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We show that by jointly fitting cosmic microwave background (CMB) and astrophysical data - a
compilation of UV luminosity data from the Hubble Frontier Field and neutral hydrogen data from
distant sources-, we can infer on the shape of the evolution of the ionized hydrogen fraction with
redshift in addition to constraining the average optical depth τ . For this purpose, we introduce
here a novel extended model that includes hydrogen ionization histories which are monotonic with
redshift, but allow for an asymmetry as indicated from our previous works on a free reconstruction of
reionization. By using our baseline data combination, we obtain τ = 0.0542+0.0017

−0.0028, consistent with
our previous works and tighter than the one inferred by Planck 2018 data because of the combination
of CMB with astrophysical data. We find that the symmetric hypothesis within our parametrization
is disfavoured at 4 σ. We test our findings by using alternative likelihoods for CMB polarization at
low multipoles, i.e. based on the 2020 reprocessing of Planck HFI data or on the joint analysis of
WMAP and Planck LFI data, obtaining consistent results that disfavour the symmetric hypothesis
of the reionization history at high statistical significant level. These results will be further tested
by more precise astrophysical data such as from JWST and Euclid deep fields.

PACS numbers: 98.80.Cq

I. INTRODUCTION

Reionization represents one of the main phase transi-
tions the Universe underwent in its entire history. With
the first stars, dawn falls, the Universe gets ionized again
long after the cosmological recombination of hydrogen
and the dark ages end. We are, however, yet to under-
stand the exact dynamics and origin of reionization, were
they driven by the elusive POPIII stars, active galactic
nuclei or through other mechanisms [1–5].
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In the minimal assumptions for cosmological studies,
the free electron fraction during reionization is usually
modelled with a simplified, sharp transition in the form
of an hyperbolic tangent with a fixed growth of the ion-
ization fraction. In this way,reionization is simply en-
coded by one parameter, either the average optical depth
τ or the effective redshift zre at which the ionization frac-
tion changes.With the recent progress in measuring CMB
polarization on large angular scales [6–11], τ remains
the parameter with the largest uncertainties among the
six ones which determine the concordance cosmological
ΛCDM model as seen by Planck [12], although its value
has been reconciled with astrophysical measurements of
the ionized medium [13].

The consistency of the inference of the average optical
depth from CMB and astrophysical measurements under
minimal assumptions has fuelled a renewed interest in the
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study of reionization beyond the average optical depth
τ [14, 15] and in constraining the physics of the reion-
ization process [16, 17]. This is particularly important,
since reionization can also be a source of confusion in ex-
tensions of ΛCDM, as for the neutrino mass [17, 18], an-
nihilating dark matter [15] and most notably for certain
inflationary motivated deviation from a power law for the
primordial spectrum of curvature perturbations [19].

As alternative to direct modelling of the free electron
fraction [14, 15, 20], reionization history can be obtained
as a solution to the ionizing equations. In this way, on
top of CMB anisotropy data, in particular the E-mode
polarization, that constrains the integrated optical depth
and to a certain extent also the shape and duration of
the reionization, the following measurements can also be
used:

1. UV luminosity data from Hubble Frontier
Field [21–23] that constrains the source part in the
ionizing equation.

2. Neutral hydrogen fraction measurement from
quasars, Gamma Ray Bursts (GRBs) and galax-
ies [3, 24–42] that constrains the neutral/ionized
hydrogen fraction obtained upon integrating the
ionization equation.

Several reionization models were therefore constrained
using combinations of different data types [43–47]. In
general, astrophysical data carry an information which
leads to resulting constraints on the optical depth which
are tighter than those achievable by current CMB data
alone. In [16] we introduced a free-form modelling of
reionization and even within this conservative approach,
we demonstrated that the reionization history can be
constrained better than with a cosmic variance limited
CMB observation alone, with the optical depth con-
strained up to 2% accuracy.

The reconstructed histories of ionization found in [16]
and other similar analyses do not show any preference
for a symmetric model of ionization. Indeed, a symmet-
rical evolution of the free electron fraction does not arise
from theoretical priors and it is a purely phenomenolog-
ical choice for CMB parameter estimation. Since differ-
ent reionization histories can lead to different constraints
on the optical depth and bias the estimation of other
cosmological parameters, it is important to understand
how current astrophysical and cosmological data have
changed our view on the shapes of reionization history.

Motivated by our previous results, we study how dis-
tinguishing between symmetric and asymmetric mod-
els of reionization history with current CMB and astro-
physics data. We introduce an extended model that al-
lows different monotonic shapes of ionization evolution
(ionization/free electron fraction) were the symmetric
history can be obtained as the limit where an asymme-
try parameter vanishes. With different data combina-
tions we constrain this asymmetry parameter alongside
the cosmological and other related parameters on reion-
ization. As we mentioned before, it is important to have

joint analysis with combined datasets in order to obtain
stringent constraints. Since our starting point of this
analysis is modelling the free electron fraction, in order
to use the UV luminosity data, we reverse engineer the
luminosity density from the ionization fraction. We test
our results with different available large scale CMB po-
larization data and with different UV magnitude cuts in
luminosity function. We also compare the Tanh model
in particular against the extended model in the scale of
Bayesian evidence.
The paper is organized as follows. In section II we dis-

cuss the extended model and its comparison with the
baseline hyperbolic tangent model. In section III we
discuss different dataset combinations and analysis de-
tails. section IV and section V discuss the results of our
analysis in two parts wherein, in the first part, we discuss
the preference for the shapes of the ionization history
from the data combinations and in the second part we
do model comparison between our extended model and
Tanh model. In section VI, we summarize.

