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~5-6% Photon coming from recombination rescattered at reionisation: 

• LOSS: blurring of patterns from recombination (from “last scattering surface”) 

• GAIN: imprint of new patterns from a “closer, secondary last scattering surface”
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~5-6% Photon coming from recombination rescattered at reionisation: 

• LOSS: integrated quantity τ (reionisation optical depth) 

• GAIN: full ionisation history g(z) -> xe(z) 
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Effects of reionisation on CMB anisotropies (1st order)
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• Planck release 2015 -> Intermediate Planck papers 1605.03507 and 1605.02085: 

LFI-based low-l likelihood (lowP) replaced by HFI-based (two versions: SIMlow and 

lollipop) 

• τ goes from 0.078 ± 0.019 to: 

 0.0581 ± 0.0094 (SIMlow+high-l TT) or 0.058 ± 0.012 (lollipop+high-l TT)
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Current constraints from Planck

Planck Collaboration: Planck constraints on reionization history

�z = 0.5), for the various data combinations are:

⌧ = 0.053+0.014
�0.016 , lollipop5 ; (4)

⌧ = 0.058+0.012
�0.012 , lollipop+PlanckTT ; (5)

⌧ = 0.058+0.011
�0.012 , lollipop+PlanckTT+lensing ; (6)

⌧ = 0.054+0.012
�0.013 , lollipop+PlanckTT+VHL . (7)

We can see an improvement of the posterior width when adding
temperature anisotropy data to the lollipop likelihood. This
comes from the fact that the temperature anisotropies help to fix
other ⇤CDM parameters, in particular the normalization of the
initial power spectrum As, and its spectral index, ns. CMB lens-
ing also helps to reduce the degeneracy with As, while getting
rid of the tension with the phenomenological lensing parameter
AL when using PlanckTT only (see Planck Collaboration XIII
2016), even if the impact on the error bars is small. Comparing
the posteriors in Fig. 6 with the constraints from PlanckTT alone
(see figure 45 in Planck Collaboration XI 2016) shows that in-
deed, the polarization likelihood is su�ciently powerful that it
breaks the degeneracy between ns and ⌧. The impact on other
⇤CDM parameters is small, typically below 0.3� (as shown
more explicitly in Appendix B). The largest changes are for
⌧ and As, where the lollipop likelihood dominates the con-
straint. The parameter �8 shifts towards slightly smaller val-
ues by about 1�. This is in the right direction to help resolve
some of the tension with cluster abundances and weak galaxy
lensing measurements, discussed in Planck Collaboration XX
(2014) and Planck Collaboration XIII (2016); however, some
tension still remains.

Combining with VHL data gives compatible results, with
consistent error bars. The slight shift toward lower ⌧ value (by
0.3�) is related to the fact that the PlanckTT likelihood alone
pushes towards higher ⌧ values (see Planck Collaboration XIII
2016), while the addition of VHL data helps to some extent in
reducing the tension on ⌧ between high-` and low-` polarization.

Fig. 5. Posterior distribution for ⌧ from the various combinations
of Planck data. The grey band shows the lower limit on ⌧ from
the Gunn-Peterson e↵ect.

As mentioned earlier, astrophysics constraints from mea-
surements of the Gunn-Peterson e↵ect provide strong evidence

5In this case only, other⇤CDM parameters are held fixed, including
As exp (�2⌧).

Fig. 6. Constraints on ⌧, As, ns, and �8 for the ⇤CDM cosmol-
ogy from PlanckTT, showing the impact of replacing the lowP
likelihood from Planck 2015 release with the new lollipop
likelihood. The top panels show results without lensing, while
the bottom panels are with lensing.

that the IGM was highly ionized by a redshift of z ' 6. This
places a lower limit on the optical depth (using Eq. 1), which
in the case of instantaneous reionization in the standard ⇤CDM
cosmology corresponds to ⌧ = 0.038.

4.2. Kinetic Sunyaev-Zeldovich effect

The Thomson scattering of CMB photons o↵ ionized elec-
trons induces secondary anisotropies at di↵erent stages of the
reionization process. In particular, we are interested here in
the e↵ect of photons scattering o↵ electrons moving with bulk
velocity, which is called the “kinetic Sunyaev Zeldovich” or
kSZ e↵ect. It is common to distinguish between the “homoge-
neous” kSZ e↵ect, arising when the reionization is complete
(e.g., Ostriker & Vishniac 1986), and “patchy” (or inhomoge-
neous) reionization (e.g., Aghanim et al. 1996), which arises
during the process of reionization, from the proper motion of
ionized bubbles around emitting sources. These two compo-
nents can be described by their power spectra, which can be
computed analytically or derived from numerical simulations. In
Planck Collaboration XI (2016), we used a kSZ template based
on homogeneous simulations, as described in Trac et al. (2011).

