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Abstract: In this paper we investigate how the Reionization process is affected by early galaxy
formation in different cosmological scenarios. We use a semi-analytic model with suppressed
initial power spectra to obtain the UV Luminosity Function in thermal Warm Dark Matter and
sterile neutrino cosmologies. We retrace the ionization history of intergalactic medium with hot
stellar emission only, exploiting fixed and mass-dependent photons escape fraction (fesc). For each
cosmology, we find an upper limit to fixed fesc, which guarantees the completion of the process
at z < 6.7. The analysis is tested with two limit hypothesis on high-z ionized hydrogen volume
fraction, comparing our predictions with observational results. We then implement a blast-wave
model, which explains the genesis of UV photons escape fraction in the context of feedback and
co-evolution between galaxies and Active Galactic Nuclei. Including the AGNs contribution, we
find that the neutral hydrogen ionization is almost complete at z < 7, with a weak dependence on
initial gaseous ionized fraction and accretion UV spectral slope.
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1. Introduction

The Epoch of Reionization (EoR) marked a fundamental phase transition in the
history of the Universe, during which the Intergalactic Medium (IGM) became trans-
parent to UV photons. This phase transition is most likely caused by the energetic
photons emitted by the first sources of light ever formed, i.e. galaxies and AGNs. A
"late Reionization" scenario emerges from the combination of several probes, like the
Thomson scattering optical depth of cosmic microwave background (CMB) photons on
the free electrons in the IGM [1-3], the absorption due to neutral intergalactic hydrogen
and the appearance of Gunn-Peterson thought in the spectra of distant QSOs [4,5], the
evolution of the Lyman-« emitters (LAEs) luminosity function [6] and the decreasing of
the abundance of the Lyman-Break-Galaxies (LBGs) at z > 6 [6,7]. Although the most
recent observations indicate a late-Reionization scenario [2,8,9], with the end of the EoR
at z = 6, the exact contribution from different ionizing sources and the exact timeline
and topology of Reionization are still unknown.

From a theoretical point-of-view, cosmic Reionization depends on non-linear, and non-
local phenomena, in which the physics of galaxy formation couples with the physics
of gravity and radiation transport. The first process is determined by both baryonic
physics and poorly known feedback effects, but also by the initial power spectrum of
density fluctuations: in fact, dark matter produces the potential wells in which baryonic
perturbation undergo an accelerated growth. Therefore, the study of Reionization is
strongly related to the comprehension of cosmological framework in which cosmic
structures form and grow.

The currently most acknowledged cosmological model is the ACDM model. It is based
on the contribution of the cosmological constant A (= 69%) and Cold Dark Matter
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(= 26%) and provides a coherent large-scale description of the Universe with respect to
the available data. However, there are some possible tensions related to observations
at galactic and sub-galactic scales, of the order of kpc. In particular, from N-bodies
simulations is expected an abundance of galactic sub-halo that does not match with the
small number of satellites around the Milky Way [10,11]. Furthermore, the simulated
halos density profiles are more concentrated with respect to the observed ones [10]. It is
possible to try to solve the so-called "missing satellites” problem and "cusp-core" problem
within the ACDM scenario, with the aid of baryonic effects that act in the faint galaxies
[10]. In particular, the supernovae feedback is more efficient in the shallowest potential
well, and causes the expulsion of the galactic gaseous content, while the photo-ionization
feedback determines the suppression of star formation in small galaxies, because is more
difficult for their host halos to collect gas from an ionized environment [10,12].

The ACDM model postulates the existence of Dark Matter in a "cold" version, i.e. com-
posed by Weakly Interacting Massive Particles (WIMPs) with mx > 0.1 GeV or con-
densates of light axions, with mx ~ 1072 — 107! eV. The lack of detection of CDM
candidates has suggested the possibility to investigate on alternative cosmological sce-
narios, based on the existence of Warm Dark Matter particles, with mass of the order
of keV, which can resolve some of the problems that affect the ACDM model at the kpc
scales. Indeed, during the structures formation, the motion and the thermal velocity
of collisionless DM particles imply the deletion of cosmic perturbations smaller than
the "free streaming lenght". While in the ACDM model, due to the high mass particles,
all the cosmological density perturbations can become gravitationally unstable, in a
WDM scenario, depending on the value of myx, only perturbations above the kpc scale
can collapse, producing shallower density profiles and a smaller number of low-mass
halos. This, in the context of the hierarchical growth of the cosmic structures, implies a
reduction in the number of faint galaxies and a delay in their formation [13,14]. This fact
could have macroscopic consequences on the rest frame galaxy UV Luminosity Function
(LF) and several studies are searching for the existence of a possible "turn-over" in its
faint end [12,15].

In case of WDM cosmologies, the simplest approach is to consider particles that behave
as "thermal relics", resulting from the freeze-out of DM species initially in thermal equi-
librium with the early Universe. The suppression of the thermal power spectrum allows
to derive constraints to the WDM particles mass, comparing the halo mass function
obtained from N-bodies simulations, with the UV luminosity function at high redshift,
as performed in Corasaniti et al. (2017), who derives a lower limit mx > 1.5 keV [16].
Viel et al. (2013) found mx > 3.3 keV, analyzing the Lya forests selected from a sample
of QSOs [17]. A baryonic-independent estimation of mx > 2.1 keV was found by Menci
et al. (2016), using the lensing proprieties of a galaxy cluster to measure the abundances
of high-z galaxies and to derive a lower limit to the dark matter halo mass function [13].
A possible alternative is offered by sterile neutrinos (SN) or right-handed neutrinos,
which are particles predicted in the context of Standard Model extensions. Since they are
produced out-of-equilibrium, from the oscillations of active neutrinos, they are charac-
terized by a non-thermal power spectrum, which depends both on mass and on sin(26),
where 0 is the mixing angle [18]. Sterile neutrinos can constitute an example of radia-
tively decay dark matter, potentially explaining the discovery of a 3.5 keV emission line
observed towards the center of galaxy and in Perseus, Coma and Ophiuchus Clusters
[19].

Some recent works have treated galaxy formation and evolution in a WDM framework.
Dayal et al. (2015) found that the suppression of small-scale structures leads to a delayed
and more rapid stellar assembly in thermal 1.5 keV WDM [14]. This result was confirmed
also for sterile neutrino cosmologies by Menci et al. (2018), which indicate that models
with suppressed power spectra are characterized by a delay in the stellar mass growth
history, ranging from 500 Myr to 1 Gyr [20]. Reionization in different cosmologies was
already discussed in Dayal et al. (2017). Their study pointed out that, in CDM models,
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the bulk of the ionizing photons is produced by systems with —15 < Myy < —10 and
Mo < 10° Mo, while in WDM case they registered a shift towards My, 2 10° M and

—17 < Myy < —13, due to the effect of suppression. However, the faster WDM galaxy
assembly implies that the reheating of IGM is almost finished at z ~ 5.5 — 6 [21].

