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ABSTRACT

We investigate constraints on cosmic reionization extracted from the Planck cosmic microwave background (CMB) data. We combine the Planck
CMB anisotropy data in temperature with the low-multipole polarization data to fit ACDM models with various parameterizations of the reioniza-
tion history. We obtain a Thomson optical depth 7 = 0.058+0.012 for the commonly adopted instantaneous reionization model. This confirms, with
data solely from CMB anisotropies, the low value suggested by combining Planck 2015 results with other data sets, and also reduces the uncertain-
ties. We reconstruct the history of the ionization fraction using either a symmetric or an asymmetric model for the transition between the neutral
and ionized phases. To determine better constraints on the duration of the reionization process, we also make use of measurements of the amplitude
of the kinetic Sunyaev-Zeldovich (kSZ) effect using additional information from the high-resolution Atacama Cosmology Telescope and South
Pole Telescope experiments. The average redshift at which reionization occurs is found to lie between z = 7.8 and 8.8, depending on the model of
reionization adopted. Using kSZ constraints and a redshift-symmetric reionization model, we find an upper limit to the width of the reionization
period of Az < 2.8. In all cases, we find that the Universe is ionized at less than the 10% level at redshifts above z ~ 10. This suggests that an early
onset of reionization is strongly disfavoured by the Planck data. We show that this result also reduces the tension between CMB-based analyses
and constraints from other astrophysical sources.

Key words. cosmic background radiation — dark ages, reionization, first stars — polarization

1. Introduction second major change in the ionization state of hydrogen in the

) o Universe. Details of the transition from the neutral to ionized
The process of cosmological recombination happened around  {jpjverse are still the subject of intense investigations (for a re-
r(?d§h1ft z =~ 1100, after which the ionized fraction fell pre- on¢ review, see the book by Mesinger 2016). In the currently
cipitously (Peebles 1968; Zel'dovich etal. 1969; Seageretal.  conyentional picture, early galaxies reionize hydrogen progres-
2000)'and the Universe became mostly neutral. However, ob- sively throughout the entire Universe between z ~ 12 and z ~ 6,
servations of the Gunn-Peterson effect (Gunn & Peterson 1965) i hile quasars take over to reionize helium from z ~ 6 to ~ 2.
in quasar spectra (Becker etal. 2001, 2015; Fan etal. 2006b; gy many questions remain. When did the epoch of reionization
Venemans et al. 2013) indicate that intergalactic gas had become  (goR) start, and how long did it last? Are early galaxies enough
almost fully reionized by redshift z = 6. Reionization is thus the  (, rejonize the entire Universe or is another source required? We
try to shed light on these questions using the traces left by the
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The CMB is affected by the total column density of free elec-
trons along each line of sight, parameterized by its Thomson
scattering optical depth 7. This is one of the six parameters of
the baseline A cold dark matter (CDM) cosmological model
and is the key measurement for constraining reionization. Large-
scale anisotropies in polarization are particularly sensitive to
the value of 7. The WMAP mission was the first to extract a
7 measurement through the correlation between the tempera-
ture field and the E-mode polarization (i.e., the T E power spec-
trum) over a large fraction of the sky. This measurement is
very demanding, since the expected level of the E-mode polar-
ization power spectrum at low multipoles (£ < 10) is only a
few times 1072 uK?, lower by more than two orders of magni-
tude than the level of the temperature anisotropy power spec-
trum. For such weak signals the difficulty is not only to have
enough detector sensitivity, but also to reduce and control both
instrumental systematic effects and foreground residuals to a
very low level. This difficulty is illustrated by the improvements
over time in the WMAP-derived 7 estimates. The 1-yr results
gave a value of T = 0.17 = 0.04, based on the temperature-
polarization TE cross-power spectrum (Kogut et al. 2003). In
the 3-yr release, this was revised down to 0.10 + 0.03 using
E-modes alone, whereas the combined 77, TE, and EE power
spectra gave 0.09 + 0.03 (Page et al. 2007). Error bars improved
in further WMARP analyses, ending up with 0.089 + 0.014 after
the 9-yr release (see Dunkley et al. 2009; Komatsu et al. 2011;
Hinshaw et al. 2013). In 2013, the first Planck satellite’ cosmo-
logical results were based on Planck temperature power spectra
combined with the polarized WMAP data and gave the same
value 7 = 0.089 + 0.014 (Planck Collaboration XVI 2014).
However, using a preliminary version of the Planck 353 GHz
polarization maps to clean the dust emission (in place of the
WMAP dust model), the optical depth was reduced by approxi-
mately 1o to T = 0.075+0.013 (Planck Collaboration XV 2014).

In the 2015 Planck analysis (Planck Collaboration XIII
2016), the Low Frequency Instrument (LFI) low-resolution maps
polarization at 70 GHz were used. Foreground cleaning was
performed using the LFI 30 GHz and High Frequency Instru-
ment (HFI) 353 GHz maps, operating effectively as polarized
synchrotron and dust templates, respectively. The optical depth
was found to be T = 0.078 + 0.019, and this decreased to
0.066 + 0.016 when adding CMB lensing data. This value is
also in agreement with the constraints from the combination
“PlanckTT+lensing+BAO”, yielding T = 0.067 + 0.016, which
uses no information from low-¢ polarization.

In this paper and its companion (Planck Collaboration
Int. XLVI 2016), we derive the first estimate of 7 from the
Planck-HFI polarization data at large scales. For the astro-
physical interpretation, the power spectra are estimated using
a PCL estimate which is more conservative. Indeed, it gives a
slightly larger distribution on 7 than the QML estimator used
in Planck Collaboration Int. XLLVI (2016) but is less sensitive
to the limited number of simulations available for the analysis.
Using only E-mode polarization, the Planck 1ollipop likeli-
hood gives T = 0.053*:9!¢ for a standard instantaneous reioniza-
tion model, when all other ACDM parameters are fixed to their
Planck-2015 best-fit values. We show that in combination with

' Planck (http://www.esa.int/Planck) is a project of the
European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states and led by Principal In-
vestigators from France and Italy, telescope reflectors provided through
a collaboration between ESA and a scientific consortium led and funded
by Denmark, and additional contributions from NASA (USA).
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the Planck temperature data the error bars are improved and we
find 7 = 0.058 + 0.012.

In the ACDM model, improved accuracy on the reionization
optical depth helps to reduce the degeneracies with other param-
eters. In particular, the measurement of 7 reduces the correlation
with the normalization of the initial power spectrum Ag and its
spectral index ng. In addition to this 7 is a particularly impor-
tant source of information for constraining the history of reion-
ization, which is the main subject of this paper. When combined
with direct probes at low redshift, a better knowledge of the value
of the CMB optical depth parameter may help to characterize the
duration of the EoR, and thus tell us when it started.