II. THE MODEL AND METHODS

A. Extended model of ionizing history

The straightforward method to describe reionization is
to model the evolution with time or redshift of the aver-
age ionization fraction of the Universe with some func-
tion. The standard model reionization in cosmology as-
sumes a transition from neutral to fully ionized in the
form of an hyperbolic tangent in the ionization fraction:

xTanh
e (z) =

1

2

[
1 + tanh

(
y(zre)− y

∆y

)]
, (1)

where y(z) = (1+ z)3/2 and ∆y = 3/2
√
1 + zre ∆zre. By

definition this assumption imposes a symmetric nature
of the reionization history.
We plan to address two related questions in this work,

1. Do cosmological data from different sources and
redshifts support a reionization history symmetric
w.r.t. the redshift?

2. Is the widely used Tanh model, as provided
in Equation 1 consistent with different cosmolog-
ical data combinations?

In order to address the first question, we make use
of an extended model where both symmetric and asym-
metric models are nested within and a single parameter
describes the asymmetry. Through this parameter we
can test the viability of a symmetric model. The second
question can be addressed by model comparison.
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FIG. 1: Reionization histories plotted for the variation of the reionization parameters. Best fit xTanh
e (z) (Planck baseline)

from Equation 1 is plotted in purple in all plots. A resembling history from symmetric history as expressed in Equation 5 is
plotted. In the first four plots (in order of reading English books), keeping all other parameters fixed, we vary each parameter
of the extended model (Equation 4) and plot the histories. In the top left plot we demonstrate the effect of varying α where
departure from symmetry can be noticed. In the next three plots we vary reionization redshift and width. Top right plot
shows the variation of reionization redshift. Bottom plots show the variation of the histories by varying α and ∆zre keeping
the same optical depth. These two plots showcase certain cases that may be indistinguishable by Planck CMB data but can
be differentiated by other observations.
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a. Extended model: Evolution of electron fraction in
our model is described by a cumulative distribution func-
tion (ΦSkewed(z)) corresponding to a skew normal distri-
bution. ΦSkewed(z) is expressed with ΦNormal(z) as,

ΦNormal(z) =
1

2

[
1 + erf

(
z − zre√
2∆zre

)]
(2)

ΦSkewed(z) = ΦNormal(z)− 2T

(
z − zre
∆zre

, α

)
(3)

where T is the Owen T function. The ionization fraction
evolution that includes both symmetric and asymmetric
evolution can be expressed in the extended model as,

xSkewed
e (z; zre,∆zre, α) = 1−ΦSkewed(z; zre,∆zre, α) (4)

Note that the distribution function depends on the reion-
ization parameters and therefore in this equation we
retained them as ΦSkewed(z) = ΦSkewed(z; zre,∆zre, α).
Here zre,∆zre are the mean and standard deviation of
the normal distribution that can be related to reioniza-
tion redshift and width and α indicates the skewness or
asymmetry in the distribution. For α = 0 the reioniza-
tion history remains symmetric in redshift as,

xNormal
e (z; zre,∆zre) = 1− ΦNormal(z; zre,∆zre) (5)

Note that this function does not exactly repro-
duce Equation 1. However, by the variation of zre,∆zre,
it can be made to resemble xTanh

e (z).
b. Parameter variation: Since our analysis focuses

on differentiating between the symmetric and asymmet-
ric shapes of ionization history, in order to marginalize
over the width of reionization, we also allow ∆zre to vary.
Instead of sampling the reionization redshift (zre) which
is normally associated to a symmetric history, we sample
the optical depth to reionization, and zre is obtained as
a solution that satisfies the optical depth in that sample
given the considered ionization history shape. In Fig-
ure 1, we show the variation in the shape of ionization
histories of our model, due to changes in the reionization
parameters, the impact of the asymmetry parameter, the
duration of reionization and the reionization redshift. We
also show how with our extended model the same value of
the optical depth can underlie different reionization his-
tories stressing the importance of using different datasets
to distinguish among them. In all the figures we show as
a reference the Tanh model.

The asymmetry parameter can be varied to have
two branches of solutions around the symmetric history,
namely, positive branch (corresponding to α > 0) and
negative branch (α < 0). Based on the hypothesis done
on the possible sources of reionization and the results
of our previous works on reconstructing the reionization
history from its sources and CMB [16, 17], we do expect
to have a history with a shape more compatible with the
positive branch: a shallow transition from fully neutral
to ionized and a sharper completion towards the end.
On this basis, we will favour the positive branch for the

choice of our priors. We have however tested that adding
the negative branch prior provides similar constraints in
the joint data combinations, Results are presented in sec-
tion A.