In this paper we investigate how Reionization scenarios are affected by early galaxy
formation in WDM models. We have used the theoretical model by Menci et al. (2018)
[20], where the collapse history of dark matter halos is modelled through the Extended
Press-Schechter (EPS) formalism and baryonic processes taking place in each halo are
included through physically motivated analytical recipes. We have focused on three
thermal WDM scenarios, with masses of 2 — 3 — 4 keV and five sterile neutrino models,
with a 7 keV mass, but characterized by different lepton asymmetry parameter, Lg,
strongly related to the mixing angle [22].

The paper is organized as follows. Sect. 2 is dedicated to the semi-analytic model and our
hypotheses on Reionization history: sect. 2.1 provides a description of the suppression
function of the original CDM power spectrum, in sect. 2.2 we outline how to reconstruct
the evolution of hydrogen filling fraction with different models of escape fraction, in
sect. 2.3 we briefly present the AGN blast-wave model for the calculus of fes and its
implications. In sect. 3 we describe our results: in sect. 3.1 we show the UV Luminosity
function in different WDM scenarios, in sect. 3.2 we present the distribution of f,sc and
('jz‘.gffN , in sect. 3.3 we evaluate the contribution of faint and bright galaxies with fixed
and variable escape fraction models. Sect. 4 is devoted to discussion, which includes the
comparison with some authors in literature and with selected observational data (sects.
4.1 and 4.5), the description of Reionization process with galaxies (sect. 4.3) and AGNs
(sect. 4.4). Finally, in sect. 5 we have the conclusions.

In this work we adopt the following cosmological parameters: Hy = 70 km/s/Mpc,
Qp =07,y = 0.3 and QO = 0.045.

2. Materials and Methods
2.1. Semi-analytic Model

In our study we use the semi-analytic model developed by Menci et al. (2018), to
which we refer for further informations [20]. The model retraces the collapse of dark
matter halos through a Monte Carlo procedure on the basis of the merging history given
by EPS formalism, at 0 < z < 10 [20]. In this framework, the DM structures formation is
determined by the power spectrum: the WDM P (k) is computed starting from the CDM
cosmology, by the suppression due to the particles free streaming at kpc scale.

An half-mode wavenumber is defined, as the ky,,, at which the transfer function Ty pas (k)
is equal to 1/2 [23-25]. For thermal WDM, the power spectra ratio is related to the WDM
particle mass my:

Pywpum | -
Twom(6) = | 22| ™ (1.4 (eby?] 57, <1>
CDM
with € equal to:
6—0'049[0.25} = {07} Mpe’ @

where Q) is the density parameter of DM and p = 1.12 [13][20].
From eq. 1 we can also define an half-mode mass My,,,,:

3
My = " [me(@/® 1)) )

Conversely, for sterile neutrino based cosmological scenarios, we refer to My, from
Lovell et al. (2020), obtained comparing CDM and WDM simulations performed within
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the same cosmic volume and in which the parameterization of the WDM halo mass
function is given by Ry [26]:

nwpM My \P\"

Rﬁt ncpm (1 * <‘X Mhalo> > ' @

where ncpp and nwpy are the differential halo mass functions and My, is the halo-
mass. The numerical value of &, 8 and < coefficients changes if we consider central
(« =23, =0.8, v = —1.0) or satellite halos (x« = 4.2, p = 2.5, v = —0.2)[26].
We perform our analysis with five different sterile neutrino models, with a mass of 7.0
keV, labelled according to the lepton asymmetry number (L¢), which is indicated in the
last part of the name. For example, Ls = 120 is named LA120, Ly = 8 is named LAS8 and
so on. Among them, the models LA9, LA10 and LA11 are based on decaying-particles
that are compatible with the X-ray 3.55 keV emission line observed in galaxy clusters [26].
In table 1 we also present My, of three thermal WDM scenarios, with myx =2 -3 — 4
keV, computed using eq. 3.

Table 1. Half-mode mass (My,,,) for each Dark Matter model analysed in this work.

DM model My, (My)

LAS 1.3 x 108
LA9 2.6 x 108
LA10 5.3 x 108
LA11 9.2 x 108

LA120 3.1 x 10°
WDM 2 1.6 x 10°
WDM 3 4.1 x 108
WDM 4 1.6 x 108

2.2. Modelling Reionization

In the last few years, the completion of deep surveys with efficient IR telescopes

has enabled the study of number density and emission properties of distant galaxy
populations. In particular, gravitational lensing turned out as an effective tool to achieve
the detection of high-redshift galaxies, leading to robust constraints on the observable
UV luminosity function at both the bright and the faint end. The UV LF is particu-
larly important because it’s strongly related to star formation rate [27,28] and so on
the existence of an hot stellar population that acts as a ionizing source responsible of
Reionization. The progressive steepening with high redshift in the UV LF faint-end slope
confirms the relevant role of faint galaxies in the reheating of IGM [29,30].
The semi-analytic model associates a galactic luminosity to each halo. Thus, from the
suppressed halo mass function we can calculate the galaxy luminosity function in any
cosmological scenario. In our analysis, we integrate the rest-frame UV (~ 1400A)
dust-corrected LF between the limits M{f{{} = [—25,—12], to obtain the corresponding
luminosity density:

My dN
puv = / dMUVmeitLUVr ®)

which is dominated by the contribution of systems with M;y > —20 (see section 3.3).
The number density of UV photons that actively participate to hydrogen ionization
process is obtained by multiplying for two quantities [31]:

Nion = fesc‘:ionpuv- (6)

The ionizing photon production efficiency (j,,) is expressed in erg/Hz units and de-
scribes how efficiently it’s possible to get UV ionizing photons from an UV continuum
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radiation field. This quantity depends on different astrophysical parameters which
potentially could alter the temperature of emitting stellar population, as metallicity,
initial mass function (IMF), age and binarity [31]. During our analysis, when galaxies are
the only source of photons, we use ¢;,,, without any specific superscript and we explore
some fixed value around log ¢;,,, ~ 25 (see sec. 4.3.1).

