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Reionization: What ?
Hydrogen Reionization: major phase transition of the Universe

Hydrogen reionization
End of Dark Ages

Robertson 2022
Chakraborty & Choudhury 2025
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Overlap of ionizing bubbles 
around first sources of light.

Reionization: How ?
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 z_reion>5.2

Planck 2020 result: =0.0506+/-0.0086  
z_reion~7.0    Delta_z<1.1-2.8
Rapid process
(Akrami et al. 2020; Reichardt et al. 2021)

Epoch of Reionization: When ?

Thomson scattering optical 
depth measured in CMB

z_reion<8.0

Fast and Ultra-Late Reionization

Gunn-Peterson effect

Gunn-Peterson troughs suggest
reionization ending at z=5.2-5.5
Ultra Late Reionization
(Fan et al. 2006; Keating et al. 
2020; Becker et al. 2021; Bosman 
et al. 2021; Zhu et al. 2022; 
Gaikwad et al. 2023)



What are the sources of first light ?
Can they sustain reionization ?

Two main suspects: Galaxies and AGNs

Sources of Reionization

AGNGalaxies



The revolution of JWST…



Faint Star Forming Galaxies: too fast reionization process.
Bright and rare sources are required to match current data.

Munoz et al. 
(2024)



JWST has revealed an emergent 
population of faint AGNs at 4<z<11

Kocevski et al. 2023, 2024; Harikane et al. 2023; Fujimoto et al. 2023; 
Matthee et al. 2024; Maiolino et al. 2024; Greene et al. 2024; Furtack et 
al. 2024; and many others...
Type-1 AGNs at z~6 produce 60% of ionizing radiation (assuming 
fesc~50%).
Type-2 AGNs (Scholtz et al. 2024) are 2 times the Type-1 AGNs.

Harikane et al. (2023)



Production of ionizing radiation

Ionization rate

Ionizing 
Luminosity 

Density

 Spectral Energy Distribution 
(L1450/L900 ratio)

Escape fraction of LyC photons

Luminosity Function at 
1450A rest frame

Most critical parameter



Stevans et al. (2014) find significant 
LyC emission in 159 low-luminosity 

AGNs at z<1.5

(both type 1 and type 1.8-1.9 AGNs)

Stevans et al. (2014)

AGN LyC fesc from spectra

Escape fraction of AGNs is 
~100% at low-z



LyC fesc of z~3 AGN

Smith et al. (2020)

The stack of 17 AGN dominates the LyC production from 
z~2.3–4.3 by a factor of 10 compared to all 94 galaxies ∼
without AGN.



Sargent et al. (1989)

912 A rest
Fesc~100%

z=4.111
M1450=-30.2

Very bright QSOs show high fesc

4 bright QSOs at z~4 from Sargent 
et al. (1989) show high LyC fesc



Cristiani et al. (2016)

Cristiani et al. (2016)

~1600 QSOs at 3.6<z<4.0 
and M1450<-26
(L~5L*) have average LyC 
fesc~75% (or more). See 
also Romano et al. (2019)

The LyC Escape Fraction of bright QSOs

No break at
912 A rest frame
Large LyC Fesc



Prochaska et al. (2009)
z=3.6-4.4 Worseck et al. (2014)

z=4.4-5.5

LyC emission of high-z QSOs
Bright high-z QSOs are strong LyC emitters

Direct detection of LyC up to z=5.5



Data reduced by Spectroscopic center in Milano

z=4.047

S/N~90 at LyC

Fesc(LyC)=81%

LBT MODS1-2
Spectrum

The LyC Escape Fraction of faint AGNs

Grazian et al. (2018)



Grazian et al. (2018)

No evolution of LyC escape 
fraction with luminosity for 
z~4 QSOs down to 
M1450~-23.

We can assume that fesc is 
constant also at fainter 
luminosities (M1450=-18).



Micheva et al. (2017)

LyC fesc of faint AGN
Low escape fraction of faint z>3 
AGN ?
Fesc~25%



Micheva et al. (2017)

The contribution of AGNs to ionizing emissivity is 3-5 
times lower than required.



Micheva et al. (2017)

912 A rest
Fesc>70%

NB359 (LyC) is at 750 A rest frame (proper 
distance=173 pMpc).

The Mean free path at z=3.8 is 45 pMpc.

NB359
Fesc=0%



Iwata et al. (2022)

Low LyC fesc of faint AGN ?



Iwata et al. (2022)

LyC fesc=25% for 94 faint (M1450>-24) AGNs at 3.3<z<4.0

Faint High-z AGNs: low LyC fesc ?



Iwata et al. (2022)



Iwata et al. (2022)
Fesc=74% Grazian+18

Fesc=51% Grazian+18Fesc=51% Grazian+18



Iwata et al. (2022)

Fesc=78% Grazian+18

Name Iwata+22   Grazian+18 
C07    fesc=19%  fesc=74%
C32    fesc<1%    fesc=51%
C35    fesc=5%    fesc=51%
C53    fesc=18%  fesc=78%



Grazian et al. (2018)

Name Iwata+22   Grazian+18
C32    fesc<1%    fesc=51%

LyC



Boutsia et al. (2021)

The bulk (more than 50%) of the ionizing luminosity density 
is produced by AGNs brighter than M1450=-23, close to L*.



