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The CMB polarization

E-modes 

Planck 

CMB polarization signal: orders of magnitude weaker than temperature

Polarization 

B-modes 

• Electric type polarization field.  
!

• Generated by scalar density 
perturbations.

• Magnetic type polarization field.  
!

• Can be generated only by 
primordial tensor modes i.e. 
primordial gravitational waves 
!

• Contribution from lensing
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REIONIZATION

DECOUPLING

Generation of the CMB polarization

Enhancement of the E&B 
modes at large angular scales: 

REIONIZATION BUMP
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Thomson scattering 
optical depth: 

Planck Collaboration: Reionisation history

the diffuse gas in the Universe is mostly ionized up to a redshift
of 6 (Fan et al. 2006).

The cosmological evolution of galaxies, of the star formation
rate and of the integrated luminosity of AGNs as a function of
redshift is constrained by surveys of individual galaxies in the ul-
traviolet (HST), visible light (HST and large ground based tele-
scopes), far-infrared and sub-millimeter wavelengths (space ob-
servatories ISO, SPITZER, HERSCHEL), and millimeter (with
ground based millimeter telescopes SPT, ACT). The formation
of structures in the universe predicts that small masses detach
form the general expansion to collapse and virialize and if they
reach a high enough temperature to excite the lowest electronic
level of hydrogen enough cool and eventually form population
III stars and dwarf galaxies. This can take place at rather high
redshifts (15 to 30). Population III has been looked for in the
near infrared Cosmic Infrared Background and only but no con-
vincing evidence was found yet.
In this new context with a smaller optical depth, popIII stars,
which are thought to have initiated the reionisation process,
should have had different properties (e.g., lower masses and/or
softer spectra) or the atomic-cooling halos would have had
smaller UV escape fractions.

The goal of this paper is to investigate the early reionisa-
tion history of our universe combining all CMB constraints and
comparing them with astrophysical probes. First we extract the
maximum possible information that reionisation imprinted in the
low ` polarisation data alone. We derive the constraints based on
CMB anisotropies with a single-stage model, a physically moti-
vated parametrisation, and a non-parametric reconstruction (us-
ing bins in redshifts or PCA analysis). In combination with kSZ
constraints, we give an indication for a rapid transition from neu-
tral to ionised medium. The analysis combining amplitude of the
kSZ component from the high multipole measurements with the
low-` part of the polarized power spectra translates into con-
straints on the duration of reionisation for a simple single-stage
transition as used in LCDM. Finally we combine CMB data with
astrophysical external constraints in order to discuss the impli-
cations of these results on the reionisation process and the star
formation.

We illustrate our results using both LFI and HFI data.
Robustness tests are also being performed (e.g., comparison with
polarised component separation combined with classical brute-
force pixel-based likelihood, etc). The robustness tests are for
the time being in Appendix A.

2. Model for reionisation history

The reionisation process is a balance between the recombina-
tion of free electrons with protons to form neutral hydrogen
and the ionisation of hydrogen atoms by photons with energies
E > 13.6 eV. Models of the reionisation have a long history.
Early empirical, analytic and numerical models of the reionisa-
tion process (e.g., Aghanim et al. 1996; Gruzinov & Hu 1998;
Madau et al. 1999; Gnedin 2000; Ciardi et al. 2003) highlighted
the essential physics that give rise to the ionised intergalactic
medium (IGM) at late times and provided predictions on the ef-
fects on CMB at small angular scales.

Reionisation leaves imprints in the CMB power spectra, both
in polarisation and in intensity through the kinetic Sunyaev-
Zeldovich (kSZ) effect, due to the re-scattering of photons off
newly liberated electrons (see Aghanim et al. (2008) and ref-
erences therein). One of the relevant physical, and the most
commonly used quantities to characterise reionisation is the

Thomson scattering optical depth

⌧ =

Z ⌘0

0
ane�T d⌘, (1)

where ne is the number density of free electrons at a conformal
time ⌘, �T is the Thomson scattering cross-section, a is the scale
factor and ⌘0 is the conformal time today. The reionisation his-
tory is conveniently expressed in terms of the ionised fraction
xe(z) = ne(z)/nH(z) where nH(z) is the Hydrogen number den-
sity.

In the following, we define the beginning and the end of
the reionisation history by the redshifts z10% and z90% at which
xe = 0.1 max(xe) and 0.9 max(xe) respectively. As is custom-
ary, we call redshift of reionisation, and define z50% (sometimes
also referred to by zre) as the redshift at which xe = 0.5 max(xe).
Note that we take into account the electrons injected into the
Intergalactic Medium by the first ionisation of Helium, and
therefore max xe ' 1.08 by the end of reionisation.

2.1. Single-stage reionisation

The parametrisation widely used by the CMB community is
available in the publicly available code CAMB (Lewis et al.
2000). The reionisation history is described by a step-like transi-
tion between an essentially vanishing ionised fraction xe at early
times (it is actually matched to the relic fraction from recom-
bination) to a unit value at low redshifts. The tanh-based fitting
function is described in ?. The key parameters are zre and Dz
which measure, respectively, the redshift at which the ionised
fraction reaches half its maximum (typically 1.08, not including
the second reionisation of Helium that occurs at z ⇠ 3.5 and con-
tributes a tiny amount to the total optical depth) and the duration
of the transition. Note that the standard “instantaneous” reion-
isation model used in ? and in the Planck Cosmo Parameters
Paper assumes �z = 0.5 (which corresponds, in this parametri-
sation, to the transition between xe ⇠ 0.29 and xe ⇠ 0.79). This
parametrisation allows us to compute the optical depth of Eq. (1)
in a one-stage redshift symmetric reionisation model, in which
the redshift interval between the onset of the reionisation process
and its half-completion is by construction equal to the second in-
terval until full-completion. In the present analysis, we allow ⌧
and �z to vary.

2.2. Two-stage reionisation

Given the decline in the abundance of quasars beyond redshift
z ⇠ 6, they cannot be a significant contributor to reionisation
(e.g., ??). Star-forming galaxies at redshifts z & 6 have there-
fore long been postulated as the likely sources of reionisation,
and their time-dependent abundance and spectral properties are
crucial ingredients for understanding how intergalactic hydrogen
became reionised (for reviews, see ???).

In a parametrisation proposed by Ilić et al. (2014, in prep),
we encode in a convenient and economic way a two-stage reion-
isation process. The first stage is slow and progressive, at-
tributable to the “soft” ionising photons produced by the first
stars and primordial dwarf galaxies. The second stage is faster
and accelerated, leading by z ⇠ 6 to the completion of Hydrogen
and first Helium Reionisation by quasars that produce “harder”
ionising photons. This parametrisation allows for multiple pop-
ulations of ionising sources, including early Population III stars.
It accounts for the possibility of a z-asymmetric reionisation his-
tory as shown in Fig. 1 and agrees in shape with the most recent
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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;
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

⌧(z) =
Z t0

t(z)
ne�T cdt0, (1)

where ne is the number density of free electrons at time t0, �T
is the Thomson scattering cross-section, t0 is the time today, t(z)
is the time at redshift z, and we can use the Friedmann equa-
tion to convert dt to dz. The reionization history is conveniently
expressed in terms of the ionized fraction xe(z) ⌘ ne(z)/nH(z)
where nH(z) is the hydrogen number density.

In this study, we define the redshift of reionization, zre ⌘
z50 %, as the redshift at which xe = 0.5 ⇥ f . Here the normaliza-
tion, f = 1 + fHe = 1 + nHe/nH, takes into account electrons in-
jected into the IGM by the first ionization of helium (correspond-
ing to 25 eV), 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 zbeg ⌘ z10 % and zend ⌘ z99 % at
which xe = 0.1⇥ f and 0.99⇥ f , respectively. The duration of the
EoR is then defined as �z = z10 % � z99 %.2 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 zHe = 3.5 (Becker et al.
2011), following a transition of hyperbolic tangent shape with
width �z = 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 fraction3 xe at early times, to a value of unity
at low redshifts. When calculating the e↵ect 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):

xe(z) =
f
2

"
1 + tanh

 
y � yre

�y

!#
, (2)

where y = (1 + z)3/2 and �y = 3
2 (1 + z)1/2�z. The key parameters

are thus zre, which measures the redshift at which the ionized

2The reason this is not defined symmetrically is that in practice we
have tighter constraints on the end of reionization than on the beginning.

3The 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 �z. 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-symmetric4

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 zre and almost degenerate with the width
�z. This is the model used in the Planck 2013 and 2015 cosmo-
logical papers, for which we have fixed �z = 0.5 (corresponding
to �z = 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., Ahn et al. 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-↵ emitters, or �-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 (zend); and the exponent ↵. Specifically
we have

xe(z) =

8>>><
>>>:

f for z < zend,

f
✓

zearly�z
zearly�zend

◆↵
for z > zend.

(3)

In the following, we fix zearly = 20, the redshift around which
the first emitting sources form, and at which we smoothly match
xe(z) 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 di↵erent.

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 over-
all value of the optical depth, which determines the ampli-
tude of the reionization bump in the EE power spectrum (see
Fig. 3). We have estimated the impact on CEE

` for the two dif-
ferent models (tanh and power law) having the same ⌧ = 0.06
and found di↵erences of less than 4 % for ` < 10. Even for
a double reionization model, Fig. 4 shows that the impact on
CEE
` is quite weak, given the actual measured value of ⌧, and

cannot be distinguished relative to the cosmic variance spread
(i.e., even for a full-sky experiment). We also checked that
Planck data do not allow for model-independent reconstruc-
tion of xe in redshift bins. Principal component analysis has
been proposed as an explicit approach to try to capture the de-
tails 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 xe(z) in bins of redshift, ex-

4For convenience, we will refer to this parameterization as “redshift
symmetric” in the rest of the paper, even although it is actually symmet-
ric in y rather than z. The asymmetry is maximum in the instantaneous
case, but the di↵erence in xe values around, for example, zre = 8 ± 1, is
less than 1 %.
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Reionization history: CℓEE  at large angular scales to constrain τ

Inflation: CℓBB at large and intermediate scales to constrain r

r / E
inflation

CMB anisotropies:

The CMB E & B angular power spectra

Scientific goals

r = 0.03

r = 0.1

CℓEE  

CℓBB lensing

τ

τ, r

r

Large scale reionization bump

l<20 (low-l)
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➡ 9 frequency bands (7 polarized: 30GHz-353GHz) 
➡ Two instruments: !
    LFI:   30GHz, 44GHz, 70GHz 
    HFI: 100GHz, 143GHz, 217GHz

353GHz, 545GHz, 857GHz

The Planck satellite
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100GHz 143GHz 217GHz

353GHz 545GHz 857GHz

30GHz 70GHz44GHz

Foregrounds 
characterization

Channels for CMB 
characterization



Large scale polarization issues

Major systematics in polarization at large angular scales: !
!

Intensity to Polarization leakage 

 • Planck detectors are sensitive to one polarization direction  
    Polarization reconstruction: detector combinations   
!

 • Mismatch between detectors will create spurious polarization signal  

 LFI: negligible residuals with respect to noise, LFI 70GHz released  
 HFI has higher sensitivity, lower noise: residuals systematics

HFI 100GHz, 143GHz, 217GHz NOT used for the 2015 low-l analysis 

NEW HFI results 2016
Anna Mangilli (IAS) - IFT, Universidad Autónoma de Madrid (UAM) - 20th June 2016



The challenge I: control of systematics 
Measuring the large scale polarization is difficult!

Major HFI systematic residuals:  
• inter-calibration leakage   
• ADC non-linearity residuals  
• correlated 1/f noise residuals  
• foreground residuals

All these effects are important at low-l 

Planck-HFI 2015 Planck-HFI NEW

Planck Collaboration: Large angular scale data, reionization

Fig. 16. E-mode polarization pseudo spectra, plotted as C` to emphasise low multipoles, computed from the maps distributed in the
Planck 2015 data release (figures to the left) and for the HFI pre-2016 maps described in this paper (figures to the right). We show
auto power spectra of map di↵erences for half ring, detector-set and half-mission maps color coded in the same way for 100, 143,
and 217 GHz and as shown in the top panels. We also show for reference an average of N FFP8 simulations boosted by 20 %. The
dashed curves show the F-EE model.

In Fig. 16 we compare the 2015 release with the HFI pre-
2016 one, for the CMB channels EE power spectra of the null
test di↵erence maps built with the three splits together with the
power spectrum of an FFP8 noise only simulation which is the
goal model. The Half Ring null test (blue lines) agrees with the
FFP8 as expected. The 2015 release data show large excesses
over the FFP8 simulation extending up to ` = 100 for detset (red
lines) and half mission (green lines) di↵erences. On the contrary
the HFI pre-2016 data detset di↵erence for 100 and 143 GHz are
in good agreement with the FFP8 reference simulation. This is
not surprising as the systematics detected by this test have been
shown to be small. At 217 GHz the detset test is improved but
not yet in agreement with FFP8.

For the half mission null tests, the analysis of systematic ef-
fects shows that the ADC-nonlinearity dipole distortion which
has not been removed dominates and should leave an observable
excess at low multipoles in this test which is not seen. Thus this
null test does not agree with the systematic analysis.

A drawback of the HFI pre-2016 data is that the destriping
is done on the full mission -because it gives more redundancy-
and applied to the two halves of the mission. The correlation in-

troduced in these two halves could lead to an underestimate of
the residual seen in the null test. We checked this by doing a
set of maps where the destriping is done independently for each
half mission. Figure 17 shows the result of this check. The sepa-
rated minimization for the two half missions (blue lines) shows
a systematic e↵ect at all frequencies in the half mission null test
not seen for the full mission minimization (red lines). The sepa-
rated minimization can also be compared to the sum of all simu-
lated e↵ects (green lines). It shows the expected behavior for the
100-217 GHz bands. We conclude that the uncorrected ADC-
nonlinearity dipole distortion accounts fully for the systematic
detected by this new half mission null test.

At 353 GHz the null test is below the sum of all systematics
between multipoles 2 to 50 and thus not catching all systematics.
The calibration and transfer functions issues already noticed for
353 GHz are not supposed to be caught by the half mission null
test and thus can explain the di↵erence.

Furthermore we have shown that the destriping of the two
half missions should be done independently to detect any ADC
nonlinearities residuals. The 2016 data release will include half
mission SRoll fits of parameters for this purpose.
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dashed curves show the F-EE model.