In the following, we assume that the kSZ power spectrum is
given by

DkSZ
` = Dh�kSZ

` +Dp�kSZ
` , (8)

whereD` = `(` + 1)C`/2⇡ and the superscripts “h-kSZ” and “p-
kSZ” stand for “homogeneous” and “patchy” reionization, re-
spectively. For the homogeneous reionization, we use the kSZ
template power spectrum given by Shaw et al. (2012) calibrated
with a simulation that includes the e↵ects of cooling and star-
formation (which we label “CSF”). For the patchy reionization
kSZ e↵ect we use the fiducial model of Battaglia et al. (2013).

In the range ` = 1000–7000, the shape of the kSZ power
spectrum is relatively flat and does not vary much with the de-
tailed reionization history. The relative contributions (specifi-
cally “CSF” and “patchy”) to the kSZ power spectrum are shown
in Fig 7 and compared to the “homogeneous” template used in
Planck Collaboration XI (2016), rescaled to unity at ` = 3000.
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• long history of decreasing τ values (starting from WMAP 2013 0.17 ± 0.04) 

• evermore compatible with astrophysical bound (Gunn-Peterson), see e.g. Mashian et 

al. 2016, suggesting reionisation mainly between redshifts ~7.5 and ~6.0 

( =τ~0.048-0.055 in simplistic xe ~ tanh(z) model)
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Current constraints from Planck

Planck Collaboration: Large-scale polarization and reionization

Fig. 41. History of ⌧ determination with WMAP and Planck. We have omitted the first WMAP determination (⌧ = 0.17 ± 0.004,
Bennett et al. 2003), which was based on T E alone.

Table 8. Parameter constraints for the base⇤CDM cosmology (as defined in Planck Collaboration XVI 2014), illustrating the impact
of replacing the LFI-based lowP likelihood (used in the 2015 Planck papers) with the HFI-based SimLow likelihood discussed in
the text. We also present here the change when including the high-` polarization.

PlanckTT+lowP PlanckTT+SIMlow PlanckTTTEEE+lowP PlanckTTTEEE+SIMlow
Parameter 68 % limits 68 % limits 68 % limits 68 % limits

⌦bh2 . . . . . . . . . . 0.02222 ± 0.00023 0.02214 ± 0.00022 0.02225 ± 0.00016 0.02218 ± 0.00015

⌦ch2 . . . . . . . . . . 0.1197 ± 0.0022 0.1207 ± 0.0021 0.1198 ± 0.0015 0.1205 ± 0.0014

100✓MC . . . . . . . . 1.04085 ± 0.00047 1.04075 ± 0.00047 1.04077 ± 0.00032 1.04069 ± 0.00031

⌧ . . . . . . . . . . . . 0.078 ± 0.019 0.0581 ± 0.0094 0.079 ± 0.017 0.0596 ± 0.0089

ln(1010As) . . . . . . . 3.089 ± 0.036 3.053 ± 0.019 3.094 ± 0.034 3.056 ± 0.018

ns . . . . . . . . . . . 0.9655 ± 0.0062 0.9624 ± 0.0057 0.9645 ± 0.0049 0.9619 ± 0.0045

H0 . . . . . . . . . . . 67.31 ± 0.96 66.88 ± 0.91 67.27 ± 0.66 66.93 ± 0.62

⌦m . . . . . . . . . . . 0.315 ± 0.013 0.321 ± 0.013 0.3156 ± 0.0091 0.3202 ± 0.0087

�8 . . . . . . . . . . . 0.829 ± 0.014 0.8167 ± 0.0095 0.831 ± 0.013 0.8174 ± 0.0081

�8⌦
0.5
m . . . . . . . . . 0.466 ± 0.013 0.463 ± 0.013 0.4668 ± 0.0098 0.4625 ± 0.0091

�8⌦
0.25
m . . . . . . . . 0.621 ± 0.013 0.615 ± 0.012 0.623 ± 0.011 0.6148 ± 0.0086

zre . . . . . . . . . . . 9.891.8
�1.6 8.11 ± 0.93 10.01.7

�1.5 8.24 ± 0.88

109Ase�2⌧ . . . . . . . 1.880 ± 0.014 1.885 ± 0.014 1.882 ± 0.012 1.886 ± 0.012

Age/Gyr . . . . . . . 13.813 ± 0.038 13.829 ± 0.036 13.813 ± 0.026 13.826 ± 0.025

(` < 1500) is broken by the lensing e↵ect seen in the higher part
of the spectrum.

