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Improved measurement of the Cosmic Microwave Background (CMB) polarization from Planck allows
a detailed study of reionization beyond the average optical depth. The lower value of the optical depth
disfavors an early onset and an early completion of reionization in favor of a redshift range where different
astrophysical probes provide sensible information on the sources of reionization and the status of the
intergalactic medium. In this work we extend our previous study in which we constrained reionization
by combining three different probes—CMB, UV luminosity density and neutral hydrogen fraction data
[D. K. Hazra, D. Paoletti, F. Finelli, and G. F. Smoot, Phys. Rev. Lett. 125, 071301 (2020)]—in both
treatment and data: we first allow variation in the UV source term varying the product of the efficiency of
conversion of UV luminosity into ionizing photons and the escape fraction together with the reionization
and cosmological parameters, and then we investigate the impact of a less conservative cut for the
UV luminosity function. We find that the estimate for the efficiency is consistent within 95% C.L. with the
fixed value we considered in our previous results and is mostly constrained by QHII data. We find that
allowing the efficiency to vary does not affect significantly our results for the average optical depth for
monotonic reionization histories, recovering τ ¼ 0.0519þ0.0010

−0.0008 at 68% C.L., consistent with our previous

studies. Using a less conservative cut for the UV luminosity function, we find τ ¼ 0.0541þ0.0013
−0.0016 at

68% C.L., due to the faint end of the luminosity function in the data we use, that also prefers a larger
contribution from higher redshifts.

DOI: 10.1103/PhysRevD.104.123549

I. INTRODUCTION

The epoch of reionization in a sense represents the dawn
of the present Universe that closed the dark ages descended
after recombination. Some half billion years after recombi-
nation the first sources of light, and ionizing radiation, lit

*daniela.paoletti@inaf.it
†dhiraj@imsc.res.in
‡fabio.finelli@inaf.it
§gfsmoot@lbl.gov

PHYSICAL REVIEW D 104, 123549 (2021)

2470-0010=2021=104(12)=123549(18) 123549-1 © 2021 American Physical Society

https://orcid.org/0000-0003-4761-6147
https://orcid.org/0000-0001-7041-4143
https://orcid.org/0000-0001-7575-0816
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.123549&domain=pdf&date_stamp=2021-12-27
https://doi.org/10.1103/PhysRevLett.125.071301
https://doi.org/10.1103/PhysRevD.104.123549
https://doi.org/10.1103/PhysRevD.104.123549
https://doi.org/10.1103/PhysRevD.104.123549
https://doi.org/10.1103/PhysRevD.104.123549


up, reionizing the Universe. During this epoch the Universe
underwent one of its most important phase transitions and
the study of its dynamic and the quest for its sources are
some of the most active fields in cosmology especially in
perspective of future experiments. From an observational
point of view, reionization presents multiple aspects.
Probes of the Inter Galactic Medium (IGM) status are
represented by bright sources at high redshifts as Quasars,
and in particular the observations of the Lyman series, and
Gamma Ray Burst that provide a snapshot of the IGM
around the source [1–20]. The Cosmic Microwave
Background (CMB) represents instead a probe which is
sensitive to the integrated history of reionization and is the
only probe capable of reaching very high redshifts to test
the onset of reionization. Finally, the improvements of
observational facilities has allowed tracing the source of the
ionizing radiation, in the form of the UV luminosity density
coming from star-forming galaxies [21].
Beyond its astrophysical importance per se, reionization

plays a crucial role in cosmology. The integrated optical
depth is one of the six parameters of the standard
cosmological model and after 17 yr from its first determi-
nation in 2003 [22] is still the parameter with the largest
uncertainty in the standard cosmological model and the
only one over the percent level accuracy of the Planck 2018
release [23]. This uncertainty is mainly related to the
difficulty of the measurement with the CMB. CMB is
mainly sensitive to the optical depth in the E-mode
polarization on large angular scales. In particular, the
reionization bump for l < 20 is sensitive to the value of
the optical depth and the duration of reionization, but it lies
in a region of the multipole space where cosmic variance,
systematics and foreground contamination strongly affect
the measurements. Planck 2018 data are the state of art of
the E-mode polarization at large angular scales and their
improvement has halved the uncertainty on the optical
depth and for the first time reconciles the determination
from the CMB with the ones coming from astrophysical
sources [23–26]. Using this combination, an early onset of
reionization is now strongly disfavored [27,28] (also by the
studies on reionization sources [29]). Moreover, both CMB
data and their combination with astrophysical one show a
preference for simple monotonic models of reionization
disfavoring steplike and multiple burst models [27,28].
The lower optical depth from Planck 2018 data places

reionization in a redshift range in substantial overlap with
astrophysical probes of reionization as UV luminosity
density and IGM status from high redshift sources. This
opens a scenario where the three sectors of data on
reionization, UV, QHII and CMB can be combined to
describe the reionization process from its onset to its end.
The complementarity among the three different sectors is
the strength of this treatment that is twofold. On one side it
aims to tighten the constraints on the history of reionization
but on the other hand the improved knowledge of reioni-
zation thanks to the astrophysical datasets removes many

degeneracies [30,31] and decreases the uncertainties on the
cosmological model [27].
In this perspective it is of crucial importance to account

for the full cosmological model together with the history of
reionization in a way to profile possible degeneracies and
correlations among the parameters, previous analyses with
fixed cosmological model included [21,32–40]. Our treat-
ment using also CMB data allows jointly sampling over
both the cosmological model and the reionization history;
therefore, both cosmological and reionization parameter
constraints are guided by the data without a priori priors.
In the present work we expand on our previous treatment

[27] increasing the degrees of freedom of the model and
testing different data combinations. The paper is organized
as follows. In Sec. II we will present the treatment. In
Sec. III we will present the results for the different data and
model extensions and in Sec. IV we draw our conclusions.

II. NONPARAMETRIC RECONSTRUCTION
OF REIONIZATION

There are different approaches to treat reionization
and its role in cosmological model constraints; the most
commonly used are physical models as in [41,42] or a pure
free-form data fitting of the ionization fraction with a
principal component analysis [43,44], to hybrid parametric
fitting models [23,28,45–48]. This paper focuses on the
joint astrophysical and CMB data-driven reconstruction
based on the method developed in [27] which we summa-
rize below (for alternative data-driven reconstructions see
also [33,39,40,49]). We focus on averaged reionization,
leaving the patchy case for a future work (for patchy
reionization effects on CMB see for example [50,51]).