In Fig. 16 we compare the 2015 release with the HFI pre-
2016 one, for the CMB channels EE power spectra of the null
test di↵erence maps built with the three splits together with the
power spectrum of an FFP8 noise only simulation which is the
goal model. The Half Ring null test (blue lines) agrees with the
FFP8 as expected. The 2015 release data show large excesses
over the FFP8 simulation extending up to ` = 100 for detset (red
lines) and half mission (green lines) di↵erences. On the contrary
the HFI pre-2016 data detset di↵erence for 100 and 143 GHz are
in good agreement with the FFP8 reference simulation. This is
not surprising as the systematics detected by this test have been
shown to be small. At 217 GHz the detset test is improved but
not yet in agreement with FFP8.

For the half mission null tests, the analysis of systematic ef-
fects shows that the ADC-nonlinearity dipole distortion which
has not been removed dominates and should leave an observable
excess at low multipoles in this test which is not seen. Thus this
null test does not agree with the systematic analysis.

A drawback of the HFI pre-2016 data is that the destriping
is done on the full mission -because it gives more redundancy-
and applied to the two halves of the mission. The correlation in-

troduced in these two halves could lead to an underestimate of
the residual seen in the null test. We checked this by doing a
set of maps where the destriping is done independently for each
half mission. Figure 17 shows the result of this check. The sepa-
rated minimization for the two half missions (blue lines) shows
a systematic e↵ect at all frequencies in the half mission null test
not seen for the full mission minimization (red lines). The sepa-
rated minimization can also be compared to the sum of all simu-
lated e↵ects (green lines). It shows the expected behavior for the
100-217 GHz bands. We conclude that the uncorrected ADC-
nonlinearity dipole distortion accounts fully for the systematic
detected by this new half mission null test.

At 353 GHz the null test is below the sum of all systematics
between multipoles 2 to 50 and thus not catching all systematics.
The calibration and transfer functions issues already noticed for
353 GHz are not supposed to be caught by the half mission null
test and thus can explain the di↵erence.

Furthermore we have shown that the destriping of the two
half missions should be done independently to detect any ADC
nonlinearities residuals. The 2016 data release will include half
mission SRoll fits of parameters for this purpose.
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The challenge II: low-l data analysis

     Statistical method(s) optimized to CMB analysis @ large angular scales

• Can compromise parameter reconstruction in particular for the high 
sensitivity of HFI channels!

• Difficult handling of noise bias/residual systematics

Polarized CMB from 70 GHz 

1. Low ell CMB polarization in Planck 
2014 comes from 70 GHz.  

2. Out of eight surveys, we exclude 
from the dataset survey 2 and 4 
because the exhibit unusual B mode 
excess, presumably connected with 
sidelobe contamination. 

3. Templates (30 and 353) are built 
from full mission data. 

4. Working resolution is nside = 16, 
down sampled from high resolution 
through noise weighting. No 
smoothing is applied in polarization 

5. The analysis mask retains 47% of the 
sky. 
 

Stokes Q 

Stokes U 

Preliminary 

Low-l Commander temperature map 

• As in 2013, the low-l temperature likelihood is based on 
the foreground-cleaned Commander map 
 

• But unlike 2013, the 2014 map also incorporates the 9-
year WMAP data and the 408 MHz Haslam map 
• More frequencies � better fg model � more clean sky 

• See Wehus’ talk tomorrow for more details 
 

•    Analysis chain: 

1. Perform component separation at 1q resolution 

2. Define narrow F2–based processing mask to 
remove obvious residuals 

3. Fill mask with a constrained Gaussian realization 

4. Smooth to 440’ FWHM, and repixelize at Nside=16 

5. Define proper F2–based confidence mask at 
Nside=256 

– This year fsky = 0.93, which is up from 0.87 in 2013 

6. Downgrade mask, and apply to Nside=16 map 
– Range of different F2 thresholds considered; no systematic 

biases or trends found in power spectrum until fsky | 0.97 

 

 

 

Polarized CMB from 70 GHz 

1. Low ell CMB polarization in Planck 
2014 comes from 70 GHz.  

2. Out of eight surveys, we exclude 
from the dataset survey 2 and 4 
because the exhibit unusual B mode 
excess, presumably connected with 
sidelobe contamination. 

3. Templates (30 and 353) are built 
from full mission data. 

4. Working resolution is nside = 16, 
down sampled from high resolution 
through noise weighting. No 
smoothing is applied in polarization 

5. The analysis mask retains 47% of the 
sky. 
 

Stokes Q 

Stokes U 

Preliminary 

UQ

So far (WMAP, Planck 2013, 2015): Gaussian likelihood in map space 

Problem: noise covariance matrix reconstruction accuracy 

M= CMB signal+noise covariance matrix

Methodology  

1. Multivariate Gaussian likelihood in the m=[T,Q,U] maps, with CMB 
signal plus noise covariance matrix M : 

 

 

2. T,Q,U maps are cleaned of foreground emission and residual 
systematics: 

a. In T, Commander multiband CMB solution  

b. In Q,U polarized CMB is provided by Planck 70 GHz, after 
template fitting for polarized synchrotron and dust, based 
on Planck 30 and 353 GHz, and their polarization leakage 
corrections.  

3. &RYHUV�WKH�UDQJH�����ľ ���� 
 

Methodology  

1. Multivariate Gaussian likelihood in the m=[T,Q,U] maps, with CMB 
signal plus noise covariance matrix M : 

 

 

2. T,Q,U maps are cleaned of foreground emission and residual 
systematics: 

a. In T, Commander multiband CMB solution  

b. In Q,U polarized CMB is provided by Planck 70 GHz, after 
template fitting for polarized synchrotron and dust, based 
on Planck 30 and 353 GHz, and their polarization leakage 
corrections.  
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!
Use cross-spectra likelihood at large scales!

!
Noise bias removed. Exploit cross dataset informations!

Better handling of residual systematics/foregrounds!

Two solutions to solve for the non-Gaussianity of the estimator 
distributions at low multipoles

• Analytic approximation of the estimators: works for single-field and small mask 
• Modified Hamimeche&Lewis (2008) likelihood for cross-spectra (oHL)

   Full temperature and polarization analysis

Cross-spectra likelihood at large scales 

Anna Mangilli (IAS) - IFT, Universidad Autónoma de Madrid (UAM) - 20th June 2016

[Mangilli, Plaszczynski, Tristram (MNRAS 483 2015)] 



   Full temperature and polarization analysis

Covariance matrix (l-l and T-E-B correlations)
8 Mangilli, Plaszczynski, Tristram

that:

[MA⇥B
f ]XY

``0 = h
⇣
(CXY
` )sim �CXY f id

`

⌘⇣
(CXY
`0 )sim �CXY f id

`0
⌘
iMC , (21)

where CXY
` ⌘ (CXY

` )A⇥B, and X,Y = {T, E, B}.
Since it will be useful in the following, we also report the

equations of the modified oHL likelihood in the case of the single
field approximation. In particular, we are interested in applying the
method to the polarization EE-only cross-spectra CEE

` ⌘ (CEE
` )A⇥B

for which the oHL likelihood is defined by

�2lnL =
X

``0
[OXg]EE

` [MEE
f ]�1
``0 [OXg]EE

``0 (22)

where:

[Xg]EE
` ! [OXg]EE

` =

q
O(CEE f id

` )g
h O(ĈEE

` )
O(CEEmod

` )

iq
O(CEE f id

` ),

(23)
and:

O(CEE
` ) = (CEE

` + o`). (24)

CEE f id
` , ĈEE

` and CEEmod
` are, respectively, the spectra of the fiducial

model, the data and the variable spectra for the likelihood sam-
pling, and oEE

` is the e↵ective o↵set. Also, the covariance matrix to
account for the multipole coupling in this case is defined by:

[Mf ]``0 = h
⇣
(CEE
` )A⇥B

sim �CEE f id
`

⌘⇣
(CEE
`0 )A⇥B

sim �CEE f id
`0
⌘
iNsims (25)

5 SINGLE FIELD RESULTS

We first present the results in the case of the single field approx-
imation. As single field we choose the E polarization and we
build the EE cross-spectra likelihoods to constrain the ⌧ parame-
ter, since it is relevant for the analysis of present and future CMB
data. We construct the three di↵erent single field cross-spectra like-
lihoods derived from the formulas in Sect. 4: the general ana-
lytical parametrization derived from full-sky based approach, the
parametrization based on the Edgeworth expansion approximation
to describe the cumulants of the cross-spectra distribution and the
oHL single-field likelihood.

In order to compare the three methods, we focus on the small
sky cut case, where the cross-spectra simulations are generated by
applying a mask with fsky =0.8. The `-by-` correlations are weak
and the analytic approximations are reliable. This comparison is
useful not only as a validation test of the di↵erent methods but
also to demonstrate that correlations can indeed be neglected in
the parametric case. To construct the single field oHL cross-spectra
likelihood we use Eq. (22) where the `-` correlations are encoded
in the cross-spectra covariance matrix of Eq. (25). For each of the
six cross-spectra considered, the covariance matrix is computed
from the Monte Carlo average of the E-modes simulations gener-
ated with a fiducial input cosmology corresponding to the Planck
best-fit 2015 with ⌧ = 0.078 and tensor modes with r = 0.1. We
estimate the o↵sets oEE A⇥B

` from our reference simulations as de-
scribed in Sect. 4.2 and Fig. 6.

The likelihood sampling is done by computing the CEEmod
`

with the CAMB code2 varying ⌧ in the range [0.01, 0.15] with
a step �⌧ = 0.001, fixing the other parameters to their Planck
2015 best-fit values and rescaling Ase�2⌧. The degeneracy between

2 http://camb.info/

⌧ and the scalar amplitude parameter As is in fact broken by fix-
ing accordingly the amplitude of the first peak of the TT spectrum
ATT = Ase�2⌧ at ` = 200. More general results based on joint con-
straints of the ⌧ and As are presented in Sect. 6.2.1.

We choose events (i.e. one C` vector sample) at random from
the set of Planck-100⇥Planck-143 simulations and construct for
each ` independently the marginal likelihoods with the three di↵er-
ent methods, setting each time all Cth

` values other than this mul-
tipole to their true values. Fig. 8 displays a typical case. Here are
some comments that we derive from the observation of many sam-
ples:

• even-though the sample C` may get negative values, due to
noise and low signal, the likelihood of any negative true power
value is unphysical and is equal to 0. This case does not happen
in practice since in cosmological parameter estimation the Boltz-
mann code always propose positive spectra.
• the Edgeworth-based method shows some oscillation for the

very first multipoles, generally for ` = 2, 3. This is due to the very
steep raising of the distributions at the very beginning (see Fig C1)
which leads to some small negative ‘ringing’ e↵ect in the truncated
expansion. The method introduced in Sect. 3.2.2 mitigates the ef-
fect but does not completely cure for it and regarding this aspect
the full-sky based method and the oHL likelihood gives a better
approximation.

Overall the agreement among the three methods is impressive
and validates all our single-field approaches.

As a further validation test, we check the bias of the likelihood
against our Monte-Carlo simulations. For each simulation, we de-
rive the posterior of ⌧ for ` < 20. For the full sky based likelihood
and for the Edgeworth expansion likelihood we remove multipoles
2 and 3 -which do not carry much information due to the cosmic
variance level- since their p.d.f parametrization is less accurate, as
shown in Sect. 3.2. For oHL we consider ` = [2, 20]. We then draw
the distribution of the ⌧ estimator defined as

⌧̃ = arg max
⌧

(L).

Figure 9 shows the distribution of the maximum probability
over the Monte Carlo simulation for the full sky based likelihood,
the Edgeworth expansion likelihood and the oHL likelihood. All
three approximations recover the input value ⌧ f id = 0.078 used to
generate our reference simulations, showing that the three likeli-
hoods are unbiased. In Table 1 are reported the error bars on the
estimation of the ⌧ parameter computed as the standard deviation
of the maximum probability ⌧̃ for the three likelihoods. Since the
oHL likelihood accounts for the `-by-` correlations while the full-
sky based likelihood and the Edgeworth expansion approximation
do not, the fact that the three methods give compatible results in
terms of error bars confirm that the level of multipole correlations
for a small sky cut is low and does not have an impact in the recon-
struction of the ⌧ parameter. Note however that both the analytical
approximations are slightly sub-optimal with respect to the oHL
likelihood, by a factor of ' 4% for the full-sky based likelihood
and by a factor of ' 7% for the Edgeworth expansion likelihood.
These results hold in general for all the cross-spectra considered.

Finally, it is useful to assess the stability of the results obtained
with the oHL likelihood with respect to choice of the o↵set term.
Indeed, changing the o↵sets both could bias the peak of the pos-
terior distribution and change its width. As described in Eq. (23),
the o↵set ensure the H&L transformation to be definite and too
small o↵sets may leak to undefined likelihood. On the opposite,
a overestimation of the o↵set value has limited e↵ect on the peak
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Lewis 2008):

�2lnL (Cth
` |Ĉ`) =

X

``0
[Xg]T

` [M�1
f ]``0 [Xg]`0 . (13)

The [M�1
f ]``0 is the inverse of the C`-covariance matrix that allows

to quantify the ` � ` and the correlations of the T, E, B fields. The
vector [Xg]` is the H&L transformed C` vector defined as:

[Xg]` = vecp
⇣
C1/2

f id U(g[D(P)])UTC1/2
f id

⌘
. (14)

In eq.14, C1/2
f id is the square root of the C` matrix:

C` =

0
BBBBBBBBBBBBBB@

CTT
` CT E

` CT B
`

CT E
` CEE

` CEB
`

CT B
` CEB

` CBB
`

1
CCCCCCCCCCCCCCA

(15)

for a given fiducial model and the function (g[D(P)]) refers to the
transformation:

g(x) = sign(x � 1)
p

(2(x � ln(x) � 1)), (16)

applied to the eigenvalues of the matrix P = C�1/2
mod ĈdataC�1/2

mod , where
Cmod and Ĉdata are, respectively, the matrices of the sampled C` and
the data.

