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Dayal & Ferrara 2018

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

Hydrogen reionization
End of Dark Ages
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+ =>  5.2 < z < 8.0  

 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=5.2-6.0
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)



Production of ionizing radiation

Ionization rate

UV Luminosity Density at 

1450 Angstrom rest frame

LyC photons per unit UV Luminosity; 

L1450/L900 ratio.

Escape fraction of LyC photons

Critical paramater: uncertain



How to escape from the 
Galactic Labyrinths ?

Orthodox or heretic ?



Daedalus and Icarus
Flying easily like 
Daedalus and Icarus 
close to the stellar 
radiation with
the risk of a big fallout ?

Choi et al. (2020)

Orthodox



Theseus and Ariadne's wire
Following AGN Ariadne's wire 
like Theseus, and escaping from 
the Monster heart towards 
ionizing freedom ?

Ariadne's
wire

Heretic



Cowie et al. (2009)
z=0.9-1-4

Cowie et al. (2009)

Broad line AGN

Non broad line 
AGN

LyC fesc of AGN: imaging

Broad line AGN 
at z~1 show 
significant LyC 
escape fraction
(~100%)



AGN

SFG

Jones et al. (2018)

F275W F435W+F606W+F160W



Jones et al. (2018)

AGN

SFG

Jones et al. (2018)

All the SFGs detected in LyC at 
z~2-3 by Jones et al. (2018) show 
contamination by low-z 
interlopers. The only confirmed 
LyC detection is from an AGN at 
z=2.5.



Jones et al. (2018)

AGN

SFG

AGNs dominate the ionizing 
emissivity at z~3. Negligible
Contribution by SFGs.



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%



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 ∼10 compared to all 94 galaxies 
without AGN. (See talk by R. Windhorst)



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



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



Sargent et al. (1989)

912 A rest
Fesc~100%

z=4.111
M1450=-30.2

Very bright QSOs show high 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



Cristiani et al. (2016)

Cristiani et al. (2016)

LyC fesc>=75% for 
QSOs at 3.6<z<4.0 
and M1450<-26



Romano et al. (2019)



Romano et al. (2019)



Romano et al. (2019)

QSOs with short mean free path (MFP) usually show low 
escape fraction. Associated or intervening absorber ????



Romano et al. (2019)



z=4.047

The LyC Escape Fraction of faint AGNs

Grazian et al. (2018)

Fesc(LyC)=73%
S/N~100 at LyC
FORS1-VLT



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).



Grazian et al. (2018)

The photo-ionization rate of AGNs
Assuming fesc=75%, 
QSOs/AGNs can 
produce 50-100% of 
ionizing emissivity at 
z~4 if faint-end 
Luminosity Function 
is steep.

Steep QSO LFs have 
been found by 
Glikman et al. (2011), 
Giallongo et al. (2015, 
2019), Grazian et al. 
(2020, 2022), Boutsia 
et al. (2018, 2021), 
Harikane et al. (2023).



Summary
LyC escape fraction of bright QSOs and faint AGNs:
1-Spectra should be preferred w.r.t. broad and narrow-band imaging 
for LyC escape fraction determination.
2-At z<1, bright QSOs and faint AGNs have fesc~100%.
3-At 1<z<4, bright QSOs (M1450=-26) have fesc~75%.
4-Strong LyC escape fraction of faint (M1450<-23) AGNs at z>4 is 
substantial (~75%). No evolution of LyC escape fraction with 
Luminosity (Cristiani et al. 2016; Grazian et al. 2018).
5-High space density of bright QSOs and faint AGNs at z~4 (Boutsia 
et al. 2018, 2021; Giallongo et al. 2015, 2019; Harikane et al. 2023). 
High space density of bright QSOs at z~5 (Grazian et al. 2022).

At z~4-5 AGNs can produce 50-100% of HI ionizing background.

AGNs could be the main producers of photo-ionizing 
background at z>4.



Thank 
you!
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