Finally, the escape fraction f,sc converts the intrinsic ionizing emissivity Nio, intrinsic =
Cionpuv into an effective one. It is defined as the fraction of ionizing photons which
can escape from the source galaxy instead of being reabsorbed inside of it and so ac-
tively participates to the ionization of IGM. Due to the difficulty in detection of Ly-C
photons (A < 912A) for z > 4 and to the scarce knowledge of the interstellar medium
(ISM) geometry of high-z galaxies, this parameter is not actually well constrained and
summarizes most of our uncertainties about the EoR.

In our study, we model the Reionization history with different values of fes.. Fixed
escape fraction is useful to broadly characterize the Reionization history, although a
universal value for f, is highly unrealistic. Galaxies represent in fact a very complex
sample, with large differences in morphology, mass, luminosity, colour, SFR, gas content,
age and metallicity.

Nevertheless, the investigation of the degenerate quantities fes:Cio,, which drive the
Reionization process, can yield to interesting upper limits to the escape fraction.

We have repeated our investigation introducing a dependence between escape fraction
and halo-mass. We use the fesc(Mj;,) model computed in Yajima et al. (2011), which
combines the results of hydrodynamic simulations with radiative transport calculations
of stellar radiation, also evaluating the effects of dust extinction, for mass halos in the
range 10° — 10" M, [32]. In particular, f.sc shows a noticeable decrease as My, in-
creases. From a physical point of view this fact is justified as a consequence of the lower
gaseous column density in less massive halos and it is valid in every redshift bin between
3 and 6; however z does not alter significantly the f,sc value [32].

Table 2. Table from Yajima et al. (2011) [32] with dependence between escape fraction and
halo-mass.

log M/M® fesc

9 0.325
9.5 0.212
10 0.115
10.5 0.132
11 0.031

Once obtained Nj,,, the equation that describes the overall balance between ioniza-
tion and recombination, which regulate the evolution of the hydrogen filling fraction

QHip is:

~ Nigw  Qnn
Qui=———--—,
iy

tTEC (7)
where the comoving hydrogen mean density is computed as iy ~ 2 x 10~7 (2 /0.022)
cm ™3 and the recombination time-scale is trc ~ 3.2 Gyr [(1+z)/7]73Cy}, [33]. We
consider case B of recombination.

We treat the evolution of the clumping factor Cy; with redshift, due to the effect of UVB
generated by Reionization, according to [34,35]:

Crr = 1+43z7171, (8)
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After the reconstruction of the Reionization history, we use the redshift evolution of the
filling fraction to compute the integral:

V4
(z) = cornn [ Qa1+ (14 )2, o)
0
in which helium is singly-ionized (7 = 1) at z > 4 and doubly-ionized (y = 2) atz < 4
[36]. Then, the electron scattering optical depth has been compared with observational
constraint on T, obtained, from CMB anisotropy, by Planck and WMAP.

2.3. The role of AGNs in EoR: the blast-wave model

Recent observations have demonstrated that galaxy evolution is affected by feed-
back from Active Galactic Nuclei, which interact with their host in a radiative and a
mechanical way. In particular, evidence of Warm Absorbers and relativistic Ultra Fast
Outflows were found in several X-ray spectra of luminous AGNs [37]. The relativistic
outflows determine the compression of the intragalactic gas in a blast wave and the
formation of a shock that wipes out the interstellar medium. The model presented by
Menci et al. (2019), to which we remand for further informations, provides a compact
two-dimensional description for the expansion of AGN-driven shocks in galactic disks
[38]. It also allows to explore the dependence of the outows from AGN luminosity and
from galactic gas mass fraction. In synthesis, the blast wave sweeps away the internal
regions of galactic systems, causing a decrease in the gaseous column density. In parallel,
it promotes the accumulation of ISM on a thin layer close to the shock. The result is
that after the outburst, the same line of sight will intercept only a tiny fraction of the
initial gas content [39]. Finally, the general warming of the baryons determines also
their ionization. This fact imply, depending on the efficiency of the energy transmission
and cooling mechanism, an additional channel for the escape of photons responsible for
Reionization.

Starting from AGN bolometric luminosity L?O(l;N , from mass and from the cold gas con-
tent of each galaxy, we implement the blast-wave model in our semi-analytic framework
obtaining, for each active nucleus, the opening angle 5 subtended by the free gas cone

produced during shock expansion. The escape fraction is then simply fosc = —

With the blast-wave model it’s possible to explain the genesis of fs; and to associate its
value both to galaxy and to AGN. The number density of UV photons per unit of time is
then composed by the galactic and by the AGN luminosity density:

Miim
Niow = [ aMuy g (LEFVEAS + LV 28Ry fs (10)
Computing the integral 10, we sum the contribution of all galactic system between
—12 < Myy < —25. Since only a fraction of galaxies host an AGN in the centre, and
since, in our model, a non-zero f.; can be produced only if Lﬁ(l;N is between 10%
and 10%06 erg/s, we use the same luminosity function for both sources, because the
contribution of quiet galaxies is canceled by fesc = 0.

Galaxies and AGNs have a different ¢;,, value. As discussed in sect. 4.3.1, we use the

C;g:yf expected from a low metallicity single stars population. Indeed, for the calculation
of ¢ACN we construct the AGNs spectra combining formulae by Grissom et al. (2014)
and Matsuoka et al. (2018) [40,41].

In particular, every AGN has a proper black hole mass (Mpp), from which it’s possible

to derive the black-body temperature associated with the accretion [40]:

e

Tgp = 1.37 x 107<A;f;) K. (11)
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The AGN spectrum is then represented using the shape of a power-law with an expo-

nential cut-off: wuy n )
—(V — V1400
) P < kyTgp ) . 12

L, = L1400(
V1400

Here, the black-body temperature allows us to take account of the differences in the
single AGN spectral energy distribution.

As found by Lusso et al. (2015), analyzing the spectra of a sample of 53 luminous quasars
at z ~ 2.4 [42], the UV power-law slope has a value of a;;y = —1.70 +0.61 at A < 912A.
The UV photons production efficiency is then [41]:

1 varr [,
AGN v
; = — —dv, 13
éwn L1400 /VLL hv ( )

and it is computed between vy and v4; 1, which are respectively the Lyman limit for
ionization of neutral hydrogen and the Hell ionization frequency [41].