However, the ` >⇠ 1000 part of the Planck spectrum is charac-
terized by peaks that are slightly broader and smoother than what
the ⇤CDM model predicts. The high-multipole peak smooth-
ing is compatible with a slightly stronger lensing amplitude,
and translates into a roughly 2�-high phenomenological pa-
rameter AL value. The A��L = 0.95 ± 0.04 value derived from

the lensing power spectrum (Planck Collaboration XIII 2016)
supports that this would just be a statistical fluctuation, rather
than a peculiar feature of the lensing power spectrum itself.
Nevertheless, the preference for a larger lensing amplitude at
high multipoles pushes the normalization and the optical depth
values up. The lowP likelihood was not statistically powerful
enough to counteract this trend, and so in the PlanckTT+lowP
analysis ⌧ is driven upwards compared to Eq. (13). This e↵ect

30
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• Fit of non-trivial xe(z) templates like 

                “redshift-symmetric-“     and     “redshift-asymetric-parametrisation”
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Current constraints from Planck

Planck Collaboration: Planck constraints on reionization history

Fig. 18. Constraints on ionization fraction during reionization. The allowed models, in terms of zre and �z, translate into an allowed
region in xe(z) (68 % and 95 % in dark blue and light blue, respectively), including the zend > 6 prior here. Left: Constraints from
CMB data using a redshift-symmetric function (xe(z) as a hyperbolic tangent with �z = 0.5). Centre: Constraints from CMB data
using a redshift-asymmetric parameterization (xe(z) as a power law). Right: Constraints from CMB data using a redshift-symmetric
parameterization with additional constraints from the kSZ e↵ect.

function xe(z) with �z = 0.5), a measurement of the Thomson
optical depth

⌧ = 0.058 ± 0.012 (lollipop+PlanckTT), (24)

which is significantly more accurate than previous measure-
ments. Thanks to the relatively high signal-to-noise ratio of the
low-` polarization signal, the combination with lensing or data
from high resolution CMB anisotropy experiments (ACT and
SPT) does not bring much additional constraining power. The
impact on other ⇤CDM parameters is only significant for the
amplitude of the initial scalar power spectrum As and (to a lesser
extent) on its tilt ns. Other parameters are very stable compared
to the Planck 2015 results.

Using Planck data, we have derived constraints on two mod-
els for the reionization history xe(z) that are commonly used in
the literature: a redshift-symmetric form using a hyperbolic tan-
gent transition function; and a redshift-asymmetric form param-
eterized by a power law. We have also investigated the e↵ect
of imposing the condition that the reionization is completed by
z = 6.

Allowing the ionization fraction shape and duration to vary,
we have found very compatible best-fit estimates for the opti-
cal depth (0.059 and 0.060 for the symmetric and asymmetric
model, respectively), showing that the CMB is indeed more sen-
sitive to the value of the optical depth than to the exact shape of
the reionization history. However, the value of the reionization
redshift does slightly depend on the model considered. In the
case of a symmetric parameterization, we have found slightly
larger estimates of zre than in the case of instantaneous reioniza-
tion. This can be understood through the shape of the degeneracy
surface between the reionization parameters. For an asymmetric
parameterization, zre is smaller, due to the fact that xe(z) changes
more rapidly at the end of reionization than the beginning. We
specifically find:

zre = 8.8 ± 0.9 (redshift-symmetric) ; (25)
zre = 8.5 ± 0.9 (redshift-asymmetric) . (26)

Assuming two di↵erent parameterizations of the reionization
history shows how much results on e↵ective parameters (like
the redshift of reionization or its duration) are sensitive to the
assumption of the reionization history shape. The best models of
symmetric and asymmetric parameterization give similar values

for ⌧, and provide reionization redshifts which di↵er by less than
0.4�. Constraints on the limits of possible early reionization are
similar, leading to 10 % reionization levels at around z = 10.

To derive constraints on the duration of the reionization
epoch, we combined CMB data with measurements of the ampli-
tude of the kSZ e↵ect. In the case of a redshift-symmetric model,
we found

�z < 2.8 (95 % CL), (27)

using the additional constraint that the Universe is entirely reion-
ized at redshift 6 (i.e., zend > 6).