In addition to the effect of reionization on the polarized large-
scale CMB anisotropies, reionization generates CMB tempera-
ture anisotropies through the kinetic Sunyaev-Zeldovich (kSZ)
effect (Sunyaev & Zeldovich 1980), caused by the Doppler shift
of photons scattering off electrons moving with bulk velocities.
Simulations have shown that early homogeneous and patchy
reionization scenarious differently affect the shape of the kSZ
power spectrum, allowing us to place constraints on the reion-
ization history (e.g., McQuinn et al. 2005; Aghanim et al. 2008).
Zahn et al. (2012) derived the first constraints on the epoch of
reionization from the combination of kSZ and low-£ CMB polar-
ization, specifically using the low-¢ polarization power spectrum
from WMAP and the very high multipoles of the temperature
angular power spectrum from the South Pole Telescope (SPT,
Reichardt et al. 2012). However one should keep in mind that
kSZ signal is complicated to predict and depends on detailed as-
trophysics which makes the constraints on reionization difficult
to interpret (Mesinger et al. 2012).

In this paper, we investigate constraints on the epoch of
reionization coming from Planck. Section 2 first briefly de-
scribes the pre-2016 data and likelihood used in this paper, which
are presented in detail in Planck Collaboration Int. XLVI (2016).
In Sect. 3 we then present the parameterizations we adopt for the
ionization fraction, describing the reionization history as a func-
tion of redshift. In Sect. 4, we show the results obtained from
the CMB observables (i.e., the optical depth 7 and the amplitude
of the kSZ effect) in the case of “instantaneous” reionization.
Section 5 presents results based on the CMB measurements by
considering different models for the ionization history. In partic-
ular, we derive limits on the reionization redshift and duration.
Finally, in Sect. 6, we derive the ionization fraction as a function
of redshift and discuss how our results relate to other astrophys-
ical constraints.

2. Data and likelihood
2.1. Data

The present analysis is based on the pre-2016 full mis-
sion intensity and polarization Planck-HFI maps at 100 and
143 GHz. The data processing and the beam description are
the same as in the Planck 2015 release and have been detailed
in Planck Collaboration VII (2016). Planck-HFI polarization
maps are constructed from the combination of polarized detec-
tors that have fixed polarization direction. The Planck scanning
strategy produces a relatively low level of polarization angle
measurement redundancy on the sky, resulting in a high level of
I-Q-U mixing, as shown in Planck Collaboration VIII (2016).
As a consequence, any instrumental mismatch between detec-
tors from the same frequency channel produces leakage from
intensity to polarization. This temperature-to-polarization leak-
age was at one point the main systematic effect present in the
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Fig. 1. Bias in the 100 x 143 cross-power spectrum computed from
simulations, including instrumental noise and systematic effects, with or
without foregrounds (dark blue and light blue), compared to the cosmic
variance level (in grey).

Planck-HFI data, and prevented robust low-¢ polarization mea-
surements from being included in the previous Planck data re-
leases.

The maps that we use here differ in some respects from those
data released in 2015. The updated mapmaking procedure, pre-
sented in Planck Collaboration Int. XLVI (2016), now allows for
a significant reduction of the systematic effects in the maps. In
particular, the relative calibration within a channel is now accu-
rate to better than 0.001%, which ensures a very low level of
gain-mismatch between detectors. The major systematic effect
that remains in the pre-2016 maps is due to imperfections of the
correction for nonlinearity in the analogue-to-digital converters
(ADCs) but produces very low level of residuals in the maps. In
addition to the 100 GHz and 143 GHz maps, we also make use
of 30 GHz LFI data (Planck Collaboration II 2016) and 353 GHz
HFI data to remove polarized foregrounds.

Using the pre-2016 end-to-end simulations, we show that the
power spectrum bias induced by the remaining nonlinearities is
very small and properly accounted for in the likelihood. Figure 1
shows the bias (in the quantity D, = £(£ + 1)C/2n, where C¢ is
the conventional power spectrum) computed as the mean of the
EE cross-power spectra from simulated maps, including realis-
tic noise and systematic effects without and with Galactic fore-
grounds. In the latter case, the foregrounds are removed for each
simulation using the 30 GHz and 353 GHz maps as templates for
synchrotron and dust, respectively. The resulting bias in the EE
100 x 143 cross-power spectrum can be used to correct the mea-
sured cross-spectrum, but in fact has very little impact on the
likelihood.

Furthermore, we use end-to-end simulations to propagate the
systematic uncertainties to the cross-power spectra and all the
way to the cosmological parameters. Figure 2 shows the impact
on the variance due to the inclusion of the main ADC nonlin-
earity systematic effect, compared to realistic noise and cosmic
variance. The resulting C, covariance matrix is estimated from
these Monte Carlos. In the presence of such systematic effects,
the variance of the C; is shown to be higher by roughly a factor
of 2 compared to the pure noise case.

Polarized foregrounds at Planck-HFI frequencies are es-
sentially dominated by Galactic dust emission, but also in-
clude a small contribution from synchrotron emission. We

10"
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Fig. 2. Variance of the 100 x 143 EE cross-power spectrum for simu-
lations, including instrumental noise and noise plus systematic effects,
compared to cosmic variance.

use the 353 GHz and 30 GHz Planck maps as templates to
subtract dust and synchrotron, respectively, using a single
coefficient for each component over 95% of the sky (see
Planck Collaboration IX 2016; Planck Collaboration X 2016).
However, foreground residuals in the maps are still dominant
over the CMB polarized signal near the Galactic plane. We there-
fore apply a very conservative mask, based on the amplitude of
the polarized dust emission, which retains 50% of the sky for the
cosmological analysis. Outside this mask, the foreground residu-
als are found to be lower than 0.3 and 0.4 uK in Q and U Stokes
polarization maps at 100 and 143 GHz, respectively. We have
checked that our results are very stable when using a larger sky
fraction of 60%.

In this paper, we also make use of the constraints de-
rived from the observation of the Gunn-Peterson effect on high-
redshift quasars. As suggested by Fan et al. (2006a), these mea-
surements show that the Universe was almost fully reionized
at redshift z ~ 6. We later discuss the results obtained with
and without imposing a prior on the redshift of the end of
reionization.

2.2. Likelihood

For temperature anisotropies, we use the combined Planck
likelihood (hereafter “PlanckTT”), which includes the TT
power spectrum likelihood at multipoles ¢ > 30 (using the
Plik code) and the low-¢ temperature-only likelihood based
on the CMB map recovered from the component-separation
procedure (specifically Commander) described in detail in
Planck Collaboration XI (2016).