3. Properties of ionizing sources
3.1. UV Luminosity Function
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Figure 1. UV LF in different cosmologies, computed using the semi-analytic model, with Calzetti
dust extinction law. (Left): comparison between CDM and 2 — 3 — 4 keV thermal WDM scenarios.
(Right): comparison with sterile neutrino scenarios. Observational constraints are taken from
Atek et al. (2015) [29] (purple error bars), Livermore et al. (2017) [30] (black error bars), Bouwens
et al. (2015) [27] (grey error bars) and Finkelstein et al. (2015) [28] (green error bars).

In figure 1 we show the UV rest frame luminosity function at 1400A in different
cosmological scenarios. It is computed with the semi-analytic model in the magnitude
interval —25 < Myy < —12.

From a physical point of view, the free-streaming of dark matter particles suppresses, on
average, the formation of the smallest halos, whereas the most massive perturbations
are still able to collapse. For this reason, comparing CDM with sterile neutrino and
thermal WDM cosmologies, we find a reduction in the comoving galaxy density at higher
absolute UV magnitude, with the increasing of the half-mode mass, My,,,. Although
this effect is more evident for thermal WDM with mx = 2 keV (WDM2) and for sterile
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neutrino LA120, it is still insufficient to discriminate between models, with the current
observational constraints on UV LE.

WDM galaxy formation is also characterized by an initial delay in the halos collapse
and consequently in the star formation process, which manifests itself at lower redshift
[43]. Star formation is however more rapid with respect to CDM scenario [14]; this fact
progressively reduces the gap between cosmologies with the age of universe, as we can
see from figure 1, looking at z = 8 and z = 6 LFs. The result is that differences in the UV
LFs become negligible in the local universe.

We have compared our LF with some recent high-z observations performed with Hubble
Space Telescope. First, the paper by Atek et al. (2015) is based on the lensing properties
of three galaxy cluster: A2744, MACS 0416 and MACS 0717, and on a sample of 25
galaxies at z =~ 8 [29].

Finkelstein et al. (2015) indeed analyze the rest frame UV LF between 4 < z < 8, with a
set of approximately 7500 candidates, obtained by exploiting the galaxy clusters Abell
2744 and MACS J0416.1 — 2403 [28].

We report also the paper by Bouwens et al. (2015), based on observations of 10000
galaxies at z > 4 and by Livermore et al. (2017), in which a catalogue of 167 objects is
used [27,30].

These studies found a steepening in the faint-end of the UV LE, which enforce the role
of faint galaxies in the Reionization process. However, the current measurements and
uncertainties do not allow us to exclude any cosmological scenario, neither the most
suppressed ones. Previous studies did not find evidence of a turn-over in the luminosity
function, which could be explained in WDM cosmologies [12,15].

3.2. Cion and fesc from AGNs
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power-law slope. The quantity is evaluated at the upper, the lower and the middle value of the
interval ay;y = —1.70 £ 0.61, derived by Lusso et. al (2015) [42].

Figure 2. The multiple panels show the distribution of ¢ **, obtained from eq. 13, with different

In fig. 2 we show the ¢ACN distribution, computed with eq. 13. A steepening in the

power-law slope ayyy is associated with a softer UV spectrum and reduces the ionizing
photons production. Thus, the peak of the distribution is shifted towards lower ¢SV
values. In fig. 3 we find that the escape fraction distribution exhibits a bimodality, with
a broad correlation between the AGN bolometric luminosity and the escape fraction.
While faint AGNs are spread in a large fes interval, in which the bulk of the systems has
fese = 0, the bright-end of our AGN luminosity distribution has f.sc > 0.7.
This result agrees with the Lyman Continuum observations by Grazian et al. (2018),
which studied the emission of 16 AGNs between 3.6 < z < 4.2, with an absolute UV
magnitude within —25.1 < Myy < —23.3. They found an escape fraction between 44%
and 100%, with a mean value of 74% [44].


https://doi.org/10.20944/preprints202106.0521.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2021 d0i:10.20944/preprints202106.0521.v1

9 of 25

16000

15248

14000
12000 | 11526
10000

8000

Ncaunts

H
o
< T

# of galaxies

6000
4000

2000 1927

1369 ose 1211
904 814 649 642

0.0 o j—
0.04 0.13 0.21 0.29 0.38 0.46 0.54 0.63 0.71 0.79 42,5 43.0 43.5 44.0 445 450 455 46.0 465
fesc Iog(Lbo,/erg/s‘l)

Figure 3. (a) Left: distribution of the f,;c computed with the blast-wave model. (b) Right: 2D

histogram with the correlation between the AGN bolometric luminosity and fesc.

3.3. The role of bright and faint galaxies in the Epoch of Reionization
3.3.1. Fixed escape fraction
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Figure 4. The multiple panels show the integrated photons ratio 7, (< lefrx ), where Njy, 101 is

computed integrating eq. 5 between MSJ{/’ = —12and MZ‘{, = —25. We compare with CDM two
thermal WDM cosmologies (WDM3 is an intermediate case bewteen WDM4 and WDM?2), and
three sterile neutrinos cosmologies (here LA10 is the only representative scenario for radiatively
decay Dark Matter, compatible with the 3.5 keV emission line observed in galaxy clusters).

In fig. 4 we plot the integrated ionizing photons ratio:

Nian (M.UV < M%}Inx})

rphot(< MI%Z) = N (14)
ion,tot
in which we compute Nj,, 1o, using eq. 5 between Mi’;@ = —12and MZL% = —25, while

the numerator is obtained by varying the upper limit of the integral from —24 to —12,
including so the photons from progressively dimmer sources, until the unity is reached.
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From fig. 4 we can identify two important features, through which we can understand
the role and the different contribution of faint and bright galaxies during EoR.

The first is the increasing of the relative contribution of the brighter systems (respectively
with Mi% < =24, Mi% < —22 and M?f;‘e < —20) with the age of universe. In the
ACDM model, 7,,0;(< —22) passes from 2.8% at z = 8, to 10% at z = 6.3. In parallel, for
Mﬂ@ = —20 we have a raise from 31% at z = 8 to 44% at z = 6.3. We can interpret this
trend in the light of the hierarchical growth of cosmic structures: merging phenomena
between galaxies give origin to more massive and brighter structures, increasing their
overall contribution. However, the role of faint galaxies in the Reionization process is
still predominant.

The second issue to be highlighted derive from a comparison between different cosmo-
logical scenarios, which reveals that WDM models present a relative N;,,, higher than the
CDM ones. Again, the reason resides in the effect of free-streaming, which determines
a suppression in the number density of the faint-galaxies and so a decreasing in their
relative contribution for each Mi% As found by Dayal et al. (2017), the progressive
suppression of low-mass halos in WDM models produces a shift in the Reionization
population to larger halo and galaxy masses [21].