Our final constraints on the reionization history are plot-
ted in Fig. 18 for each of the aforementioned cases, i.e., the
redshift-symmetric and redshift-asymmetric models, using only
the CMB, and the redshift-symmetric case using CMB+kSZ (all
with prior zend > 6). Plotted this way, the constraints are not
very tight and are still fairly model dependent. Given the low
value of ⌧ as measured now by Planck, the CMB is not able
to give tight constraints on details of the reionization history.
However, the Planck data suggest that an early onset of reion-
ization is disfavoured. In particular, in all cases, we found that
the Universe was less than 10 % ionized for redshift z > 10.
Furthermore, comparisons with other tracers of the ionization
history show that our new result on the optical depth elimi-
nates most of the tension between CMB-based analyses and
constraints from other astrophysical data. Additional sources of
reionization, non-standard early galaxies, or significantly evolv-
ing escape fractions or clumping factors, are thus not needed.

Ongoing and future experiments like LOFAR, MWA, and
SKA, aimed at measuring the redshifted 21-cm signal from neu-
tral hydrogen during the EoR, should be able to probe reioniza-
tion directly and measure its redshift and duration to high ac-
curacy. Moreover, since reionization appears to happen at red-
shifts below 10, experiments measuring the global emission of
the 21-m line over the sky (e.g., EDGES, Bowman & Rogers
2010, LEDA, Greenhill & Bernardi 2012, DARE, Burns et al.
2012), NenuFAR, Zarka et al. 2012, SARAS, Patra et al. 2013,
SCI-HI, Voytek et al. 2014, ZEBRA, Mahesh et al. 2014, and
BIGHORNS, Sokolowski et al. 2015) will also be able to derive
very competitive constraints on the models (e.g., Liu et al. 2015;
Fialkov & Loeb 2016).

Acknowledgements. The Planck Collaboration acknowledges the support of:
ESA; CNES, and CNRS/INSU-IN2P3-INP (France); ASI, CNR, and INAF
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• nice compatibility with xe(z) estimates from astrophysics (compiled e.g. by Bouwens 

et al. 2015) 

            ~ 1-xe of H 

• No need for ionising sources beyond the usual photons from massive stars in low 

mass galaxies
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Current constraints from Planck

Planck Collaboration: Planck constraints on reionization history

abundance and spectral properties are crucial ingredients for
understanding how intergalactic hydrogen ceased to be neu-
tral (for reviews, see Barkana & Loeb 2001; Fan et al. 2006a;
Robertson et al. 2010; McQuinn 2015). The luminosity func-
tion of early star-forming galaxies, in particular in the UV do-
main, is thus an additional and powerful probe of the reionization
history (e.g., Kuhlen & Faucher-Giguère 2012; Robertson et al.
2013, 2015; Bouwens et al. 2015). Based on comparison of the
9-year WMAP results to optical depth values inferred from the
UV luminosity function of high-z galaxies, it has been sug-
gested that either the UV luminosity density flattens, or phys-
ical parameters such as the escape fraction and the clumping
factor evolved significantly, or alternatively, additional, unde-
tected sources (such as X-ray binaries and faint AGN) must
have existed at z >⇠ 11 (e.g., Kuhlen & Faucher-Giguère 2012;
Ellis et al. 2013; Cai et al. 2014; Ishigaki et al. 2015).

The Planck results, both from the 2015 data release and
those presented here, strongly reduce the need for a signifi-
cant contribution of Lyman continuum emission at early times.
Indeed, as shown in Fig. 16, the present CMB results on the
Thomson optical depth, ⌧ = 0.058 ± 0.012, are perfectly consis-
tent with the best models of star-formation rate densities derived
from the UV and IR luminosity functions, as directly estimated
from observations of high-redshift galaxies (Ishigaki et al. 2015;
Robertson et al. 2015; Bouwens et al. 2015). With the present
value of ⌧, if we maintain a UV-luminosity density at the maxi-
mum level allowed by the luminosity density constraints at red-
shifts z < 9, then the currently observed galaxy population at
MUV < �17 seems to be su�cient to comply with all the obser-
vational constraints without the need for high-redshift (z = 10–
15) galaxies.

Fig. 16. Evolution of the integrated optical depth for the tanh
functional form (with �z = 0.5, blue shaded area). The
two envelopes mark the 68 % and 95 % confidence inter-
vals. The red, black, and orange dashed lines are the mod-
els from Bouwens et al. (2015), Robertson et al. (2015), and
Ishigaki et al. (2015), respectively, using high-redshift galaxy
UV and IR fluxes and/or direct measurements.

The Planck data are certainly consistent with a fully reion-
ized Universe at z ' 6. Moreover, they seem to be in good agree-
ment with recent observational constraints on reionization in the
direction of particular objects. The H i absorption along the line
of sight to a distant �-ray burst, GRB-140515A (Chornock et al.