A. General framework

The challenge of combining astrophysical data and the
CMB is mainly due to a compatibility issue with the UV
luminosity density data. If both CMB and QHII data can
be combined within the same methodology, namely a
model of the ionization fraction function holds for both
the datasets, UV luminosity density data are of a different
nature. They trace the evolution of the sources of the
reionization, not the ionization fraction itself. It is necessary
to change methodology in the treatment of the reionization
history and this change of paradigm is the core of this kind
of treatment: reionization is no longer described by a
parametric model of the ionization fraction with time but
it is solved from its basic equation. The new variables at
play become the sources and sinks, namely the ionizing UV
luminosity density and the recombination time. These
quantities enter in the volume filling factor equation:

dQHII

dt
¼ _nion

hnHi
−
QHII

trec
; ð1Þ

which we solve for our reionization history.
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The source term is represented by the ionizing photon
production rate, _nion, that is the product of the UV
luminosity density ρUV, which represents a tracer of the
star formation, the efficiency of conversion of UV lumi-
nosity into ionizing photons ξion and the escape fraction
fesc that represents the fraction of ionizing photons that
actually reach the IGM and proceed with the reionization.
Current data do not provide sufficient information on the
latter parameters to have grip on constraining them; for this
reason in our previous work [27] we fixed their value to
log10hðfescξioni=½erg−1 Hz�Þ ¼ 24.85, consistent with other
analyses [21,37,38,52]. The assumptions for the descrip-
tion of the source term will be one of the main focuses of
our analysis; in fact, we will test both the fixed efficiency
assumption and we will test a different assumption in the
derivation of the UV luminosity density from the measured
UV luminosity function.
The recombination time is the other variable of our

framework and is defined by trec ¼ 1=½CHIIαBðTÞð1þ
Yp=ð4XpÞÞhnHið1þ zÞ3� with CHII as the clumping factor,
αBðTÞ the recombination coefficient, hnHi the density of
hydrogen and Xp, Yp as the hydrogen and helium
abundances.

B. Operational configuration

The reconstruction is performed within a modular
structure that partitions the redshift range in different bins
in order to consider also steplike and nonmonotonic
reionization histories. Each bin comprises three different
variables: the bin position in redshift zint, whose range is
conditional to the number of bins assumed, the UV
luminosity density ρUV and the recombination time trec.
The UV luminosity density and the recombination time are
interpolated between different redshifts through piecewise
cubic hermite interpolating polynomials that guarantee the
required freedom for the variable quantities to be guided by
the data. The node structure is incremental in complexity
of the possible reionization histories increasing the freedom
of the reconstruction. Since we demonstrated that Bayesian
evidence disfavors reionization histories beyond a simple
monotonic single step [27] we focus in this work on single
bin analyses with only some tests on the three-bin case. We
assume best-fit double power-law function for the lumi-
nosity density beyond redshift ranges covered by the priors
on zint. Note that double power-law function has recently
been shown to be in agreement with the data also with
Gaussian process reconstruction [53]. Note that this does
not reduce the flexibility of our model as the values of ρUV
at different times denoted by zint are allowed to vary freely
in a wide uniform prior range.
The nonmonotonic histories are represented by the three-

node case named B3. Monotonic histories are represented
by the single bin treatment named B1, that allows also for
steplike histories, and the minimal case with a single node
with the constraint _niontrec ¼ hnHi at z ¼ aint that restricts

reionization to a single burst. For helium reionization
we assume the default hyperbolic tangent provided by
the Boltzmann code [54] (note however that the study of
helium reionization is in rapid development [55–57]).
We assume also some boundary conditions on the onset

and the end of reionization in order to ensure the physi-
cality of the reconstructed histories. In particular, we ensure
that reionization is over by z ¼ 5.5, conservatively allowing
for still a residual contribution from z ¼ 6 [8], and it
remains over until z ¼ 0. As highest redshift for the onset
of reionization we assume z ¼ 30 which leaves room for
early reionization, although disfavored by data. The boun-
dary nodes are configured to be consistent to best-fit
logarithmic double power law (see Eq. (39) of [37]) and
also with [58].
The usual parametrization for the CMB, the integrated

optical depth, in this framework is a derived parameter
computed from the volume filling factor integrated from the
beginning of reionization:

τ¼
Z

zbegin

0

cð1þzÞ2
HðzÞ QHIIðzÞσThomsonhnHi

�
1þ Yp

4Xp

�
; ð2Þ

with σThomson the Thomson scattering cross section.
The parameters of the cosmological model are jointly

varied with the reionization history, therefore accounting
for possible correlations between them [28,59]. We there-
fore vary the five parameters of the standard model, the
optical depth being already included as derived parameter
in the reionization reconstruction: the baryon density Ωbh2,
the dark matter density ΩCDMh2, the angular diameter
distance to the horizon at recombination θ, the amplitude
of primordial fluctuations As, and the tilt of the primordial
fluctuations power spectrum ns. To explore the parameter
space and compute the Bayesian posterior distributions of
the parameters we use the Markov Chain MonteCarlo
sampler CosmoMC [60]; for the CMB data we use the
Planck 2018 likelihood suite [61] which requires the
cosampling of some nuisance foregrounds and calibration
parameters.

C. Data and priors

We now detail the baseline data combination we used,
which are already used in [27].
Concerning the UV luminosity density the data are

derived from the observations of six galaxy clusters in
the Hubble Frontier Field [62,63] going from redshift of
6 to 11 [21,64]. To extract the density we assume a
Schechter model and integrate the UV luminosity function
up to a magnitude of −17. This is a conservative choice, in
fact, it cuts out the low-luminosity tail which, being
populated by low-luminosity sources, may represent a
non-negligible contribution but at the same time the data
which we use in this work seem to indicate a change in the
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shape in this region, with a possible acceleration still to be
confirmed by future data (see figure 8 of [21]).
In our baseline data combination we consider also the

measurements of the ionization state of the IGMaround high-
redshift sources. We use the available data from Quasars and
Gamma Ray Burst in a redshift range in substantial overlap
with the UV luminosity density data, from z ¼ 6 to z ¼ 8.
The complete dataset that we use here can be found in the
following references: [5–12,15,16,19,20].
For the CMB we use the Planck 2018 data baseline which

includes temperature, polarization and lensing [61,65]. For
the temperature anisotropies the likelihood on large multi-
poles is based on auto- and cross spectra of the high-
frequency instrument, whereas for the low multipoles it is
uses a Gibbs sampling based on the component-separated
commander map. The Planck 2018 temperature data are
mostly incremental on the 2015 release with the main
changes on large angular scales where no ancillary data
but only Planck is used for the component-separated map.
Polarization instead has improved on both large and small
angular scales. A better characterization of the temperature
to polarization leakage guarantees a cosmology-grade
high-l polarization in the 2018 release. The large angular
scales are now based on the 100 × 143 GHz cross spectrum
with a simulation-based likelihood which considers only the
E-mode polarization and not the cross correlation with
temperature. The lower noise level of the cross spectrum
has halved the uncertainty on the optical depth in the standard
hyperbolic tangent scenario [23]. Together with primary
anisotropies the Planck baseline includes the weak lensing
of the CMB in the conservative range 8 ≤ l ≤ 400 [66].
Concerning the priors for the redshift ranges of the bins

in the B3 case the conditional priors are chosen to
maximize the relevance of the different data: the first node
is in the range z ¼ 5.5–8 covering the QHII data, the
second in z ¼ 8–12 for tracing possible features in the
luminosity function of the UV and the third node spans
the high-redshift range z ¼ 12–30 to be sensitive to the
CMB contribution. For the cases with a single node its
position spans the entire range z ¼ 5.5–30.

