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Fig. 1 A lightcone map, obtained using a semi-numerical simulation of reionization [1],

showing the evolution of the neutral and ionized hydrogen density field. The red points

correspond to neutral regions while the black areas represent the ionized ones. The universe

undergoes a phase transition from being highly neutral at high redshifts to a fully ionized

one at lower redshifts.

related areas. In addition, I would take this opportunity to recapitulate some
interesting results obtained by me and my collaborators.

The epoch of reionization is the cosmic era when hydrogen atoms in the
Universe got ionized because of the radiation produced by the very first stars.
The study of reionization thus concerns the ionization and thermal history
of hydrogen, the element which forms the bulk of the baryonic matter in our
universe. Within the framework of hot Big Bang model, we know that the
hydrogen atoms formed for the first time during the recombination epoch which
is well-probed by the Cosmic Microwave Background (CMB). Right after the
recombination epoch, the Universe entered a phase called the “dark ages”
where no radiation sources (stars or active galaxies) existed. The hydrogen
thus remained largely neutral at this phase. The small inhomogeneities in the
dark matter density field which were present during the recombination epoch
(and well-probed by the CMB) started growing via gravitational instability,
eventually forming the first stars inside galaxies. Once these stars form, the
dark ages end and the “cosmic dawn” begins. The first population of luminous
stars, and possibly some early population of accreting black holes (quasars),
will generate ultraviolet (UV) radiation which can ionize the hydrogen atoms in
the surrounding intergalactic medium (IGM). This process is known as “reion-
ization”. This is the second major change in the ionization state of hydrogen
in the universe (the first being the recombination).

Reionization started around the time when first structures formed. The
exact timing of this start is still unknown but is probably in the redshift
range z ⇠ 20 � 30. In the simplest picture, each source produced an ionized
region around it; these regions then overlapped and percolated into the IGM.
The process of overlapping completed around z ⇠ 5 � 6 at which point the
bulk of the hydrogen returned back to being ionized. This process can be
visualized through a lightcone of the hydrogen distribution, shown in Figure 1.
The map shown was made using a semi-numerical simulation of reionization
[1], to be discussed later in the article. For the moment, we want to highlight
that the hydrogen at high redshifts is largely neutral (red regions). At some
redshift, ionized regions (black points) start to appear and these keep growing

The Epoch of Reionization

• Radiation from the first stars and galaxies ionizes hydrogen in the intergalactic 
medium (IGM)


• Timing of reionization so far not very well constrained, mean reionization 
redshift 


• Reionization is completed by 

zre ∼ 6 − 10

zend ∼ 5 − 6

Choudhury 2022

Timo Kist, Leiden Observatory, Future Cosmology 24.4.2023

https://arxiv.org/abs/2209.08558


Why quasars?

• extraordinarily bright objects


• found at high-redshift


• currently more than 250 quasars known 
at 


• many more to be found by upcoming 
surveys such as Euclid

z > 6

Fan+ 2022

early-type intermediate-redshift galaxies, have similar optical and NIR colors. Barnett et al.

(2019) show that these contaminant populations outnumber z ⇠ 7 quasars by 2–4 orders of

magnitude in deep photometric surveys. A number of photometric selection techniques have

been developed, and the choices of how to apply these techniques require careful consider-

ation of the balance between selection e�ciency and completeness. Finally, spectroscopic

identifications of candidate quasars require observations on large aperture telescopes. Until

recently, such observations were only possible with single-object spectroscopy because the

low spatial density of high-redshift quasars. The demand of telescope resources for discovery

drives the need for both high selection e�ciency and sometimes special observing strategies.

For example, Wang et al. (2017) improved spectroscopic identification e�ciency by using

low-resolution (R ⇠ 300) long-slit NIR spectroscopy, which could capture the prominent

Lyman break features in the quasar spectra and reject contaminants with shorter exposure

than higher resolution spectra, which is more common for quasar spectroscopy followup

work, would require.
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Figure 1

Distribution of all known z � 5.3 quasars in the absolute magnitude-redshift plane (top panel).
The shaded areas are the parameter space probed by selected large quasar survey programs. The
bottom panel shows the cumulative number of quasars known at z � 5.3 as a function of year of
publication.