2014), suggests a Universe containing about a 10 % fraction
of neutral hydrogen at z = 6–6.3. At even higher redshifts
z ' 7, observation of Ly-↵ emitters suggests that at least
70 % of the IGM is neutral (Tilvi et al. 2014; Schenker et al.
2014; Faisst et al. 2014). Similarly, quasar near-zone detection
and analysis (including sizes, and Ly-↵ and � transmission
properties) have been used to place constraints on zend from
signatures of the ionization state of the IGM around individ-
ual sources (Wyithe & Loeb 2004; Mesinger & Haiman 2004;
Wyithe et al. 2005; Mesinger & Haiman 2007; Carilli et al.
2010; Mortlock et al. 2011; Schroeder et al. 2013). However, in-
terpretation of the observed evolution of the near-zone sizes
may be complicated by the opacity caused by absorption
systems within the ionized IGM (e.g., Bolton et al. 2011;
Bolton & Haehnelt 2013; Becker et al. 2015). Similarly, it is dif-
ficult to completely exclude the possibility that damped Ly-
↵ systems contribute to the damping wings of quasar spectra
blueward of the Ly-↵ line (e.g., Mesinger & Furlanetto 2008;
Schroeder et al. 2013). Nevertheless, most such studies, indicate
that the IGM is significantly neutral at redshifts between 6 and
7 (see also Keating et al. 2015), in agreement with the current
Planck results, as shown in Fig. 17.

Fig. 17. Reionization history for the redshift-symmetric param-
eterization compared with other observational constraints com-
piled by Bouwens et al. (2015). The red points are measurements
of ionized fraction, while black arrows mark upper and lower
limits. The dark and light blue shaded areas show the 68 % and
95 % allowed intervals, respectively.

Although there are already all the constraints described
above, understanding the formation of the first luminous sources
in the Universe is still very much a work in progress. Our new
(and lower) value of the optical depth leads to better agreement
between the CMB and other astrophysical probes of reioniza-
tion; however, the fundamental questions remain regarding how
reionization actually proceeded.

7. Conclusions

We have derived constraints on cosmic reionization using Planck
data. The CMB Planck power spectra, combining the EE polar-
ization at low-` with the temperature data, give, for a so-called
“instantaneous” reionization history (a redshift-symmetric tanh

12
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• (last major) Planck release in 2018 will be consistent with 2016 papers !
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Current constraints from Planck



Particle physics & LSS surveys - J. Lesgourgues

• new high-sensitivity low-resolution satellite optimised for low-l B-modes 

(LiteBird/JAXA): 

σ(τ)~ 0.0020 (sensitivity x 4.5 / Planck) 

• new high-sensitivity high-resolution satellite optimised for small scales, 

lensing extraction… (CORE/ESA, PICO/NASA): 

             Same!                                [CORE collaboration] 1612.00021 

• Redshift-asymmetric parameterisation:  

constraints on zbeginning, zend, zmid by factors ~4 to 6 / Planck 

(potentially an upper bound Δz<2.5 (95%CL) between 10% and 99% ionisation) 

[CORE collaboration] 1612.00021

12

Future CMB constraints
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• can DM annihilation in Halos contribute significantly to reionisation? 

• Various spherical collapse models predict various <ρ2> ranging from 

“reasonnable” to “extreme”

13

Connection with (DM) models with exotic energy injection 

Several ways to compute B(z) have been proposed. We summarize our approach in Ap-
pendix C. The two key (unknown) physical quantities are the maximal overall boost factor
due to halos and the epoch for the onset of formation of virialised objects. The simplest
choice adopted in our model was to choose as free parameters the characteristic redshift zh,
related to the time of halo formation (occurring near z = 2zh), and a parameter fh related to
the amplitude of the boost factor today (since B(z = 0) = fh erfc(1/(1 + zh)), see equation
(C.5)). The range of values explored relies on results found in the literature, see Appendix C
for quantitative details. The evolution of h⇢2i(z) for different values of these parameters is
shown in figure 1.

Figure 1. DM squared density vs. redshift z for several models of halo evolution.

Some treatments of the effect of DM (including halos) has been presented in the past: for
instance, Giesen et al. [20] performed this calculation on the basis of a simplified formalism
developped by Natarayan [14, 30, 31], accounting only for energy deposition through the
Inverse Compton Scattering (ICS) effect, and taking as a source for the ICS the energy
injection function of the smooth case. Here however we adopt a treatment based on a more
straightforward generalization of the equation (2.10) which is equivalent to the one reported
in [22]. We define f(z) as

dE

dV dt

����
dep, smooth+halos

= f(z)
dE

dV dt

����
inj, smooth+halos

, (2.15)

where now equation (2.16) generalizes as

f(z) =

R
d ln(1 + z

0) (1+z
0)3

H(z0) (1 + B(z0))
P

`

R
T
(`)(z0, z, E)E dN

dE

��(`)
injdE

(1+z)3

H(z) (1 + B(z))
P

`

R
E

dN

dE

��(`)
inj

. (2.16)

It is clear that when setting B = 0 one recovers the standard expressions for the smooth
contribution.