For polarization, we use the Planck low-{ EE polarization
likelihood (hereafter lollipop), a cross-spectra-based likeli-
hood approach described in detail in Mangilli et al. (2015) and
applied to Planck data as discussed here in Appendix A. The
multipole range used is £ = 4-20. Cross-spectra are estimated
using the pseudo-C, estimator Xpol (a generalization to polar-
ization of the algorithm presented in Tristram et al. 2005). For a
full-sky analysis, the statistics of the reconstructed C, are given
by a y? distribution that is uncorrelated between multipoles.
For a cut-sky analysis, the distribution is more complex and
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Fig. 3. EE and TE power spectra for various 7 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 T = 0.06 model.

includes ¢-to-¢ correlations. Hamimeche & Lewis (2008) pro-
posed an approximation of the likelihood for cut-sky auto-power
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 effect
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 7
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 TE power spectrum, as can be seen in Fig. 3. This is because
of the relatively larger cosmic variance for TE (arising from the
temperature term) and the intrinsically weaker dependence on
T (oct compared with 72 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 TE data in this analysis. Furthermore,
we do not make use of the high-¢ likelihoods in EE and TE
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 Tele-
scope (SPT). As explained in Planck Collaboration XI (2016),
the high-¢ likelihood (hereafter VHL) includes ACT power spec-
tra at 148 and 218 GHz (Das et al. 2014), with a revised binning
(described in Calabrese et al. 2013) and final beam estimates
(Hasselfield et al. 2013), together with SPT measurements in the
range 2000 < £ < 13000 from the 2540 deg> SPT-SZ survey at
95, 150, and 220 GHz (George et al. 2015). To assess the consis-
tency between these data sets, we extend the Planck foreground
models up to £ = 13000, with additional nuisance parameters
for ACT and SPT (as described in Planck Collaboration XIII
2016). We use the same models for cosmic infrared background
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(CIB) fluctuations, the thermal SZ (tSZ) effect, kSZ effect, and
CIB x 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 be-
tween the normalization of the initial power spectrum Ag and
7 (as discussed in Planck Collaboration XIII 2016). Despite this
potential for improvement, we show in Sect. 4.1 that Planck’s
low-¢ polarization signal-to-noise ratio is sufficiently high that
the lensing does not bring much additional information for the
reionization constraints.

The Planck reference cosmology used in this paper cor-
responds to the PlanckTT+lowP+lensing best fit, as described
in Table 4, Col. 2 of Planck Collaboration XIII (2016), namely
Qph? = 0.02226, QA2 = 0.1197, Q, = 0.308, ng; = 0.9677,
Hy = 67.81kms™! Mpcil, for which Yp = 0.2453. This best-
fit model comes from the combination of three Planck like-
lihoods: 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 temperature map from the Commander component-
separation algorithm; and the power spectrum of the lensing po-
tential as measured 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 sufficient number of ionizing sources had formed, the av-
erage ionized fraction of the gas in the Universe rapidly in-
creased until hydrogen became fully ionized. Empirical, ana-
lytic, and numerical models of the reionization process have
highlighted many pieces of the essential physics that led to the
birth to the ionized intergalactic medium (IGM) at late times
(Couchman & Rees 1986; Miralda-Escude & Ostriker 1990;
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Meiksin & Madau 1993; Aghanim et al. 1996; Gruzinov & Hu
1998; Madau et al. 1999; Gnedin 2000; Barkana & Loeb 2001;
Ciardi et al. 2003; Furlanetto et al. 2004; Pritchard et al. 2010;
Pandolfi et al. 2011; Mitra et al. 2011; Iliev et al. 2014). Such
studies provide predictions on the various reionization observ-
ables, including those associated with the CMB.

The most common physical quantity used to characterize
reionization is the Thomson scattering optical depth defined as

0]
7(7) = f neor cdt’, €))
1(2)

where 7. is the number density of free electrons at time ¢, ot
is the Thomson scattering cross-section, #, is the time today,
t(z) is the time at redshift z, and we can use the Friedmann
equation to convert df to dz. The reionization history is con-
veniently expressed in terms of the ionized fraction x.(z) =
ne(z)/nu(z) where ny(z) is the hydrogen number density. In prac-
tice, the CMB is sensitive to the average over all sky directions
of x.(1 + dp) (where 0, denotes the baryon overdensity). The
IGM is likely to be very inhomogeneous during reionization pro-
cess, with ionized bubbles embedded in neutral surroundings,
which would impact the relation between the optical depth and
the reionisation parameters (see Liu et al. 2016) at a level which
is neglected in this paper.

In this study, we define the redshift of reionization, z, =
Z50%, as the redshift at which x. = 0.5 X f. Here the normaliza-
tion, f = 1 + fge = 1 + nye/ny, takes into account electrons
injected into the IGM by the first ionization of helium (corre-
sponding to 25eV), which is assumed to happen roughly at the
same time as hydrogen reionization. We define the beginning and
the end of the EoR by the redshifts zpeg = 2109% and Zena = 2999 at
which x. = 0.1 f and 0.99 X f, respectively. The duration of the
EoR is then defined as Az = 709 — 2999,>. Moreover, to ensure
that the Universe is fully reionized at low redshift, we impose
the condition that the EoR is completed before the second he-
lium reionization phase (corresponding to 54 eV), noting that it
is commonly assumed that quasars are necessary to produce the
hard photons needed to ionize helium. To be explicit about how
we treat the lowest redshifts we assume that the full reioniza-
tion of helium happens fairly sharply at zg. = 3.5 (Becker et al.
2011), following a transition of hyperbolic tangent shape with
width 6z = 0.5. While there is still some debate on whether he-
lium reionization could be inhomogeneous and extended (and
thus have an early start, Worseck et al. 2014), we have checked
that varying the helium reionization redshift between 2.5 and
4.5 changes the total optical depth by less than 1%.

The simplest and most widely-used parameterizations de-
scribes the EoR as a step-like transition between an essentially
vanishing ionized fraction® x. at early times, to a value of unity
at low redshifts. When calculating the effect on anisotropies it is
necessary to give a non-zero width to the transition, and it can
be modelled using a tanh function (Lewis 2008):

_f Y~ Yre
xe(2) = > 1 + tanh (—@ )} , 2)

where y = (1 +2)*/? and 6y = 2(1 + 2)!/%6z. The key parameters
are thus z,, which measures the redshift at which the ionized

2 The reason this is not defined symmetrically is that in practice we
have tighter constraints on the end of reionization than on the beginning.
3 The ionized fraction is actually matched to the relic free electron
density from recombination, calculated using recfast Seager et al.
(2000).

fraction reaches half its maximum and a width 6z. The tanh pa-
rameterization of the EoR transition allows us to compute the op-
tical depth of Eq. (1) for a one-stage almost redshift-symmetric*
reionization transition, where the redshift interval between the
onset of the reionization process and its half completion is (by
construction) equal to the interval between half completion and
full completion. In this parameterization, the optical depth is
mainly determined by z,. and almost degenerate with the width
0z. This is the model used in the Planck 2013 and 2015 cosmo-
logical papers, for which we have fixed 6z = 0.5 (corresponding
to Az = 1.73). In this case, we usually talk about “instantaneous”
reionization.

A redshift-asymmetric parameterization is a better, more
flexible description of numerical simulations of the reionization
process (e.g., Ahnetal. 2012; Park et al. 2013; Douspis et al.
2015). A function with this behaviour is also suggested
by the constraints from ionizing background measurements
of star-forming galaxies and from low-redshift line-of-sight
probes such as quasars, Lyman-a emitters, or y-ray bursts
(Faisst et al. 2014; Chornock et al. 2014; Ishigaki et al. 2015;
Robertson et al. 2015; Bouwens et al. 2015). The two simplest
choices of redshift-asymmetric parameterizations are polyno-
mial or exponential functions of redshift (Douspis et al. 2015).
These two parameterizations are in fact very similar, and we
adopt here a power law defined by two parameters: the redshift at
which reionization ends (zenq); and the exponent «. Specifically
we have

- f for z < Zends 3
Xel2) = Zeay=2 \"
f(m) for z > Zeng.