The problem is that for cross-spectra and at large angular
scales the P matrix is no longer guaranteed to be positive definite. In
fact, as shown in Eq. (2) that describes the distribution of the cross-
spectra estimators Ĉ`, the Ĉdata can be negative. In order to solve
for this issue, we propose a modification of the H&L likelihood that
consists in adding an e↵ective o↵set o` to the cross-spectra on the
diagonal of the C` matrices in order to ensure the positive definite-
ness of the cross-spectra P matrix. In particular, we re-define each
C` matrix (eq. 15) as:

CA⇥B
` ! O(CA⇥B

` ) =

0
BBBBBBBBBBBBBB@

CTT
` + oTT

` CT E
` CT B

`

CT E
` CEE

` + oEE
` CEB

`

CT B
` CEB

` CBB
` + oBB

`

1
CCCCCCCCCCCCCCA

(17)

so that:

[Xg(CA⇥B
` )]` ! [OXg]` = [Xg(O(CA⇥B

` ))]`. (18)

The new o↵set H&L likelihood (oHL hereafter) reads:

�2lnL (C` |ĈA⇥B
` ) =

X

``0
[OXg]T

` [M�1
f ]``0 [OXg]`0 , (19)

The variable transformation g(x) is now modified for the cross-
spectra to regularize the likelihood around zero so that Eq. (16)
now reads:

g(x)! sign(x)g(|x|). (20)

The o↵set function oXY
` can be derived from simulations. We

estimate the o↵sets from the MC distributions ensuring that the P
matrix reconstructed is positive definite for more than 99% of our
simulations. Given that the o↵sets are needed to shift the C` distri-
butions for each field T, E, B to avoid negative eigenvalues on the
P matrix, the o↵set functions depend on the shape of the C` distri-
bution at each `. In particular, the o↵sets depend on the noise levels
of the maps involved in the cross-spectra and on the mask used.
In fact, the tails of the C` distributions at each ` are more negative
when the noise is higher and when a larger mask is applied. The
plot in Fig. 6 shows how the o↵set functions change for di↵erent
combinations of noise levels in the case of the six cross-spectra
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Figure 6. The o↵set functions oA⇥B
` of the oHL likelihood for the E-modes

cross-spectra and for the six di↵erent combinations of noise levels.
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Figure 7. The o↵set functions oA⇥B
` of the oHL likelihood for the B-modes

cross-spectra (solid) and the E-modes cross-spectra (dashed) for the Planck-
HFI⇥Planck-143Ṫhe di↵erent colors refers to the di↵erent fiducial models
used in the simulations: black is the early reionization scenario without
tensor modes (model 1), red is the late reionization scenario with tensors
(model 2) and blue is the Planck 2015 best fit with r = 0.1.

considered: from the highest of the WMAP⇥Planck-70 in orange
to the Planck-HFI⇥Planck-143 in green.

Moreover, the o↵sets also depend on the fiducial model, as,
in general, an higher signal-to-noise implies that the C` distribu-
tions have a smaller shift to negative values. Fig. 7 shows the o↵set
functions obtained from simulations generated with di↵erent fidu-
cial models for the E-modes (dashed) and B-modes (solid) for the
Planck-100⇥Planck-143 cross-spectra. The black lines refers to the
early reionization scenario without tensor modes (model 1), the red
lines to the late reionization scenario with tensors (model 2) and
the blue lines to the Planck 2015 best fit with r = 0.1. The shape
of the o↵sets is consistent for the three di↵erent cases and, given
the very di↵erent levels of signal considered, the dependence on
the fiducial model is mild. As we will show in Sect. 5 and Sect. 6
the likelihood results on the cosmological parameters reconstruc-
tion are robust with respect to the choice of the fiducial model used
to define the o↵set functions.

The [M�1
f ]``0 in Eq. (19) is the inverse of the cross-spectra

CA⇥B
` -covariance matrix that can be estimated for a given theoret-

ical fiducial model CXY f id
` through Monte Carlo simulations such
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to quantify the ` � ` and the correlations of the T, E, B fields. The
vector [Xg]` is the H&L transformed C` vector defined as:
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for a given fiducial model and the function (g[D(P)]) refers to the
transformation:

g(x) = sign(x � 1)
p

(2(x � ln(x) � 1)), (16)

applied to the eigenvalues of the matrix P = C�1/2
mod ĈdataC�1/2

mod , where
Cmod and Ĉdata are, respectively, the matrices of the sampled C` and
the data.

The problem is that for cross-spectra and at large angular
scales the P matrix is no longer guaranteed to be positive definite. In
fact, as shown in Eq. (2) that describes the distribution of the cross-
spectra estimators Ĉ`, the Ĉdata can be negative. In order to solve
for this issue, we propose a modification of the H&L likelihood that
consists in adding an e↵ective o↵set o` to the cross-spectra on the
diagonal of the C` matrices in order to ensure the positive definite-
ness of the cross-spectra P matrix. In particular, we re-define each
C` matrix (eq. 15) as:
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The new o↵set H&L likelihood (oHL hereafter) reads:
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The variable transformation g(x) is now modified for the cross-
spectra to regularize the likelihood around zero so that Eq. (16)
now reads:

g(x)! sign(x)g(|x|). (20)

The o↵set function oXY
` can be derived from simulations. We

estimate the o↵sets from the MC distributions ensuring that the P
matrix reconstructed is positive definite for more than 99% of our
simulations. Given that the o↵sets are needed to shift the C` distri-
butions for each field T, E, B to avoid negative eigenvalues on the
P matrix, the o↵set functions depend on the shape of the C` distri-
bution at each `. In particular, the o↵sets depend on the noise levels
of the maps involved in the cross-spectra and on the mask used.
In fact, the tails of the C` distributions at each ` are more negative
when the noise is higher and when a larger mask is applied. The
plot in Fig. 6 shows how the o↵set functions change for di↵erent
combinations of noise levels in the case of the six cross-spectra
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Figure 7. The o↵set functions oA⇥B
` of the oHL likelihood for the B-modes

cross-spectra (solid) and the E-modes cross-spectra (dashed) for the Planck-
HFI⇥Planck-143Ṫhe di↵erent colors refers to the di↵erent fiducial models
used in the simulations: black is the early reionization scenario without
tensor modes (model 1), red is the late reionization scenario with tensors
(model 2) and blue is the Planck 2015 best fit with r = 0.1.

considered: from the highest of the WMAP⇥Planck-70 in orange
to the Planck-HFI⇥Planck-143 in green.

Moreover, the o↵sets also depend on the fiducial model, as,
in general, an higher signal-to-noise implies that the C` distribu-
tions have a smaller shift to negative values. Fig. 7 shows the o↵set
functions obtained from simulations generated with di↵erent fidu-
cial models for the E-modes (dashed) and B-modes (solid) for the
Planck-100⇥Planck-143 cross-spectra. The black lines refers to the
early reionization scenario without tensor modes (model 1), the red
lines to the late reionization scenario with tensors (model 2) and
the blue lines to the Planck 2015 best fit with r = 0.1. The shape
of the o↵sets is consistent for the three di↵erent cases and, given
the very di↵erent levels of signal considered, the dependence on
the fiducial model is mild. As we will show in Sect. 5 and Sect. 6
the likelihood results on the cosmological parameters reconstruc-
tion are robust with respect to the choice of the fiducial model used
to define the o↵set functions.

The [M�1
f ]``0 in Eq. (19) is the inverse of the cross-spectra

CA⇥B
` -covariance matrix that can be estimated for a given theoret-

ical fiducial model CXY f id
` through Monte Carlo simulations such
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for a given fiducial model and the function (g[D(P)]) refers to the
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(2(x � ln(x) � 1)), (16)

applied to the eigenvalues of the matrix P = C�1/2
mod ĈdataC�1/2

mod , where
Cmod and Ĉdata are, respectively, the matrices of the sampled C` and
the data.

The problem is that for cross-spectra and at large angular
scales the P matrix is no longer guaranteed to be positive definite. In
fact, as shown in Eq. (2) that describes the distribution of the cross-
spectra estimators Ĉ`, the Ĉdata can be negative. In order to solve
for this issue, we propose a modification of the H&L likelihood that
consists in adding an e↵ective o↵set o` to the cross-spectra on the
diagonal of the C` matrices in order to ensure the positive definite-
ness of the cross-spectra P matrix. In particular, we re-define each
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so that:

[Xg(CA⇥B
` )]` ! [OXg]` = [Xg(O(CA⇥B

` ))]`. (18)

The new o↵set H&L likelihood (oHL hereafter) reads:

�2lnL (C` |ĈA⇥B
` ) =

X

``0
[OXg]T

` [M�1
f ]``0 [OXg]`0 , (19)

The variable transformation g(x) is now modified for the cross-
spectra to regularize the likelihood around zero so that Eq. (16)
now reads:

g(x)! sign(x)g(|x|). (20)

The o↵set function oXY
` can be derived from simulations. We

estimate the o↵sets from the MC distributions ensuring that the P
matrix reconstructed is positive definite for more than 99% of our
simulations. Given that the o↵sets are needed to shift the C` distri-
butions for each field T, E, B to avoid negative eigenvalues on the
P matrix, the o↵set functions depend on the shape of the C` distri-
bution at each `. In particular, the o↵sets depend on the noise levels
of the maps involved in the cross-spectra and on the mask used.
In fact, the tails of the C` distributions at each ` are more negative
when the noise is higher and when a larger mask is applied. The
plot in Fig. 6 shows how the o↵set functions change for di↵erent
combinations of noise levels in the case of the six cross-spectra
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Figure 7. The o↵set functions oA⇥B
` of the oHL likelihood for the B-modes

cross-spectra (solid) and the E-modes cross-spectra (dashed) for the Planck-
HFI⇥Planck-143Ṫhe di↵erent colors refers to the di↵erent fiducial models
used in the simulations: black is the early reionization scenario without
tensor modes (model 1), red is the late reionization scenario with tensors
(model 2) and blue is the Planck 2015 best fit with r = 0.1.

considered: from the highest of the WMAP⇥Planck-70 in orange
to the Planck-HFI⇥Planck-143 in green.

Moreover, the o↵sets also depend on the fiducial model, as,
in general, an higher signal-to-noise implies that the C` distribu-
tions have a smaller shift to negative values. Fig. 7 shows the o↵set
functions obtained from simulations generated with di↵erent fidu-
cial models for the E-modes (dashed) and B-modes (solid) for the
Planck-100⇥Planck-143 cross-spectra. The black lines refers to the
early reionization scenario without tensor modes (model 1), the red
lines to the late reionization scenario with tensors (model 2) and
the blue lines to the Planck 2015 best fit with r = 0.1. The shape
of the o↵sets is consistent for the three di↵erent cases and, given
the very di↵erent levels of signal considered, the dependence on
the fiducial model is mild. As we will show in Sect. 5 and Sect. 6
the likelihood results on the cosmological parameters reconstruc-
tion are robust with respect to the choice of the fiducial model used
to define the o↵set functions.

The [M�1
f ]``0 in Eq. (19) is the inverse of the cross-spectra

CA⇥B
` -covariance matrix that can be estimated for a given theoret-

ical fiducial model CXY f id
` through Monte Carlo simulations such
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Lewis 2008):

�2lnL (Cth
` |Ĉ`) =

X

``0
[Xg]T

` [M�1
f ]``0 [Xg]`0 . (13)

The [M�1
f ]``0 is the inverse of the C`-covariance matrix that allows

to quantify the ` � ` and the correlations of the T, E, B fields. The
vector [Xg]` is the H&L transformed C` vector defined as:

[Xg]` = vecp
⇣
C1/2

f id U(g[D(P)])UTC1/2
f id

⌘
. (14)

In eq.14, C1/2
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for a given fiducial model and the function (g[D(P)]) refers to the
transformation:

g(x) = sign(x � 1)
p

(2(x � ln(x) � 1)), (16)

applied to the eigenvalues of the matrix P = C�1/2
mod ĈdataC�1/2

mod , where
Cmod and Ĉdata are, respectively, the matrices of the sampled C` and
the data.

The problem is that for cross-spectra and at large angular
scales the P matrix is no longer guaranteed to be positive definite. In
fact, as shown in Eq. (2) that describes the distribution of the cross-
spectra estimators Ĉ`, the Ĉdata can be negative. In order to solve
for this issue, we propose a modification of the H&L likelihood that
consists in adding an e↵ective o↵set o` to the cross-spectra on the
diagonal of the C` matrices in order to ensure the positive definite-
ness of the cross-spectra P matrix. In particular, we re-define each
C` matrix (eq. 15) as:
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so that:
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The new o↵set H&L likelihood (oHL hereafter) reads:

�2lnL (C` |ĈA⇥B
` ) =

X

``0
[OXg]T

` [M�1
f ]``0 [OXg]`0 , (19)

The variable transformation g(x) is now modified for the cross-
spectra to regularize the likelihood around zero so that Eq. (16)
now reads:

g(x)! sign(x)g(|x|). (20)

The o↵set function oXY
` can be derived from simulations. We

estimate the o↵sets from the MC distributions ensuring that the P
matrix reconstructed is positive definite for more than 99% of our
simulations. Given that the o↵sets are needed to shift the C` distri-
butions for each field T, E, B to avoid negative eigenvalues on the
P matrix, the o↵set functions depend on the shape of the C` distri-
bution at each `. In particular, the o↵sets depend on the noise levels
of the maps involved in the cross-spectra and on the mask used.
In fact, the tails of the C` distributions at each ` are more negative
when the noise is higher and when a larger mask is applied. The
plot in Fig. 6 shows how the o↵set functions change for di↵erent
combinations of noise levels in the case of the six cross-spectra
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Figure 7. The o↵set functions oA⇥B
` of the oHL likelihood for the B-modes

cross-spectra (solid) and the E-modes cross-spectra (dashed) for the Planck-
HFI⇥Planck-143Ṫhe di↵erent colors refers to the di↵erent fiducial models
used in the simulations: black is the early reionization scenario without
tensor modes (model 1), red is the late reionization scenario with tensors
(model 2) and blue is the Planck 2015 best fit with r = 0.1.

considered: from the highest of the WMAP⇥Planck-70 in orange
to the Planck-HFI⇥Planck-143 in green.

Moreover, the o↵sets also depend on the fiducial model, as,
in general, an higher signal-to-noise implies that the C` distribu-
tions have a smaller shift to negative values. Fig. 7 shows the o↵set
functions obtained from simulations generated with di↵erent fidu-
cial models for the E-modes (dashed) and B-modes (solid) for the
Planck-100⇥Planck-143 cross-spectra. The black lines refers to the
early reionization scenario without tensor modes (model 1), the red
lines to the late reionization scenario with tensors (model 2) and
the blue lines to the Planck 2015 best fit with r = 0.1. The shape
of the o↵sets is consistent for the three di↵erent cases and, given
the very di↵erent levels of signal considered, the dependence on
the fiducial model is mild. As we will show in Sect. 5 and Sect. 6
the likelihood results on the cosmological parameters reconstruc-
tion are robust with respect to the choice of the fiducial model used
to define the o↵set functions.

The [M�1
f ]``0 in Eq. (19) is the inverse of the cross-spectra

CA⇥B
` -covariance matrix that can be estimated for a given theoret-

ical fiducial model CXY f id
` through Monte Carlo simulations such
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The [M�1
f ]``0 is the inverse of the C`-covariance matrix that allows

to quantify the ` � ` and the correlations of the T, E, B fields. The
vector [Xg]` is the H&L transformed C` vector defined as:
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for a given fiducial model and the function (g[D(P)]) refers to the
transformation:

g(x) = sign(x � 1)
p

(2(x � ln(x) � 1)), (16)

applied to the eigenvalues of the matrix P = C�1/2
mod ĈdataC�1/2

mod , where
Cmod and Ĉdata are, respectively, the matrices of the sampled C` and
the data.