In order to assess the impact of the improved calculation of the boost factor and of
the new Planck data, we computed the energy deposition function for two baseline models

– 8 –



Particle physics & LSS surveys - J. Lesgourgues

• Change in xe induced by DM annihilation negligible even for “extreme” (red 

curve) 

Poulin et al. 1508.01370
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Connection with (DM) models with exotic energy injection

Figure 4. Ionization fraction xe(z) as a function of redshift for several mixed reionization models.
Green lines are benchmark, purely astrophysical reionization scenarios (solid: single step; dot-dashed,
phenomenological). The blue and red versions of the corresponding lines show the case where both
smooth DM injection and halo one have been added as well, with growing role of halos, respectively.
We assume pann fixed to its most optimistic value.

this parameter. Since this is not the case, and since we have no precise information on star
formation, we can always obtain the correct ⌧reio by assuming the maximal realistic effect
from DM annihilation and a complementary effect from stars. The only hope to obtain new
bounds on DM annihilation from CMB observations is to analyse the full shape of the CMB
temperature and polarization spectra: this will be the topic of section 4.

It is interesting to explore a bit further mixed reionization scenarios. In Fig. 4, we
show in green the benchmark, purely astrophysical reionization scenarios (solid: single step
with zreio = 6.5, as suggested by the Gunn-Peterson bound; dot-dashed, phenomenological).
The blue and red versions of the corresponding lines show the case where both smooth DM
injection and halo one have been added as well, with growing role of halos, respectively. We
have fixed there pann to the maximum value allowed by Planck [25]. The free parameters are
the halo ones, zh and B(0), besides the DM model (annihilation channel and mass), here fixed
to the muon final state and 1 GeV mass.

In Figure 5, we vary these two categories of parameters, and find ⌧reio as a function of
them (in the step-like reionization scenario), together with 68% and 95% confidence limits
from Planck TT,TE,EE+lowP data, and bounds on B(z = 0) inferred from N-body simu-
lations by Ref. [47]. Figure 5 shows that in absence of DM annihilation in halos, there is
a marginal (⇠ 2�) tension between the model without DM annihilation in halos and the
Planck bounds on ⌧reio. At the same time, we can also see that DM annihilations in e

+
e
�

and µ
+
µ
� for realistic values of the boost factor (blue band) do not significantly enhance

– 12 –



Particle physics & LSS surveys - J. Lesgourgues

• Contribution to τ from DM annihilation for various mass/annihilation channels 

as a function of the “halo boost factor” (blue = reasonable to extreme range) 

Poulin et al. 1508.01370
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⌧reio. The conclusions would be similar for other annihilation channels (all being bracketed
by these two) or masses. Note that in all these models, we decided to saturate the CMB
bound coming from annihilation in the smooth background. This means that we fixed the
observable quantity pann, but not the fundamental parameter h�vi. This explains why in
Figure 5, the effect seems to be stronger in the muon case than in the electron case; if the
cross-section were fixed, the conclusion would be opposite. In this observable, the result is
also independent of the reionization model adopted, provided that they are responsible for
the same optical depth. In all cases, our main conclusion is that one needs to push the halo
contribution to the same unrealistic values as before to remove the marginal tension between
CMB and the Gunn-Peterson bound.

Figure 5. Reionization optical depth ⌧reio in mixed reionization models, for different DM masses,
annihilation channels and halo parameters. pann has been fixed to its most optimistic value and the
redshift od reionization from stars to z

star
reio = 6.5. The red stripe shows the most conservative bound

from Planck on ⌧reio [25] and the blue one the most conservative interval for the values of the halo
amplitudes at z = 0 according to Refs. [47, 48].

In summary, our main conclusion is that considering DM annihilation in halos formation
seems neither to yield better constraints on the DM properties, nor to solve the slight tension
between CMB and Gunn-Peterson data. We thus essentially confirm similar results obtained
in the past, see e.g. [22]. Planck data are not changing these conclusions in any significant
way. On one hand, this reassures about the robustness of the reionization constraints to
DM obtained by considering only the smooth contribution. On the other hand, this suggests
that it is very hard to improve over them by including the relatively low-z contribution from
halos. Barring very different particle physics or halo assembly histories (for some example see
e.g. [49]), it appears that the only hope to revisit this conclusion in the future and to reveal
some contribution of DM halos would be to measure xe or TM as a function of z, especially at
high redshift (z � 10), and at the same time, to improve our knowledge (both theoretically
and observationally) on reionisation by the first stars.