In the following, we fiX Zeaty = 20, the redshift around which
the first emitting sources form, and at which we smoothly match
Xe(2) to the ionized fraction left over from recombination. We
checked that our results are not sensitive to the precise value of
Zearly» as long as it is not dramatically different.

Non-parametric reconstructions of the ionization fraction
have also been proposed to probe the reionization history. Such
methods are based on exploring reionization parameters in bins
of redshift (Lewis et al. 2006). They should be particularly use-
ful for investigating exotic reionization histories, e.g., double
reionization (Cen 2003). However, the CMB large-scale (£ < 10)
polarization anisotropies are mainly sensitive to the overall value
of the optical depth, which determines the amplitude of the
reionization bump in the EE power spectrum (see Fig. 3). We
have estimated the impact on CfE for the two different models
(tanh and power law) having the same 7 = 0.06 and found differ-
ences of less than 4% for ¢ < 10. Even for a double reionization
model, Fig. 4 shows that the impact on C fE is quite weak, given
the actual measured value of 7, and cannot be distinguished rel-
ative to the cosmic variance spread (i.e., even for a full-sky ex-
periment). We also checked that Planck data do not allow for
model-independent reconstruction of x. in redshift bins. Prin-
cipal component analysis has been proposed as an explicit ap-
proach to try to capture the details of the reionization history in
a small set of parameters (Hu & Holder 2003; Mortonson & Hu
2008). Although these methods are generally considered to be
non-parametric, they are in fact based on a description of x.(z)

* For convenience, we refer to this parameterization as “redshift sym-
metric” in the rest of the paper, even although it is actually symmetric in
y rather than z. The asymmetry is maximum in the instantaneous case,
but the difference in x. values around, for example, z,. = 8 + 1, is less
than 1%.
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Fig. 4. Left: evolution of the ionization fraction for several functions, all having the same optical depth, 7 = 0.06: green and blue are for redshift-
symmetric instantaneous (6z = 0.05) and extended reionization (6z = 0.7), respectively; red is an example of a redshift-asymmetric param-
eterization; and light blue and magenta are examples of an ionization fraction defined in redshift bins, with two bins inverted between these
two examples. Right: corresponding EE power spectra with cosmic variance in grey. All models have the same optical depth v = 0.06 and are

essentially indistinguishable at the reionization bump scale.

in bins of redshift, expanded around a given fiducial model for
CfE . Moreover, the potential bias on the T measurement when
analysing a more complex reionization history using a simple
sharp transition model (Holder et al. 2003; Colombo & Pierpaoli
2009) is considerably reduced for the (lower) 7 values as sug-
gested by the Planck results. Consequently, we do not consider
the non-parametric approach further.

4. Measuring reionization observables

Reionization leaves imprints in the CMB power spectra, both
in polarization at very large scales and in intensity via the sup-
pression of TT power at higher €. Reionization also affects the
kSZ effect, due to the re-scattering of photons off newly liberated
electrons. We sample from the space of possible parameters with
MCMC exploration using CAMEL?. This uses an adaptative-
Metropolis algorithm to generate chains of samples for a set of
parameters.

4.1. Large-scale CMB polarization

Thomson scattering between the CMB photons and free elec-
trons generates linear polarization from the quadrupole moment
of the CMB radiation field at the scattering epoch. This occurs
at recombination and also during the epoch of reionization. Re-
scattering of the CMB photons at reionization generates an addi-
tional polarization anisotropy at large angular scales, because the
horizon size at this epoch subtends a much larger angular size.
The multipole location of this additional anisotropy (essentially
a bump) in the EE and TE angular power spectra relates to the
horizon size at the new “last-rescattering surface” and thus de-
pends on the redshift of reionization. The height of the bump is
a function of the optical depth or, in other words, of the history
of the reionization process. Such a signature (i.e., a polarization
bump at large scales) was first observed by WMAP, initially in
the TE angular power spectrum (Kogut et al. 2003), and later in
combination with all power spectra (Hinshaw et al. 2013).

5 Available at camel.in2p3. fr
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In Fig. 3 we show for the “instantaneous” reionization case
(specifically the redshift-symmetric parameterization with 6z =
0.5) power spectra for the E-mode polarization power spec-
trum CfE and the temperature-polarization cross-power spec-

trum C} . The curves are computed with the CLASS Boltzmann
solver (Lesgourgues 2011) using 7 values ranging from 0.04 to
0.08. For the range of optical depth considered here and given the
amount of cosmic variance, the 7 E spectrum has only a marginal
sensitivity to 7, while in EE the ability to distinguish different
values of 7 is considerably stronger.

In Fig. 4 (left panel), the evolution of the ionized fraction
Xe during the EoR is shown for five different parameterizations
of the reionization history, all yielding the same optical depth
7 = 0.06. Despite the differences in the evolution of the ioniza-
tion fraction, the associated CfE curves (Fig. 4, right panel) are
almost indistinguishable. This illustrates that while CMB large-
scale anisotropies in polarization are only weakly sensitive to the
details of the reionization history, they can nevertheless be used
to measure the reionization optical depth, which is directly re-
lated to the amplitude of the low-£ bump in the E-mode power
spectrum.

We use the Planck data to provide constraints on the
Thomson scattering optical depth for “instantaneous” reioniza-
tion. Figure 5 shows the posterior distributions for 7 obtained
with the different data sets described in Sect. 2 and compared
to the 2015 PlanckTT+lowP results (Planck Collaboration XIII
2016). We show the posterior distribution for the low-¢ Planck
polarized likelihood (lollipop) and in combination with the
high-£ Planck likelihood in temperature (PlanckTT). We also
consider the effect of adding the SPT and ACT likelihoods
(VHL) and the Planck lensing likelihood, as described in
Planck Collaboration XV (2016).

The different data sets show compatible constraints on the
optical depth 7. The comparison between posteriors indicates
that the optical depth measurement is driven by the low-¢ like-
lihood in polarization (i.e., lol1ipop). The Planck constraints
on 7 for a ACDM model when considering the standard “instan-
taneous” reionization assumption (symmetric model with fixed


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628897&pdf_id=4
camel.in2p3.fr
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Fig. 5. Posterior distribution for 7 from the various combinations of
Planck data. The grey band shows the lower limit on 7 from the
Gunn-Peterson effect.

60z = 0.5), for the various data combinations are:
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lollipop+PlanckTT+VHL. @)

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 ACDM parameters, in particular the normalization of the
initial power spectrum A, and its spectral index, n;. CMB lens-
ing also helps to reduce the degeneracy with A, while getting
rid of the tension with the phenomenological lensing parame-
ter Ap, 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 Fig. 45 in Planck Collaboration XI 2016) shows that indeed,
the polarization likelihood is sufficiently powerful that it breaks
the degeneracy between ns and 7. The impact on other ACDM
parameters is small, typically below 0.30" (as shown more ex-
plicitly in Appendix B). The largest changes are for 7 and A,
where the 1ollipop likelihood dominates the constraint. The
parameter og shifts towards slightly smaller values by about
lo. This is in the right direction to help resolve some of the
tension with cluster abundances and weak galaxy lensing mea-
surements, 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 7 value (by
0.30) is related to the fact that the PlanckTT likelihood alone
pushes towards higher 7 values (see Planck Collaboration XIII
2016), while the addition of VHL data helps to some extent in
reducing the tension on 7 between high-¢ and low-¢ polarization.

