP+SPT (black), then models with the same parameters but one extra relativistic
species (dotted-red), a lower dark matter density of ΩDM = 0.085 (dashed-blue, as
opposed to ΩDM = 0.112) and a decaying dark matter model with α = 0.02 (dot-dash
green) and 0.04 (dot-dot-dash magenta). (Top-left) ∆Neff as a function of scale factor.
(Top-right) Hubble rate compared to the standard model. (Bottom-left) Effective
(total) equation of state. (Bottom-right) Ratio of the gravitational potential Φ for a
Fourier mode with k = 0.02Mpc−1 compared to the standard model. Horizon entry
for this mode is indicated by the dashed vertical line.

where
(

dfj
dτ

)

C
is the collision term, which depends on particle interactions.

At zeroth-order the Boltzmann equation for the dark matter distribution function

can then be written as [70, 71]

ḟ 0
DM = −αHf 0

DM , (11)

under the assumption that Eq. 5 is fulfilled. Upon multiplying by the proper energy

εj =
√

q2j + a2m2
j and integrating over all momenta one obtains the same continuity

equation for dark matter as in Eq. 1.

Working in the synchronous gauge, we can now work out the equations of motion

for the perturbations to dark matter and its decay product. For the perturbations to

dark matter we write out the Boltzmann equation and the perturbation to the energy
density by following the machinery described in Ref. [69]. In the end, the equations

of motion for the dark matter perturbations reduce to the case of stable dark matter
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Decay of massive particles between  
BBN (T~1MeV) 
and recombination (T~1eV) 

Precision measures of the primordial abundance of deuterium 11

Fig. 6.— The 1σ and 2σ confidence contours (dark and light shades respectively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance (blue),
the CMB (green), and the combined confidence contours (red). The left panel illustrates the current situation, while the right panel shows the effect of reducing
the uncertainty in the conversion from (D /H)p to Ωb,0 h2 by a factor of two (see discussion in Section 4.2). Dashed and dotted lines indicate the hidden contour
lines for BBN and CMB bounds respectively.

(Planck Collaboration 2013):

100Ωb,0 h2 = 2.23 ± 0.04 (9)

Neff = 3.36 ± 0.34 . (10)

(Note that solving simultaneously forΩb,0 h2 and Neff leads to
a slightly different best-fitting value of Ωb,0 h2 than that ob-
tained for the standard model; cf. eqs. 8 and 9). For compari-
son, from the joint BBN+CMB analysis we deduce:

100Ωb,0 h2 = 2.23 ± 0.04 (11)

Neff = 3.28 ± 0.28 . (12)

Thus, combining (D /H)p with the CMB does not signifi-
cantly change the uncertainty in Ωb,0 h2, but does reduce the
error on Neff by ∼ 20 per cent. The uncertainty on Neff could
be reduced further by an improvement in the cross-section of
the d(p, γ)3He (see right panel of Figure 6, and Section 4.2).
Based on the current bound on Neff from CMB+(D /H)p, we
can nevertheless rule out the existence of an additional (ster-
ile) neutrino (i.e. Neff = 4.046) at 99.3 per cent confidence
(i.e. ∼ 2.7σ), provided that Neff and η10 remained unchanged
between BBN and recombination. However, as noted recently
by Steigman (2013), if the CMB photons are heated after the
neutrinos have decoupled [for example, by a weakly interact-
ing massive particle (WIMP) that annihilates to photons], Neff
will be less than 3.046 for three standard model neutrinos; a
sterile neutrino can in principle exist even when Neff < 4.046.
Looking to the future, YP has contours that are almost or-

thogonal to those of the CMB and (D /H)p (see e.g. Steigman
2007). Thus, measures of YP that are not limited by systematic
uncertainties could potentially provide a very strong bound,
when combined with (D /H)p, on the number of equivalent
neutrinos during the epoch of BBN, independently of CMB
observations. Using the following conversion relation for YP
(Steigman 2012 and private communication):

YP = 0.2469 ± 0.0006 + 0.0016 (ηHe − 6) (13)

ηHe = η10 + 100(S − 1) − 575ξ/4 (14)

combined with the most recent measure of YP (0.254± 0.003;
Izotov, Stasinska, & Guseva 2013), we derive the following
BBN-only bound on the baryon density and the effective num-

Fig. 7.— The 1σ and 2σ confidence contours (dark and light shades respec-
tively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance
(blue), the primordial He mass fraction (green), and the combined confidence
contours (red). Dashed and dotted lines indicate the hidden contour lines for
(D /H)p and YP bounds respectively.

ber of neutrino species:

100Ωb,0 h2 = 2.30 ± 0.05 (15)

Neff = 3.57 ± 0.18 . (16)

The corresponding contours are shown in Figure 7. Thus,
it appears that even with the most recent reappraisal of the
primordial abundance of 4He by Izotov, Stasinska, & Guseva
(2013), there is better agreement (within the standard model)
between (D/H)p and the CMB, than between (D/H)p and YP.