B. Reverse engineering the source from history:
UV luminosity density

In our earlier works on reconstructing the reionization
history [16, 17], we started from the sources, integrating
the free-form ionization and recombination rates to de-
rive the reionization history. Here, since we start from
the history, we need to reverse engineer the sources. As-
suming the standard ionization equation,

dQHII

dt
=

ṅion

⟨nH⟩ −
QHII

trec
(6)

we trace back ṅion, given a form of QHII. Note that
in such treatments where the QHII has a known shape,
its derivative dQHII/dt can be calculated analytically; in
particular, for our extended model this derivative can be
expressed simply in terms of a skewed normal. The re-
combination time is defined through the clumping factor
CHII, recombination coefficient αB(T ), average density
of hydrogen atom ⟨nH⟩, and hydrogen (Xp) and helium
abundances (Yp) and is expressed as

trec(z) =

[
CHIIαB(T )(1 +

Yp

4Xp
)⟨nH⟩(1 + z)3

]−1

(7)

Here, T refers to the temperature of the intergalactic
medium and we we keep T = 20000K throughout our
analysis.
Following the simulations in [48], we use the following

clumping factor expression,

CHII(z) = 2.9

[
1 + z

6

]−1.1

(8)

Using these expressions, for a given ṅion, obtained from
the electron fraction model (equivalently the volume fill-
ing factor QHII), UV luminosity density can be expressed
as,

ρUV(z) =
ṅion

⟨fescξ̇reion⟩
. (9)

⟨fescξ̇reion⟩ represents the magnitude averaged value of
the product of escape fraction fesc and emission rate of
photons. Note that CMB and neutral hydrogen fraction
observations from quasars can only constrain the pro-
duction rate of the ionizing photons ṅion and they are
blind towards individual terms within, since these obser-
vations probe only QHII(z). However, when luminosity
function observations are used, they directly constrain
ρUV which, in turn, helps us to constrain ⟨fescξ̇reion⟩
when CMB and/or neutral hydrogen fraction data are
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used jointly. In our analysis we allow ⟨fescξ̇reion⟩ to vary
in combined analysis, where we allow this function to
change over redshift monotonically. The amplitude is
varied through ξ̇reion with a flat prior and the tilt is var-
ied through the escape fraction with,

fesc(z) = max

[(
1 + z

15

)β

, 1

]
(10)

using a flat prior on the slope β.

III. DATA, PRIORS AND SAMPLING

The signatures of reionization are both cosmological,
with a modification of the CMB anisotropy pattern in
temperature and polarization, and astrophysical where it
is possible to investigate reionization directly, with the
measurements of the ionization fraction from distant ob-
jects, and indirectly, through the characterization of its
sources with UV data.

Concerning the CMB, it is sensitive to reionization
thanks to the Thomson scattering between photons and
the newly free electrons during reionization.

This effect damps the overall amplitude of the tem-
perature anisotropy spectrum and it creates a bump in
the E-mode polarization signal at large angular scales.
This reionization bump, with its amplitude and shape, is
sensitive to the optical depth and the duration of reion-
ization history. However, being limited by cosmic vari-
ance, CMB can not probe the shape of the reionization
histories, unless the reionization starts sufficiently early.
However, such early onsets are disfavoured by the latest
Planck data on polarization as we have shown in a model
independent analysis [16].

In order to differentiate between the shapes, we com-
plement CMB data with both direct ionization frac-
tion measurements from sources as active galactic nuclei
(AGNs) and GRBs and indirect information on the reion-
ization sources coming from UV luminosity density using
the same datasets [47] as used in [16, 17].

a. CMB data: As CMB data, we use Planck 2018
baseline which includes temperature, polarization and
lensing likelihoods [11, 49]. At ℓ ≤ 30, we use the tem-
perature likelihood based on Gibbs sampling of the com-
ponent separated map from commander and the E-mode
polarization SIMALL likelihood. At high multipoles we
use plik TTTEEE likelihood based on cross spectra. In
the Planck baseline we also include the weak lensing like-
lihood in the conservative range 8 ≤ ℓ ≤ 400 [49]. We also
use alternative likelihoods at low-multipoles: SROLL2 [9]
and the joint WMAP-Planck LFI likelihood [10].

b. Neutral/ionization fraction data: For the direct
measurements of the ionization state around discrete
sources as AGNs and GRBs the data spans a redshift
range z = 6 − 8. The different points used in our data
combination consist of quasars and a GRB and can be
found in [27–34, 37, 38, 41, 42].

Name Likelihood Multipole/Redshift

P2018 commander ℓ = 2− 29 (TT)

SimAll ℓ = 2− 29 (EE)

plik TTTEEE ℓ = 30− 2508 (TTTEE)*

lensing ℓ = 8− 400

P2018SR2 P2018 Same as Planck 2018

but SimAll replaced

by SROLL2

P2018WLFI Pixel based ℓ = 2− 29 (T,E)

plik TTTEEE ℓ = 30− 2508 (TTTEE)*

lensing ℓ = 8− 400

UV17 z = 6.5− 11

UV15 z = 6.5− 11

QHII z = 6− 8

TABLE I: Likelihoods and multipole ranges used in this
article. Hereafter, different combinations of likelihoods will
be referred with the names mentioned in the first column.
Second column contains the appropriate names of the
likelihood, wherever applicable.*Note that for TE and EE in
Plik the range is ℓ = 30− 1996

Parameters Priors

zre Fixed from τ

∆zre 0.5-10

α 0-8

log10 ξ̇reion 20-30

β 0-10

TABLE II: Priors used for the parameters related to reioniza-
tion history.