The problem is that for cross-spectra and at large angular
scales the P matrix is no longer guaranteed to be positive definite. In
fact, as shown in Eq. (2) that describes the distribution of the cross-
spectra estimators Ĉ`, the Ĉdata can be negative. In order to solve
for this issue, we propose a modification of the H&L likelihood that
consists in adding an e↵ective o↵set o` to the cross-spectra on the
diagonal of the C` matrices in order to ensure the positive definite-
ness of the cross-spectra P matrix. In particular, we re-define each
C` matrix (eq. 15) as:
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so that:

[Xg(CA⇥B
` )]` ! [OXg]` = [Xg(O(CA⇥B

` ))]`. (18)

The new o↵set H&L likelihood (oHL hereafter) reads:

�2lnL (C` |ĈA⇥B
` ) =

X
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[OXg]T

` [M�1
f ]``0 [OXg]`0 , (19)

The variable transformation g(x) is now modified for the cross-
spectra to regularize the likelihood around zero so that Eq. (16)
now reads:

g(x)! sign(x)g(|x|). (20)

The o↵set function oXY
` can be derived from simulations. We

estimate the o↵sets from the MC distributions ensuring that the P
matrix reconstructed is positive definite for more than 99% of our
simulations. Given that the o↵sets are needed to shift the C` distri-
butions for each field T, E, B to avoid negative eigenvalues on the
P matrix, the o↵set functions depend on the shape of the C` distri-
bution at each `. In particular, the o↵sets depend on the noise levels
of the maps involved in the cross-spectra and on the mask used.
In fact, the tails of the C` distributions at each ` are more negative
when the noise is higher and when a larger mask is applied. The
plot in Fig. 6 shows how the o↵set functions change for di↵erent
combinations of noise levels in the case of the six cross-spectra
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Figure 7. The o↵set functions oA⇥B
` of the oHL likelihood for the B-modes

cross-spectra (solid) and the E-modes cross-spectra (dashed) for the Planck-
HFI⇥Planck-143Ṫhe di↵erent colors refers to the di↵erent fiducial models
used in the simulations: black is the early reionization scenario without
tensor modes (model 1), red is the late reionization scenario with tensors
(model 2) and blue is the Planck 2015 best fit with r = 0.1.

considered: from the highest of the WMAP⇥Planck-70 in orange
to the Planck-HFI⇥Planck-143 in green.

Moreover, the o↵sets also depend on the fiducial model, as,
in general, an higher signal-to-noise implies that the C` distribu-
tions have a smaller shift to negative values. Fig. 7 shows the o↵set
functions obtained from simulations generated with di↵erent fidu-
cial models for the E-modes (dashed) and B-modes (solid) for the
Planck-100⇥Planck-143 cross-spectra. The black lines refers to the
early reionization scenario without tensor modes (model 1), the red
lines to the late reionization scenario with tensors (model 2) and
the blue lines to the Planck 2015 best fit with r = 0.1. The shape
of the o↵sets is consistent for the three di↵erent cases and, given
the very di↵erent levels of signal considered, the dependence on
the fiducial model is mild. As we will show in Sect. 5 and Sect. 6
the likelihood results on the cosmological parameters reconstruc-
tion are robust with respect to the choice of the fiducial model used
to define the o↵set functions.

The [M�1
f ]``0 in Eq. (19) is the inverse of the cross-spectra

CA⇥B
` -covariance matrix that can be estimated for a given theoret-

ical fiducial model CXY f id
` through Monte Carlo simulations such
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Figure 11. Comparison of the posterior distributions of the ⌧ parameter ob-
tained with the full temperature and polarization oHL likelihood (blue) and
with the pixel-based likelihood (green). The plot shows a typical example
from the Planck-HFI simulation set.

Table 2. Results on the estimation of the ⌧ parameter with the full tempera-
ture and polarization oHL likelihood. The fiducial model used in the simu-
lation is the Planck-2015⇤CDM best fit with ⌧ f id = 0.078. The table shows
the comparison between the estimates obtained with two di↵erent sky cuts:
the small mask with with fsky = 0.8 and a bigger mask with fsky = 0.5.

Cross-spectra �⌧ ( fsky = 0.8) �⌧ ( fsky = 0.5)

WMAP⇥Planck-70 0.0108591 0.0202779

WMAP⇥Planck-100 0.00753973 0.0121223

WMAP⇥Planck-143 0.00765798 0.011630

Planck-70⇥Planck-100 0.00701422 0.0105036

Planck-70⇥Planck-143 0.00688065 0.0100763

Planck-100⇥Planck-143 0.00506447 0.00687650

timal. Note however that the error bars obtained with the oHL like-
lihood are comparable with the optimal estimate obtained by using
the pixel-based approach at better than 15%.

Finally, we use the combined oHL likelihood to test the re-
sults with a di↵erent sky cut, as we want to ensure the unbiased-
ness of the oHL method in the case of a larger mask. As shown in
table 2 and in the right panel of Fig. 10 the oHL likelihood analy-
sis performed applying a bigger mask with fsky = 0.5 (50% of the
sky) gives unbiased results. As expected, since we are considering a
smaller sky fraction and non-negligible multipole correlations, we
recover bigger error bars with respect to the fsky = 0.8 analysis,
with a degradation of ' 30% for the Planck-100⇥Planck-143.

6.2 Joint estimation of ⌧, r and As

The main interest of the full combined analysis relies on the pos-
sibility of joint estimates of parameters. Of particular interest for
the CMB analysis at low-` are the joint estimates of the ⌧, r and
As parameters. To this purpose we tested on simulations two com-
binations, relevant for the future analysis of CMB data at large an-
gular scales from e.g. Planck: the ⌧ � r joint estimation and the
⌧-As joint estimation. In both cases we perform the full analysis by
using the simulations of the Planck-100⇥Planck-143spectra since
this corresponds to the most interesting frequencies combination
with the lowest noise and it can be used to make realistic forecasts

Table 3. Results of the joint constraints for ⌧-r and ⌧-ln(1010As) obtained
with the full temperature and polarization oHL likelihood. As usual the
fiducial model used in the simulations is the ⇤CDM Planck-2015 best fit
with ⌧ f id = 0.078 and ln(1010(As) f id) = 3.09. For r the fiducial value is
r f id = 0.1.

⌧ � r

⌧best f it �⌧ rbest f it �r

0.0772727 0.00492517 0.0971194 0.0814614

⌧ � ln(1010As)

⌧best f it �⌧ (ln(1010As))best f it �(ln(1010As))

0.0775020 0.00501646 3.08478 0.0757020

for current and future CMB experiments. We consider a sky cut
with fsky = 0.8.

6.2.1 Joint estimation of ⌧ and r

As shown in Fig. 2, since the amplitude of the reionization bump
in the B-modes spectrum depends on how the reionization process
proceeded and lasted, the B-modes spectrum at low-` depends on
the ⌧ parameter. In particular, the amplitude of the B-modes spec-
trum at the reionization bump scales with ⌧2: CBB

`<20(⌧) / ⌧2CBB
`<20.

As the amplitude of the B-modes spectrum of course also depends
on the amount of the primordial tensor perturbations, there is a de-
generacy between the ⌧ and r parameters. We compute the joint
⌧ � r constraints with the full oHL likelihood on 2000 simulations
of the Planck-100⇥Planck-143cross-spectra with an input cosmol-
ogy corresponding to the Planck -2015 best fit for the base ⇤CDM
parameters with ⌧ f iducial = 0.078 and a fiducial tensor-to-scalar ratio
of: r f iducial = 0.1. The multipole range used is, as usual, ` = [2, 20]

The results of the oHL likelihood sampling on the whole set
of simulations are summarized in Table 3 and Fig. 12 that repre-
sents the projection in the ⌧� r of the oHL posterior, from which is
clear that we obtain unbiased estimates for both parameters ⌧ and
r. As regarding the error bars, the forecasted 1�� error for ⌧ in the
case of the highest resolution channels of a Planck-like experiment
is �100⇥143

⌧ = 0.0049. Note however that, for the multipole range
considered, we find �100⇥143

r = 0.09, meaning that the constraining
power for the tensor-to-scalar ratio from the reionization bump only
is somewhat worst than previous forecasts for a Planck-like exper-
iment (e.g. (Efstathiou & Gratton 2009)). This can be explained
by the fact that we work in a lower reionization scenario with re-
spect to the previous analysis, implying a suppression of ' a factor
of two in the amplitude of the reionization bump in the B-modes
spectrum. Also, more importantly, in our simulations we consider a
correlated noise model. This noise characterization, which is more
realistic with respect to the simpler white noise modeling used in
previous analysis, implies a rising of the noise level at low multi-
poles due to the 1/ f noise correlations (see Fig. 2). Therefore, in
particular in the case of a low signal scenario, the correlated noise
at large scales can eventually dominate over the cosmic variance in-
ducing a worsening of the constraining power proportional on how
steep is the rising of the correlated noise at low multipoles.

6.2.2 Joint estimation of ⌧ and As

Finally we want to quantify the impact on the ⌧ constraints obtained
so far of the joint analysis of ⌧ and the amplitude of the primordial
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Figure 11. Validation of the oHL multi-fields likelihood. The plots show
that the oHL likelihood computed combining the T, E and B fields and ac-
counting for both multipole and fields correlations gives unbiased results
on the estimation of the optical depth to reionization parameter ⌧. The top
panel shows the ⌧ posterior for the six di↵erent cross-spectra when 20% of
the sky is masked ( fsky = 0.8), while the bottom panel shows the results
for a bigger mask with fsky = 0.5. The dashed line refers to the input value
⌧ f id = 0.078 used in the simulations.

Figure 12. Comparison of the posterior distributions of the ⌧ parameter ob-
tained with the full temperature and polarization oHL likelihood (blue) and
with the pixel-based likelihood (green). The plot shows a typical example
from the Planck-HFI simulation set.

Table 2. Results on the estimation of the ⌧ parameter with the full tem-
perature and polarization oHL likelihood. The fiducial model used in the
simulation is the Planck 2015 ⇤CDM best fit with ⌧ f id = 0.078. The table
shows the comparison between the estimates obtained with two di↵erent
sky cuts: . the small mask with with fsky = 0.8 and a bigger mask with
fsky = 0.5.

Cross-spectra �⌧ ( fsky = 0.8) �⌧ ( fsky = 0.5)

WMAP⇥Planck-70 0.0108 0.0203

WMAP⇥Planck-100 0.0075 0.0121

WMAP⇥Planck-143 0.0079 0.0116

Planck-70⇥Planck-100 0.0069 0.0105

Planck-70⇥Planck-143 0.0065 0.0101

Planck-100⇥Planck-143 0.0049 0.0069

Table 3. Results of the joint constraints for ⌧-r and ⌧-ln(1010As) obtained
with the full temperature and polarization oHL likelihood. As usual the fidu-
cial model used in the simulations is the ⇤CDM Planck 2015 best fit with
⌧ = 0.078, ln(1010As) = 3.09 and r = 0.1. The results are for the set of
Planck-100⇥Planck-143 cross-spectra simulations with fsky = 0.8.

⌧ � ln(1010As)

⌧best f it �⌧ (ln(1010As))best f it �(ln(1010As))

0.0770 0.0050 3.0632 0.0750

⌧ � r

⌧best f it �⌧ rbest f it �r

0.0777 0.0049 0.0703 0.0794

6.2 Joint estimation of ⌧, r and As

Using the full combined analysis, we can construct multi-
dimensional constraints on parameters. In particular, we focus on
the correlations between the optical depth and the amplitude of
the scalar fluctuations As and between the optical depth and the
tensor-to-scalar ratio r which are relevant for the future analysis of
CMB data at large angular scales from e.g. Planck. In both cases we
perform the full analysis using the Planck-100⇥Planck-143 spec-
tra which corresponds to the lowest noise frequency combination
and it can be used to make realistic forecasts for current and future
CMB experiments. We consider a sky cut with fsky = 0.8.

6.2.1 Joint estimation of ⌧ and As

Using the temperature power spectrum only, As and ⌧ are strongly
degenerated. Indeed, the amplitude of the first acoustic peak of the
CMB temperature power spectrum directly measures ATT = Ase�2⌧.
Using polarization data at large angular scale helps breaking this
degeneracy. So far we fixed the degeneracy direction by rescaling
the temperature spectrum, fixing ATT , accordingly to the variation
of ⌧ in the likelihood sampling. Here we let As free to vary. The re-
sults from the simulations, using the Planck-100⇥Planck-143 full
oHL likelihood are summarized in Table 3 and Fig. 13. They show
the 2D histogram of the best fit values for the whole set of sim-
ulations in the ⌧-As projection. The full oHL likelihood correctly
recovers the inputs values for ⌧ and As as well as error bars com-
patible with the MC dispersion.
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Figure 11. Validation of the oHL multi-fields likelihood. The plots show
that the oHL likelihood computed combining the T, E and B fields and ac-
counting for both multipole and fields correlations gives unbiased results
on the estimation of the optical depth to reionization parameter ⌧. The top
panel shows the ⌧ posterior for the six di↵erent cross-spectra when 20% of
the sky is masked ( fsky = 0.8), while the bottom panel shows the results
for a bigger mask with fsky = 0.5. The dashed line refers to the input value
⌧ f id = 0.078 used in the simulations.

Figure 12. Comparison of the posterior distributions of the ⌧ parameter ob-
tained with the full temperature and polarization oHL likelihood (blue) and
with the pixel-based likelihood (green). The plot shows a typical example
from the Planck-HFI simulation set.

Table 2. Results on the estimation of the ⌧ parameter with the full tem-
perature and polarization oHL likelihood. The fiducial model used in the
simulation is the Planck 2015 ⇤CDM best fit with ⌧ f id = 0.078. The table
shows the comparison between the estimates obtained with two di↵erent
sky cuts: . the small mask with with fsky = 0.8 and a bigger mask with
fsky = 0.5.