Implications for a strong LyC 
escape fraction of high-z 
AGNs: a simple model.

Based on Madau et al. (2024)



Model assumptions - A
(a) the fraction of broad-line type-1 AGNs among galaxies is 
around 10-15%;

Harikane et al. 
(2023)

Maiolino et al. (2024)



Model assumptions - B
(b) the mean escape fraction of hydrogen LyC radiation is high, 
>80%, in AGN hosts and is negligible otherwise;

Grazian et al. (2018)

~1600 QSOs M1450=-26
(L~5L*) have average 
fesc~75% (or more). See 
Cristiani et al. (2016) and 
Romano et al. (2019).
No dependence of 
LyC fesc from 
Luminosity has been 
detected

LARGE LYC ESCAPE 
FRACTION for AGNs, down to 
M1450=-23 at z~4



Model assumptions - B
(b) the mean escape fraction of hydrogen LyC radiation is high, 
>80%, in AGN hosts and is negligible otherwise;

Citro et al. (2024)

7 Lensed Star Forming galaxies 
at z~2.3 and -21<Muv<-19: 
Absolute fesc<6.5% (at 3 
sigma). See talk by Intae Jung 
and paper by Citro et al. (2024).



Model assumptions - C
(c) internal absorption at 4 Ryd or a steep ionizing EUV spectrum 
delay full reionization of HeII until z=2.8-3.0, in agreement with 
observations of the HeII Lyman-alpha forest.

Madau et al. (2024)

(MUV,αEUV) = (−19.5, −1.8)
Fesc,H=0.99
Fesc,He=0.93
(MUV,αEUV) = (−18.5, −1.4)
Fesc,H=0.82
Fesc,He=0.33

CLOUDY
(Ferland et al. 2017)

Sub-parsec absorption 
(between BLR and disk)

Madau et al. (2024)
arXiv:2406.18697



Madau et al. (2024)

AGN

Stars



Madau et al. (2024)

Results

The HI ionizing
Emissivity of the 
model matches 
the results of a 
number of works.



Results

The evolving HII 
ionizing volume 
filling fraction of 
the model matches 
the collection of 
results from the 
literature.

Madau et al. (2024)



Madau et al. (2024)

Results

The hydrogen 
reionization is 
99% completed by 
redshift z=5.3-5.5, 
and reaches its 
midpoint at z=6.5-
6.7. HeII 
reionization ends 
at redshift z~3.



Results

Madau et al. (2024)

The integrated 
Thomson scattering 
optical depth to 
reionization is
tau=0.05, consistent 
with constraints 
from cosmic 
microwave 
background
(CMB) anisotropy 
data.



Results

Madau et al. (2024)
The abundant 
AGN population 
detected by 
JWST does not 
violate 
constraints on 
the unresolved 
X-ray 
background.



Future Facilities for LyC escape fraction
FORS-Up VLT (December 2026) imaging and low-
resolution spectroscopy at 340-1100 nm.

CUBES VLT (December 2029) spectroscopy at 305-
400 nm with R=7000-20000.

MAVIS VLT (2030) Visible MCAO imager and IFU 
at 380-935 nm with FWHM=18mas.

BlueMUSE VLT (2031) IFU at 350-580 nm with 
R=4000.

HWO (2040) UV-IR, high spatial resolution imaging 
and spectroscopy.



Chakraborty & Choudhury 2025

SKA

HI 21cm: tomography of IGM in the Epoch of 
Reionization and Cosmic Dawn



Summary
1-Direct measurements of large values of the escape fraction (~75%) 
of LyC photons from bright QSOs (M1450<-26) at z=0-5.

2-Direct measurements of large values of the escape fraction (~75%) 
of LyC photons from faint AGNs (M1450<-18 at z~0 and M1450<-23 
at z=4).

3-Recent results by JWST spectroscopy indicate large space densities 
of faint AGNs at z=4-10. AGN fraction among galaxies is 10-15%.

4-Our fiducial model matches the redshift of Hydrogen and Helium 
reionization, the integrated Thomson scattering optical depth to 
Reionization, the constraints on the unresolved XRB.

QSOs/AGNs have not a negligible role on the
cosmic hydrogen/helium reionization process.



Thank you 
very much!!!





Model assumptions - C
(c) internal absorption at 4 Ryd or a steep ionizing EUV spectrum 
delay full reionization of HeII until z=2.8-3.0, in agreement with 
observations of the HeII Lyman-alpha forest.

Sub-parsec absorption (between BLR and disk): a close absorber 
allows a low opacity in HI even if column density is elevated (log 
NHI>22-23), since ionization parameter is >>1. This is not true for 
HeII, where absorption is significant.

Even a Compton-thick absorption can have tau<=1, assuming a 
smaller radius. Ionization parameter scales as r^2.

The "Maiolino Compton thick" hypothesis is critical for reionization 
by AGN only if the thick absorber is cold, so T<10^4 K and r>>1 
pc, so produced by torus.



Theoretical approach to LyC
escape fraction

Giallongo et al. (2012)
A schematic 
representation 
of the 
geometrical 
effects 
determining 
the escape 
fraction in the 
blast wave 
model of 
AGN 
feedback.
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