As mentioned earlier, astrophysics constraints from mea-
surements of the Gunn-Peterson effect provide strong evidence
that the IGM was highly ionized by a redshift of z =~ 6. This

% 1In this case only, other ACDM parameters are held fixed, including
Agexp (—27).
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Fig. 6. Constraints on 7, Ay, ng, and o for the ACDM cosmology from
PlanckTT, showing the impact of replacing the lowP likelihood from
Planck 2015 release with the new 1ollipop likelihood. The top panels
show results without lensing, while the bottom panels are with lensing.

places a lower limit on the optical depth (using Eq. (1)), which
in the case of instantaneous reionization in the standard ACDM
cosmology corresponds to 7 = 0.038.

4.2. Kinetic Sunyaev-Zeldovich effect

The Thomson scattering of CMB photons off ionized elec-
trons induces secondary anisotropies at different stages of the
reionization process. In particular, we are interested here in
the effect of photons scattering off electrons moving with bulk
velocity, which is called the “kinetic Sunyaev Zeldovich” or
kSZ effect. It is common to distinguish between the “homoge-
neous” kSZ effect, 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

DIESZ — z)f[l—kSZ + D[g—kSZ’ (8)

where Dy = €(€ + 1)C¢/2n and the superscripts “h-kSZ” and
“p-kSZ” stand for “homogeneous” and “patchy” reionization,
respectively. For the homogeneous reionization, we use the kSZ
template power spectrum given by Shaw et al. (2012) calibrated
with a simulation that includes the effects of cooling and star-
formation (which we label “CSF”). For the patchy reionization
kSZ effect 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.
The kSZ power spectrum amplitude does depend on the cos-
mological parameters (Shaw et al. 2012; Zahn et al. 2012). To
deal with this, we adopt the scalings from Shaw et al. (2012),
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Fig. 7. Power spectrum templates for the kSZ effect. The dif-
ferent lines correspond to: homogeneous reionization as used in
Planck Collaboration XI (2016; dark blue), based on Trac et al. (2011);
“CSF” (light blue), which is a homogeneous reionization model from
Shaw et al. (2012); Patchy (green dashed) based on patchy reioniza-
tion model from Battaglia et al. (2013); and the sum of CSF and patchy
(red).

which gives the amplitude at £ = 3000, Axsz = D555 -

B\ o ¢S [y \F(0.27\%% 10,96\
Aisz (0_7) (ﬁ) (0 045) (Q_) ( ) O
. . . m 7
The amplitude of the kSZ power spectrum at £ = 3000 for the
fiducial cosmology, Axsz is another observable of the reioniza-
tion history that can be probed by CMB data. Its scalings with
the reionization redshift and the duration of the EoR can be ex-
tracted from simulations. We assume for the patchy and homo-
geneous kSZ effect, the scalings of Battaglia et al. (2013) and

Shaw et al. (2012), respectively. For the Planck base ACDM
cosmology given in Sect. 2.2, we find (in uK?):

h T 0.44
Al =2.02 % (W) : (10)
1+z 225% — 275% \°1
P _ e _
AP, =2.03 X (—11 ) 0.12}(—1.05 ) (11)

For the measured value 7 = 0.058+0.012, Egs. (10) and (11) give
amplitudes for the homogeneous and patchy reionization contri-
butions of Ao, = 1.79 uK? and A}, = 1.01 uK?, respectively.

For the multipole range of Planck, the amplitude of the kSZ
spectrum is dominated by other foregrounds, including Galactic
dust, point sources, CIB fluctuations, and the tSZ effect. More-
over, the Planck signal-to-noise ratio decreases rapidly above
¢ = 2000, where the kSZ signal is maximal. This is why we
cannot constrain the kSZ amplitude using Planck data alone.
Combining with additional data at higher multipoles helps to
disentangle the different foregrounds. We explicitly use the
band powers from SPT (George et al. 2015) and ACT (Das et al.
2014), covering the multipole range up to £ = 13 000.

Despite our best efforts to account for the details, the kSZ
amplitude is weak and there are large uncertainties in the mod-
els (both homogeneous and patchy). Moreover, there are correla-
tions between the different foreground components, coming both
from the astrophysics (we use the same halo model to derive the
power spectra for the CIB and for CIBxtSZ as the one used for
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Fig. 8. 68% and 95% confidence intervals on the reionization optical
depth, 7, and the amplitude of the kinetic SZ effect, Aysz, from the CMB
(lollipop+PlanckTT+VHL).
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the kSZ effect) and from the adjustments in the data. We carried
out several tests to check the robustness of the constraints on
Agsz with respect to the template used for the CIB, CIBxtSZ, and
kSZ contributions. In particular, the CIBXtSZ power spectrum
amplitude is strongly anti-correlated with the kSZ amplitude and
poorly constrained by the CMB data. As a consequence, if we
neglect the CIBXtSZ contribution, the kSZ amplitude measured
in CMB data is substantially reduced, leading to an upper limit
much lower than the one derived when including the CIBxtSZ
correlation. In the following discussion we consider only the
more realistic case (and thus more conservative in terms of con-
straints on Aysz) where the CIBXtSZ correlation contributes to
the high-¢ signal.

We combine the Planck likelihoods in TT (PlanckTT) and
from low-¢ EE polarization (lollipop) with the very high-¢
data from ACT and SPT (VHL), assuming a redshift-symmetric
parameterization of the reionization. Figure 8 shows the 2D pos-
terior distribution for 7 and Axgz after marginalization over the
other cosmological and nuisance parameters.

Figure 9 compares the constraints on the kSZ power at
¢ = 3000, Aksz, obtained for three different kSZ templates: the
“homogeneous” reionization template from Trac et al. (2011),
which neglects contributions from inhomogeneous reionization;
a more complex model “CSF & patchy,” including both homo-
geneous and patchy contributions; and a pure “patchy” template
from Battaglia et al. (2013). We find very similar upper limits on
Axsz, even in the case of pure patchy reionization.

Using the “CSF & patchy” model, the upper limit is

Axsz < 2.6 K> (95% CL). (12)

Compared to Planck 2013 results, the maximum likeli-
hood value Aysz; = 5.3*%5 uK? (PlanckTT+WP+highL,
Planck Collaboration XVI 2014) is reduced to an upper limit in
this new analysis. The data presented here provide the best con-
straint to date on the kSZ power and is a factor of 2 lower than
the limit reported in George et al. (2015). Our limit is certainly
not in tension with the homogeneous kSZ template, which pre-
dicts Axsy = 1.79 uK?. However, it does not leave much room
for any additional kSZ power coming from patchy reionization.