Cross-spectra �⌧ ( fsky = 0.8) �⌧ ( fsky = 0.5)

WMAP⇥Planck-70 0.0108 0.0203

WMAP⇥Planck-100 0.0075 0.0121

WMAP⇥Planck-143 0.0079 0.0116

Planck-70⇥Planck-100 0.0069 0.0105

Planck-70⇥Planck-143 0.0065 0.0101

Planck-100⇥Planck-143 0.0049 0.0069

Table 3. Results of the joint constraints for ⌧-r and ⌧-ln(1010As) obtained
with the full temperature and polarization oHL likelihood. As usual the fidu-
cial model used in the simulations is the ⇤CDM Planck 2015 best fit with
⌧ = 0.078, ln(1010As) = 3.09 and r = 0.1. The results are for the set of
Planck-100⇥Planck-143 cross-spectra simulations with fsky = 0.8.

⌧ � ln(1010As)

⌧best f it �⌧ (ln(1010As))best f it �(ln(1010As))

0.0770 0.0050 3.0632 0.0750

⌧ � r

⌧best f it �⌧ rbest f it �r

0.0777 0.0049 0.0703 0.0794

6.2 Joint estimation of ⌧, r and As

Using the full combined analysis, we can construct multi-
dimensional constraints on parameters. In particular, we focus on
the correlations between the optical depth and the amplitude of
the scalar fluctuations As and between the optical depth and the
tensor-to-scalar ratio r which are relevant for the future analysis of
CMB data at large angular scales from e.g. Planck. In both cases we
perform the full analysis using the Planck-100⇥Planck-143 spec-
tra which corresponds to the lowest noise frequency combination
and it can be used to make realistic forecasts for current and future
CMB experiments. We consider a sky cut with fsky = 0.8.

6.2.1 Joint estimation of ⌧ and As

Using the temperature power spectrum only, As and ⌧ are strongly
degenerated. Indeed, the amplitude of the first acoustic peak of the
CMB temperature power spectrum directly measures ATT = Ase�2⌧.
Using polarization data at large angular scale helps breaking this
degeneracy. So far we fixed the degeneracy direction by rescaling
the temperature spectrum, fixing ATT , accordingly to the variation
of ⌧ in the likelihood sampling. Here we let As free to vary. The re-
sults from the simulations, using the Planck-100⇥Planck-143 full
oHL likelihood are summarized in Table 3 and Fig. 13. They show
the 2D histogram of the best fit values for the whole set of sim-
ulations in the ⌧-As projection. The full oHL likelihood correctly
recovers the inputs values for ⌧ and As as well as error bars com-
patible with the MC dispersion.

c� 0000 RAS, MNRAS 000, 000–000
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Figure 13. 2D-distribution of the maximum likelihood for (⌧-r) and (⌧-As). The plot shows the joint constraints obtained with the full temperature and
polarization oHL likelihood on 2000 simulations of the Planck-100⇥Planck-143 cross-spectra.

best fit for the base⇤CDM parameters with ⌧ = 0.078 and a tensor-
to-scalar ratio of r = 0.1. The multipole range used is, as usual,
` = [2, 20]. The results of the oHL likelihood sampling on simula-
tions are summarized in Fig. 13 that represents the posterior in the
⌧-r plane from the oHL and from which we can see no bias for both
parameters ⌧ and r. As regarding the error bars, the forecasted 1�
error for ⌧ in the case of the highest resolution channels of a Planck-
like experiment is �100⇥143

⌧ = 0.0051. For the tensor-to-scalar ratio
in the multipole range considered, we find �100⇥143

r = 0.09. Note
that in our analysis, we consider a correlated noise model. This
noise characterization, which is more realistic with respect to a sim-
pler white noise modeling, implies a rising of the noise level at low
multipoles due to the 1/ f noise correlations (see Fig. 2). Therefore,
in particular in the case of a low signal scenario, the correlated noise
at large scales can eventually dominate over the cosmic variance in-
ducing a worsening of the constraining power proportional on how
steep is the rising of the correlated noise at low multipoles.

7 CONCLUSIONS

In this paper we presented a new approach for the analysis of the
CMB polarization data at large angular scales. This approach is
based on the extension of a cross-spectra based likelihood at low
multipoles. Using cross-spectra with respect to the auto-spectra
and, in general, to the pixel based approach used so far in the
CMB analysis at large angular scales, has many advantages, in
particular in the case of a realistic CMB experiment that account
for anisotropic noise and a sky cut needed to minimize the fore-
ground contamination. In fact, by using cross-frequency/cross-
dataset CMB spectra, the noise biases and the systematics specific
to a given frequency/dataset are removed. Also, the possible fore-
ground residuals can be minimized and disentangled and the infor-
mation encoded in di↵erent frequencies/datasets can be combined
e�ciently.

In order to solve for the issue that the cross-spectra estimators
are non-Gaussian at low multipoles, we built two di↵erent types of
cross-spectra based likelihoods. The first type relies on the analyti-
cal parametrization of the estimator distribution which can be used
as a quick solution in the case of a single field analysis with small
sky cuts so that correlations can be safely neglected. The second

type (oHL) is a more general likelihood defined from the modi-
fication of the method described in Hamimeche & Lewis (2008)
and based on approximations of the statistic of cross-spectra at low
multipoles. The oHL likelihood can easily handle the correlation
between CMB modes (TT , EE, BB, T E as well as T B and EB)
and between multipoles and gives error bars less than 15% larger
than the optimal pixel-based method.

We generated di↵erent sets of simulations that we used to con-
struct and validate the likelihoods, proving that all the methods are
unbiased and can accurately constrain the cosmological parameters
relevant for the CMB analysis at large angular scales: the optical
depth to reionization parameter, ⌧, the tensor-to-scalar ratio param-
eter, r and the amplitude of the primordial scalar perturbations As.

Our CMB simulations account for anisotropic correlated
noise, beam, mask with the characteristic of a realistic CMB exper-
iment as WMAP and Planck. In order to validate our likelihoods for
di↵erent noise levels, we generated simulations for cross-frequency
spectra with di↵erent resolution, from the lowest, WMAPxPlanck-
70, to highest, i.e. Planck-100xPlanck-143. Optimal foreground
cleaning is beyond the scope of this paper but foreground resid-
uals, in particular synchrotron and dust, must be quantified in a
realistic CMB analysis. In this paper we work with cleaned CMB
maps but we account and propagate the uncertainties related to the
foregrounds removal by using in our simulations realistic estimates
derived from public data. The correlated noise term that we include
in the simulations in fact is drown from real data and can be taken
as a good proxy for a realistic combination of noise, systematics
and foregrounds residuals, in particular at low multipoles.

The cross-spectra likelihood approach presented in this paper
is a powerful and e�cient tool for the analysis of the CMB data at
large angular scales. It allows to minimize the impact of the experi-
mental residual systematics (from both instruments and foreground
contamination) while providing nearly-optimal constraints on the
estimation of the ⌧, r and As cosmological parameters.
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 The CMB polarization at large angular scales!
!
!
 The challenge for Planck: systematics and statistics!

!
!

 The new Planck HFI results!
!
!



• Large scale Polarization l=[4-20] + lmin=2,3!
!

• E-modes 100GHzx143GHz cross spectra  (PCL, Xpol)!
!
• Sky fraction: 50% + validation 60%!
!
• Polarization foreground cleaning !
!

    Planck frequencies corrected for polarization leakage: 
- 30GHz for polarized synchrotron  
- 353GHz for polarized dust 

!

• Cross-spectra based likelihood analysis oHL (Mangilli et al. MNRAS 2015)
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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
C`s 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

X` =
q

Cf
` + O` g

0
BBBB@
eC` + O`
C` + O`

1
CCCCA
q

Cf
` + O`, (A.1)

where g(x) =
p

2(x � ln(x) � 1), eC` are the measured cross-
power spectra, C` are the power-spectra of the model to evaluate,
Cf
` is a fiducial model, and O` are the o↵sets needed in the case

of cross-spectra. For multi-dimensional CMB modes (i.e., T , E,
and B), C` is a 3 ⇥ 3 matrix of power-spectra:

C` =

0
BBBBBBB@

CTT CT E CT B

CET CEE CEB

CBT CBE CBB

1
CCCCCCCA
`

, (A.2)

and the g function is applied to the eigenvalues of C�1/2
`
eC`C�1/2

` .
In the case of auto-spectra, the o↵sets are replaced by the

noise bias e↵ectively present in the measured power-spectra. For
cross-power spectra, the noise bias is null and here we use the
e↵ective o↵sets defined from the C` noise variance:

�C` ⌘
r

2
2` + 1

O`. (A.3)

The distribution of the new variable X can be approximated
as Gaussian, with a covariance given by the covariance of the
C`s. The likelihood function of the C` given the data eC` is then

� 2 ln P(C` |eC`) =
X

``0
XT
` M�1
``0X`0 , (A.4)

where the C` covariance matrix M``0 is estimated via Monte
Carlo simulations.

In this paper, we restrict ourselves to the one-field approx-
imation in order to derive a likelihood function based only on
the EE power spectrum at very low multipoles. We use a con-
servative sky fraction including 50 % of the sky, with a Galactic
mask based on a threshold on the polarisation amplitude mea-
sured in the 353 GHz Planck channel, further apodized using a
4� Gaussian taper (see Fig. A.1). We use Xpol (a pseudo-C` esti-
mator 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 the first two multi-
poles (` = 2 and 3), since they are more subject to contamination
by residual instrumental e↵ects (see Planck Collaboration XLVI
2016).

This likelihood has been tested on Monte Carlo simulations
including signal (CMB and foregrounds), realistic noise, and
systematic e↵ects. The simulated maps are then foreground-
subtracted, using the same procedure as for the data. We con-
structed the C` covariance matrix M``0 using those simulations.
Figure A.2 shows the distribution of the recovered ⌧ values for
an input model with ⌧ = 0.06, fixing all other cosmological pa-
rameters to the Planck 2015 best-fit values (including Ase�2⌧).

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

Fig. A.2. Distribution of the peak value of the posterior distri-
bution for optical depth from end-to-end simulations including
noise, systematic e↵ects, Galactic dust signal, and CMB with the
fiducial value of ⌧ = 0.06.

To validate the choice of multipole and the stability of the re-
sult on ⌧, 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.

Appendix B: Impact on ⇤CDM parameters

In addition to the restricted parameter set shown in Fig. 6,
we describe here the impact of the lollipop likelihood on
⇤CDM parameters in general. Figure B.1 compares results from
lollipop+PlanckTT with the lowP+PlanckTT 2015. The new
low-` polarization results are su�ciently powerful that they
break the degeneracy between ns and ⌧. The contours for ⌧ and
As, where the lollipop likelihood dominates the constraint, are
significantly reduced. The impact on other ⇤CDM parameters
are small, typically below 0.3�.
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Fig. A.3. Posterior distributions for optical depth, showing the
e↵ect of changing two of the choices made in our analysis.
Top: Di↵erent choices of minimum multipole. Bottom: Di↵erent
choices of sky fraction used.
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�z = 0.5), for the various data combinations are:

⌧ = 0.053+0.014
�0.016 , lollipop

5 ; (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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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
C`s 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

X` =
q

Cf
` + O` g

0
BBBB@
eC` + O`
C` + O`

1
CCCCA
q

Cf
` + O`, (A.1)

where g(x) =
p

2(x � ln(x) � 1), eC` are the measured cross-
power spectra, C` are the power-spectra of the model to evaluate,
Cf
` is a fiducial model, and O` are the o↵sets needed in the case

of cross-spectra. For multi-dimensional CMB modes (i.e., T , E,
and B), C` is a 3 ⇥ 3 matrix of power-spectra:

C` =

0
BBBBBBB@

CTT CT E CT B

CET CEE CEB

CBT CBE CBB

1
CCCCCCCA
`

, (A.2)

and the g function is applied to the eigenvalues of C�1/2
`
eC`C�1/2

` .
In the case of auto-spectra, the o↵sets are replaced by the

noise bias e↵ectively present in the measured power-spectra. For
cross-power spectra, the noise bias is null and here we use the
e↵ective o↵sets defined from the C` noise variance:

�C` ⌘
r

2
2` + 1

O`. (A.3)

The distribution of the new variable X can be approximated
as Gaussian, with a covariance given by the covariance of the
C`s. The likelihood function of the C` given the data eC` is then
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X

``0
XT
` M�1
``0X`0 , (A.4)

where the C` covariance matrix M``0 is estimated via Monte
Carlo simulations.

In this paper, we restrict ourselves to the one-field approx-
imation in order to derive a likelihood function based only on
the EE power spectrum at very low multipoles. We use a con-
servative sky fraction including 50 % of the sky, with a Galactic
mask based on a threshold on the polarisation amplitude mea-
sured in the 353 GHz Planck channel, further apodized using a
4� Gaussian taper (see Fig. A.1). We use Xpol (a pseudo-C` esti-
mator 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 the first two multi-
poles (` = 2 and 3), since they are more subject to contamination
by residual instrumental e↵ects (see Planck Collaboration XLVI
2016).

This likelihood has been tested on Monte Carlo simulations
including signal (CMB and foregrounds), realistic noise, and
systematic e↵ects. The simulated maps are then foreground-
subtracted, using the same procedure as for the data. We con-
structed the C` covariance matrix M``0 using those simulations.
Figure A.2 shows the distribution of the recovered ⌧ values for
an input model with ⌧ = 0.06, fixing all other cosmological pa-
rameters to the Planck 2015 best-fit values (including Ase�2⌧).

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

Fig. A.2. Distribution of the peak value of the posterior distri-
bution for optical depth from end-to-end simulations including
noise, systematic e↵ects, Galactic dust signal, and CMB with the
fiducial value of ⌧ = 0.06.

To validate the choice of multipole and the stability of the re-
sult on ⌧, 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.

Appendix B: Impact on ⇤CDM parameters

In addition to the restricted parameter set shown in Fig. 6,
we describe here the impact of the lollipop likelihood on
⇤CDM parameters in general. Figure B.1 compares results from
lollipop+PlanckTT with the lowP+PlanckTT 2015. The new
low-` polarization results are su�ciently powerful that they
break the degeneracy between ns and ⌧. The contours for ⌧ and
As, where the lollipop likelihood dominates the constraint, are
significantly reduced. The impact on other ⇤CDM parameters
are small, typically below 0.3�.
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Fig. A.3. Posterior distributions for optical depth, showing the
e↵ect of changing two of the choices made in our analysis.
Top: Di↵erent choices of minimum multipole. Bottom: Di↵erent
choices of sky fraction used.
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Via Saragat 1, 44122 Ferrara, Italy

31 Dipartimento di Fisica, Università La Sapienza, P. le A. Moro 2,
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�z = 0.5), for the various data combinations are:

⌧ = 0.053+0.014
�0.016 , lollipop

5 ; (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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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
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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
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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
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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
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cally “CSF” and “patchy”) to the kSZ power spectrum are shown
in Fig 7 and compared to the “homogeneous” template used in
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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
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zre and its duration �z = zbeg � zend. We show only the results
for �z 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 additiotnal constraints from the kSZ amplitude.
In each case, we also derive the constraints derived when pos-
tulating that reionization should be completed at a redshift of 6
(see Sect. 2.1), i.e., when imposing the prior zend > 6.