In Fig. 1 are displayed the changes induced by the
resulting reconstruction of the reionization for the B1 from
the full data combination on the CMB anisotropy angular
power spectra in temperature and polarization compared
with the current measurements by Planck 2018. The
residuals with respect to the Planck 2018 best fit, based
on the hyperbolic tangent model, show an impact on both
temperature on the intermediate scales and on large angular
scales in polarization. In the middle panel we display also
the temperature and polarization cross correlation.

III. RESULTS

In this section we present the results of the analyses
performed by using both different model assumptions and
different data.

A. Changing the model

1. Single-node B0: ΛCDM+AL

We consider now a simple extension of our previous work
[27]; by using the same assumptions we want to verify if a
reconstructed reionization history which is based on the
combination of astrophysical data has an impact on one of
the main curiosities of current Planck 2018 results: the
higher value of the lensing amplitude from the CMB angular
power spectrum. In this model the effect of the lensing on the
CMB anisotropies angular power spectrum is mediated by
an overall amplitude parameter AL which does not represent
a physical parameter but a simple overall rescaling. This
extension is a good tracer of possible residuals systematics in
the small angular scale region and due to its effect on the
angular power spectrummay be strongly degenerate with the
model of reionization. Therefore, we investigate if a different
reionization dynamics with respect to the hyperbolic tangent
used in the Planck baseline results may lead to a different
value of the lensing amplitude. Since the one-bin settings B0
and B1 are equivalent for this specific case we assume the B0
for this analysis. The resulting constraints for both the cases
of including or not the lensing likelihood, based on the

FIG. 1. Residuals of the B1 case best fit, following our previous setup [27], from the full data combination with respect to the Planck
best fit, with the hyperbolic tangent model, compared with the data points from Planck. Left panel is TT, middle panel is TE and right
panel is EE.
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extraction of the physical lensing signal from maps, are
shown in Table I. The result for the case without the lensing
likelihood is AL ¼ 1.176þ0.064

−0.063 and we do not note a
significant impact of the reionization reconstruction with
respect to the standard hyperbolic tangent case that provides
AL ¼ 1.180� 0.065 [23]; there is just a fraction of σ
reduction of the central value. The case which includes
the physical lensing likelihood gets back the central value to
unity as in the standard hyperbolic tangent case. We can
therefore conclude that the lensing amplitude model is
mostly sensitive to the integrated optical depth and not to
the history of reionization. This is coherent with a main
effect from the lensing on the small angular scales in the
acoustic peak region where the reionization effect is mainly
mediated by the optical depth whereas the reionization
history has a greater effect on the large angular scales in
E-mode polarization.

2. Relaxing the assumptions on the source term

Current astrophysical data do not provide direct infor-
mation on the escape fraction, and the CMB is totally
insensitive to it. On this basis in our previous work [27] we
assumed a fixed value for the product of photon conversion
efficiency and the escape fraction, log10hfescξioni=
½erg−1 Hz� ¼ 24.85. A preliminary test in [27] did not show
a significant impact on the analysis but we will now
extensively test this result. In the following results of the
paper we will always lift the assumption of fixed fescξion
and let the product of the conversion efficiency and the
escape fraction be free to vary.
We now test extensively the impact of the removal

of these assumptions on the reionization reconstruction
using the baseline data combinations previously described.
With this additional degree of freedom we do not consider
the CMB-only data option because it would leave the

efficiency totally unconstrained and would not provide
any additional information up to the point of a difficult
convergence of the MCMC.
We start with a preliminary case by analyzing the

simplest configuration, the B0, namely a single-burst
monotonic reionization. In Fig. 2 we present the two
dimensional marginalized posterior distributions for the
reionization parameters. We compare the results of the
CMBþ UV and CMBþ UVþ QHII data combinations

TABLE I. Constraints on the cosmological parameters for the
Alens extension using a B0 configuration. Error bars are the
68% C.L.

B0

Parameters
Planck 2018-nolensing

þUV17þ QHII
Planck 2018

þUV17þ QHII

Ωbh2 0.0226� 0.0002 0.0225� 0.0002
Ωch2 0.118� 0.002 0.118� 0.001
100θMC 1.0411� 0.0003 1.0411� 0.0003
τ 0.0515þ0.0010

−0.0012 0.0512þ0.0010
−0.0012

AL 1.176þ0.064
−0.063 1.067� 0.036

z1int 21.5þ6.7
−3.2 21.6þ6.8

−3.1
log10½ρUV�
[erg=ðsHz Mpc3Þ]

21.1þ1.9
−2.2 21.1þ1.8

−2.4

lnð1010AsÞ 3.033� 0.0006 3.033� 0.0006
ns 0.9709þ0.0048

−0.0048 0.9693þ0.0047
−0.0046

FIG. 2. Constraints on reionization parameters for the B0 case.
We compare the case varying the efficiency for the combination
of CMB and UV luminosity density data and the addition of QHII
data with the same cases with fixed efficiency.

TABLE II. Constraints on the parameters for the single-burst
reionization case B0 when the efficiency is let free to vary. The
error bars are the 68% C.L.