Consistent with George et al. (2015), we find the total kSZ
power to be stable against varying tSZ and CIB templates. We
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Fig. 9. Constraints on the kSZ amplitude at £ = 3000 using
lollipop+PlanckTT+VHL likelihoods. The three cases correspond to
different kSZ templates.

also find very little dependence on the choice of the kSZ tem-
plate (Fig. 9). This confirms that there is only a modest amount
of information in the angular shape of the kSZ signal with the
current data.

5. Constraints on the reionization history

We now interpret our measurements of the reionization observ-
ables in terms of constraint on the reionization history. We
mainly focus on the determination of the reionization redshift
Zre and its duration Az = Zpeg — Zend- We show only the results
for Az greater than unity, which corresponds to approximatively
90 Myr at redshift z = 8. We first begin by looking at constraints
on the EoR for symmetric and asymmetric models using Planck
data only (lollipop+PlanckTT). Then we introduce the VHL
data and discuss additional constraints from the kSZ amplitude.
In each case, we also derive the constraints that follow from pos-
tulating that reionization should be completed at a redshift of 6
(see Sect. 2.1), i.e., when imposing the prior zeyq > 6.

5.1. Redshift-symmetric parameterization

We use the Planck CMB likelihoods in temperature (PlanckTT)
and polarization (1ol1lipop) to derive constraints on ACDM pa-
rameters, including the reionization redshift z,. and width Az for
aredshift-symmetric parameterization. Figure 10 shows (in blue)
the posterior on z,. and Az after marginalization over the other
cosmological and nuisance parameters. As discussed in Sect. 3,
the large-scale polarized CMB anisotropies are almost insensi-
tive to the width 6z of the tanh function. We thus recover the
degeneracy in the direction of Az. Imposing an additional Gunn-
Peterson constraint on the ionization fraction at very low redshift
can break this degeneracy. This is illustrated in Fig. 10, where
we show (in green) the results of the same analysis with an ad-
ditional prior ze,q > 6. In this case, we find 6z < 1.3 at 95% CL,
which corresponds to a reionization duration (Zpeg — Zend) Of
Az <4.6 (95% CL). 13)

The posterior distribution of z, is shown in Fig. 10 after
marginalizing over Az, with and without the additional constraint

4 6 8 10 12 2

Zre Az
Fig. 10. Posterior distributions (in blue) of z, and Az for a redshift-
symmetric parameterization using the CMB likelihoods in polarization

and temperature (Lollipop+PlanckTT). The green contours and lines
show the distribution after imposing the additional prior ze,q > 6.

Zend > 6. This suggests that the reionization process occurred at
redshift

+1.0
Zre =8.571

+0.9
Zre = 8.8

(uniform prior), (14)

(prior zepg > 6). (15)

This redshift is lower than the values derived previously
from WMAP-9 data, in combination with ACT and SPT
(Hinshaw et al. 2013), namely z. = 103 + 1.I. It is
also lower than the value z, = 11.1 = 1.1 derived in
Planck Collaboration XVI (2014), based on Planck 2013 data
and the WMAP-9 polarization likelihood.

Although the uncertainty is now smaller, this new reioniza-
tion redshift value is entirely consistent with the Planck 2015
results (Planck Collaboration XIII 2016) for PlanckTT+lowP
alone, 7z, = 9.9’:}:2 or in combination with other data sets,
Zre = S.Sf}g (specifically for PlanckTT+lowP+lensing+ BAO)
estimated with 6z fixed to 0.5. The constraint from lollipop+
PlanckTT when fixing 6z to 0.5 is z = 8.2*]9. This slightly
lower value (compared to the one obtained when letting the
reionization width be free) is explained by the shape of the de-
generacy surface. Allowing for larger duration when keeping the
same value of 7 pushes towards higher reionization redshifts;
marginalizing over Az thus shifts the posterior distribution to
slightly larger z; values.

In addition to the posteriors for z. and 6z using the redshift-
symmetric parameterization, the distributions of the end and
beginning of reionization, zeng (i.€., 299%) and Zpeg (i.€., Z10%),
are plotted in Fig. 11. In such a model, the end of reionization
strongly depends on the constraint at low redshift. On the other
hand, the constraints on zye, depend only slightly on the low-
redshift prior. These results show that the Universe is ionized at
less than the 10% level above z = 9.4 + 1.2.
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Fig. 11. Posterior distributions on the end and beginning of reionization,
i.e., Zena and Zpeg, Using the redshift-symmetric parameterization without
(blue) and with (green) the prior ze,q > 6.
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Fig. 12. Posterior distributions of zenq and zpe, using the redshift-
asymmetric parameterization without (blue) and with (green) the prior
Zend > 6.

5.2. Redshift-asymmetric parameterization

We now explore more complex reionization histories using
the redshift-asymmetric parameterization of x.(z) described in
Sect. 3. In the same manner as in Sect. 5.1, also examine the
effect of imposing the additional constraint from the Gunn-
Peterson effect.

The distributions of the two parameters, Zena and zpeg, are
plotted in Fig. 12. With the redshift-asymmetric parameteriza-
tion, we obtain Zpeg = 10.4f}:2 (imposing the prior on Zzenq),
which disfavours any major contribution to the ionized fraction
from sources that could form as early as z 2 15.

In Fig. 13, we interpret the results in terms of reionization
redshift and duration of the EoR, finding

+0.9
Zre = 8.0

+0.9
Zre =8.57

(16)
a7

(uniform prior),

(prior Zepg > 6).

These values are within 0.40 of the results for the redshift-
symmetric model. For the duration of the EoR, the upper limits
on Az are

Az <10.2  (95% CL, unform prior),
Az < 6.8 (95% CL, prior zeng > 6).

(18)
19)

5.3. Combination with the kSZ effect

In order to try to obtain better constraints on the reionization
width, we now make use of the additional information coming
from the amplitude of the kinetic SZ effect. Since Planck alone
is not able to provide accurate limits on the kSZ amplitude, we
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Fig. 13. Posterior distributions for z,. and Az using the redshift-

asymmetric parameterization without (blue) and with (green) the prior
Zend > 6.

combine the Planck likelihoods in temperature and polarization
with the measurements of the CMB T'T power spectrum at high-
resolution from the ACT and SPT experiments, “VHL.”

Using the redshift-symmetric model, when adding the VHL
data, we recover essentially the same results as in Sect. 5.1. The
reionization redshift is slightly lower, as suggested by the results
on 7 (see Eq. (7) and the discussion in Sect. 4.1). We also see the
same degeneracy along the Az direction.

With the addition of kSZ information, we are able to break
the degeneracy with Az. This might allow us to determine how
much kSZ power originated during reionization (i.e., patchy
kSZ) and how much at later times, when the Universe became
fully ionized (i.e., homogeneous kSZ). We use the templates
from Shaw et al. (2012) and Battaglia et al. (2013) for the ho-
mogeneous and patchy kSZ contributions, respectively, with the
dependency on ACDM cosmological parameters as described in
Sect. 4.2. Those specific relations rely on a redshift-symmetric
model for the description of the EoR. Note, however, that the re-
sults presented here are derived from specific simulations of the
reionization process, and so explicit scalings need to be assumed,
as discussed by Zahn et al. (2012) and George et al. (2015).