4 Impact of reionization histories on the CMB spectra

In this section we go one step further in the discussion of CMB sensitivity to different reioniza-
tion models, beyond the simple integral constraint on ⌧reio discussed in the previous section.
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• Distorsion of reionisation. Bump in EE spectrum: small chance to be visible for 

the most extreme boost factor (B~108), also assuming favorable star-formation 

model 

Poulin et al. 1508.01370 

• Better chance to probe DM annihilation in halos by measuring TIGM(z)
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variance exemplifies why, despite the fact that a sensitivity to xe(z) is present in principle,
it is considered to be hopeless to infer information on different astrophysical reionization
scenarios via CMB observations, and why to a large extent in this framework it is an excellent
approximation to assume that CMB is only sensitive to ⌧reio. Nonetheless, note that a greater
sensitivity to xe(z) of the EE polarization with respect to TT spectrum is still manifest.

Figure 7. As in Fig. 6, but with the DM effects (both smooth and in halos) now added, for a single
reference case of halo boost factor.

Figure 8. Zoom on the residuals with respect to the baseline models reported in Fig. 6, with several
assumptions for the halo contribution reported and for two choices of the astrophysical reionization.

The situation is partially altered if DM annihilation in halos is added. In Fig. 7, we show
plots similar to Fig. 6, with the DM effects (both smooth and in halos) now added; we fix the
DM channel to the muon one, the DM mass to 1 GeV, and pann = 2.3⇥10�7, saturating current
bounds. While in Fig. 7 only a single, realistic value 106 for the boost factor is shown, in Fig. 8,
we present the residuals with respect to the reference ⇤CDM models, with growing effect of
the halo term (besides the 106 one, also a factor 10 and 100 larger). It is clear that, at least for
the phenomenological model for the astrophysical reionization, potentially detectable effects
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• Decaying DM particle: late ISW >> either the lifetime is very large (with negligible 

reionisation impact) or the decaying particle is a sub-dominent DM component. 

Then many different scenarios: 

Poulin et al. 1610.10051 

        long-lived                                                                            short-lived
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Figure 2. Comparison of the on-the-spot and beyond on-the-spot treatment on the ionization
history. We assume a decaying DM model � ! e

+
e
�, with E

kin
e = 100 MeV, 100 GeV with lifetimes

��1 = 1020 s and 1015 s (top-left and top-right panels respectively), E
kin
e = 1 MeV, 100 GeV with

lifetime ⌧ = 1013 s bottom-left panel) and E
kin
e = 1 MeV, 100 MeV with lifetime ��1 = 1012 s

(bottom-right panel). The blue curves on each plot represent result in the Planck 2016 ⇤CDM model.

3 Results: Summary of constraints and comparison with other probes

3.1 Methodology

We perform our study of CMB anisotropy constraints with Monte Carlo Markov chains, using
the public code Monte Python [30] and the Metropolis Hasting algorithm. Beyond the on-
the-spot approximation and for each decay channel, the sector of e.m. decaying particles can
be described by three independent parameters, e.g. the particle mass, lifetime and effective
energy density parameter ⌅ defined in section 2.1. For a better efficiency of MCMC runs,
our strategy consists in scanning a grid of values for the lifetime ⌧ ⌘ ��1 in the range [1012s;
1026s], and for values of the mass m leading to byproducts with (kinetic) energies in the range
[10 MeV; 1 TeV]. For each set of (⌧, m) values, we perform a fit to the data with flat priors
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3 Results: Summary of constraints and comparison with other probes

3.1 Methodology

We perform our study of CMB anisotropy constraints with Monte Carlo Markov chains, using
the public code Monte Python [30] and the Metropolis Hasting algorithm. Beyond the on-
the-spot approximation and for each decay channel, the sector of e.m. decaying particles can
be described by three independent parameters, e.g. the particle mass, lifetime and effective
energy density parameter ⌅ defined in section 2.1. For a better efficiency of MCMC runs,
our strategy consists in scanning a grid of values for the lifetime ⌧ ⌘ ��1 in the range [1012s;
1026s], and for values of the mass m leading to byproducts with (kinetic) energies in the range
[10 MeV; 1 TeV]. For each set of (⌧, m) values, we perform a fit to the data with flat priors
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• Effect too steady to explain reionisation alone (Gunn-Peterson) 

• Cases with significant contribution to xe around z~6-10 are close to CMB bounds 

and not currently favoured 

Poulin et al. 1610.10051 

        long-lived                                                                            short-lived
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• are the DM annihilation and decay case representative of all plausible sources of 

energy release? 