B0

Parameters
Planck 2018
þUV17

Planck 2018
þUV17þ QHII

Ωbh2 0.0224� 0.0001 0.0224� 0.0001
Ωch2 0.120� 0.001 0.120� 0.001
100θMC 1.0409� 0.0003 1.0409� 0.0003
τ 0.0547þ0.0060

−0.0078 0.0521þ0.0010
−0.0008

z1int 20.8þ7.3
−3.4 21.0þ7.2

−3.3
log10½ρUV�
[erg=ðs Hz Mpc3Þ]

21.1þ1.7
−2.8 21.0þ1.7

−2.7

log10½_ξion� [erg H−1
z ] 25.05þ0.24

−0.30 24.95þ0.04
−0.03

lnð1010AsÞ 3.045þ0.012
−0.015 3.040þ0.006

−0.006
ns 0.9650� 0.0040 0.9644� 0.0039
ΔReion

z 2.78þ0.12
−0.15 2.80þ0.11

−0.15
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(in blue and red) with the corresponding cases where
log10hfescξioni=½erg−1Hz� ¼ log10½_ξion�=½erg−1Hz� ¼ 24.85
[27] (in gray and khaki colors). The constraints on all
cosmological parameters are in Table II. The standard
cosmological parameters are stable with respect to the
reconstruction of reionization, when compared with the
standard hyperbolic tangent case, with only a marginal shift

in the scalar spectral index of a fraction of sigma. The
results for the reionization parameters are pretty stable
compared with the fixed escape fraction case with an
increase of the central value of the optical depth which
goes to τ ¼ 0.0547þ0.0060

−0.0078 and τ ¼ 0.0521þ0.0010
−0.0008 to be

compared with the results with fixed efficiency which
provides τ ¼ 0.050� 0.001 and τ ¼ 0.051� 0.001. In
both data combinations there is a sensible increase of
the error bars for the integrated optical depth especially for
the CMBþ UV case. The addition of QHII data breaks the
degeneracies providing also a good constraint on the escape
fraction log10½_ξion�=½erg−1Hz� ¼ 24.95þ0.04þ0.07

−0.03−0.08 which is
compatible at three sigmas with the value we used in
previous analyses.
We go into the details of the difference between fixed and

free-efficiency model increasing the complexity to the B1
case where we allow for possible steps in the reionization
process leaving the recombination time free to vary also.
The two-dimensional posteriors for the reionization param-
eters are shown in Fig. 3, using the same color scheme of
B0, khaki and gray for the fixed efficiency and red and blue
for the free case, and the constraints on the cosmological
and reionization parameters are in Table III. We note a
similar pattern to the single-burst case. The additional
freedom of the escape fraction only marginally impacts the
constraints on cosmological and reionization parameters
and in the full data combination we constrain the escape
fraction in agreement at 95% C.L. with our previous
assumption log10½_ξion�=½erg−1Hz� ¼ 24.95þ0.04þ0.12

−0.05−0.11 . As
for the B0, also for the B1 we note a significant higher
optical depth with respect to the fixed efficiency case,
especially in the CMBþ UV case, but the larger error
bars make it compatible with our previous results within

FIG. 3. Constraints on reionization parameters for the B1 case.
We compare the case varying the efficiency for the combination
of CMB and UV luminosity density data and the addition of QHII
data with the same cases with fixed efficiency.

TABLE III. Constraints on the cosmological and reionization parameters for the B1 case with the efficiency free to vary. The different
columns represent different data combinations; the first three columns consider the Planck baseline CMB data, whereas the last three
columns represent the variation of the CMB data used. Error bars are the 68% C.L. The Δz for the lensing-only run is not derived due to
the fixed cosmological parameters assumed.

B1

Parameters
Planck 2018
þUV17

Planck 2018
þQHII

Planck 2018
þUV17þ QHII

Planck 2018-SR2
þUV17þ QHII

Planck-TT
þUV17þ QHII

Planck Lens
þUV17þ QHII

Ωbh2 0.0224� 0.0001 0.0224� 0.0001 0.0224� 0.0001 0.0224� 0.0001 0.0221� 0.0002 …
Ωch2 0.120� 0.001 0.120� 0.001 0.120� 0.001 0.120� 0.001 0.120� 0.001 0.113� 0.008
100θMC 1.0409� 0.0003 1.0409� 0.0003 1.0409� 0.0003 1.0409� 0.0003 1.0408� 0.0004 …
τ 0.0544þ0.0058

−0.0077 0.05350þ0.0019
−0.0039 0.0519þ0.0010

−0.0008 0.0521þ0.0010
−0.0008 0.0515þ0.0011

−0.0009 0.0532� 0.0015
z1int 21.1þ6.8

−3.5 20.9þ8.9
−2.9 21.2þ6.5

−3.5 21.2þ6.6
−3.6 21.1þ6.8

−3.3 21.2þ6.8
−3.3

log10½ρUV�
[erg=ðsHz Mpc3Þ]

21.0þ1.8
−2.5 21.9þ2.7

−3.2 21.0þ1.8
−2.4 21.0þ1.8

−2.4 21.0þ1.7
−2.5 21.0þ1.7

−2.6

log10½R1� … … … … … …

log10½_ξion� [erg H−1
z ] 25.04þ0.23

−0.30 24.86þ0.19
−0.13 24.95þ0.04

−0.05 24.95þ0.04
−0.04 24.94þ0.04

−0.03 24.94þ0.05
−0.04

lnð1010AsÞ 3.044þ0.012
−0.015 3.043þ0.007

−0.009 3.040� 0.006 3.041� 0.006 3.039� 0.006 3.054� 0.019
ns 0.9648� 0.0040 0.9650� 0.0038 0.9645� 0.0038 0.96400.00390.0038 0.9628� 0.0004 …

ΔReion
z 2.78þ0.12

−0.14 3.07þ0.37
−1.69 2.80þ0.12

−0.15 2.81þ0.12
−0.16 2.80þ0.12

−0.15 …

PAOLETTI, HAZRA, FINELLI, and SMOOT PHYS. REV. D 104, 123549 (2021)

123549-6



68% C.L. We also note that the additional degree of
freedom of the recombination time does not affect the
uncertainties in the parameters being the recombination
time unconstrained.
In Fig. 4 we present the comparison of the reconstructed

reionization histories using the full combination of astro-
physical and CMB data between the case of free and fixed
_ξion. We note a significant overlap between the two histories
especially in the higher-redshift region where the free
efficiency does not impact the reconstruction. On the
other hand in the second part of the reionization the free
efficiency prefers a steeper rise which brings an earlier
completion of reionization with respect to the case where
we assumed a fixed value. This is reflected also in the
slightly higher value of the reconstructed optical depth.
Considering the CMB-alone case is not capable to provide
constraints due to the additional freedom of the efficiency,
we now investigate the relevance of the current CMB data
beyond their importance for the cosmological model
focusing specifically on their impact on the reconstruction
of reionization. To this purpose we analyzed the combi-
nation of both astrophysical datasets with some different
subsets of Planck 2018 data.
In the fourth column of Table III and in orange contours

in Fig. 5 we show additional results obtained by switching
the low-l polarization likelihood of Planck 2018 with the
more recent SROLL2 version [25,26], based on a map-
making algorithm that provides a reduced level of system-
atics. In the standard hyperbolic tangent case the use of
SROLL2 likelihood implies a higher optical depth of a bit
less than a sigma (τ ¼ 0.059� 0.006 with respect to the
Planck 2018 baseline τ ¼ 0.054� 0.007); also, for the
reconstruction we a have slight increase of the optical depth
but only of a fraction of sigma. In a framework like the