c. UV luminosity density: For the UV luminos-
ity density data we consider the the Hubble Frontier
Field [21, 23] observation of six galaxy clusters spanning
redshift 6 to 11 [47, 50]. Following our earlier work in [17],
we consider both a conservative cut of −17 for the mag-
nitude of integration of the UV luminosity function and
a more aggressive cut at −15 to check the impact of the
different shape including the low magnitude tail of the
luminosity function. It is important to highlight that the
source function ṅion(z) and therefore ρUV(z) can only be
traced back during the reionization process, once QHII

reaches unity we can no longer obtain ṅion(z). Therefore,
we do not use the UV luminosity data below z = 6.5.
We consider different combinations of the data as de-

scribed in Table I to distinguish between the shapes of
reionization history. Combinations using P2018, UV17
and QHII from this table is referred to as the standard
data combination in this article.
We use CosmoChord [51, 52], (modified to include our

extended model of reionization) for nested sampling, to
derive the posterior distributions and for model com-
parison. We use 2048 live points for the sampling.
fgivenx [53] is used to obtain functional posterior from
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the samples.
For all our analysis, we jointly vary the cosmologi-

cal parameters and nuisance parameters corresponding
to Planck likelihoods. We sample the standard cosmo-
logical parameters: baryon density Ωbh

2, dark matter
density Ωch

2, the angular diameter distance to recombi-
nation Θ and the primordial power spectrum for scalar
fluctuations through its amplitude As and tilt ns. In-
stead of using the priors used in Planck baseline analysis,
we use the priors suggested in CosmoChord. Note that
though in the nested sampling, tighter priors are used,
we have tested that in all our analyses, all the baseline
parameters have two tailed posterior distributions. The
conservative flat priors on the reionization parameters
are provided in Table II. As we mentioned before, in-
stead of sampling zre we sample the optical depth τ for
faster convergence. zre is solved for a given τ .
In order to impose the completion of reionization by

z=5 we use a soft bound on the neutral hydrogen fraction
from [27] at z = 5.6. This bound is necessary, since the
variation of the reionization width allows scenarios where
reionization happens till today, resulting in unrealistic
bounds on the cosmological parameters.

IV. CONSTRAINTS ON EXTENDED
REIONIZATION HISTORY

We derive the joint constraints on our model of reion-
ization history and the cosmological model. We begin
with the results obtained from the standard dataset com-
binations and then explore the constraints from alterna-
tive combinations.

A. Standard dataset combinations

We start by investigating the different constraints from
different dataset combinations. Since we vary all cosmo-
logical parameters the only common dataset to all the
combinations is Planck 2018 (P2018 in tables and fig-
ures) that enables to constrain also the standard param-
eters together with the reionization ones. After testing
the results of CMB alone we add in turn the UV lumi-
nosity density with the standard magnitude cut UV17
(in P2018+UV17), and the data from quasars and GRB
(in P2018+QHII), finally we study the full combination
of the three datasets (P2018+UV17+QHII).

The results are compared in Figure 2 with on the left
the triangle plot for the standard cosmological parame-
ters and on the right for the reionization history parame-
ters. The corresponding uncertainties and bounds are re-
ported in Table III, both are at 68% C.L. (with 95% C.L.
in parentheses, in cases with one tailed distributions).

We find that the extended history does not change cos-
mological parameters from the baseline results, with the
mean values being completely consistent with the Planck
2018 baseline results [12]. When QHII data is added, we

find tighter constraint on the reionization history with
a preference of shorter histories compared to P2018 and
P2018+UV17. This preference results in a lowering of
optical depth value with smaller error bars.
The shape of the reionization history, as expected, can

not be constrained well with Planck data only. While
Planck data can not distinguish between a symmetric and
asymmetric models of reionization, it shows a marginal
preference for an asymmetric shape as can be noted from
the constraints on the parameter of asymmetry, α. With
P2018+UV17 and P2018+QHII we have lower bounds
at 68% C.L.. However, addition of these datasets put
significantly tighter constraints on the duration of reion-
ization compared to P2018 only analysis. As we men-
tioned before, efficiency parameter is not constrained by
CMB or QHII observations unless source data UV17 is
included in the combination. Constraints and bounds
on all the parameters of this extended model obtained
from different combinations of data are completely con-
sistent, which allows us to combine them together. In
P2018+UV17+QHII, the preference for asymmetric his-
tory from P2018+UV17 and P2018+QHII gets statistis-
tically significant where α = 0 is ruled out at more than
4σ (2σ lower limit of α being 3.12).
In Figure 3 we show the reconstructed reionization his-

tories for the four dataset combinations compared. We
first note the difference of the preferred reionization his-
tories with respect to standard symmetric case. The ad-
dition of UV17 to P2018 still leaves room for the sym-
metric model of reionization and we note that a very late
completion of reionization is also allowed, given the varia-
tion of duration of reionization and soft prior on the neu-
tral fraction. The tightening of the constrained reioniza-
tion band comes from the addition of QHII data. In fact,
in P2018+UV17+QHII we observe a strong rejection of a
symmetric transition of the ionization fraction. We high-
light that the significance of this rejection is obtained
after the marginalization on ∆zre (along with other cos-
mological parameters). Therefore the result can be con-
sidered as pointing towards a strong disfavour of sym-
metric shape rather than limited to a particular model
with fixed duration of ionization.
The reverse engineered luminosity density is plotted

in Figure 4 with blue contours corresponding to our
standard dataset combination P2018+UV17+QHII com-
pared with the data points always in blue. The remark-
able consistency with the data strongly supports the con-
cept of the reconstruction of UV densities which enables
to include the constraints on the reionization sources. As
in our previous works, zre in Table III is lower than in
[12].