Fig. 1 presents the distribution of all published z � 5.3 quasars, as of Dec 2022, on

the absolute magnitude-redshift plane, highlighting the major survey programs from which

most of these quasars are selected. The progress illustrated by the bottom panel is a result

of the availability of large scale optical and NIR sky surveys, improvements in selection and
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Figure 3

Two-dimensional image representation of 527/531 of all published spectra of z � 5.3 quasars.
Traces of major emission lines are labeled. On the blue side of Ly↵ line, there are clear signatures
of the Ly↵ transmission at z < 6, while at higher redshift, the spectra are dominated by long
Gunn-Peterson absorption troughs.

quasar at z = 6.5 (Fan et al. 2019b). Fig 3 shows a two-dimensional image representation

of all spectra of the quasars in the database. In this image, each row is the one-dimensional

spectrum of a quasar, ordered in ascending redshift. The flux level of each column is

normalized by its peak Ly↵ flux. The image shows how the quasar Ly↵ emission line move

to near-IR wavelengths as the redshift increases from z ⇠ 5 to > 7. On the blue side

of the Ly↵ emission, the spectra show the extent of the highly ionized quasar proximity

zone (Sec 6.3.1), where the flux does not immediately drop to zero. Further blueward,

the spectrum is dominated by strong Gunn-Peterson absorption. Complete Gunn-Peterson

absorption troughs can be seen at z > 6. At lower redshift, the presence of transmission

spikes indicates that the IGM is, on average, highly ionized (Sec 6). On the red side of Ly↵

emission, broad emission lines such as OI+SiII�1306, SiIV+OIV]�1402 and CIV�1549 are
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Probing the EoR with high-redshift quasars
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• characteristic spectra with                
little redshift evolution,                             
strong Lyman-  and other              
smooth emission lines


• : Lyman-  forest               
blueward of the Lyman-  line


• : Gunn-Peterson trough                     


• optical depth:


→ bounds on the end of reionization

α

z ≲ 5 α
α

z ≳ 6

Mortlock 2015

τGP(zobs) = 3.9 × 105 ( 1 + zobs

1 + 6.0 )
3
2

( ⟨xHI⟩(zobs)
1.0 )
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Fig. 3 Neutral hydrogen absorption cross section as a function of photon wavelength, l . The
Rayleigh scattering contribution (Eq. 11, thick curve) dominates, although the additional contribu-
tions from Raman scattering can be seen between the Ly a , Ly b and Ly g resonances (thin curve).
(Despite appearances, the integrated cross section in a thin band of width Dl in the Lyman limit re-
gion near the ionization threshold of l = 0.091 µm is comparable to the smooth photo-ionization
cross section.)

neutral fraction is low; conversely, there are some wavelengths at which only partial
absorption is produced even by a completely neutral IGM.

4.1 Scattering of photons by a neutral hydrogen atom

A neutral hydrogen atom with its electron in the ground (1s) state can absorb (and
often re-emit, i.e., effectively scatter) an incident photon via a number of distinct
quantum mechanical channels. The resultant cross section has the form
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Figure 12

Observable properties and interpretation of Proximity Zones (upper left) and Damping Wings
(upper right). In the simulation panel (bottom), each box represents the location of a background
quasar whose sightline extends to the left. Proximity zones are studied at z ⇠ 5.8� 6.5 and
represent regions of enhanced ionization from the quasar in an already-ionized IGM. There is no
absorption redward of the quasar’s Ly↵ emission line (marked with a gray shaded region), and a
region of low optical depth extends Rp ⇠ 5� 10 proper Mpc. Damping wings have only been
detected at z & 7, and represent ionization fronts penetrating into an IGM with a O(⇠ 0.1)
neutral fraction, shown with red color scale in the simulation. On-resonance absorption is
saturated up to and very near the quasar’s emission redshift, and the o↵-resonance Damping
Wing (shaded blue) extends redward of Ly↵ in the quasar’s rest frame. Constraints on the IGM
neutral fraction come from this blue shaded zone, as well as the very short run of unsaturated
pixels between the QSO’s systemic redshift and the end of the proximity zone.

6.2. Neutral Hydrogen Absorption in the Di↵use IGM

The optical depth from neutral Hydrogen in a matter-dominated universe (appropriate for

the redshifts considered here) is:

⌧(�obs) =
⇡e2f12
mec

 
c

H0⌦
1/2
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�(c/[�0(1 + z)])dz

!
12.