reconstruction with the combination of CMB and astro-
physical data the history of reionization is less sensitive to
the CMB with respect to the hyperbolic tangent which
instead being parametrized only by the optical depth is
more sensitive to changes in the CMB EE-power spectrum.
We also considered the case excluding the Planck

polarization data both at large and small angular scales,
shown in teal contours in Fig. 5 and the case with only the
lensing likelihood1 shown in orchid contours. The param-
eter constraints are presented in the last two columns of
Table III. We remark how also for these datasubsets without
contribution of the E-mode polarization we have a very
good recovery of the baseline case. The temperature-alone
results provide an optical depth in agreement with the
baseline case, as expected considering that in this case
the main driver for the reionization reconstruction are the
astrophysical data. For the lensing-only case the results show
a slightly larger reconstructed optical depth but provide
similar constraints for the reionization parameters. We
remind anyway that this case is affected by the fixing of
a good part of the cosmological parameters to their Planck
baseline value which may bias the results towards that case.
This analysis show how the main driver of the reionization
reconstruction are the astrophysical data when the efficiency
is left free to vary. Anyway, we stress that reionization is just

FIG. 4. Reconstructed reionization history using the full data
combination of astrophysical data and CMB. We show the
comparison for the B1 case between fixed and varying _ξion.

FIG. 5. Two-dimensional contours for the reionization param-
eters; we compare the combination of UV luminosity density and
QHII with different Planck 2018 subdatasets.

1Due to the reduced constraining power for this specific case
we fixed the scalar spectral index, the angular diameter distance
to the last scattering and the baryon density to the Planck 2018
baseline values.
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one of the pawns in the game when constraining cosmo-
logical models and that the CMB remains a fundamental
probe to constrain the unique entity composed by the
cosmological and reionization model. Moreover, future data
with a cosmic variance limited sensitivity in the E-mode
polarization will probably change the current scenario but
we leave this forecast for a future work.
In order to investigate the two different pulls of the

two astrophysical data in combination with the CMB we
compare the full combination with the combinations of
CMB with either UV luminosity density or QHII. The

results are presented in Fig. 6 and we first note the
agreement of the separate astrophysical data combinations
with CMB that do not show any sensible bias within the
enlarged error bars. The QHII data provide tighter con-
straints on the optical depth with a slightly lower central
value. The addition of UV luminosity density data further
tightens the constraints which remain in agreement with
the single data combination. We note the change in the
degeneracy direction for the efficiency and the optical
depth between the CMBþ UV and CMBþ QHII combi-
nations. This change is mainly due to the addition of QHII
fixing the ionization fraction at fixed redshift which causes
the optical depth to decrease with increasing efficiency to
maintain these fixed points. In Figs. 7 and 8 we show the
one- and two-dimensional posterior distributions for the
other cosmological parameters compared among the three-
data combination and with the standard Planck results with
the hyperbolic tangent. We do not note any significant shift
in the cosmological parameters; the only effect is the
reduction of the error bars due to the addition of astro-
physical dataset, especially for the parameters which have
larger degeneracies with the optical depth as the amplitude
of primordial fluctuations and the σ8. This follows on the
line that this kind of astrophysical data reconstruction of
reionization is decoupled from the standard cosmological
model, at least for current data sensitivities.
In Fig. 9 we present the reconstructed reionization

histories for the three-data combination. The bands represent
the 68% and 95% confidence levels. The reconstructed
reionization histories are in agreement at 95% C.L. although
different data combinations provide slightly different sce-
narios. This difference is mainly due to the pulls of the
astrophysical data. The ionization fraction data from active
galactic nuclei and gamma ray bursts (GRB) strongly
constrain the redshift range below 8 imposing a shallow
slope in the rising towards xe ¼ 1 of the end of reionization.

FIG. 6. Two-dimensional contours for the reionization param-
eters; we compare the three combinations of CMB with astro-
physical datasets.

FIG. 7. Cosmological parameter constraints comparison among the different combinations of datasets and with respect to Planck 2018
baseline hyperbolic tangent results.
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This shallower rise is in agreement within error bars with the
standard Planck 2018 baseline hyperbolic tangent but
becomes more distant especially near the end of reionization
when the SROLL2 data are used, due to the preference of
SROLL2 for higher optical depth in the hyperbolic tangent
model. This similarities in the reionization histories,
although providing different values of the optical depth,

show how the optical depth may be a good summary
statistics of reionization for the purpose of constraining
the cosmological model but fails to be a good representative
of the reionization history. The single addition of the QHII
data to the CMB leaves room for a longer tail at high redshift
which is instead reduced when UV luminosity density is
taken into account. The higher redshift data from the UV
luminosity density reduce the allowed range for the onset of
reionization but provide less stringent constraints in the
intermediate-low redshift range that with larger error bars is
compatible with the hyperbolic tangent for both cases of
Planck 2018 data. The combination of these two different
pulls on the reionization history produces the tight red
contours which show a preference for a shallower reioniza-
tion history but at the same time disfavor early onsets and are
only marginally in agreement with the Planck 2018 baseline
hyperbolic tangent and in slight tension with the SROLL2
case. Considering all the three combinations we can con-
clude that the main driver of the difference between the
reconstructed reionization history and the standard hyper-
bolic tangent can be traced back to the QHII data pulling for
a shallower rise in the z < 8 region. With the expected
improvement of the QHII data by future experiments it will
be possible to reduce the error bars in the reconstructed
history and put further to the test the hyperbolic tangent
modeling for reionization.

3. Varying the neutrino mass

Within the discussion on the impact of the reionization
reconstruction on the cosmological model we have

FIG. 8. Cosmological parameters two-dimensional posterior distributions for the different combinations of datasets compared with
Planck 2018 baseline hyperbolic tangent results.

FIG. 9. Reconstructed reionization history bands at 68% and
95% C.L. for the three dataset combinations with CMB. Dashed
and dotted lines represent the 68% C.L. for the hyperbolic tangent
of Planck 2018 baseline and SROLL2 results. Data points are
QHII data used. Note that the sharp edges in the band for
P2018þ UV17 are just an artifact of the postprocessing.
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considered an extended cosmological model whose con-
straints have shown a sensitivity to the reionization history,
the case of a varying neutrino mass [28,59,67,68]. This
model is particularly important, being considered one of the
baseline models for future large-scale structure experiments
whose combination with future CMB data will have the
power to constrain the neutrino mass [69,70].
If we additionally sample over the sum of neutrino

masses, assuming a degenerate hierarchy, current experi-
ments not being sensitive to the hierarchy, we obtain the
results in Fig. 10 compared with the hyperbolic tangent
case. For this specific model since we want to investigate
specifically the impact of reionization we do not consider
the Planck lensing likelihood which alone would be able to
tighten the constraints on the neutrino mass desensitizing
the analysis to the reionization impact. We note how the
reconstruction does not affect the neutrino mass constraints
and provides Σmν < 0.25; τ ¼ 0.0520� 0.001 with the
full data combination and Σmν < 0.26; τ ¼ 0.0550þ0.006

−0.008
for the case with only CMBþ UV; for comparison the
hyperbolic tangent provides Σmν < 0.26; τ ¼ 0.0545þ0.008

−0.007 .
The addition of astrophysical data reduces the uncertainties
on the optical depth and the central value but only

marginally affects the neutrino mass constraint. We can
therefore conclude that for current data the reconstruction
does not affect the ΛCDMþ neutrino mass model.