B. Alternative cut in the UV magnitude

We now investigate the impact of the faint tail of the
UV luminosity function by substituting UV17 dataset
with the one which considers an aggressive magnitude cut
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FIG. 2: Constraints on cosmological (left panel) and reionization parameters (right panel) for the standard data combinations.

Extended History of Reionization

Parameter P2018 P2018+UV17 P2018+QHII Planck 2018+UV17+QHII

Ωbh
2 0.0224± 0.0001 0.0224± 0.0001 0.0224± 0.0001 0.0224± 0.0001

Ωch
2 0.120± 0.001 0.120± 0.001 0.120± 0.001 0.120± 0.001

Θ 1.0409± 0.0003 1.0409± 0.0003 1.0409± 0.0003 1.0409± 0.0003

ns 0.9659± 0.0041 0.9659+0.0039
−0.0043 0.9643+0.0038

−0.0039 0.9649+0.0038
−0.0039

As 3.051+0.012
−0.015 3.056+0.011

−0.015 3.039+0.006
−0.007 3.044+0.006

−0.008

τ 0.0582+0.0058
−0.0077 0.0608+0.0050

−0.0080 0.0515+0.0014
−0.0028 0.0542+0.0017

−0.0028

∆zre < 2.28 2.88+0.47
−0.83 1.60+0.37

−0.59 2.29+0.27
−0.46

α 4.28+3.15
−1.74(−) > 3.95(−) > 3.39(−) > 5.08(> 3.12)

log10[ξ̇] − 26.49+0.35
−0.43 − 26.09+0.25

−0.22

β − 5.80+1.27
−1.57 − 4.21+0.87

−0.85

zre 6.60+0.67
−0.93 6.04+0.29

−0.75 6.16+0.20
−0.32 5.82+0.20

−0.19

TABLE III: Constraints on cosmological and reionization parameters. Both errors and upper and lower bounds are at 68%
C.L. The numbers in the parentheses denote 95% bound. Note that zre is a parameter derived from the other parameters.

at -15. Here we consider a low luminosity high redshift
population contributing to the reionization history. This
in our previous work shown a preference for higher optical
depths and longer duration of reionization with respect
to the UV17 case, implying a earlier start of ionization
from the contribution of these faint sources.

The resulting posterior distributions are shown in Fig-
ure 5. The limits on the parameters are tabulated in Ta-
ble IV. The addition of UV15 brings back the symmet-
rical model, this is reflected also by the posterior distri-
bution of histories. In Figure 4 posterior distribution of
reconstructed UV luminosity density is plotted in purple
that can be compared with the densities constrained by
UV17. Apart from the considerable larger uncertainties

in UV15, we also notice a shallower decrease of luminosi-
ties with redshift compared to UV17. Both these factors
contribute in the increased uncertainties in α that makes
P2018+UV15+QHII less sensitive to the shape of ioniza-
tion history. Compared to UV17, here too we find larger
optical depth and longer duration of reionization with
larger error bars.

C. Alternative Planck large scale polarization

Since an important contribution of reionization to
CMB is at large angular scale polarization, in our analy-
sis we also include two alternatives to the baseline low-ℓ
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FIG. 3: Reconstructed reionization histories for the different
dataset combinations we have considered for the baseline case
of all three datasets.
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FIG. 4: Reconstructed UV luminosity density with the full
data combinations. Comparison between the two UV lumi-
nosity density datasets UV15 in purple and UV17 in blue.
Respective data points are in the same colors.

E-mode likelihood of the Planck 2018 data release. The
first alternative we test updates the map making algo-
rithm to SROLL2 reducing the systematic effects at the
map level [8], for the data collected from the High Fre-
quency Instrument (HFI). The use of this data in the
Planck 2018 baseline contraints on cosmological param-
eters marginally increases the optical depth w.r.t. the
Planck 2018 official release. The second alternative we
consider is instead based on the analysis that combines
WMAP large scale polarization and Planck Low Fre-
quency Instrument polarization data as presented in [10].
In this case the optical depth obtained for baseline cos-
mology is τ = 0.0714+0.0087

−0.0096.

Extended History of Reionization

Parameter P2018+UV15 P2018+UV15+QHII

Ωbh
2 0.0224± 0.0001 0.0224± 0.0001

Ωch
2 0.119± 0.001 0.120± 0.001

Θ 1.0410± 0.0003 1.0409± 0.0003

ns 0.9672± 0.0042 0.9657± 0.0038

As 3.067+0.011
−0.013 3.051+0.0075

−0.0088

τ 0.0667+0.0052
−0.0067 0.0583+0.0027

−0.0040

∆zre 3.05+0.77
−1.30 3.16+0.44

−0.55

α −(−) > 5.79(> 2.21)

log10[ξ̇] 26.47+0.43
−0.42 26.01+0.20

−0.25

β 6.58+1.45
−1.39 4.81+0.64

−0.81

zre 6.63+1.13
−1.72 5.50+0.12

−0.23

TABLE IV: Parameter errors and lower bounds are 68% C.L.
whereas in parentheses we present the lower bound at 95%
C.L..