As described in Sect. 4.2, the amplitude of the kSZ power
primarily depends on the duration of reionization, while the
epoch is essentially constrained by the optical depth. Using the
2D distribution for 7 and Aksz, as measured by Planck in com-
bination with very high-¢ temperature data (Fig. 8), we derive
a 2D likelihood function for z,. and Az. We can then sample
the reionization parameters (the epoch z;. and duration Az of the
EoR), compute the associated optical depth and kSZ power and
derive constraints based on the 2D likelihood. The allowed mod-
els in terms of z. and Az are shown in Fig. 14 (in blue). We
also plot (in green) the same constraints with the additional prior
Zend > 6.

As discussed in Sect. 4.2, the measurement of the total kSZ
power constrains the amplitude of patchy reionization, resulting
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Fig. 14. Posterior distributions on the duration Az and the redshift z,.
of reionization from the combination of CMB polarization and kSZ ef-
fect constraints using the redshift-symmetric parameterization without
(blue) and with (green) the prior ze,q > 6.

in an upper limit of

Az <4.8 (95% CL, uniform prior),
Az <2.8 (95% CL, prior zepng > 6).

(20)
21
This is compatible with the constraints from George et al.
(2015), where an upper limit was quoted of zy9% — zg9g, < 5.4 at
95% CL. Our 95% CL upper limits on this same quantity are 4.3
and 2.5 without and with the prior on z,q, respectively.
For the reionization redshift, we find

(22)
(23)

Ze = 7.21:% (uniform prior),

Ze =7.870%  (Prior Zena > 6),

which is compatible within 1o with the results from CMB
Planck data alone without the kSZ constraint (Sect. 5.1).

The distributions of zeng and zpeg are plotted in Fig. 15.
Within the redshift-symmetric parameterization, we obtain
Zbeg = 8.1f(1):é (with the prior on Zeyq).

Adding information from the kSZ amplitude allows for
somewhat tighter constraints to be placed on the reionization du-
ration Az and the beginning of reionization (corresponding to the
10% ionization limit) zpee. However, as discussed in Sect. 4.2,
those results are very sensitive to details of the simulations used
to predict both the shape and the parameter dependences of the
kSZ template in the different reionization scenarios (patchy or
homogeneous).

6. Discussion

The CMB has long held the promise of measuring the Thomson
optical depth in order to derive constraints on the reionization
history of the Universe. Despite its importance, this constraint is

1 1.0
0.8 0.8
0.6 % 0.6
0.4 R 0.4
0.2 0.2
0.0 0.0

45 6 7 8 9101112 4 6 8 10 12 14 16
Zend Pheg

Fig. 15. Posterior distributions of zenq and zpe, using the redshift-

symmetric parameterization, combining Planck and VHL data, and

using information from the kSZ amplitude, without (blue) and with

(green) the prior zeyq > 6.

fundamentally limited by cosmic variance in polarization and is
further challenged by foregrounds and systematic effects. The
first results, from WMAP, gave 7 = 0.17 = 0.04, suggesting
a reionization redshift between 11 and 30 (Kogut et al. 2003).
This was revised in the final 9-yr WMAP results to a central
value of T = 0.084 (Hinshaw et al. 2013), which, in the in-
stantaneous reionization model, implies z,. = 10.4. However,
with the context of the same model, the Planck 2015 results

(Planck Collaboration XIIT 2016), either alone (z. = 9.9%]%)

or in combination with other data sets (g, = 8.83';), showed

that the reionization redshift was smaller. The main result we
present here, z;. = 8.2f}:(2), further confirms that reionization oc-
curred rather late, leaving little room for any significant ioniza-
tion at z * 15. This is consistent with what is suggested by other
reionization probes, which we now discuss (for reviews, see e.g.,
Becker et al. 2015; McQuinn 2016).

The transition from neutral to ionized gas is constrained by
absorption spectra of very distant quasars and gamma ray bursts
(GRBgs), revealing neutral hydrogen in intergalactic clouds. They
show, through the Gunn-Peterson effect, that the diffuse gas
in the Universe is mostly ionized up to a redshift of about 6
(Fan et al. 2006a). Given the decline in their abundance be-
yond redshift z =~ 6, quasars and other active galactic nu-
clei (AGN) cannot be major contributors to the early stages
of reionization (e.g., Willott et al. 2010; Fontanot et al. 2012,
but see Madau & Haardt 2015; Khaire et al. 2016, for alterna-
tive AGN-only models). A faint AGN population can produce
significant photoionization rates at redshifts of 4-6.5, consis-
tent with the observed highly ionized IGM in the Ly-a forest
of high-z quasar spectra (Giallongo et al. 2015). Star-forming
galaxies at redshifts z * 6 have therefore been postulated to
be the most likely sources of early reionization, and their time-
dependent abundance and spectral properties are crucial ingredi-
ents for understanding how intergalactic hydrogen ceased to be
neutral (for reviews, see Barkana & Loeb 2001; Fan et al. 2006a;
Robertson et al. 2010; McQuinn 2016). 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-Giguere 2012; Robertson et al.
2013, 2015; Bouwens et al. 2015). Based on comparison of the
9-yr 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
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Fig. 16. Evolution of the integrated optical depth for the tanh functional

form (with 6z = 0.5, blue shaded area). The two envelopes mark the

68% and 95% confidence intervals. The red, black, and orange dashed

lines are the models 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.

have existed at z * 11 (e.g., Kuhlen & Faucher-Giguere 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 significant
contribution of Lyman continuum emission at early times. In-
deed, as shown in Fig. 16, the present CMB results on the
Thomson optical depth, 7 = 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 7, if we maintain a UV-luminosity density at the max-
imum level allowed by the luminosity density constraints at
redshifts z < 9, then the currently observed galaxy popula-
tion at Myy < —17 seems to be sufficient to comply with all
the observational constraints without the need for high-redshift
(z = 10-15) galaxies.

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 HI absorption along the line
of sight to a distant y-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, ob-
servation of Ly-a 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 (in-
cluding sizes, and Ly-a and 8 transmission properties) have been
used to place constraints on ze,q from signatures of the ioniza-
tion state of the IGM around individual sources (Wyithe & Loeb
2004; Mesinger & Haiman 2004, 2007; Wyithe et al. 2005;
Carilli et al. 2010; Mortlock et al. 2011; Schroeder et al. 2013).
However, interpretation of the observed evolution of the near-
zone sizes may be complicated by the opacity caused by ab-
sorption systems within the ionized IGM (e.g., Bolton et al.
2011; Bolton & Haehnelt 2013; Becker et al. 2015). Similarly,
it is difficult to completely exclude the possibility that damped
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Fig. 17. Reionization history for the redshift-symmetric parameter-
ization compared with other observational constraints coming from
quasars, Ly-a emitters, and the Ly-a forest (compiled 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 ar-
eas show the 68% and 95% allowed intervals, respectively.