4. Nonmonotonic reionization

We performed an exploratory analysis of the impact of
the variation of the efficiency for nonmonotonic histories
of reionization considering three nodes. The results are
reported in Table IV. We note that in this configuration the
freedom is enough to not allow to constrain the node
position and recombination time but thanks to the full
data combination is possible to constrain the UV luminos-
ity density and the efficiency log10½_ξion�=½erg−1Hz� ¼
24.94þ0.03;þ0.18

−0.08;−0.13 which is again in agreement at 95% C.L.
with the assumption we made in [27]. We stress that
nonmonotonic histories of reionization are anyway already
strongly disfavored by current data and the present analysis
is only meant to confirm the robustness of our treatment
against reconstructions with higher degrees of freedom.
In Fig. 11 we present the reconstructed reionization

histories using the full combination of CMB and astro-
physical data comparing the three cases of B0, B1 and B3

FIG. 10. Two-dimensional contours for the constraints on cosmological parameters for the varying neutrino mass case. The
reconstruction is compared with the hyperbolic tangent case.
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with varying efficiency. The histories are perfectly com-
patible with the case B0 superimposed to the B1. The case
with three nodes enlarges the error bars as expected and
allows for a later reionization. The B3 case the lowest-
redshift node is strongly sensitive to the QHII data whereas
the intermediate node is more sensitive to the UV data; this

increased freedom weights more on the lower-redshift data
by the QHII slightly moving the reionization towards later
times. In this three-bin case we have also derived the value
of the optical depth limited only to high redshift which in
this case means z > 15. For this test we keep fixed the
efficiency since we already have shown that the high-
redshift tail is not impacted by this parameter. The results
provide τz>15 < 0.001 which is below the 68% C.L. error
bar. We can conclude that the contribution to the reioniza-
tion history for redshift higher than 15 is negligible.

B. Changing the data

1. Low tail of luminosity function

The luminosity function used to derive the UV lumi-
nosity density has a nontrivial shape collecting different
contributions. In particular, in the derivation of the UV
luminosity density we have assumed a conservative trun-
cation magnitude of −17. This choice cuts the low-
luminosity tail of the function where indeed we do expect
significant contribution by fainter, but more abundant,
sources. The issue of the low-luminosity tail concerns
the behavior of the current data which is still not clearly
determined. As shown in [21] the faint end seems to show a
possible acceleration of the curve in the data compilation
we used, which is still not consolidated by data but may
have an impact on the UV luminosity density. For this
reason in our previous work we assumed a conservative cut.
We now investigate the impact of choosing a less

conservative assumption in the derivation of the UV
luminosity density by using a truncation magnitude of
−15 including therefore the low-luminosity tail in our
analysis. Also for this analysis we leave the ionizing
efficiency term of the source free to vary.
The results are shown in Fig. 12 for the monotonic

single-burst case B0 whose constraints are also presented in
Table V and in Fig. 13 for the monotonic B1 case whose
constraints are presented in Table VI.
From the point of view of cosmological parameters the

use of −15 truncation magnitude does not impact the
results for both configurations B0 and B1. The result is
robust with respect to the addition of the QHII data which
tightens the constraints. The only substantial difference is
in the parameters of the reionization. The fainter magnitude
cut prefers a higher optical depth of τ ¼ 0.0541þ0.0013

−0.0016 as
expected from the addition of the faint sources contribution
which brings the central value towards the Planck 2018
hyperbolic tangent result. The efficiency is pushed towards
lower values by the more optimistic cut and some shift is
observed in the reconstructed UV luminosity density and as
a consequence in the efficiency component of the source
term. These differences are expected due to the intrinsically
different treatment of the UV luminosity density. In Fig. 14
we show the reconstructed UV luminosity densities for the
two cases compared with the data points used.The case with

TABLE IV. 68% C.L. constraints on the parameters for the B3
case. In parentheses we report the 95% C.L. uncertainty; upper
bounds are the 95% C.L.

B3

Parameters Planck 2018þ UV17þ QHII

Ωbh2 0.0224� 0.0001ð0.0027Þ
Ωch2 0.1202� 0.001ð0.002Þ
100θMC 1.0409� 0.0003ð0.0006Þ
τ 0.0515þ0.0009ðþ0.0041Þ

−0.0019ð−0.0033Þ
z1int …
log10½ρ2UV� 25.78þ0.08ðþ0.26Þ

−0.17ð−0.20Þ
log10½R1� < 0.08
z2int …
log10½ρ2UV� 24.67þ0.40ðþ0.73Þ

−0.35ð−0.74Þ
log10½R2� …
z3int …
log10½ρ3UV� 20.4þ2.8ðþ4.8Þ

−4.0ð−5.2Þ
log10½R3� …

log10½_ξion� [erg H−1
z ] 24.94þ0.03ðþ0.18Þ

−0.08ð−0.13Þ
lnð1010AsÞ 3.039þ0.006ðþ0.013Þ

−0.007ð−0.013Þ
ns 0.9644þ0.0039ð0.0074Þ

−0.0038ð−0.0076Þ
ΔReion

z 2.91þ0.07
−0.18

FIG. 11. Reconstructed reionization histories using the full data
combination of astrophysical data and CMB. We present the
comparison for free _ξion between the single-node cases and the
three-node case. The 68% confidence level band for the hyper-
bolic tangent in Planck 2018 baseline results are in gray lines.
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the combination of CMB and UV is fully compatible
with the data. The addition of the QHII tightens the curve
and tilts it. We note the two different tilts between the
cut at −17 and at −15which is due to the change in the data
at the higher redshifts. In Fig. 15 we show the comparison
between the reconstructed reionization histories. Although
the two 95% C.L. partially overlap in the central-redshift
region we note that the two reionization histories are
substantially different. The addition of the faint end of
the luminosity function increases the contribution from
higher-redshift sources moving towards a shallower

reionization history. This earlier onset of reionization is
in agreement with simulations including higher-redshift
sources of reionization such as the models with a pop III

FIG. 12. Two-dimensional contours for the constraints on the
reionization parameters using the luminosity function magnitude
cut at −15 for the B0 case compared with the same data
combination with −17 cut.