5.2. Deuterium and the Lepton Asymmetry
In the past, the primordial deuterium abundance has been

commonly used as a tool for measuring the present-day Uni-
versal density of baryons (see e.g. Steigman 2007), and more
recently as a probe of the effective number of neutrino fam-
ilies (Cyburt 2004; Nollett & Holder 2011; Pettini & Cooke
2012, see also Section 5.1). Here, we demonstrate that precise
measures of the primordial deuterium abundance (in combi-
nation with the CMB) can also be used to estimate the Uni-
versal lepton asymmetry, ξ.
Steigman (2012) recently suggested that combined esti-

mates for (D /H)p, YP, and a measure of Neff from the CMB,
can provide interesting limits on the lepton asymmetry (ξ ≤

Precision measures of the primordial abundance of deuterium 11

Fig. 6.— The 1σ and 2σ confidence contours (dark and light shades respectively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance (blue),
the CMB (green), and the combined confidence contours (red). The left panel illustrates the current situation, while the right panel shows the effect of reducing
the uncertainty in the conversion from (D /H)p to Ωb,0 h2 by a factor of two (see discussion in Section 4.2). Dashed and dotted lines indicate the hidden contour
lines for BBN and CMB bounds respectively.

(Planck Collaboration 2013):

100Ωb,0 h2 = 2.23 ± 0.04 (9)

Neff = 3.36 ± 0.34 . (10)

(Note that solving simultaneously forΩb,0 h2 and Neff leads to
a slightly different best-fitting value of Ωb,0 h2 than that ob-
tained for the standard model; cf. eqs. 8 and 9). For compari-
son, from the joint BBN+CMB analysis we deduce:

100Ωb,0 h2 = 2.23 ± 0.04 (11)

Neff = 3.28 ± 0.28 . (12)

Thus, combining (D /H)p with the CMB does not signifi-
cantly change the uncertainty in Ωb,0 h2, but does reduce the
error on Neff by ∼ 20 per cent. The uncertainty on Neff could
be reduced further by an improvement in the cross-section of
the d(p, γ)3He (see right panel of Figure 6, and Section 4.2).
Based on the current bound on Neff from CMB+(D /H)p, we
can nevertheless rule out the existence of an additional (ster-
ile) neutrino (i.e. Neff = 4.046) at 99.3 per cent confidence
(i.e. ∼ 2.7σ), provided that Neff and η10 remained unchanged
between BBN and recombination. However, as noted recently
by Steigman (2013), if the CMB photons are heated after the
neutrinos have decoupled [for example, by a weakly interact-
ing massive particle (WIMP) that annihilates to photons], Neff
will be less than 3.046 for three standard model neutrinos; a
sterile neutrino can in principle exist even when Neff < 4.046.
Looking to the future, YP has contours that are almost or-

thogonal to those of the CMB and (D /H)p (see e.g. Steigman
2007). Thus, measures of YP that are not limited by systematic
uncertainties could potentially provide a very strong bound,
when combined with (D /H)p, on the number of equivalent
neutrinos during the epoch of BBN, independently of CMB
observations. Using the following conversion relation for YP
(Steigman 2012 and private communication):

YP = 0.2469 ± 0.0006 + 0.0016 (ηHe − 6) (13)

ηHe = η10 + 100(S − 1) − 575ξ/4 (14)

combined with the most recent measure of YP (0.254± 0.003;
Izotov, Stasinska, & Guseva 2013), we derive the following
BBN-only bound on the baryon density and the effective num-

Fig. 7.— The 1σ and 2σ confidence contours (dark and light shades respec-
tively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance
(blue), the primordial He mass fraction (green), and the combined confidence
contours (red). Dashed and dotted lines indicate the hidden contour lines for
(D /H)p and YP bounds respectively.

ber of neutrino species:

100Ωb,0 h2 = 2.30 ± 0.05 (15)

Neff = 3.57 ± 0.18 . (16)

The corresponding contours are shown in Figure 7. Thus,
it appears that even with the most recent reappraisal of the
primordial abundance of 4He by Izotov, Stasinska, & Guseva
(2013), there is better agreement (within the standard model)
between (D/H)p and the CMB, than between (D/H)p and YP.