5.1. Redshift-symmetric parameterization

We use the Planck CMB likelihoods in temperature (PlanckTT)
and polarization (lollipop) to derive constraints on ⇤CDM
parameters, including the reionization redshift zre and width �z
for a redshift-symmetric parameterization. Figure 10 shows (in
blue) the posterior on zre and �z after marginalization over the
other cosmological and nuisance parameters. As discussed in
Sect. 3, the large-scale polarized CMB anisotropies are almost
insensitive to the width �z of the tanh function. We thus recover
the degeneracy in the direction of �z. 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 additional prior zend > 6. In this case, we find �z < 1.3 at 95 %
CL, which corresponds to a reionization duration (zbeg � zend) of

�z < 4.6 (95 % CL). (13)

Fig. 10. Posterior distributions (in blue) of zre and �z 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 zend > 6.

The posterior distribution of zre is shown in Fig. 10 after
marginalizing over �z, with and without the additional constraint
zend > 6. This suggests that the reionization process occurred at

redshift

zre = 8.5+1.0
�1.1 (uniform prior) , (14)

zre = 8.8+0.9
�0.9 (prior zend > 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 zre = 10.3 ± 1.1. It is
also lower than the value zre = 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
reionization redshift value is entirely consistent with the
Planck 2015 results (Planck Collaboration XIII 2016) for
PlanckTT+lowP alone, zre = 9.9+1.8

�1.6 or in combina-
tion with other data sets, zre = 8.8+1.3

�1.2 (specifically for
PlanckTT+lowP+lensing+BAO) estimated with �z fixed to 0.5.
The constraint from lollipop+PlanckTT when fixing �z to 0.5
is zre = 8.2+1.0

�1.2. This slightly lower value (compared to the one
obtained when letting the reionization width be free) is explained
by the shape of the degeneracy surface. Allowing for larger du-
ration when keeping the same value of ⌧ pushes towards higher
reionization redshifts; marginalizing over �z thus shifts the pos-
terior distribution to slightly larger zre values.

Fig. 11. Posterior distributions on the end and beginning of
reionization, i.e., zend and zbeg, using the redshift-symmetric pa-
rameterization without (blue) and with (green) the prior zend > 6.

In addition to the posteriors for zre and �z using the redshift-
symmetric parameterization, the distributions of the end and
beginning of reionization, zend (i.e., z99 %) and zbeg (i.e., 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 zbeg only slightly depend on the low-
redshift prior. This results shows that the Universe is ionized at
less than the 10 % level above z = 9.4 ± 1.2.

5.2. Redshift-asymmetric parameterization

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

The distributions of the two parameters, zend and zbeg, are
plotted in Fig. 12. With the redshift-asymmetric parameteriza-
tion, we obtain zbeg = 10.4+1.9

�1.6 (imposing the prior on zend),
which disfavours any major contribution to the ionized fraction
from sources that could form as early as z >⇠ 15.
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Planck Collaboration: Reionization history

zre and its duration �z = zbeg � zend. We show only the results
for �z 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 additiotnal constraints from the kSZ amplitude.
In each case, we also derive the constraints derived when pos-
tulating that reionization should be completed at a redshift of 6
(see Sect. 2.1), i.e., when imposing the prior zend > 6.

5.1. Redshift-symmetric parameterization

We use the Planck CMB likelihoods in temperature (PlanckTT)
and polarization (lollipop) to derive constraints on ⇤CDM
parameters, including the reionization redshift zre and width �z
for a redshift-symmetric parameterization. Figure 10 shows (in
blue) the posterior on zre and �z after marginalization over the
other cosmological and nuisance parameters. As discussed in
Sect. 3, the large-scale polarized CMB anisotropies are almost
insensitive to the width �z of the tanh function. We thus recover
the degeneracy in the direction of �z. 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 additional prior zend > 6. In this case, we find �z < 1.3 at 95 %
CL, which corresponds to a reionization duration (zbeg � zend) of

�z < 4.6 (95 % CL). (13)

Fig. 10. Posterior distributions (in blue) of zre and �z 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 zend > 6.

The posterior distribution of zre is shown in Fig. 10 after
marginalizing over �z, with and without the additional constraint
zend > 6. This suggests that the reionization process occurred at

redshift

zre = 8.5+1.0
�1.1 (uniform prior) , (14)

zre = 8.8+0.9
�0.9 (prior zend > 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 zre = 10.3 ± 1.1. It is
also lower than the value zre = 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
reionization redshift value is entirely consistent with the
Planck 2015 results (Planck Collaboration XIII 2016) for
PlanckTT+lowP alone, zre = 9.9+1.8

�1.6 or in combina-
tion with other data sets, zre = 8.8+1.3

�1.2 (specifically for
PlanckTT+lowP+lensing+BAO) estimated with �z fixed to 0.5.
The constraint from lollipop+PlanckTT when fixing �z to 0.5
is zre = 8.2+1.0

�1.2. This slightly lower value (compared to the one
obtained when letting the reionization width be free) is explained
by the shape of the degeneracy surface. Allowing for larger du-
ration when keeping the same value of ⌧ pushes towards higher
reionization redshifts; marginalizing over �z thus shifts the pos-
terior distribution to slightly larger zre values.

Fig. 11. Posterior distributions on the end and beginning of
reionization, i.e., zend and zbeg, using the redshift-symmetric pa-
rameterization without (blue) and with (green) the prior zend > 6.

In addition to the posteriors for zre and �z using the redshift-
symmetric parameterization, the distributions of the end and
beginning of reionization, zend (i.e., z99 %) and zbeg (i.e., 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 zbeg only slightly depend on the low-
redshift prior. This results shows that the Universe is ionized at
less than the 10 % level above z = 9.4 ± 1.2.

5.2. Redshift-asymmetric parameterization

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

The distributions of the two parameters, zend and zbeg, are
plotted in Fig. 12. With the redshift-asymmetric parameteriza-
tion, we obtain zbeg = 10.4+1.9

�1.6 (imposing the prior on zend),
which disfavours any major contribution to the ionized fraction
from sources that could form as early as z >⇠ 15.
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Planck Collaboration: Planck constraints on reionization history

Fig. 9. Constraints on the kSZ amplitude at ` = 3000 using
lollipop+PlanckTT+VHL likelihoods. The three cases corre-
spond to di↵erent kSZ templates.

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 AkSZ = 1.79 µK2. 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
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 �z = zbeg � zend. We show only the results
for �z 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 zend > 6.

5.1. Redshift-symmetric parameterization

We use the Planck CMB likelihoods in temperature (PlanckTT)
and polarization (lollipop) to derive constraints on ⇤CDM
parameters, including the reionization redshift zre and width �z
for a redshift-symmetric parameterization. Figure 10 shows (in
blue) the posterior on zre and �z after marginalization over the
other cosmological and nuisance parameters. As discussed in
Sect. 3, the large-scale polarized CMB anisotropies are almost
insensitive to the width �z of the tanh function. We thus recover
the degeneracy in the direction of �z. 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 additional prior zend > 6. In this case, we find �z < 1.3 at 95 %
CL, which corresponds to a reionization duration (zbeg � zend) of

�z < 4.6 (95 % CL). (13)

Fig. 10. Posterior distributions (in blue) of zre and �z 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 zend > 6.

The posterior distribution of zre is shown in Fig. 10 after
marginalizing over �z, with and without the additional constraint
zend > 6. This suggests that the reionization process occurred at
redshift

zre = 8.5+1.0
�1.1 (uniform prior) , (14)

zre = 8.8+0.9
�0.9 (prior zend > 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 zre = 10.3 ± 1.1. It is
also lower than the value zre = 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
reionization redshift value is entirely consistent with the
Planck 2015 results (Planck Collaboration XIII 2016) for
PlanckTT+lowP alone, zre = 9.9+1.8

�1.6 or in combina-
tion with other data sets, zre = 8.8+1.3

�1.2 (specifically for
PlanckTT+lowP+lensing+BAO) estimated with �z fixed to 0.5.
The constraint from lollipop+PlanckTT when fixing �z to 0.5
is zre = 8.2+1.0

�1.2. This slightly lower value (compared to the one
obtained when letting the reionization width be free) is explained
by the shape of the degeneracy surface. Allowing for larger du-
ration when keeping the same value of ⌧ pushes towards higher
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Fig. 9. Constraints on the kSZ amplitude at ` = 3000 using
lollipop+PlanckTT+VHL likelihoods. The three cases corre-
spond to di↵erent kSZ templates.

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 AkSZ = 1.79 µK2. 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
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 �z = zbeg � zend. We show only the results
for �z 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 zend > 6.

5.1. Redshift-symmetric parameterization

We use the Planck CMB likelihoods in temperature (PlanckTT)
and polarization (lollipop) to derive constraints on ⇤CDM
parameters, including the reionization redshift zre and width �z
for a redshift-symmetric parameterization. Figure 10 shows (in
blue) the posterior on zre and �z after marginalization over the
other cosmological and nuisance parameters. As discussed in
Sect. 3, the large-scale polarized CMB anisotropies are almost
insensitive to the width �z of the tanh function. We thus recover
the degeneracy in the direction of �z. 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 additional prior zend > 6. In this case, we find �z < 1.3 at 95 %
CL, which corresponds to a reionization duration (zbeg � zend) of

�z < 4.6 (95 % CL). (13)

Fig. 10. Posterior distributions (in blue) of zre and �z 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 zend > 6.

The posterior distribution of zre is shown in Fig. 10 after
marginalizing over �z, with and without the additional constraint
zend > 6. This suggests that the reionization process occurred at
redshift

zre = 8.5+1.0
�1.1 (uniform prior) , (14)

zre = 8.8+0.9
�0.9 (prior zend > 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 zre = 10.3 ± 1.1. It is
also lower than the value zre = 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
reionization redshift value is entirely consistent with the
Planck 2015 results (Planck Collaboration XIII 2016) for
PlanckTT+lowP alone, zre = 9.9+1.8

�1.6 or in combina-
tion with other data sets, zre = 8.8+1.3

�1.2 (specifically for
PlanckTT+lowP+lensing+BAO) estimated with �z fixed to 0.5.
The constraint from lollipop+PlanckTT when fixing �z to 0.5
is zre = 8.2+1.0

�1.2. This slightly lower value (compared to the one
obtained when letting the reionization width be free) is explained
by the shape of the degeneracy surface. Allowing for larger du-
ration when keeping the same value of ⌧ pushes towards higher
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Fig. 12. Posterior distributions of zend and zbeg using the redshift-
asymmetric parameterization without (blue) and with (green) the
prior zend > 6.

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

zre = 8.0+0.9
�1.1 (uniform prior) , (16)

zre = 8.5+0.9
�0.9 (prior zend > 6) . (17)

These values are within 0.4� of the results for the redshift-
symmetric model. For the duration of the EoR, the upper limits
on �z are

�z < 10.2 (95 % CL, unform prior) , (18)
�z < 6.8 (95 % CL, prior zend > 6) . (19)

Fig. 13. Posterior distributions for zre and �z using the redshift-
asymmetric parameterization without (blue) and with (green) the
prior zend > 6.

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 e↵ect. Since Planck alone
is not able to provide accurate limits on the kSZ amplitude, we
combine the Planck likelihoods in temperature and polarization
with the measurements of the CMB TT 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 ⌧ (see Eq. 7 and the discussion in Sect. 4.1). We also see the
same degeneracy along the �z direction.

With the addition of kSZ information, we are able to break
the degeneracy with �z. 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 ⇤CDM 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
results 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 ⌧ and AkSZ, as measured by Planck in combi-
nation with very high-` temperature data (Fig. 8), we derive a 2D
likelihood function for zre and �z. We can then sample the reion-
ization parameters (the epoch zre and duration �z of the EoR),
compute the associated optical depth and kSZ power and derive
constraints based on the 2D likelihood. The allowed models in
terms of zre and �z are shown in Fig. 14 (in blue). We also plot
(in green) the same constraints with the additional prior zend > 6.

Fig. 14. Posterior distributions on the duration �z and the red-
shift zre of reionization from the combination of CMB polariza-
tion and kSZ e↵ect constraints without (blue) and with (green)
the prior zend > 6.
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Fig. 11. Posterior distributions on the end and beginning of
reionization, i.e., zend and zbeg, using the redshift-symmetric pa-
rameterization without (blue) and with (green) the prior zend > 6.

reionization redshifts; marginalizing over �z thus shifts the pos-
terior distribution to slightly larger zre values.

In addition to the posteriors for zre and �z using the redshift-
symmetric parameterization, the distributions of the end and
beginning of reionization, zend (i.e., z99 %) and zbeg (i.e., 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 zbeg 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.

5.2. Redshift-asymmetric parameterization

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

The distributions of the two parameters, zend and zbeg, are
plotted in Fig. 12. With the redshift-asymmetric parameteriza-
tion, we obtain zbeg = 10.4+1.9

�1.6 (imposing the prior on zend),
which disfavours any major contribution to the ionized fraction
from sources that could form as early as z >⇠ 15.

Fig. 12. Posterior distributions of zend and zbeg using the redshift-
asymmetric parameterization without (blue) and with (green) the
prior zend > 6.

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

zre = 8.0+0.9
�1.1 (uniform prior) , (16)

zre = 8.5+0.9
�0.9 (prior zend > 6) . (17)

These values are within 0.4� of the results for the redshift-
symmetric model. For the duration of the EoR, the upper limits
on �z are

�z < 10.2 (95 % CL, unform prior) , (18)
�z < 6.8 (95 % CL, prior zend > 6) . (19)

Fig. 13. Posterior distributions for zre and �z using the redshift-
asymmetric parameterization without (blue) and with (green) the
prior zend > 6.

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 e↵ect. Since Planck alone
is not able to provide accurate limits on the kSZ amplitude, we
combine the Planck likelihoods in temperature and polarization
with the measurements of the CMB TT 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 ⌧ (see Eq. 7 and the discussion in Sect. 4.1). We also see the
same degeneracy along the �z direction.

With the addition of kSZ information, we are able to break
the degeneracy with �z. 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 ⇤CDM 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
results presented here are derived from specific simulations of
the reionization process, and so explicit scalings need to be
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Fig. 9. Constraints on the kSZ amplitude at ` = 3000 using
lollipop+PlanckTT+VHL likelihoods. The three cases corre-
spond to di↵erent kSZ templates.

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 AkSZ = 1.79 µK2. 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
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 �z = zbeg � zend. We show only the results
for �z 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 zend > 6.