Parameter P2018SR2+UV17 P2018SR2+UV15

+QHII +QHII

Ωbh
2 0.0224± 0.0001 0.0224± 0.0001

Ωch
2 0.120± 0.001 0.120± 0.001

Θ 1.0409± 0.0003 1.0410± 0.0003

ns 0.9648± 0.0039 0.9656± 0.0038

As 3.046+0.007
−0.008 3.053± 0.008

τ 0.0552+0.0018
−0.0031 0.0586+0.0026

−0.0039

∆zre 2.43+0.30
−0.49 3.19+0.42

−0.52

α > 5.15(> 3.07) > 5.77(> 2.14)

log10[ξ̇] 26.16+0.24
−0.21 26.02+0.18

−0.24

β 4.48+0.96
−0.84 4.83+0.58

−0.77

zre 5.80+0.21
−0.20 5.51+0.12

−0.23

TABLE V: Constraints on cosmological parameters from the
combination of astrophysical datasets and Planck 2018 with
SROLL2 likelihood for large scale polarizarion.

a. Considering HFI SROLL2 polarization: In Ta-
ble V we show the constraints on cosmological and
reionization parameters when we consider this alterna-
tive CMB large scale E-mode polarization likelihood.
Both data combinations, P2018SR2+UV17+QHII and
P2018SR2+UV15+QHII, are shown. Where UV17 data
is used in the combination, we find α > 5.15 and with
symmetric model ruled out at more than 3σ. Follow-
ing what happens for the baseline cosmology, in our ex-
tended model too, we find a marginal increase in the op-
tical depth with 0.0551+0.0018

−0.0031. P2018SR2+UV15+QHII
data can also rule out symmetry with α > 5.77 at
68% C.L. and α > 2.14 at 95%. Also for the alter-
native Planck baseline when we include UV15 the op-
tical depth increases with respect to the UV17 case,
P2018SR2+UV17+QHII, τ = 0.0586+0.0026

−0.0039 due to its
shallower decrease in the source function, allowing for
earlier ionization.
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more aggressive cut at -15 magnitude.

b. Considering WMAP + Planck LFI polarization:
This alternative likelihood at low multipoles differ from
the two previously used either for the data injected and
for the use of a joint TQU likelihood approach with
temperature and polarization maps at the same resolu-
tion which takes into account also their cross-correlation
[6, 54]. WMAP and LFI polarization data from Planck
prefers higher values of the optical depth compared to
Planck HFI polarization, albeit with larger uncertainties

Parameters P2018WLFI+UV17

+QHII

Ωbh
2 0.0224± 0.0001

Ωch
2 0.120± 0.001

Θ 1.0409± 0.0003

ns 0.9650± 0.0039

As 3.048+0.007
−0.009

τ 0.0562+0.0019
−0.0040

∆zre 2.54+0.29
−0.64

α > 4.92(> 2.75)

log10[ξ̇] 26.21+0.26
−0.24

β 4.69+0.90
−0.93

zre 5.81+0.25
−0.21

TABLE VI: Constraints on cosmological parameters from the
combination of astrophysical datasets and Planck 2018 with
WMAP+LFI likelihood for large scale polarizarion.

[10] (see also [55]). Similar to standard dataset combi-
nations we obtain and present constraints from the com-
binations of P2018WLFI, UV17 and QHII in Table VI.
In the CMB only case (which includes also the CMB
lensing) for P2018WLFI, our extended model prefers a
higher optical depth τ = 0.074+0.009

−0.010 compared to the
hyperbolic tangent model with τ = 0.070 ± 0.010. Our
extended model prefers a higher optical depth compared
to the hyperbolic tangent model with τ = 0.0562+0.0019

−0.0040

also in the P2018WLFI+UV17+QHII analysis. Asym-
metry parameter, non-zero α is preferred at 68% C.L.
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FIG. 8: Comparison of reconstructed reionization histories
between the standard dataset combination and the same com-
bination using the CMB large scale polarization data from
WMAP+Planck LFI [10], instead of Planck 2018 standard
polarization.

by P2018WLFI+UV17+QHII that rejects the symmet-
ric model at more than 3σ. A comparison of reion-
ization history between P2018WLFI+UV17+QHII and
P2018+UV17+QHII is shown in Figure 8. Up to (z ∼ 7),
we find both histories to agree. At higher redshifts,
P2018WLFI allows an extended tail of reionization his-
tory compared to Planck HFI large scale polarization.

This result also agrees with [16] where Planck HFI data
strongly restricts early reionization scenarios.