The difference between cosmologies is summarized in the half-mode mass and is not
negligible: if we compare CDM with LA8 and WDM4, at z = 8 it values =~ 1 — 2%,
respectively for MSL#/J = —20 and —18, but it increases to 8 — 10% for WDM2 and LA120.
Finally, we noted that the continue (WDM) and the dashed (CDM) lines in fig. 4 ap-
proach each other with time; for example, at z = 5 the differences between CDM and
WDM2-LA120 reduce respectively to 4 — 6%. Again, we can interpret this result by
looking at the evolution of the UV LFs with z.

We should note however, that the current analysis is independent from the escape frac-
tion value: in fact fesc appears only as a multiplicative constant, so it simplifies in the
ratio between Nj,,. Conversely, if we consider other escape fraction dependencies, we
could expect a more various behaviour.

3.3.2. Variable escape fraction
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Figure 5. Same as fig. 4, but with the integrated photons ratio 7y (< M}fn‘f ) computed using
fese(Mpga1,) model by Yajima et al. (2011). [32]
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We now show the integrated photons ratio computed assuming the dependency of

escape fraction with the halo-mass, assuming the model by Yajima et al. 2011 [32]. In this
case fesc does not act simply as a multiplicative constant; indeed it enters directly into
the integral 5, since the most massive halos host in general the most massive galaxies,
which are also more luminous.
In fig. 5 we therefore observe a significant reduction in the contribution of bright galaxies
with Mi% < —20, which for CDM cosmology is constantly below 18%. Furthermore,
the effect of galaxy-galaxy merging is neutralized by the reduction of f,s. in high-mass
systems. We also observe that the cumulative fraction of Nj,, needs the addition of galax-
ies with —14 < Myy < —12 to saturate: these weak sources provide to Reionization
process a photons fraction that goes from 2% for z = 5, to 4% for z = 8.

3.3.3. Blast-wave model escape fraction

1.0
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Figure 6. Same as fig. 4, but with the integrated photons ratio 7,e¢ (< MILIIIX ) computed using fesc
AGN blast-wave model.

In fig. 6 we plot the 7y, (< ML) ratio, including exclusively the photons pro-
duced by galaxies, with no contribution from AGNSs. This approach offers the possibility
to explore the consequences of the blast-wave model on the relative contribution of
bright and faint sources.

In sect. 3.2 we plot the bimodal distribution of escape fraction, finding that a huge
number of sources, the most luminous ones, have fesc = 0.7. This fact has three sig-
nificant consequences. First, it enhances the importance of merging between galaxies,
explaining the more pronounced steepening in ,,;,,; between 6.3 < z < 8. Second, we
note that bright galaxies contribute more to Reionization process: even galaxies with
Myyv < —24 produce approximately the 12% of total ionizing photons at z ~ 6.3, while
the contribution of sources with My < —22 and Myy < —20 reaches respectively the
55% and 85%. In the blast-wave model, faint galaxies are relegated to a perturbative
role during EoR and do not govern the evolution of the filling fraction. Finally, due to
the fact that the bulk of ionizing photons are produced into the most luminous systems,
the differences between cosmologies are minimized. As we note also in sect. 4.3.2, the


https://doi.org/10.20944/preprints202106.0521.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 June 2021 d0i:10.20944/preprints202106.0521.v1

12 of 25

blast-wave model introduces a degeneracy between CDM and less suppressed WDM
scenarios.

4. Results and Discussion
4.1. Observational Constraints to Qyp

It is known that the intensity of Lyx emission line rapidly decreases over z ~ 6 [6].
This fact is typically explained with the appearance of neutral hydrogen pockets in the
IGM, as shown in some relevant past works available in literature. Here we present a
brief summary of some recent observational constraints on Qpy;.
Mason et al. (2019) found a lower limit of Qy; = 1 — Qg > 0.76, starting from the study
of Lya emission in a sample of 29 LBGs with photometric redshift within z = 7.9 + 0.6,
plus 8 LBGs already observed at z =~ 8 [9].
The previous paper by Mason et al. (2018) is based indeed on a cosmological simula-
tion which describes the IGM large scale structures during the EoR. The analysis of
damping wings absorption along different line of sight allows to link its simulated
properties to observations on a set of 68 LBGs (collected by Pentericci et al. (2014) [7]),
with —22.75 < Myy < —17.8. The resulting HII volume fraction is 0.59™0 1% [45].
The same model was than reimplemented in Hoag et al. (2019), with a different LBGs
sample, leading to a neutral hydrogen fraction of Qp; = 0.881”8:(1)8, inz =76%0.6,
which clearly point to a late-Reionization scenario [8].
In fig. 8, 9 and 12, we present under the name "Lya LF" a series of publications based on
the LAEs luminosity function: Konno et al. (2014), estimated 0.3 < Qy; < 0.8atz =7.3,
Konno et al. (2017) measured Qp; = 0.3 £0.2 at z = 6.6 on a group of 1266 LAEs, and
Zheng et al. (2017) found 0.4 < Qg < 0.6 at z = 6.9 [46-48].
Mesinger et al. (2015) used a color selected sample of 56 galaxies from Very Large Tele-
scope spectroscopy; connecting large-scale semi-numeric simulations of Reionization
with moderate-scale hydrodynamic simulations of the ionized IGM and performing a
study on more than 5000 line of sight, they set an upper limit of Qp;(z = 7) < 0.6,
within a 68% confidence level [49].
Using the same sample of Konno et al. (2018), Ouchi et al. (2017) obtained the constraint
of Qpy = 0.15£0.15 at z = 6.6, by the comparison between clustering measurements of
LAEs and two independent theoretical models [50].
Finally, we report the results by Schenker et al. (2014), which used a set of 451 LBGs
to study the correlation between the UV continuum slope of a galaxy and its Lyx emis-
sion. Combining a cosmological simulations with Ly« visibility data, they constrained
a neutral fraction of Qpj = 0.391“8:83, which suggests important evidence that cosmic
Reionization ended at z =~ 6.5 [51].

Following the evolution of Qg with z, we compute the electron scattering optical
depth with eq. 9. The results are compared with the CMB measurements performed by
Planck and WMAP. In table 3 we summarize the observational constraints on 7.5 and the
corresponding instantaneous redshift of Reionization [1-3].

Table 3. Electron scattering optical depth and instantaneous redshift of Reionization, measured by
WMAP and Planck.