5.1. Redshift-symmetric parameterization

We use the Planck CMB likelihoods in temperature (PlanckTT)
and polarization (lollipop) to derive constraints on ⇤CDM
parameters, including the reionization redshift zre and width �z
for a redshift-symmetric parameterization. Figure 10 shows (in
blue) the posterior on zre and �z after marginalization over the
other cosmological and nuisance parameters. As discussed in
Sect. 3, the large-scale polarized CMB anisotropies are almost
insensitive to the width �z of the tanh function. We thus recover
the degeneracy in the direction of �z. 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 additional prior zend > 6. In this case, we find �z < 1.3 at 95 %
CL, which corresponds to a reionization duration (zbeg � zend) of

�z < 4.6 (95 % CL). (13)

Fig. 10. Posterior distributions (in blue) of zre and �z 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 zend > 6.

The posterior distribution of zre is shown in Fig. 10 after
marginalizing over �z, with and without the additional constraint
zend > 6. This suggests that the reionization process occurred at
redshift

zre = 8.5+1.0
�1.1 (uniform prior) , (14)

zre = 8.8+0.9
�0.9 (prior zend > 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 zre = 10.3 ± 1.1. It is
also lower than the value zre = 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
reionization redshift value is entirely consistent with the
Planck 2015 results (Planck Collaboration XIII 2016) for
PlanckTT+lowP alone, zre = 9.9+1.8

�1.6 or in combina-
tion with other data sets, zre = 8.8+1.3

�1.2 (specifically for
PlanckTT+lowP+lensing+BAO) estimated with �z fixed to 0.5.
The constraint from lollipop+PlanckTT when fixing �z to 0.5
is zre = 8.2+1.0

�1.2. This slightly lower value (compared to the one
obtained when letting the reionization width be free) is explained
by the shape of the degeneracy surface. Allowing for larger du-
ration when keeping the same value of ⌧ pushes towards higher
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zre and its duration �z = zbeg � zend. We show only the results
for �z 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 additiotnal constraints from the kSZ amplitude.
In each case, we also derive the constraints derived when pos-
tulating that reionization should be completed at a redshift of 6
(see Sect. 2.1), i.e., when imposing the prior zend > 6.

5.1. Redshift-symmetric parameterization

We use the Planck CMB likelihoods in temperature (PlanckTT)
and polarization (lollipop) to derive constraints on ⇤CDM
parameters, including the reionization redshift zre and width �z
for a redshift-symmetric parameterization. Figure 10 shows (in
blue) the posterior on zre and �z after marginalization over the
other cosmological and nuisance parameters. As discussed in
Sect. 3, the large-scale polarized CMB anisotropies are almost
insensitive to the width �z of the tanh function. We thus recover
the degeneracy in the direction of �z. 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 additional prior zend > 6. In this case, we find �z < 1.3 at 95 %
CL, which corresponds to a reionization duration (zbeg � zend) of

�z < 4.6 (95 % CL). (13)

Fig. 10. Posterior distributions (in blue) of zre and �z 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 zend > 6.

The posterior distribution of zre is shown in Fig. 10 after
marginalizing over �z, with and without the additional constraint
zend > 6. This suggests that the reionization process occurred at

redshift

zre = 8.5+1.0
�1.1 (uniform prior) , (14)

zre = 8.8+0.9
�0.9 (prior zend > 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 zre = 10.3 ± 1.1. It is
also lower than the value zre = 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
reionization redshift value is entirely consistent with the
Planck 2015 results (Planck Collaboration XIII 2016) for
PlanckTT+lowP alone, zre = 9.9+1.8

�1.6 or in combina-
tion with other data sets, zre = 8.8+1.3

�1.2 (specifically for
PlanckTT+lowP+lensing+BAO) estimated with �z fixed to 0.5.
The constraint from lollipop+PlanckTT when fixing �z to 0.5
is zre = 8.2+1.0

�1.2. This slightly lower value (compared to the one
obtained when letting the reionization width be free) is explained
by the shape of the degeneracy surface. Allowing for larger du-
ration when keeping the same value of ⌧ pushes towards higher
reionization redshifts; marginalizing over �z thus shifts the pos-
terior distribution to slightly larger zre values.

Fig. 11. Posterior distributions on the end and beginning of
reionization, i.e., zend and zbeg, using the redshift-symmetric pa-
rameterization without (blue) and with (green) the prior zend > 6.

In addition to the posteriors for zre and �z using the redshift-
symmetric parameterization, the distributions of the end and
beginning of reionization, zend (i.e., z99 %) and zbeg (i.e., 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 zbeg only slightly depend on the low-
redshift prior. This results shows that the Universe is ionized at
less than the 10 % level above z = 9.4 ± 1.2.

5.2. Redshift-asymmetric parameterization

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

The distributions of the two parameters, zend and zbeg, are
plotted in Fig. 12. With the redshift-asymmetric parameteriza-
tion, we obtain zbeg = 10.4+1.9

�1.6 (imposing the prior on zend),
which disfavours any major contribution to the ionized fraction
from sources that could form as early as z >⇠ 15.
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Fig. 11. Posterior distributions on the end and beginning of
reionization, i.e., zend and zbeg, using the redshift-symmetric pa-
rameterization without (blue) and with (green) the prior zend > 6.

reionization redshifts; marginalizing over �z thus shifts the pos-
terior distribution to slightly larger zre values.

In addition to the posteriors for zre and �z using the redshift-
symmetric parameterization, the distributions of the end and
beginning of reionization, zend (i.e., z99 %) and zbeg (i.e., 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 zbeg 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.

5.2. Redshift-asymmetric parameterization

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

The distributions of the two parameters, zend and zbeg, are
plotted in Fig. 12. With the redshift-asymmetric parameteriza-
tion, we obtain zbeg = 10.4+1.9

�1.6 (imposing the prior on zend),
which disfavours any major contribution to the ionized fraction
from sources that could form as early as z >⇠ 15.

Fig. 12. Posterior distributions of zend and zbeg using the redshift-
asymmetric parameterization without (blue) and with (green) the
prior zend > 6.

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

zre = 8.0+0.9
�1.1 (uniform prior) , (16)

zre = 8.5+0.9
�0.9 (prior zend > 6) . (17)

These values are within 0.4� of the results for the redshift-
symmetric model. For the duration of the EoR, the upper limits
on �z are

�z < 10.2 (95 % CL, unform prior) , (18)
�z < 6.8 (95 % CL, prior zend > 6) . (19)

Fig. 13. Posterior distributions for zre and �z using the redshift-
asymmetric parameterization without (blue) and with (green) the
prior zend > 6.

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 e↵ect. Since Planck alone
is not able to provide accurate limits on the kSZ amplitude, we
combine the Planck likelihoods in temperature and polarization
with the measurements of the CMB TT 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 ⌧ (see Eq. 7 and the discussion in Sect. 4.1). We also see the
same degeneracy along the �z direction.

With the addition of kSZ information, we are able to break
the degeneracy with �z. 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 ⇤CDM 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
results presented here are derived from specific simulations of
the reionization process, and so explicit scalings need to be
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width �z = 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 fraction3 xe at early times, to a value of unity
at low redshifts. When calculating the e↵ect 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):

xe(z) =
f
2

"
1 + tanh

 
y � yre

�y

!#
, (2)

where y = (1 + z)3/2 and �y = 3
2 (1 + z)1/2�z. The key parameters

are thus zre, which measures the redshift at which the ionized
fraction reaches half its maximum and a width �z. 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-symmetric4

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 zre and almost degenerate with the width
�z. This is the model used in the Planck 2013 and 2015 cosmo-
logical papers, for which we have fixed �z = 0.5 (corresponding
to �z = 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., Ahn et al. 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-↵ emitters, or �-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 (zend); and the exponent ↵. Specifically
we have

xe(z) =

8>>><
>>>:

f for z < zend,

f
✓

zearly�z
zearly�zend

◆↵
for z > zend.

(3)

In the following, we fix zearly = 20, the redshift around which
the first emitting sources form, and at which we smoothly match
xe(z) 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 di↵erent.

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

3The ionized fraction is actually matched to the relic free electron
density from recombination, calculated using recfast Seager et al.
(2000).

4For convenience, we will refer to this parameterization as “redshift
symmetric” in the rest of the paper, even although it is actually symmet-
ric in y rather than z. The asymmetry is maximum in the instantaneous
case, but the di↵erence in xe values around, for example, zre = 8 ± 1, is
less than 1 %.

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 over-
all value of the optical depth, which determines the ampli-
tude of the reionization bump in the EE power spectrum (see
Fig. 3). We have estimated the impact on CEE

` for the two dif-
ferent models (tanh and power law) having the same ⌧ = 0.06
and found di↵erences of less than 4 % for ` < 10. Even for
a double reionization model, Fig. 4 shows that the impact on
CEE
` is quite weak, given the actual measured value of ⌧, and

cannot be distinguished relative to the cosmic variance spread
(i.e., even for a full-sky experiment). We also checked that
Planck data do not allow for model-independent reconstruc-
tion of xe in redshift bins. Principal component analysis has
been proposed as an explicit approach to try to capture the de-
tails 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 xe(z) in bins of redshift, ex-
panded around a given fiducial model for CEE

` . Moreover, the po-
tential bias on the ⌧ measurement when analysing a more com-
plex reionization history using a simple sharp transition model
(Holder et al. 2003; Colombo & Pierpaoli 2009) is considerably
reduced for the (lower) ⌧ values as suggested by the Planck re-
sults. Consequently, we do not consider the non-parametric ap-
proach 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 a↵ects the
kSZ e↵ect, due to the re-scattering of photons o↵ newly liberated
electrons.

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 ad-
ditional 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 (essen-
tially a bump) in the EE and T E angular power spectra relates to
the horizon size at the new “last-rescattering surface” and thus
depends 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 T E angular power spectrum (Kogut et al. 2003), and later in
combination with all power spectra (Hinshaw et al. 2013).

In Fig. 3 we show for the “instantaneous” reionization case
(specifically the redshift-symmetric parameterization with �z =
0.5) power spectra for the E-mode polarization power spec-
trum CEE

` and the temperature-polarization cross-power spec-
trum CT E

` . The curves are computed with the CLASS Boltzmann
solver (Lesgourgues 2011) using ⌧ values ranging from 0.04 to
0.08. For the range of optical depth considered here and given
the amount of cosmic variance, the T E spectrum has only a
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width �z = 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 fraction3 xe at early times, to a value of unity
at low redshifts. When calculating the e↵ect 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):

xe(z) =
f
2

"
1 + tanh

 
y � yre

�y

!#
, (2)

where y = (1 + z)3/2 and �y = 3
2 (1 + z)1/2�z. The key parameters

are thus zre, which measures the redshift at which the ionized
fraction reaches half its maximum and a width �z. 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-symmetric4

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 zre and almost degenerate with the width
�z. This is the model used in the Planck 2013 and 2015 cosmo-
logical papers, for which we have fixed �z = 0.5 (corresponding
to �z = 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., Ahn et al. 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-↵ emitters, or �-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 (zend); and the exponent ↵. Specifically
we have

xe(z) =

8>>><
>>>:

f for z < zend,

f
✓

zearly�z
zearly�zend

◆↵
for z > zend.

(3)

In the following, we fix zearly = 20, the redshift around which
the first emitting sources form, and at which we smoothly match
xe(z) 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 di↵erent.

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

3The ionized fraction is actually matched to the relic free electron
density from recombination, calculated using recfast Seager et al.
(2000).

4For convenience, we will refer to this parameterization as “redshift
symmetric” in the rest of the paper, even although it is actually symmet-
ric in y rather than z. The asymmetry is maximum in the instantaneous
case, but the di↵erence in xe values around, for example, zre = 8 ± 1, is
less than 1 %.

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 over-
all value of the optical depth, which determines the ampli-
tude of the reionization bump in the EE power spectrum (see
Fig. 3). We have estimated the impact on CEE

` for the two dif-
ferent models (tanh and power law) having the same ⌧ = 0.06
and found di↵erences of less than 4 % for ` < 10. Even for
a double reionization model, Fig. 4 shows that the impact on
CEE
` is quite weak, given the actual measured value of ⌧, and

cannot be distinguished relative to the cosmic variance spread
(i.e., even for a full-sky experiment). We also checked that
Planck data do not allow for model-independent reconstruc-
tion of xe in redshift bins. Principal component analysis has
been proposed as an explicit approach to try to capture the de-
tails 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 xe(z) in bins of redshift, ex-
panded around a given fiducial model for CEE

` . Moreover, the po-
tential bias on the ⌧ measurement when analysing a more com-
plex reionization history using a simple sharp transition model
(Holder et al. 2003; Colombo & Pierpaoli 2009) is considerably
reduced for the (lower) ⌧ values as suggested by the Planck re-
sults. Consequently, we do not consider the non-parametric ap-
proach 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 a↵ects the
kSZ e↵ect, due to the re-scattering of photons o↵ newly liberated
electrons.

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 ad-
ditional 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 (essen-
tially a bump) in the EE and T E angular power spectra relates to
the horizon size at the new “last-rescattering surface” and thus
depends 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 T E angular power spectrum (Kogut et al. 2003), and later in
combination with all power spectra (Hinshaw et al. 2013).

In Fig. 3 we show for the “instantaneous” reionization case
(specifically the redshift-symmetric parameterization with �z =
0.5) power spectra for the E-mode polarization power spec-
trum CEE

` and the temperature-polarization cross-power spec-
trum CT E

` . The curves are computed with the CLASS Boltzmann
solver (Lesgourgues 2011) using ⌧ values ranging from 0.04 to
0.08. For the range of optical depth considered here and given
the amount of cosmic variance, the T E spectrum has only a
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width �z = 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 fraction3 xe at early times, to a value of unity
at low redshifts. When calculating the e↵ect 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):

xe(z) =
f
2

"
1 + tanh

 
y � yre

�y

!#
, (2)

where y = (1 + z)3/2 and �y = 3
2 (1 + z)1/2�z. The key parameters

are thus zre, which measures the redshift at which the ionized
fraction reaches half its maximum and a width �z. 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-symmetric4

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 zre and almost degenerate with the width
�z. This is the model used in the Planck 2013 and 2015 cosmo-
logical papers, for which we have fixed �z = 0.5 (corresponding
to �z = 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., Ahn et al. 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-↵ emitters, or �-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 (zend); and the exponent ↵. Specifically
we have

xe(z) =

8>>><
>>>:

f for z < zend,

f
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zearly�z
zearly�zend

◆↵
for z > zend.