V. MODEL COMPARISON WITH THE CMB
BASELINE MODEL

Our extended model embeds a symmetric model of
reionization as a limit of α = 0. However, the symmetric
model is not exact mathematical equivalent of hyperbolic
tangent (Tanh model in Equation 1). Therefore, while
from the α, posterior, we can understand the significance
of a symmetric model, we can not exactly compare with
the Tanh model of reionization. To compare the Tanh
model with the extended model that allows asymmetric
histories, we use the Bayes’ factor, which is the logarithm
of the ratios of the Bayesian evidences obtained for dif-
ferent models for the same data combinations and same
prior ranges for the common parameters. Note that for
Tanh case also, we allow the duration of reionization to
vary and therefore our extended model has only one ex-
tra parameter α compared to Tanh, that determines the
asymmetry.
In Table VII we compare different evidences for the 4

combinations we considered in our standard dataset. In
P2018 analysis and in analyses where UV17 and QHII
data are used with P2018 separately, we find marginal
improvement in evidence when extended model is consid-
ered compared to the Tanh model. This is expected as
these dataset combinations, though preferring asymmet-
ric histories, can not provide a strong significance (more
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than 95% C.L.) for the rejection of a symmetric model.
However, when P2018+UV17+QHII combination is used
we find decisive evidence for asymmetric history (with
ln[Bayes′ factor]] ∼ 8).

Evidences - Log(Z)

Hyperbolic Tangent (Equation 1)

P2018 P2018+UV17 P2018+QHII P2018+UV17+QHII

−1435.5 −1444.6 −1438.5 −1453.0

Extended model (Equation 4)

−1434.6 −1443.8 −1437.8 −1446.8

TABLE VII: Evidences (in terms of log(Z)) for the different
data combinations compared between the two different mod-
els of reionization history. The top panel contains the results
for the hyperbolic tangent model (Equation 1) and the bottom
panel represents the extended model (Equation 4). With one
extra degrees of freedom, the extended model is marginally
preferred by P2018, P2018+UV17 and P2018+QHII. In the
P2018+UV17+QHI joint analysis, we note instead a strong
rejection of the hyperbolic tangent model.

VI. SUMMARY

Previous studies have demonstrated the power of as-
trophysical measurements of reionization, complemen-
tary to CMB polarization, in constraining the average
optical depth and the hints of reionization histories far
from the Tanh assumption which is commonly adopted
in Einstein-Boltzmann codes. Motivated by these stud-
ies, we have investigated how current data such as CMB
anisotropy, UV luminosity from Hubble Frontier Field
and neutral hydrogen from distant sources can constrain
reionization beyond the average optical depth.

We have introduced a novel extended model of reion-
ization to quantify the possible asymmetry of the evolu-
tion of average ionized hydrogen fraction as usually as-
sumed in CMB studies. The ionization fraction in our
model is expressed through a skewed normal distribu-
tion where the skewness parameter describes the asym-
metry of the evolution of the neutral/ionized fraction as
a function of redshift. Differently from our previous free-
form reconstructions of the ionization history [16, 17], a
symmetric redshift evolution is nested in this extended
model. We have reversed engineered the source function,
the UV luminosity density from the extended model,
that enables us to combine the source data from Hubble
Frontiers Field with CMB and neutral/ionization frac-
tion data from AGNs and GRBs even when modelling
the ionization fraction evolution with redshift: note that
in this way we obtain inferred confidence level contours
on xe larger than in the reconstruction approach used in
[16]. Below we highlight the main findings of our analy-
sis:

1. Planck 2018 data, UV luminosity data between z =

6.5−11 (with a limiting magnitude of -17) and neu-
tral fraction data jointly lead to τ = 0.0542+0.0017

−0.0028

at 68 % CL and disfavour a symmetric model of
reionization at more than 4σ. Individually CMB
and separate combinations of CMB and the other
two datasets show marginal preferences for the
asymmetric model, which instead is preferred only
in a combined analysis.

2. Alternative Planck polarization data sets at low
multipoles confirm our findings. SROLL2 [9]
only marginally changes the results obtained from
Planck CMB 2018 polarization likelihood: the op-
tical depth is constrained at a comparatively higher
value τ = 0.0552+0.0031

−0.0018 with marginal increase in
the uncertainties. We have then included for the
first time the WMAP and Planck LFI likelihood
[10] in our approach. When the WMAP and Planck
LFI polarization data combination is used instead
of Planck HFI polarization, we find a small shift
in the estimated values of optical depth and reion-
ization duration with τ = 0.0562+0.0019

−0.0040, at 68 %
CL, in the joint analysis with astrophysical mea-
surements. Both these alternate analyses too rule
out a symmetric model.

3. As in [17], we also tested an alternative magnitude
cut on the UV luminosity density, an aggressive
cut at -15 that includes fainter sources. UV15 data
with larger error bars and shallower decrease with
redshift (compared to UV17) is less constraining
and the symmetric model is disfavoured only at
95% C.L.

4. Our extended model, allowing both symmetric and
asymmetric histories, does not exactly reproduce
the hyperbolic tangent model. Therefore, we per-
form a model comparison with Bayesian evidence
between the extended model and the Tanh model
with an adjustable width. Apart from the anal-
ysis with full data combination, we find that the
extended model is marginally or moderately pre-
ferred by the data. However, the joint analysis with
the full data combination decisively selects the ex-
tended model preferring asymmetry over the Tanh
symmetric model.

It will be interesting to test these findings with the
available and upcoming data from the James Webb Space
Telescope and Euclid deep field [56–58]. Work in this
direction is in progress.
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Appendix A

The sign of the asymmetry parameter impacts the
slopes at beginning and end of reionization, the neg-

ative branch has a sharper bend at the beginning of
reionization whereas the positive branch has a smoother
bend, the opposite happens at the end of reionization
with negative branch having a shallow slope whereas
the positive tends to be more abrupt. In this appendix
we test the impact of opening our prior to the negative
branch for the asymmetry parameter α ∈ [−8,8]. This
gives for the standard data combination again a strong
preference for asymmetric models with positive α, with
α > 5.28, > 3.07 at 68 and 95 % C.L. respectively. In
Figure 9 we show the two-dimensional posteriors for the
reionization parameters compared with the positive prior
case.