• Example: PBH evaporation. Energy releases is not in exp(Γt) but M(t)-2 exp(-M(t)). 

Potentially sharper enhancement of xe(z) but not quite enough. 

Poulin et al. 1610.10051, Stöcker et al. 1801.01871  

• Effect of xe(z) on any non-trivial model including PBH evaporation and accretion can 

be computed with ExoCLASS (Stöcker et al. 1801.01871) which includes a new 

module DarkAges (interfacing between injected spectrum of photon, electron, 

protons, transfer functions from Tracy Slatyer, RECFAST/CosmoREC/HyREC and 

CLASS)
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• Fidler & Ringeval 1709.01395: self-consistent extension of 2nd-order CMB 

physics to account for 2nd-order Thomson scattering term 

• 1st order: scattering term ~ σT xe ρb (θγ-θb) 

• 2nd order: role of δxe and δb (intrinsically different quantities) in prefactor  

• GAIN: extra anisotropies from scattering excess in: 

• Over-dense regions (δb>0): (diffuse) SZ 

• Over-ionised regions (δxe>0): patchy reionisation rescattering 

• LOSS: extra scattering off the line-of-sight in: 

• Over-dense regions (δb>0): SZ blurring 

• Over-ionised regions (δxe>0): patchy reionisation blurring 

20

Effects of reionisation on CMB: 2nd order
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• Fidler & Ringeval 1709.01395: implementation of all these + others in SONG. 

Self-contained calculation of all new source terms excepted due: the linear 

due requires knowledge on non-linear star formation process. Pδxe(k) 

estimated from hydro simulations for main-stream reionisation models. 

• All these terms (diffuse SZ and 

reionisation, and gain / loss) are 

of comparable magnitude. All 

very small. Only potentially 

relevant for ClBB if r~10-4 or 

smaller and after delensing.
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Figure 7. Temperature (upper panel) and B-mode (lower panel) angular power spectra induced
by all terms. For comparison, we have represented the lensing power spectra as well as primordial
B-modes that would be generated by a tensor-to-scalar ratio r = 10−4. For temperature, CT

l
remains

smaller than lensing but only by a factor of a few. For polarisation, the induced B-modes remain
always smaller than lensing but match the primordial ones all over the range l ∈ [10, 100].

Interestingly, it remains a clean window for primordial B-modes on the very large scales,
l < 10, favouring the case for full sky experiments [6, 71, 72].

Finally, as already mentioned, the B-modes presented in our plots are not subject to
(1×3) terms and the approximation of including all possible contributions up to second order
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May forget these 2nd order reionisation effects excepted maybe: 

• If future experiment reaches sensitivity to ClBB generated by r~10-4 

• If reionisation more patchy than in main stream models 

• Maybe if we want to study cross-correlation between 21cm intensity maps 

and CMB maps?
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Striking example: measurement of neutrino mass 

• CMB+LSS bounds should saturate 

around σ(M)~14-15 meV (cosmic 

variance + non-linear uncertainties 

in P(k)) 

• External measurement with 

σ(τ)~0.001 would lower this to 

σ(M)~11-12 meV and guarantee 5σ 

detection 

Archidiacono et al. 1610.09852; see 

also Liu et al. 2016
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Consequence of astrophysical/21cm measurements of τ on cosmological parameter 
determination

Figure 10. Marginalized one� or two�� contours and one dimensional posteriors in the
(M⌫ ,!cdm, H0, As, ns, ⌧reio) parameter space, showing the expected sensitivity of various future ex-
periments: CORE only (gray contours), CORE+DESI (blue contours), CORE+Euclid (red contours)
and CORE+Euclid+21cm (green contours). The last independent parameter, !b, is always very well
constrained by CMB data alone.

CMB lensing is rather compensated by playing with parameters to which BAO data
are insensitive16, namely As and ⌧reio.

3. Adding Euclid (lensing + P (k)) data. Most of the discussion on the inclusion of DESI
data still applies here, since Euclid data contains information on the BAO scale at dif-
ferent redshift. However the matter / shear power spectra contain extra information on
cosmological perturbations, and lift or reinforce some parameter degeneracies, consis-
tently with our previous discussion in section 4.2, point 3. The (M⌫ , H0) degeneracies

16As side remarks, note that such compensation cannot be done by playing with ns: as a consequence, both
the (M⌫ , ns) degeneracy and the (As, ns) degeneracy are lifted when BAO data are added; finally, because of
the di↵erent neutrino mass compensation driven by the inclusion of BAO data, the correlations of !cdm and
H0 with respect to As, ns, ⌧reio are lifted, as well.
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Prior σ(τ)~0.001