(3)

In the following, we fix zearly = 20, the redshift around which
the first emitting sources form, and at which we smoothly match
xe(z) 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 di↵erent.

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

3The ionized fraction is actually matched to the relic free electron
density from recombination, calculated using recfast Seager et al.
(2000).

4For convenience, we will refer to this parameterization as “redshift
symmetric” in the rest of the paper, even although it is actually symmet-
ric in y rather than z. The asymmetry is maximum in the instantaneous
case, but the di↵erence in xe values around, for example, zre = 8 ± 1, is
less than 1 %.

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 over-
all value of the optical depth, which determines the ampli-
tude of the reionization bump in the EE power spectrum (see
Fig. 3). We have estimated the impact on CEE

` for the two dif-
ferent models (tanh and power law) having the same ⌧ = 0.06
and found di↵erences of less than 4 % for ` < 10. Even for
a double reionization model, Fig. 4 shows that the impact on
CEE
` is quite weak, given the actual measured value of ⌧, and

cannot be distinguished relative to the cosmic variance spread
(i.e., even for a full-sky experiment). We also checked that
Planck data do not allow for model-independent reconstruc-
tion of xe in redshift bins. Principal component analysis has
been proposed as an explicit approach to try to capture the de-
tails 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 xe(z) in bins of redshift, ex-
panded around a given fiducial model for CEE

` . Moreover, the po-
tential bias on the ⌧ measurement when analysing a more com-
plex reionization history using a simple sharp transition model
(Holder et al. 2003; Colombo & Pierpaoli 2009) is considerably
reduced for the (lower) ⌧ values as suggested by the Planck re-
sults. Consequently, we do not consider the non-parametric ap-
proach 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 a↵ects the
kSZ e↵ect, due to the re-scattering of photons o↵ newly liberated
electrons.

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 ad-
ditional 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 (essen-
tially a bump) in the EE and T E angular power spectra relates to
the horizon size at the new “last-rescattering surface” and thus
depends 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 T E angular power spectrum (Kogut et al. 2003), and later in
combination with all power spectra (Hinshaw et al. 2013).

In Fig. 3 we show for the “instantaneous” reionization case
(specifically the redshift-symmetric parameterization with �z =
0.5) power spectra for the E-mode polarization power spec-
trum CEE

` and the temperature-polarization cross-power spec-
trum CT E

` . The curves are computed with the CLASS Boltzmann
solver (Lesgourgues 2011) using ⌧ values ranging from 0.04 to
0.08. For the range of optical depth considered here and given
the amount of cosmic variance, the T E spectrum has only a
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width �z = 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 fraction3 xe at early times, to a value of unity
at low redshifts. When calculating the e↵ect 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):

xe(z) =
f
2

"
1 + tanh

 
y � yre

�y

!#
, (2)

where y = (1 + z)3/2 and �y = 3
2 (1 + z)1/2�z. The key parameters

are thus zre, which measures the redshift at which the ionized
fraction reaches half its maximum and a width �z. 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-symmetric4

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 zre and almost degenerate with the width
�z. This is the model used in the Planck 2013 and 2015 cosmo-
logical papers, for which we have fixed �z = 0.5 (corresponding
to �z = 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., Ahn et al. 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-↵ emitters, or �-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 (zend); and the exponent ↵. Specifically
we have

xe(z) =

8>>><
>>>:

f for z < zend,

f
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zearly�z
zearly�zend

◆↵
for z > zend.

(3)

In the following, we fix zearly = 20, the redshift around which
the first emitting sources form, and at which we smoothly match
xe(z) 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 di↵erent.

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

3The ionized fraction is actually matched to the relic free electron
density from recombination, calculated using recfast Seager et al.
(2000).

4For convenience, we will refer to this parameterization as “redshift
symmetric” in the rest of the paper, even although it is actually symmet-
ric in y rather than z. The asymmetry is maximum in the instantaneous
case, but the di↵erence in xe values around, for example, zre = 8 ± 1, is
less than 1 %.

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 over-
all value of the optical depth, which determines the ampli-
tude of the reionization bump in the EE power spectrum (see
Fig. 3). We have estimated the impact on CEE

` for the two dif-
ferent models (tanh and power law) having the same ⌧ = 0.06
and found di↵erences of less than 4 % for ` < 10. Even for
a double reionization model, Fig. 4 shows that the impact on
CEE
` is quite weak, given the actual measured value of ⌧, and

cannot be distinguished relative to the cosmic variance spread
(i.e., even for a full-sky experiment). We also checked that
Planck data do not allow for model-independent reconstruc-
tion of xe in redshift bins. Principal component analysis has
been proposed as an explicit approach to try to capture the de-
tails 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 xe(z) in bins of redshift, ex-
panded around a given fiducial model for CEE

` . Moreover, the po-
tential bias on the ⌧ measurement when analysing a more com-
plex reionization history using a simple sharp transition model
(Holder et al. 2003; Colombo & Pierpaoli 2009) is considerably
reduced for the (lower) ⌧ values as suggested by the Planck re-
sults. Consequently, we do not consider the non-parametric ap-
proach 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 a↵ects the
kSZ e↵ect, due to the re-scattering of photons o↵ newly liberated
electrons.

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 ad-
ditional 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 (essen-
tially a bump) in the EE and T E angular power spectra relates to
the horizon size at the new “last-rescattering surface” and thus
depends 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 T E angular power spectrum (Kogut et al. 2003), and later in
combination with all power spectra (Hinshaw et al. 2013).

In Fig. 3 we show for the “instantaneous” reionization case
(specifically the redshift-symmetric parameterization with �z =
0.5) power spectra for the E-mode polarization power spec-
trum CEE

` and the temperature-polarization cross-power spec-
trum CT E

` . The curves are computed with the CLASS Boltzmann
solver (Lesgourgues 2011) using ⌧ values ranging from 0.04 to
0.08. For the range of optical depth considered here and given
the amount of cosmic variance, the T E spectrum has only a
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width �z = 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 fraction3 xe at early times, to a value of unity
at low redshifts. When calculating the e↵ect 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):

xe(z) =
f
2

"
1 + tanh

 
y � yre
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, (2)

where y = (1 + z)3/2 and �y = 3
2 (1 + z)1/2�z. The key parameters

are thus zre, which measures the redshift at which the ionized
fraction reaches half its maximum and a width �z. 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-symmetric4

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 zre and almost degenerate with the width
�z. This is the model used in the Planck 2013 and 2015 cosmo-
logical papers, for which we have fixed �z = 0.5 (corresponding
to �z = 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., Ahn et al. 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-↵ emitters, or �-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 (zend); and the exponent ↵. Specifically
we have

xe(z) =

8>>><
>>>:

f for z < zend,

f
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zearly�z
zearly�zend

◆↵
for z > zend.

(3)

In the following, we fix zearly = 20, the redshift around which
the first emitting sources form, and at which we smoothly match
xe(z) 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 di↵erent.

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

3The ionized fraction is actually matched to the relic free electron
density from recombination, calculated using recfast Seager et al.
(2000).

4For convenience, we will refer to this parameterization as “redshift
symmetric” in the rest of the paper, even although it is actually symmet-
ric in y rather than z. The asymmetry is maximum in the instantaneous
case, but the di↵erence in xe values around, for example, zre = 8 ± 1, is
less than 1 %.

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 over-
all value of the optical depth, which determines the ampli-
tude of the reionization bump in the EE power spectrum (see
Fig. 3). We have estimated the impact on CEE

` for the two dif-
ferent models (tanh and power law) having the same ⌧ = 0.06
and found di↵erences of less than 4 % for ` < 10. Even for
a double reionization model, Fig. 4 shows that the impact on
CEE
` is quite weak, given the actual measured value of ⌧, and

cannot be distinguished relative to the cosmic variance spread
(i.e., even for a full-sky experiment). We also checked that
Planck data do not allow for model-independent reconstruc-
tion of xe in redshift bins. Principal component analysis has
been proposed as an explicit approach to try to capture the de-
tails 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 xe(z) in bins of redshift, ex-
panded around a given fiducial model for CEE

` . Moreover, the po-
tential bias on the ⌧ measurement when analysing a more com-
plex reionization history using a simple sharp transition model
(Holder et al. 2003; Colombo & Pierpaoli 2009) is considerably
reduced for the (lower) ⌧ values as suggested by the Planck re-
sults. Consequently, we do not consider the non-parametric ap-
proach 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 a↵ects the
kSZ e↵ect, due to the re-scattering of photons o↵ newly liberated
electrons.

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 ad-
ditional 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 (essen-
tially a bump) in the EE and T E angular power spectra relates to
the horizon size at the new “last-rescattering surface” and thus
depends 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 T E angular power spectrum (Kogut et al. 2003), and later in
combination with all power spectra (Hinshaw et al. 2013).

In Fig. 3 we show for the “instantaneous” reionization case
(specifically the redshift-symmetric parameterization with �z =
0.5) power spectra for the E-mode polarization power spec-
trum CEE

` and the temperature-polarization cross-power spec-
trum CT E

` . The curves are computed with the CLASS Boltzmann
solver (Lesgourgues 2011) using ⌧ values ranging from 0.04 to
0.08. For the range of optical depth considered here and given
the amount of cosmic variance, the T E spectrum has only a
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�z = 0.5), for the various data combinations are:

⌧ = 0.053+0.014
�0.016 , lollipop

5 ; (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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Conclusions

•     A significantly lower value for the reionization optical depth: 
- is consistent with a fully reionized Universe at z ∼ 6  
- is in better agreement with recent astrophysical constraints !
- disfavors high-z reionization tail and complicated reionization histories!
- makes the quest of B-modes at low-l more challenging!

•     Improved τ constraint: tighter constraints on cosmological parameters 
As, ns, σ8, Σmν

Anna Mangilli (IAS) - IFT, Universidad Autónoma de Madrid (UAM) - 20th June 2016
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Fig. 9. Constraints on the kSZ amplitude at ` = 3000 using
lollipop+PlanckTT+VHL likelihoods. The three cases corre-
spond to di↵erent kSZ templates.

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 AkSZ = 1.79 µK2. 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
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 �z = zbeg � zend. We show only the results
for �z 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 zend > 6.

5.1. Redshift-symmetric parameterization

We use the Planck CMB likelihoods in temperature (PlanckTT)
and polarization (lollipop) to derive constraints on ⇤CDM
parameters, including the reionization redshift zre and width �z
for a redshift-symmetric parameterization. Figure 10 shows (in
blue) the posterior on zre and �z after marginalization over the
other cosmological and nuisance parameters. As discussed in
Sect. 3, the large-scale polarized CMB anisotropies are almost
insensitive to the width �z of the tanh function. We thus recover
the degeneracy in the direction of �z. 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 additional prior zend > 6. In this case, we find �z < 1.3 at 95 %
CL, which corresponds to a reionization duration (zbeg � zend) of

�z < 4.6 (95 % CL). (13)

Fig. 10. Posterior distributions (in blue) of zre and �z 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 zend > 6.

The posterior distribution of zre is shown in Fig. 10 after
marginalizing over �z, with and without the additional constraint
zend > 6. This suggests that the reionization process occurred at
redshift

zre = 8.5+1.0
�1.1 (uniform prior) , (14)

zre = 8.8+0.9
�0.9 (prior zend > 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 zre = 10.3 ± 1.1. It is
also lower than the value zre = 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
reionization redshift value is entirely consistent with the
Planck 2015 results (Planck Collaboration XIII 2016) for
PlanckTT+lowP alone, zre = 9.9+1.8

�1.6 or in combina-
tion with other data sets, zre = 8.8+1.3

�1.2 (specifically for
PlanckTT+lowP+lensing+BAO) estimated with �z fixed to 0.5.
The constraint from lollipop+PlanckTT when fixing �z to 0.5
is zre = 8.2+1.0

�1.2. This slightly lower value (compared to the one
obtained when letting the reionization width be free) is explained
by the shape of the degeneracy surface. Allowing for larger du-
ration when keeping the same value of ⌧ pushes towards higher
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�z = 0.5), for the various data combinations are:

⌧ = 0.053+0.014
�0.016 , lollipop

5 ; (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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Fig. 9. Constraints on the kSZ amplitude at ` = 3000 using
lollipop+PlanckTT+VHL likelihoods. The three cases corre-
spond to di↵erent kSZ templates.

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 AkSZ = 1.79 µK2. 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
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 �z = zbeg � zend. We show only the results
for �z 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 zend > 6.

5.1. Redshift-symmetric parameterization

We use the Planck CMB likelihoods in temperature (PlanckTT)
and polarization (lollipop) to derive constraints on ⇤CDM
parameters, including the reionization redshift zre and width �z
for a redshift-symmetric parameterization. Figure 10 shows (in
blue) the posterior on zre and �z after marginalization over the
other cosmological and nuisance parameters. As discussed in
Sect. 3, the large-scale polarized CMB anisotropies are almost
insensitive to the width �z of the tanh function. We thus recover
the degeneracy in the direction of �z. 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 additional prior zend > 6. In this case, we find �z < 1.3 at 95 %
CL, which corresponds to a reionization duration (zbeg � zend) of

�z < 4.6 (95 % CL). (13)

Fig. 10. Posterior distributions (in blue) of zre and �z 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 zend > 6.

The posterior distribution of zre is shown in Fig. 10 after
marginalizing over �z, with and without the additional constraint
zend > 6. This suggests that the reionization process occurred at
redshift

zre = 8.5+1.0
�1.1 (uniform prior) , (14)

zre = 8.8+0.9
�0.9 (prior zend > 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 zre = 10.3 ± 1.1. It is
also lower than the value zre = 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
reionization redshift value is entirely consistent with the
Planck 2015 results (Planck Collaboration XIII 2016) for
PlanckTT+lowP alone, zre = 9.9+1.8

�1.6 or in combina-
tion with other data sets, zre = 8.8+1.3

�1.2 (specifically for
PlanckTT+lowP+lensing+BAO) estimated with �z fixed to 0.5.
The constraint from lollipop+PlanckTT when fixing �z to 0.5
is zre = 8.2+1.0

�1.2. This slightly lower value (compared to the one
obtained when letting the reionization width be free) is explained
by the shape of the degeneracy surface. Allowing for larger du-
ration when keeping the same value of ⌧ pushes towards higher
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The Planck Coll. A&A 2016: “Planck constraints on the reionization history” (arxiv:1605.03507) 
The Planck Coll. A&A 2016: “Improved large angular scale polarization data”(arxiv:1605.02985)

What’s next:!
• Further Planck data improvement at map-making level on going 
• Primordial B-modes at low-ell: 

- improved S/N, lensing is not a contaminant 
- full sky needed: future CMB satellites (PIXIE, LiteBIRD, M5, ?)
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