[1] G. Kulkarni, L. C. Keating, M. G. Haehnelt, S. E. I.
Bosman, E. Puchwein, J. Chardin, and D. Aubert, Mon.
Not. Roy. Astron. Soc. 485, L24 (2019), 1809.06374.

[2] P. Dayal and A. Ferrara, Phys. Rept. 780-782, 1 (2018),
1809.09136.

[3] X.-H. Fan, C. L. Carilli, and B. G. Keating, Ann. Rev.
Astron. Astrophys. 44, 415 (2006), astro-ph/0602375.

[4] A. Loeb and S. R. Furlanetto, The First Galax-
ies in the Universe (Princeton University Press,
2013), ISBN 9780691144917, URL https://doi.org/10.

23943/princeton/9780691144917.001.0001.
[5] R. Barkana and A. Loeb, Phys. Rept. 349, 125 (2001),

astro-ph/0010468.
[6] N. Aghanim et al. (Planck), Astron. Astrophys. 594, A11

(2016), 1507.02704.
[7] N. Aghanim et al. (Planck), Astron. Astrophys. 596,

A107 (2016), 1605.02985.
[8] L. Pagano, J. M. Delouis, S. Mottet, J. L. Puget,

and L. Vibert, Astron. Astrophys. 635, A99 (2020),
1908.09856.

[9] J. M. Delouis, L. Pagano, S. Mottet, J. L. Puget,
and L. Vibert, Astron. Astrophys. 629, A38 (2019),
1901.11386.

[10] U. Natale, L. Pagano, M. Lattanzi, M. Migliaccio, L. P.
Colombo, A. Gruppuso, P. Natoli, and G. Polenta, As-
tron. Astrophys. 644, A32 (2020), 2005.05600.

[11] N. Aghanim et al. (Planck), Astron. Astrophys. 641, A5
(2020), 1907.12875.

[12] N. Aghanim et al. (Planck), Astron. Astrophys. 641, A6
(2020), [Erratum: Astron.Astrophys. 652, C4 (2021)],
1807.06209.

[13] B. E. Robertson, R. S. Ellis, S. R. Furlanetto, and J. S.
Dunlop, Astrophys. J. 802, L19 (2015), 1502.02024.

[14] D. K. Hazra and G. F. Smoot, JCAP 1711, 028 (2017),
1708.04913.

[15] D. Paoletti, D. K. Hazra, F. Finelli, and G. F. Smoot,

3.00 6.00

β

1.50

3.00

4.50

∆
z r

e

-6.00

0.00

6.00

α

25.60

26.40

lo
g 1

0
[ξ̇

]

0.05 0.06 0.06

τ

3.00

6.00

β

1.50 3.00 4.50

∆zre

-6.00 0.00 6.00

α

25.60 26.40

log10[ξ̇]

α ∈ [−8, 8]

α ∈ [0, 8]

FIG. 9: Constraints on reionization parameters for the base-
line data combination P18+UV17+QHII considering also
negative values for the asymmetry parameter.

JCAP 09, 005 (2020), 2005.12222.
[16] D. K. Hazra, D. Paoletti, F. Finelli, and G. F. Smoot,

Phys. Rev. Lett. 125, 071301 (2020), 1904.01547.
[17] D. Paoletti, D. K. Hazra, F. Finelli, and G. F. Smoot,

Phys. Rev. D 104, 123549 (2021), 2107.10693.
[18] M. Archidiacono, A. Cooray, A. Melchiorri, and S. Pan-

https://doi.org/10.23943/princeton/9780691144917.001.0001
https://doi.org/10.23943/princeton/9780691144917.001.0001


13

dolfi, Phys. Rev. D 82, 087302 (2010), 1010.5757.
[19] D. K. Hazra, D. Paoletti, M. Ballardini, F. Finelli,

A. Shafieloo, G. F. Smoot, and A. A. Starobinsky, JCAP
1802, 017 (2018), 1710.01205.

[20] M. Millea and F. Bouchet, Astron. Astrophys. 617, A96
(2018), 1804.08476.

[21] Hubble space telescope frontier fields, http://www.stsci.
edu/hst/campaigns/frontier-fields/.

[22] D. Coe, L. Bradley, and A. Zitrin, Astrophys. J. 800,
84 (2015), 1405.0011.

[23] J. M. Lotz, A. Koekemoer, D. Coe, N. Grogin, P. Capak,
J. Mack, J. Anderson, R. Avila, E. A. Barker, D. Born-
camp, et al., Astrophys. J. 837, 97 (2017), 1605.06567.

[24] X.-H. Fan, M. A. Strauss, R. H. Becker, R. L. White, J. E.
Gunn, G. R. Knapp, G. T. Richards, D. P. Schneider,
J. Brinkmann, and M. Fukugita, Astron. J. 132, 117
(2006), astro-ph/0512082.

[25] D. J. Mortlock, S. J. Warren, B. P. Venemans, M. Patel,
P. C. Hewett, R. G. McMahon, C. Simpson, T. Theuns,
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