5.2. Deuterium and the Lepton Asymmetry
In the past, the primordial deuterium abundance has been

commonly used as a tool for measuring the present-day Uni-
versal density of baryons (see e.g. Steigman 2007), and more
recently as a probe of the effective number of neutrino fam-
ilies (Cyburt 2004; Nollett & Holder 2011; Pettini & Cooke
2012, see also Section 5.1). Here, we demonstrate that precise
measures of the primordial deuterium abundance (in combi-
nation with the CMB) can also be used to estimate the Uni-
versal lepton asymmetry, ξ.
Steigman (2012) recently suggested that combined esti-

mates for (D /H)p, YP, and a measure of Neff from the CMB,
can provide interesting limits on the lepton asymmetry (ξ ≤



Effects on CMB (1) 
�  Delay of the radiation-matter equivalence:  

 
    
   enhancement of the early ISW 
    
   CMB first peak higher 
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Effects on CMB (1) 
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�  Friedmann equation: 
 
 
    
   increase of the expansion rate at recombination 

decrease of the size of the sound horizon  
 
 
    
   CMB acoustic peaks shifted towards higher      

multipoles 

Effects on CMB (2) 
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Effects on CMB (3) 
�  Increase of the Silk damping 
    
 
 
    
   smearing of the CMB acoustic peaks at high multipoles  
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Pre-Planck constraints 

WMAP-9+SPT+ACT 
 
Calabrese et al. (2013) 
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Foreground cleaned CMB map 
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The angular power spectrum 
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Parameter constraints: standard model 
Planck Planck+lensing Planck+WP

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022242 0.02217 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.11805 0.1186 ± 0.0031 0.12038 0.1199 ± 0.0027

100✓MC . . . . . . . . 1.04122 1.04132 ± 0.00068 1.04150 1.04141 ± 0.00067 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0949 0.089 ± 0.032 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9675 0.9635 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . . . 3.098 3.103 ± 0.072 3.098 3.085 ± 0.057 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6964 0.693 ± 0.019 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3036 0.307 ± 0.019 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8285 0.823 ± 0.018 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.45 10.8+3.1

�2.5 11.37 11.1 ± 1.1

H0 . . . . . . . . . . . 67.11 67.4 ± 1.4 68.14 67.9 ± 1.5 67.04 67.3 ± 1.2

109As . . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.19+0.12
�0.14 2.215 2.196+0.051

�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14094 0.1414 ± 0.0029 0.14305 0.1426 ± 0.0025

⌦mh3 . . . . . . . . . 0.09597 0.09590 ± 0.00059 0.09603 0.09593 ± 0.00058 0.09591 0.09589 ± 0.00057

YP . . . . . . . . . . . 0.247710 0.24771 ± 0.00014 0.247785 0.24775 ± 0.00014 0.247695 0.24770 ± 0.00012

Age/Gyr . . . . . . . 13.819 13.813 ± 0.058 13.784 13.796 ± 0.058 13.8242 13.817 ± 0.048

z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.01 1090.16 ± 0.65 1090.48 1090.43 ± 0.54

r⇤ . . . . . . . . . . . 144.58 144.75 ± 0.66 145.02 144.96 ± 0.66 144.58 144.71 ± 0.60

100✓⇤ . . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04164 1.04156 ± 0.00066 1.04136 1.04147 ± 0.00062

zdrag . . . . . . . . . . 1059.32 1059.29 ± 0.65 1059.59 1059.43 ± 0.64 1059.25 1059.25 ± 0.58

rdrag . . . . . . . . . . 147.34 147.53 ± 0.64 147.74 147.70 ± 0.63 147.36 147.49 ± 0.59

kD . . . . . . . . . . . 0.14026 0.14007 ± 0.00064 0.13998 0.13996 ± 0.00062 0.14022 0.14009 ± 0.00063

100✓D . . . . . . . . . 0.161332 0.16137 ± 0.00037 0.161196 0.16129 ± 0.00036 0.161375 0.16140 ± 0.00034

zeq . . . . . . . . . . . 3402 3386 ± 69 3352 3362 ± 69 3403 3391 ± 60

100✓eq . . . . . . . . . 0.8128 0.816 ± 0.013 0.8224 0.821 ± 0.013 0.8125 0.815 ± 0.011

rdrag/DV(0.57) . . . . 0.07130 0.0716 ± 0.0011 0.07207 0.0719 ± 0.0011 0.07126 0.07147 ± 0.00091

Table 1. Cosmological parameter values for the minimal 6 parameter ⇤CDM model. Columns 2 and 3 give results for Planck
temperature data alone, columns 4 and 5 are combined with Planck lensing, and Columns 6 and 7 include WMAP polarization
(WP) at low multipoles. We give best fit parameters as well as 68% confidence limits for constrained parameters. Parameters in bold
have flat priors, other parameters are derived.
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“A simple but challenging Universe” 



Planck constraints 
Planck+WMAP9polarization 
+highl(SPT+ACT) 
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What DR is made of? 
� Sterile neutrinos          
     (MA, Giusarma, Hannestad, Mena, arXiv:1307.0637) 
� Axions (MA, Hannestad, Mirizzi, Raffelt, Wong, arXiv:1307.0615) 

� Decay of massive particles (Gonzalez-Garcia, Niro, Salvado, 2012) 

� Early dark energy (Calabrese et al., 2011) 

� … 



Sterile neutrinos: oscillation 
experiments 

Conrad et al. (2012) 
 
	

 222 101.0 eVmeV <Δ<

LSND, MiniBooNE, … 

~ see talk by Carlo Giunti 



Neutrino mass effects on CMB 

Early 
ISW Ωνh

2 =
Nνmν

94eV

Free-streaming: 
Suppression of lensing potential 
(now with Planck!) 

Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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Fig. 12. Upper left: Planck measurements of the lensing power spectrum compared to the ⇤CDM mean prediction and 68% con-
fidence interval (dashed lines) for models fit to Planck+WP+highL (see text). The eight bandpowers are those used in the Planck
lensing likelihood; they are renormalized, along with their errors, to account for the small di↵erences between the lensed CTT

` in
the best-fit model and the fiducial model used throughout this paper. The error bars are the ±1� errors from the diagonal of the
covariance matrix. The colour coding shows how C��L varies with the optical depth ⌧ across samples from the ⇤CDM posterior
distribution. Upper right: as upper-left but using only the temperature power spectrum from Planck. Lower left: as upper-left panel
but in models with spatial curvature. The colour coding is for ⌦K . Lower right: as upper-left but in models with three massive
neutrinos (of equal mass). The colour coding is for the summed neutrino mass

P
m⌫.

constrained only by the Planck temperature power spectrum is
illustrated in the upper-right panel of Fig. 12, and suggests that
the direct C��L measurements may be able to improve constraints
on ⌧ further. This is indeed the case, as shown in Fig. 13 where
we compare the posterior distribution of ⌧ for the Planck temper-
ature likelihood alone with that including the lensing likelihood.
We find
⌧ = 0.097 ± 0.038 (68%; Planck)
⌧ = 0.089 ± 0.032 (68%; Planck+lensing).
At 95% confidence, we can place a lower limit on the optical
depth of 0.04 (Planck+lensing). This very close to the optical
depth for instantaneous reionization at z = 6, providing further
support for reionization being an extended process.

The ⌧ constraints via the lensing route are consistent with,
though weaker, than those from WMAP polarization. However,
since the latter measurement requires very aggressive cleaning
of Galactic emission (see e.g. Fig. 17 of Page et al. 2007), the
lensing constraints are an important cross-check.

6.1.2. Effect of the large and small scales on the
six-parameter ⇤CDM model

Before exploring the further parameters that can be constrained
with the lensing likelihood, we test the e↵ect on the ⇤CDM
model of adding the large-scale (10  L  40) and small-scale
(400  L  2048) lensing data to our likelihood. Adding addi-
tional data will produce random shifts in the posterior distribu-
tions of parameters, but these should be small here since the mul-
tipole range 40  L  400 is designed to capture over 90% of the
signal-to-noise (on an amplitude measurement). If the additional
data is expected to have little statistical power, i.e., the error bars
on parameters do not change greatly, but its addition produces
large shifts in the posteriors, this would be symptomatic either
of internal tensions between the data or an incorrect model.

In Fig. 14, we compare the posterior distributions of the
⇤CDM parameters for Planck+WP+highL alone with those af-
ter combining with various lensing likelihoods. Adding our fidu-
cial lensing likelihood (second column) reduces the errors on pa-

17

~ see talk by Yvonne Y. Y. Wong 



Neutrino mass effects on mpk 

Equivalence 

ν
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Lesgourgues & Pastor (2012) 

Free-streaming: 
Effects on matter power spectrum: 
Suppression on scales smaller than 
the scale of the horizon at the non-
relativistic transition. 

~ see talk by Yvonne Y. Y. Wong 



Planck constraints 

           Planck Collaboration 

Planck+WMAP9polarization 
+highl(SPT+ACT) 
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1σ errors and 95% upper bounds 



Sterile Neutrinos: results 
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Planck+WP
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Planck+WP
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Planck+WP
+highL 
+CMASS9 

Planck+WP
+highL 
+H0 
+CMASS9 

Neff 3.65±0.38 3.81±0.28 3.33±0.31 3.65±0.26 
Σmν  (eV)	
 <1.03 <0.66 <0.66 <0.51 
AL 1.36±0.14 1.36±0.14 1.10±0.08 1.10±0.07 
1σ errors and 95% upper bounds 



Conclusions 
�  Connection between cosmology and particle physics 

�  We need to be conservative 
   different models/data sets è different results 

ü ΛCDM + Neff è Planck vs H0 

ü ΛCDM + Neff + Σmν + Al è sterile neutrinos  
                                              Planck+WP+highl+H0  
                                              2.7σ preference 

 
    