Name Tes Zreion

WMAP9 00880013 105+1.1
Planck 2015 0.066 +0.016  8.8117
Planck 2018  0.054 +£0.007 7.7 +0.7

4.2. Initial condition for late Reionization scenario

The evolution of the filling fraction with cosmic time depends also on the initial
condition for eq. 7. In particular, we choose two extreme possibilities, which are
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motivated both with model available in literature and with an observational point of
view.

The first has Qpr(z = 10) = 0.2. This assumption agrees with the 68% credibility
interval modelled on the marginalized distribution of the neutral fraction (1 — Qpyj),
from the SFR histories and the Planck constraints on .5, from Robertson et al. (2015)
[52]. Similarly, it is coherent with the range of Qp; allowed for the model by Bouwens
et al. (2015), where Reionization is complete between z = 5.9 and z = 6.5 [36].

As a second possibility, we choose Qpr(z = 9) = 0.0, which is preferred by the two
hydrogen neutral fraction measurements performed by Mason et al. (2019) and Hoag et
al. (2018) and discussed in sec. 4.1 [8,9]. All the others are intermediate cases.

4.3. Reionization with galaxies only
4.3.1. Implications on fesc
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Figure 7. The panel shows the values of the product ;,, fesc needed to ionize the IGM at (z = 6.7),

for a set of different cosmologies. The dot size increases with My, ; lighter colours refer to initial
condition Qyy(z = 10) = 0.2, while darker colours are for Qg;;(z = 9) = 0.0.

For each of the two initial conditions we compute the number density of ionizing
photons Nj,,, with different combination of &y, fesc, exploring the effect of the parameters
degeneracy on the reheating of IGM.

Models that are affected by a stronger free-streaming have an higher My, value, which
has consequence on galaxy formation, determining a lack of faint-galaxies which alters
the UV LF (see Fig. 1), with a general reduction in the UV luminosity density. Thus, we
obtain a delay in the IGM ionizing process, with respect to CDM.

In Fig. 7, we show 10g(&iop fesc) in CDM, sterile neutrinos and thermal WDM cosmologies.
Because of the great uncertainty on fes., we searched for the &;oy, fesc values which ensure
the completion of Reionization by z = 6.7. We note that log(&;oy, fesc) increases with Mj,,,:
a greater escape fraction and/or UV photons production efficiency is needed to complete
the Reionization process in WDM scenarios.

The quantity ¢;,,, is however better constrained than f.s., so we assume from the literature
a fiducial value of log(&;,,,) = 25.2[31,36,53,54], as expected from a low metallicity single
stars population. We did not investigate the variation of ¢;,, with redshift and My,
which we have considered negligible with respect to changing in escape fraction. This
hypotheses allows us to set an upper limit to f, for any different WDM particle and
boundary condition. In general, models that start from Q = 0 need an higher f,;c value
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to ionize the IGM within the same z range. For this reason they are more inclusive and
result in a weaker constraints to the admitted escape fraction. If fosc > f,fsucp , Reionization
process is completed outside the fiducial redshift interval.

In table 4 we summarize our results for the two initial condition discussed in sec. 4.2.

Table 4. Product log(&jyy, fesc) and upper limit of fes, with ¢jy;, = 25.2, for different cosmologies
and different initial conditions. We note that these two quantities increase with the half-mode
mass (My,,). The case [1] refers to Qg (z = 10) = 0.2. The case [2] refers to Qg ;(z =9) = 0.0.

Name My, (Mo)  10g(Gionfesc)[1] fesc,sup[l] log(Gion fesc)[2] fesc,sup[z]

CDM - 23.96 0.06 24.06 0.07
LAS 1.3 x 108 23.98 0.06 24.09 0.08
LA9 2.6 x 108 24.00 0.06 24.11 0.08
LA10 5.3 x 108 24.03 0.07 24.14 0.09
LA11 9.2 x 108 24.06 0.07 24.16 0.09
LA120 3.1 x 10° 24.17 0.09 24.27 0.12
WDM2 1.6 x 10° 24.11 0.08 24.21 0.10
WDM3 4.1 x 108 24.02 0.07 24.13 0.08
WDM4 1.6 x 108 23.98 0.06 24.09 0.08

4.3.2. Implications on the Reionization history

In our reconstruction of EoR, we found that the bulk of Reionization happens
between 6 < z < 8, with significant differences which derive from initial condition and
fesc model.

In fig. 8 we show the evolution of the filling fraction in sterile neutrino and thermal
WDM scenarios, with log(&;,,,) = 25.2. We note that the Reionization pattern changes
with respect to the initial condition. Models with Qgj;(z = 9) = 0.0, which have
fese = 0.06 in the plot, show a better agreement with the data, not only with respect
to Hoagl9 and Mason19 measurements, but also with lower redshift observational
points. Differences between cosmologies are tiny, but increase with the age of universe.
However, they do not allow us to discriminate between CDM and WDM scenarios with
the actual experimental uncertainties.

The initial condition Qp;(z = 10) = 0.2 requires a lower escape fraction (fesc = 0.05),
because the IGM is already partial ionized when we start to solve eq. 7.

The model by Yajima et al. (2011) leads to a more linear evolution of Q; with redshift:
the contribution of bright galaxies is strongly suppressed, so they cannot imprint the
characteristic acceleration that we see in fixed f,sc models.

In table 2 we show the changes in f,s., which reaches even the 32% for less massive
halos. An higher escape fraction requires at the same time to reduce ¢;,,. For this
reason, the case with Qpj; = 0.2 is strongly disfavoured from both the data and the
low log(Gion) = 24.9 value. From fig 9, if we take Qpy(z = 9) = 0, we obtain a better
agreement, and log({j,,) can increase to 25.0.