Ly-a systems contribute to the damping wings of quasar spectra
blueward of the Ly-a 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.

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
function x.(z) with 6z = 0.5), a measurement of the Thomson
optical depth
7=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 ACDM parameters is only significant for the
amplitude of the initial scalar power spectrum A and (to a lesser
extent) on its tilt ng. 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 x.(z) that are commonly used in
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Fig. 18. Constraints on ionization fraction during reionization. The allowed models, in terms of z, and Agz, translate into an allowed region in
Xe(2) (68% and 95% in dark blue and light blue, respectively), including the ze,q > 6 prior here. Left: constraints from CMB data using a redshift-
symmetric function (x.(z) as a hyperbolic tangent with 6z = 0.5). Centre: constraints from CMB data using a redshift-asymmetric parameterization
(x.(2) as a power law). Right: constraints from CMB data using a redshift-symmetric parameterization with additional constraints from the kSZ

effect.

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 effect
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 z;. 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, z;. is smaller, due to the fact that x.(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 different parameterizations of the reionization
history shows how much results on effective 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 7, and provide reionization redshifts which differ by less than
0.40. 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 effect. In the case of a redshift-symmetric model,
we found
Az <28 (95% CL), 27
using the additional constraint that the Universe is entirely reion-
ized at redshift 6 (i.e., Zeng > 6).

Our final constraints on the reionization history are sum-
marized on Table 1 and plotted in Fig. 18 for each of the

Table 1. Constraints on reionization parameters for the different models
presented in this paper when including the z.,q > 6 prior.

Model Zre Az Zend Zbeg
redshift-symmetric 88+09 <46 <8.6 94+12
redshift-asymmetric .. 85+09 <68 <89 104+1.8
redshift-symetrical
withkSZ ......... 78+09 <28 <88 8.1+1.0

Notes. We show 68% limit for z;. and zy.,, While we quote 95% upper
limit for Az and Zepq.

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 zeng > 6). Plot-
ted this way, the constraints are not very tight and are still fairly
model dependent. Given the low value of 7 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 reionization 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 eliminates most of the tension between CMB-based anal-
yses and constraints from other astrophysical data. Additional
sources of reionization, non-standard early galaxies, or signif-
icantly evolving 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
neutral hydrogen during the EoR, should be able to probe reion-
ization 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; Mabhesh 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. 2016;
Fialkov & Loeb 2016).
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Appendix A: the Lollipop likelihood

lollipop, the LOw-¢ Llkelihood on POlarized Power-spectra,
is a likelihood function based on cross-power spectra for the low
multipoles. The idea behind this approach is that the noise can be
considered as uncorrelated between maps and that systematics
will be considerably reduced in cross-correlation compared to
auto-correlation.

At low multipoles and for incomplete sky coverage, the
Cys are not Gaussian distributed and are correlated be-
tween multipoles. lollipop uses the approximation pre-
sented in Hamimeche & Lewis (2008), modified as described in
Mangilli et al. (2015) to apply to cross-power spectra. The idea
is to apply a change of variable C; — X, so that the new vari-
able X, is Gaussian. Similarly to Hamimeche & Lewis (2008),
we define

Cr+0
X, = |Ct+ 0, g[ci+oi] JC!+ oy,

where g(x) = V2(x—In(x) — 1), C, are the measured cross-
power spectra, C; are the power-spectra of the model to evaluate,
C;, is a fiducial model, and Oy, are the offsets needed in the case
of cross-spectra. For multi-dimensional CMB modes (i.e., T, E,
and B), C is a 3 X 3 matrix of power-spectra:

(A1)

CTT CTE CTB
C, =[ CET CEE (CFB ] : (A.2)
CBT CBE CBB .

and the g function is applied to the eigenvalues of C;l/ 2C[C;1/ 2,

In the case of auto-spectra, the offsets are replaced by the
noise bias effectively present in the measured power-spectra. For
cross-power spectra, the noise bias is null and here we use the
effective offsets defined from the C, noise variance:

[ 2
AC, = Oy.
¢ 260+1°°¢

The distribution of the new variable X can be approximated as
Gaussian, with a covariance given by the covariance of the Cys.

The likelihood function of the C, given the data 55 is then

(A.3)

~2In P(CACy) = ) X] M\ Xe, (A4)

o

where the C, covariance matrix M, is estimated via Monte
Carlo simulations.

In this paper, we restrict ourselves to the one-field ap-
proximation in order to derive a likelihood function based
only on the EE power spectrum at very low multipoles. We
use a conservative sky fraction including 50% of the sky,
with a Galactic mask based on a threshold on the polarisation
amplitude measured in the 353 GHz Planck channel, further
apodized using a 4° Gaussian taper (see Fig. A.1). We use
Xpol (a pseudo-C; estimator described in Tristram et al. 2005
extended to polarisation) to derive cross-power spectra between
the 100 and 143 GHz channel maps from Planck. We also reject

s>

Fig. A.1. Galactic mask used for the 1lollipop likelihood, covering
50% of the sky.

50

aof ]
10 ]
00 002 004 006 008 010 0

T

§ 12

Fig. A.2. Distribution of the peak value of the posterior distribution for
optical depth from end-to-end simulations including noise, systematic
effects, Galactic dust signal, and CMB with the fiducial value of 7 =
0.06.

w
o

N
o

# realizations

the first two multipoles ({ = 2 and 3), since they are more
subject to contamination by residual instrumental effects (see
Planck Collaboration Int. XLLVI 2016).

This likelihood has been tested on Monte Carlo simulations
including signal (CMB and foregrounds), realistic noise, and
systematic effects. The simulated maps are then foreground-
subtracted, using the same procedure as for the data. We con-
structed the C, covariance matrix My, using those simulations.
Figure A.2 shows the distribution of the recovered 7 values for
an input model with 7 = 0.06, fixing all other cosmological pa-
rameters to the Planck 2015 best-fit values (including Ase™>7).

To validate the choice of multipole and the stability of the re-
sult on 7, we performed several consistency checks on the Planck
data. Among them, we varied the minimum multipole used (from
¢ = 2 to ¢ = 4) and allowed for larger sky coverage (increasing
to 60% of the sky). The results are summarized in Fig. A.3.
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Fig. A.3. Posterior distributions for optical depth, showing the effect of
changing two of the choices made in our analysis. Top: different choices
of minimum multipole. Bottom: different choices of sky fraction used.

Appendix B: Impact on ACDM parameters

In addition to the restricted parameter set shown in Fig. 6,
we describe here the impact of the lollipop likelihood on
ACDM parameters in general. Figure B.1 compares results from
lollipop+PlanckTT with the lowP+PlanckTT 2015. The new
low-¢ polarization results are sufficiently powerful that they
break the degeneracy between ng and 7. The contours for 7 and
As, where the 1o11ipop likelihood dominates the constraint, are
significantly reduced. The impact on other ACDM parameters
are small, typically below 0.3c-.
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Fig. B.1. ACDM parameters for PlanckTT combined with the low-¢ polarization likelihood from the Planck 2015 release (lowP, in grey) and from
this work (Lollipop, in red).
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