TABLE V. Constraints on the parameters for the B0 case using
the UV luminosity density cut at −15 in the luminosity function.
Error bars are the 68% C.L.

B0

Parameters P2018þ UV15 P2018þ UV15þ QHII

Ωbh2 0.0224� 0.0001 0.0224� 0.0001
Ωch2 0.120� 0.001 0.120� 0.001
100θMC 1.0409� 0.0003 1.0409� 0.0003
τ 0.0550þ0.0055

−0.0081 0.0542þ0.0014
−0.0016

z1int 21.1þ8.0
−2.9 21.1þ7.8

−3.1
log10½ρUV�
[erg=ðsHz Mpc3Þ]

23.2þ0.8
−1.5 23.2þ0.9

−1.4

log10½_ξion� [erg H−1
z ] 24.72þ0.19

−0.26 24.70þ0.06
−0.05

lnð1010AsÞ 3.046þ0.011
−0.015 3.044� 0.006

ns 0.9650� 0.0040 0.9649� 0.0038
ΔReion

z 4.21þ0.33
−0.70 4.20þ0.36

−0.64

FIG. 13. Two-dimensional contours for the constraints on the
reionization parameters using the luminosity function magnitude
cut at −15 for the B1 case compared with the same data
combination using the −17 cut.

TABLE VI. Constraints on the parameters for the B1 case using
the UV luminosity density cut at −15 in the luminosity function.
As before, the error bars are 68% C.L. The numbers in
parentheses are the results with SROLL2 likelihood.

B1

Parameters P2018þ UV15
P2018þ UV15þ QHII

(SROLL2)

Ωbh2 0.0224� 0.0001 0.0224� 0.0001
(0.0224� 0.0001)

Ωch2 0.120� 0.001 0.120� 0.001
(0.120� 0.001)

100θMC 1.0409� 0.0003 1.0409� 0.0003
(1.0409� 0.0003)

τ 0.0549þ0.0057
−0.0077 0.0541þ0.0013

−0.0016
(0.0544þ0.0014

−0.0016 )
z1int 20.7þ8.5

−3.2 21.3þ7.7
−3.0 (21.8þ7.4

−2.8 )
log10½ρUV�
[erg=ðs Hz Mpc3Þ]

23.3þ0.9
−1.6 23.1þ0.9

−1.4 (23.1þ0.9
−1.3 )

log10½R1� … − (−)
log10½_ξion� [erg H−1

z ] 24.78þ0.16
−0.34 24.71� 0.06 (24.70þ0.06

−0.05 )
lnð1010AsÞ 3.045þ0.012

−0.015 3.044� 0.006
(3.045� 0.006)

ns 0.9649� 0.0040 0.9647� 0.0040
(0.9645� 0.0040)

ΔReion
z 4.19þ0.31

−0.71 4.22þ0.33
−0.62 (4.30þ0.38

−0.65 )
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stars contribution [71]. The minor steepness of the curve
makes the reconstructed reionization history even in more
disagreement with the hyperbolic tangent used in the
standard cosmological analyses although the reconstructed
optical depth is more in agreement with the Planck 2018
baseline results. This is mainly due to effect at the power
spectrum level where in the E-mode polarization this
contribution is indeed much closer to the Planck best fit.
Future CMB sensitivities in the E-mode may be able to
distinguish among the effects of the two cuts.

2. Selection of ionized fraction data

After the investigation of different alternatives for the
UV luminosity density we now consider the case of
different selections for the QHII data from high-redshift
objects. We start by cornering the effect of the only point
we have which is based on a Gamma Ray Burst

measurement and in particular on the damping wings of
the Gamma Ray Burst 050904 [6,11]. This point having a
different source for the data has a different process of data
analysis and in the light of future Gamma Ray Burst data is
interesting to see if it provides a different pull with respect
to the more commonly used Quasar points. In Fig. 16, we
show the comparison for the monotonic single-burst cases

FIG. 14. Reconstructed UV luminosity densities compared
with the data for the full combination of Planck and astrophysical
data. In green in the upper panel we show the case using the −17
cut in blue, and in the lower panel the case with the −15.

FIG. 15. The reconstructed reionization histories for the B1
case with full data combination using either the −17 or the −15
magnitude cut in the UV luminosity function in addition to
CMBþ QHII.

FIG. 16. Constraints on the reionization parameters from the
combination of CMB, UV and QHII data excluding the GRB
050904 point from the QHII. We show here the B0 case.

DARK TWILIGHT JOINED WITH THE LIGHT OF DAWN TO … PHYS. REV. D 104, 123549 (2021)

123549-13



of the analysis excluding the Gamma Ray Burst point and
the standard case which considers it and the monotonic
case B1 provides analogous results. We do not note any
appreciable difference between the two cases concluding
that the GRB point addition does not impact the results but
for a minimal reduction of the error bars it will be
interesting to see if this reduction is increased by increasing
the number of GRBs as expected from future data.

Concerning the Quasar data we tested a series of
different alternatives for the QHII points that were provided
by slightly different data analysis pipeline. We divide the
different points into three combinations named A1: as in [5]
we use a broader range in redshift as [6.1, 0.62] instead of
[5.9, 0.94]; A2: we use the alternative [9] point at z ¼ 7.54
using 0.79 instead of 0.4; A3: we use the [10] instead of the
[9] point at z ¼ 7.09. The results for both the monotonic
single burst and the monotonic cases do not show any
appreciable difference. The alternatives to the data points
we used do not modify our results and again confirm the
robustness of our approach.
We finally investigate the different pulls of QHII data at

low redshifts (z < 7, denoted as low z) and high redshifts
(z > 7, denoted as high z). We display the reconstructed
reionization histories for the B1 case in the right panel of
Fig. 17 and the two-dimensional posteriors for the reioni-
zation parameters for B0 and B1 in Figs. 18 and 19.
Cosmological parameters are in Table VII. Although
perfectly consistent with the full dataset, also thanks to
enlarged error bars, the two separate data sections show
slightly different pulls on the parameters. Higher-redshift
quasars prefer a higher value of the reconstructed optical
depth and shift towards higher values of the efficiency.
Lower-redshift dataset instead shows the opposite behavior.
Again, we note how the introduction of higher-redshift data
tends to move the reionization history towards higher
optical depth and earlier reionizations.

FIG. 17. The reconstructed reionization histories using low- or
high-redshift QHII data in addition to the CMBþ UV.

FIG. 18. Constraints on the reionization parameters from the
combination of CMB, UV and QHII data excluding the low-
redshift data and the high-redshift data in turns. This is the B0 case.