Finally, the analysis of electron scattering optical depth shows a 10 agreement with the
Planck 2015 result. In particular, if Qp(z = 9) = 0, 7,5 saturates in most models within
the range of Planck 2018 measurements. Conversely, we should note that cosmological
scenarios with Qpjr(z = 10) = 0.2 cannot reach their definitive optical depth value,
which depends on how the Qp(z) decreases at z > 10. Further improvements in our
semi-analytic model will allow us to repeat the study at previous redshifts.
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Figure 8. (a) Left: evolution of the filling fraction Qpj, for sterile neutrino and thermal

WDM models, with log(&;,,) = 25.2. The two upper panels have initial condition
Qurr(z =10) = 0.2 and fesc = 0.05. The two lower panels are plotted with Qpyr(z =
9) = 0.0and fesc = 0.06. The cyan shaded region indicates our fiducial late-Reionization

redshift interval, 5.8 < z < 6.7. The upward triangle labeled Lya LF includes results
by Konno et al. (2014), Konno et al. (2017) and Zheng et al. (2017) [46-48]. (b) Right:
electron scattering optical depth for different models, compared with measure from
Planck and WMAP [1-3].
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Figure 9. (a) Left: evolution of the filling fraction Qpj, for sterile neutrino and thermal
WDM models, with fesc(Mjy,,) as computed by Yajima et al.(2011) [32]. The two upper
panels have initial condition Qp;(z = 10) = 0.2 and log (&) = 24.9. The two lower
panels are plotted with Qpyj(z = 9) = 0.0 and log(,,) = 25.0. The cyan shaded
region indicates our fiducial late-Reionization redshift interval, 5.8 < z < 6.7. The
upward triangle labeled Ly LF includes results by Konno et al. (2014), Konno et al.
(2017) and Zheng et al. (2017). [46—48] (b) Right: electron scattering optical depth for
different models, compared with measure from Planck and WMAP [1-3].
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4.4. Reionization with galaxies and AGN
4.4.1. Dependence on spectral index

In fig. 10 we illustrate the evolution of the filling fraction with UV photons from

both galaxies and AGNs. The plot refers to CDM cosmology and allows to analyse the
impact of a7y on Reionization history.
In general, the harder is the spectral index, the faster is the Reionization process; in the
range [—2.31, —1.09], a Az ~ 0.2 maximum difference is admitted. Furthermore, this
effect overlaps with the choice of initial condition. Indeed, an higher initial HII filling
fraction is partially erased by the variation in the power-law slope. We therefore conclude
that the UV spectral slope gives only a perturbative contribution to Reionization history.
This happens because the role of the AGNs UV continuum is minor, with respect to the
their importance in the escape fraction production mechanism.
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Figure 10. The panel shows the dependence of Reionization history on the power-law slope ayy,
for the CDM cosmology: the continuous line refers to the central value ay;y = —1.70, while the
dotted and the dashed lines indicate respectively the lower and the upper limit (—2.31 and —1.09)
of the slope derived by Lusso et al. (2015) [42].
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Figure 11. Evolution of II\\']II'E{‘AL with z, for a7y = —1.70 £ 0.61, as derived by Lusso et al. (2015) [42].
We represent CDM, LA10, LA120 and WDM2 cosmologies: all the others are intermediate cases.

Fig. 11 describes some relevant features which emerge from the evolution, with

z and ayyy, of NAGN /N i‘g,fL in some representative cosmological models. The role of

won
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accretion increases at z < 6, but decreases between 6 < z < 8, as the bright galaxies
emission becomes more important. Changes in the UV spectral shape have consequences
on the relative importance of AGN photons density, which depends on the ¢ASN dis-
tribution. Despite to this variations, the quantity N{;‘EN / NS,‘;‘L remains, in CDM case,
less than unity for any redshift and any considered ay;y value. Our ay;y = —1.09 result
partially agrees with Finkelstein et al. (2019), which develop a "galaxy-dominated"
model until z < 4.6 and with Dayal et al. (2020), in which the equivalence between star
formation and accretion contributes is reached only at z ~ 5 [31,55]. We also note that the
NACN /NGAL ratio increases in WDM cosmologies, where the AGN energy production
is not altered. Because of free-streaming, its growth is more pronounced in model with
an higher half-mode mass and a more suppressed faint-galaxies emission. Nevertheless,
excluding LA120 and WDM?2 scenarios for z = 8, galaxies are still the dominant source

during EoR.

4.4.2. Implications on the Reionization history

Fig. 12 summarizes our results, obtained counting the contribution of both galaxies

and AGNSs. The bulk of Reionization still happens between 7 < z < 8, but interestingly,
the blast-wave model reduces the dependence from initial conditions; in our high-z
extrapolation of the UV LFs, the lack of a sufficient ionizing background causes a partial
IGM recombination, which induces a good fit with Mason19 observation. This happens
because, the AGN-induced fes. surpasses the importance of objects with no accretion
process and selects the ones with an higher accretion luminosity. Thus, it favours the im-
pact of active bright-galaxies, whose number density strongly decreases at high redshift.
The evolution of the filling fraction in fig. 12 is plotted with ay;y = —2.31. However, we
have already shown that the AGN UV power-law slope does not affect too much the
Reionization pattern, and its changing partially overlaps with the choice of the initial
condition. In any case, fig. 10 reveals that the IGM is completely ionized at z < 7. The
analysis of electron scattering optical depth is in agreement with Planck 2015 measure-
ments. Furthermore, if we consider Qpj;(z = 9) = 0, which represents the saturated
case, the 1,5 value falls within the 10 Planck 2018 interval.
The AGN blast-wave model thus provides a very interesting tool to retrace the Reioniza-
tion history during the cosmic time, which is also very robust against changing in the
accretion spectral shape. However, due to the minor role of faint-galaxies UV photons,
this model is less dependent from cosmology. Indeed, it introduces a degeneracy in the
evolution of Qpyyr(z) and T.s between CDM and WDM scenarios (with the exception
of LA120 and WDM2), which makes impossible to exploit macroscopic observations
of Reionization history to discriminate between ACDM model and other alternative
cosmologies.
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Figure 12. (a) Left:

evolution of the filling fraction Qpyj, for sterile neutrino and
thermal WDM models, where f is obtained with the AGN blast-wave model. The
two upper panels have initial condition Qp;(z = 10) = 0.2, the two lower panels are
plotted with Qpj;(z = 9) = 0.0. We use log(ggul) = 25.2, while CﬂSN is computed

ion

with agy = —2.31 spectral slope, according to Lusso et al. (2015) [42]. The cyan shaded
region indicates our fiducial late-Reionization redshift interval, 5.8 < z < 6.7. The

upward triangle labeled Ly LF includes results by Konno et al. (2014), Konno et al.
(2017) and Zheng et al. (2017). [46—48] (b) Right: electron scattering optical depth for
different models, compared with measure from Planck and WMAP [1-3].
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4.5. Comparison with previous works on Reionization