FIG. 19. Constraints on the reionization parameters from the
combination of CMB, UV and QHII data excluding the low-
redshift data and the high-redshift data in turns. This is the
B1 case.
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IV. CONCLUSIONS

In this paper we have extended our previous analysis
[27] by considering different data and their combinations
and by removing the assumption of a free ionization
efficiency sampling the product fescξion as a free parameter.
When allowing to vary the ionization efficiency the results
for both single-node, either considering a single burst
or the possibility of steplike histories, and three-node
reconstruction show an excellent agreement with our
previous results. The optical depth constraint is slightly
affected by the free ionizing efficiency, the baseline B1 case
providing τ ¼ 0.0519þ0.0010

−0.0008 , which is slightly larger than
our previous result for fixed efficiency. CMB alone is not
able to provide constraints on the efficiency; the addition
of UV data improves but with very large uncertainties.
The tightest constraint on the efficiency comes from the
addition of the QHII data, which drastically reduces
the uncertainties and flips the degeneracy direction of

the efficiency with the optical depth and the scalar
fluctuations amplitude leading to stronger constraints.
The recovered ionization efficiency constraints are con-
sistent within 95% C.L. with the value assumed in [27]
for B1. The reconstructed ionization histories are in good
agreement with those obtained by a fixed value of the
efficiency with only marginal differences around the end of
reionization where the free efficiency prefers a faster end.
In our previous work we assumed a conservative

truncation magnitude in the UV luminosity function, at
−17, that excluded the contribution of the low-luminosity
tail of the function which shows an acceleration still under
investigation. We have now tested a more optimistic
truncation magnitude of −15 showing it has a little impact
on the cosmological parameters but prefers a larger derived
optical depth of τ ¼ 0.0541þ0.0013

−0.0016 and longer duration of
reionization ΔReion

z ¼ 4.22þ0.33
−0.62 , and it impacts the recon-

structed reionization history. The contribution by the faint-
est sources causes a preference for shallower reionization
histories with a larger contribution from the high-redshift
part with respect to the more conservative truncation.
The impact of our findings for the reionization history
for CMB are displayed in Fig. 20, where we show the
residuals angular power spectra with respect to Planck
hyperbolic tangent best fit of the case considering free
efficiency and the case with also the UV more optimistic
cut, respectively, in darker and lighter colors with respect to
the B1 standard case with fixed efficiency. These results
offer an intriguing perspective for future experiments which
will be able to reduce the uncertainty in the faint end of the
luminosity function.
Given their constraining power, we tested different

selections of QHII data. The results from the full dataset
are robust against different changes of dubious data points
and also with respect to the exclusion of the only GRB data
point we used. Note however that the change in the error
bars suggests that GRBs might be an interesting source of
constraints from future experiments. Some differences arise
when splitting the QHII between redshifts lower and higher

FIG. 20. Residuals with respect to Planck best fit, with hyperbolic tangent, of the B1 case best fit compared with the residuals from B1
with free efficiency and with the UV 15 cut. In gray are the data points from Planck. Left panel is TT, middle panel is TE and right panel
is EE.

TABLE VII. Constraints on the parameters for the B1 case
using the low and high QHII selections. Error bars are the
68% C.L.

B1

Parameters
P2018þ UV17
þQHII-low

P2018þ UV17
þQHII-high

Ωbh2 0.0224� 0.0001 0.0224� 0.0001
Ωch2 0.120� 0.001 0.120� 0.001
100θMC 1.0409� 0.0003 1.0409� 0.0003
τ 0.0513þ0.0015

−0.0010 0.0534þ0.0016
−0.0016

z1int 20.9þ7.1
−3.4 20.7þ7.2

−3.5
log10½ρUV�
[erg=ðsHz Mpc3Þ]

21.1þ1.7
−2.7 21.2þ1.8

−2.7

log10½R1� … …

log10½_ξion�½ergH−1
z � 24.93þ0.06

−0.05 25.01þ0.06
−0.08

lnð1010AsÞ 3.039� 0.006 3.043� 0.006
ns 0.9642� 0.0040 0.9647� 0.0040
ΔReion

z 2.79þ0.11
−0.14 2.78þ0.12

−0.15
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than 7. The lower dataset has a greater power, as expected
from the lower uncertainties on the data points, but we note
how the higher-redshift dataset prefers a higher optical
depth τ ¼ 0.0534� 0.0016 with respect to the lower
τ ¼ 0.0513þ0.0015

−0.0010 . Also the reconstructed reionization his-
tories are slightly different; the higher-redshift dataset
seems to prefer an earlier reionization, although with a
similar shape and shallowness to the low-z data.
The thorough investigation of both theoretical priors and

our selection of astrophysical data performed in this paper
confirmed our previous results in [27]. Astrophysical data
are consistent with Planck measurements and provide the
necessary leverage to constrain the ionization efficiency,
leading to results consistent with the fixed value assumed
in [27]. The determination of the optical depth is only
marginally sensitive to the theoretical priors when CMB is
combined with our selection of astrophysical data, con-
sistently with the results of [49], which however used a
different selection of astrophysical data and a different
methodology. The reconstructed reionization histories are
more sensitive to theoretical priors and astrophysical data
cuts, the major change occurring when we change the
truncation magnitude for the UV luminosity function.
The results of this paper show how for our selection of

data the value of the integrated optical depth as recon-
structed in our methodology is mainly driven by astro-
physical data and only sightly sensitive to actual history of
reionization. Results from very different histories produce
similar optical depth although with some shift towards
lower values when low-redshift quasars are added to the
data combinations. UV data are in good agreement with a
larger optical depth closer to the Planck 2018 value
obtained by a hyperbolic tangent modeling. The other
cosmological parameters which are instead mainly con-
strained by the CMB show very little sensitivity to the
change in the optical depth with only a fraction of sigma
shift in the scalar spectral index. The little sensitivity of the
cosmological parameters to the change in the reionization
history may lead to favor a split of the data, reionization
dynamics constrained through astrophysical data and the
cosmological model based on a simple optical depth prior.
As also shown in [49], the differences in the E-mode

polarization power spectrum among different reionization
reconstructions are below the sensitivity of current data,
but this will not be true anymore for future experiments
which will reach the cosmic variance limit. At the same
time it has been shown in [59,72] how future experiment
will reach a level of sensitivity for which the extended
cosmological and primordial power spectrum models will
be degenerate with the reionization history and therefore
the astrophysical data combination with the CMB will
reach a crucial importance in constraining extended
cosmological models.
The overall results point to even brighter synergies for

the reconstruction of reionization in the perspectives of
future observations. We expect progress in the measure-
ment of the CMB E-mode polarization on large angular
scales from CLASS [73] and LiteBIRD [74], of the UV
luminosity function which will clarify the faint end slope
and finally of the high-redshift QHII data either from
Quasars or Gamma Ray Bursts.
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