In this work, we have used different assumptions about the escape fraction value.
In the hypothesis that galaxies are the only ionizing source during the EoR, we find an
upper limit to fesc for each considered cosmology. Depending on initial condition, it
can varies between 0.06 and 0.12. However, f, is a very low-constrained parameter in
literature; it depends from a huge number of physical properties and there are many
studies that offers their proper estimation (see Dayal P. and Ferrara A. for a review [56]).
Conversely, our AGN fes. approaches the observational results presented by Grazian et
al. (2018) [44], which offer a mean value of 74%.
Concerning Reionization history, we conclude that, in our blast-wave model, the IGM is
almost ionized at z =~ 6.7, with a weak dependency on ay;y. It is interesting to discuss
this result in the context of previous studies about the EoR. Dayal et al. (2020) found an
end redshift of Reionization between 5 < z < 6.5, analyzing both the role of galaxies
and AGNs [55]. Finkelstein et al. (2019) completed the Reionization at z ~ 6, using
halo-mass dependent low escape fractions [31]. In these two galaxy-driven works, AGNs
become dominant at z < 5. Moreover, Bouwens et al. (2015) concluded that Qg reaches
the unity between 5.9 < z < 6.5 [36], while Robertson et al. (2015), using fesc = 0.2,
highlighted an evolution of the filling fraction from 0.2 to 0.9 during 6 < z < 9 [52], with
Tesc within the Planck 2015 1o range result. Finally, we remind the work by Dayal et al.
(2017), which suggest that, in CDM case, the bulk of the ionizing photons production is
related to low-mass systems with —15 < Myy < —10, while in 1.5 and 3 keV thermal
WDM it is shifted towards —17 < Myy < —13 [21]. This result is slightly different from
our galaxies-only Reionization model, which instead admits a significant contribution
from My 2 —20 sources.

5. Summary and conclusions

In this paper we have studied how the suppression of the CDM power spectrum
due to particles free streaming can have macroscopic consequences, via a late galaxy
formation, on the Reionization of IGM. We have used the semi-analytic model described
in Menci et al. (2018) [20], to produce the UV LF in a ACDM framework. Suppressing
the contribution of the faint galaxies, we have tested some AWDM cosmologies: in par-
ticular, we have focused on five sterile neutrino models (LA8-LA9-LA10-LA11-LA120,
presented in Lovell et al. (2020) [26]), with the same particle mass, but with different
mixing angle, and three thermal WDM models (WDM2-WDM3 and WDM4), with re-
spectively myx = 2 — 3 — 4 keV. In both cases, we have checked that an higher M,,,,, leads
to a general delay in the Reionization process.

First of all, we have explored the hypothesis that Reionization is driven by galactic
photons only:

o if fuis fixed, in CDM case, we find that merging between halos determines the rise
of the My < —20 systems relative contribution to the ionizing photons budget,
from = 30% to ~ 45% between 6.3 < z < 8. However, it remains subdominant
during the EoR, because faint galaxies with My > —20 emit the bulk of ionizing
photons. On the other hand, in WDM scenarios, the particles free-streaming yields
to a shift towards brighter sources. In particular, o (Myy < —20) undergoes a
further 1 — 10% growth, depending on cosmology.

e if we use the fesc(Mj,,) model by Yajima et al. (2011) [32], the impact of My <
—20 systems remains approximately constant during EoR, with a value that goes
from 15% (CDM) to 25% (LA120). We also note that faint galaxies with —14 <
Myy < —12 provides up to 4% of Ny, in CDM case.

In general, WDM scenarios yield to an overall reduction of Nj,, with respect to CDM.
The Reionization history depends also on the choices of the initial ionized hydrogen
filling fraction:
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e in fixed f,sc models, the completion of Reionization process at z < 6.7, requires an
increase in the f,5:Gjo, product with My,,. Using log(&;o,) = 25.2 we set an upper
limit fos! that goes, depending on the high-z Qyj; value, from 0.06 in the ACDM
model to 0.12 in the LA120 cosmology;

e models with Qyj;(z = 9) = 0 better agree with observational data, while models
with Qpr(z = 10) = 0.2 do not match the neutral fraction measurements performed
by Mason et al. (2019) and Hoag et al. (2019) [8,9];

e the evolution of Qpj; with escape fraction by Yajima et al. (2011) is strongly depen-
dent from the choice of the initial condition and it is also disfavoured by the low
log(&ion) =~ 24.9 — 25.0 value.

We then have implemented the AGN blast-wave model developed by Menci et al. (2019)
[38], which explain the genesis of the ionizing photons escape fraction in the context
of feedback and co-evolution between Active Galactic Nuclei and host galaxies. In
particular:

e we find a correlation between fes, and L‘bL‘OlGN and a bimodality in the escape fraction

distribution. The majority of systems have fesc = 0 or fesc =~ 0.7, so the blast-
wave model promotes the contribution the brightest ones, which contain the most
luminous AGNSs;

e the ZACN distribution depends on the black-body accretion temperature and on
the UV AGN s spectral slope, which values ayjy = —1.70 & 0.61 from observational
constraints by Lusso et al. (2015) [42];

e changes in ayy do not alter significantly the Reionization history. For a CDM
cosmology, the redshift at which hydrogen is fully ionized can vary within a range
of at most Az ~ 0.2. Furthermore, this effect partially overlaps with differences in
initial conditions;

al

e theN l.‘;‘fN / me ratio is constantly below unity, except for WMD2 and LA120 if & =
—1.09. This result suggests that, while AGNs are important for the fes. production
mechanism, their emission plays just a secondary role during the EoR;

e finally, the blast-wave model provides a good agreement with high-z Q; observa-
tions and completes the reheating of IGM at z < 7. It also reduces the dependence
on initial conditions, but introduces a degeneracy in Qp;j and s between different
cosmological scenarios, that make impossible to discriminate between CDM and

less suppressed WDM cosmologies.

To conclude, we note that the most important limits to our analysis are related to
observational uncertainties. In the future, we expect significant advances in the field
of extra-galactic astrophysics and observational cosmology. For example, the role of
AGNSs during EoR will be better understood with Euclid, by looking at the Quasar
Luminosity Function in the early universe. Also the detection of QSOs damping wing
can be used to measure the cosmic neutral hydrogen fraction [57]. Although the electron
scattering optical depth and the neutral hydrogen fraction provide important constraints
on Reionization redshift, further spectroscopic measurements are needed in order to
characterize high-z galaxies f,sc and ;,,. Moreover, a better estimation of the z > 6 UV
LF will allow to search for a possible turn-over in its faint-end, and to set constraints on
WDM cosmological scenarios. Both goals can be achieved by exploring the deep parts of
the universe that will be accessible to the James Webb Space Telescope.
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