The leading fraction has units of cross section per unit frequency in terms of the dimension-

less oscillator strength f12, which is an atomic constant determined for each ion (f12 = 0.416

for Ly↵). The expression in brackets reflects a column density, i.e. an integral of the radial

line element, weighted by the H i density field. The function �(⌫) is a unity-normalized line

shape. It is typically approximated as a Voigt profile, which consists of a deep Gaussian line

core whose width is determined by internal velocities, convolved with a much wider but also

much weaker Lorentzian wing. This so-called “damping wing” arises from an energy-time

uncertainty in the Ly↵ transition, leading to a small but non-zero absorption cross section

in the rest frame for photons far from the resonance wavelength �rest = 1215.67 Å. Equation

12 indicates that the optical depth at each observed wavelength �obs contains contributions

32 Fan et al.

proximity zone: 

• mostly ionized IGM                                                                                                                    
→ light from the quasar                                                                                                             
enhances ionization


damping wing: 

• significantly neutral IGM                                                                                                                              
→ region around the quasar ionized by its ionization front


• high absorption cross section of neutral hydrogen causes absorption beyond 
Lyman-  lineα

Probing the EoR with high-redshift quasars

Fan+ 2022

Mortlock 2015
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Fig. 3 Neutral hydrogen absorption cross section as a function of photon wavelength, l . The
Rayleigh scattering contribution (Eq. 11, thick curve) dominates, although the additional contribu-
tions from Raman scattering can be seen between the Ly a , Ly b and Ly g resonances (thin curve).
(Despite appearances, the integrated cross section in a thin band of width Dl in the Lyman limit re-
gion near the ionization threshold of l = 0.091 µm is comparable to the smooth photo-ionization
cross section.)

neutral fraction is low; conversely, there are some wavelengths at which only partial
absorption is produced even by a completely neutral IGM.

4.1 Scattering of photons by a neutral hydrogen atom

A neutral hydrogen atom with its electron in the ground (1s) state can absorb (and
often re-emit, i.e., effectively scatter) an incident photon via a number of distinct
quantum mechanical channels. The resultant cross section has the form
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Inference Procedure

• simulating high-redshift quasar spectra with damping wing absorption and 
comparing to observed spectra allows us to infer reionization history


• Bayes’ Theorem:  P(Θ |X) =
L(X |Θ) ⋅ P(Θ)

P(X)
∼ L(X |Θ) ⋅ P(Θ)

X = fΘ = (⟨xHI⟩, tQ, α)
data: observed spectrumglobal IGM neutral hydrogen fraction


quasar lifetime

nuisance parameters

parameters:
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A (mock) quasar spectrum

Kist+ 2023 (in prep.)
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Parameter inference from a quasar spectrum

Kist+ 2023 (in prep.)
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Forecasting reionization history

• assume a reionization history


• generate mock quasar spectra resembling 
the anticipated Euclid oservations


• run our inference pipeline on these quasars 
to infer  in different redshift bins


• here: 10 quasars at                
(assuming that )

⟨xHI⟩(z)

z = 7.54
⟨xHI⟩(z = 7.54) = 0.5

Kist+ 2023 (in prep.)
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Figure H3. The figure is the same as the right panel of Fig. 10 except that the fHI evolution is shown at 4.5  z  8.1. The fHI

measurements at z > 6 are mainly from the damping wing analysis of QSO proximity regions (Greig et al. 2017; Bañados et al. 2018;
Davies et al. 2018; Mason et al. 2018, 2019; Greig et al. 2019; Wang et al. 2020; Yang et al. 2020a). The fHI measurements at z < 6 from
this work and those from literature are mainly from analysis of the Ly↵ forest (Fan et al. 2006; Becker & Bolton 2013; McGreer et al.
2015; Yang et al. 2020b; Choudhury et al. 2021; Bosman et al. 2022; Zhu et al. 2022; Jin et al. 2023). The evolution of fHI from Aton
simulations (Keating et al. 2020b, their high ⌧ CMB model), Thesan (Garaldi et al. 2022) and CoDa-III (Lewis et al. 2022) are shown
by the brown solid, magenta dash, and black dotted curve, respectively. The new late reionization Aton simulation is shown by the red
dash dotted curve. All these models are in good agreement with fHI measurements at z > 6. However, these models also show significant
variations in fHI at z < 6. Thus, our fHI measurements are useful to distinguish between the various models of reionization. Our fHI

evolution favours a later end of reionization than the CoDa-III model. Our fHI measurements at z = 5.4, 5.5 disfavors the rather rapid
reionization history of CoDa-III (> 2.2�) model at these redshifts but all have rather large uncertainties.

context of uniform UVB models at 4.9  z  6. Never-
theless, matching h�HIi from uniform UVB at z > 5 with
existing measurements may still be important if one is in-
terested to separate the e↵ect of reionization memory from
cosmology (Montero-Camacho & Mao 2021; Molaro et al.
2022; Montero-Camacho et al. 2023).

Fig. H3 shows the evolution of fHI estimates from
z = 4.9 to z = 8 in the literature and those from simu-
lations. Most of the fHI measurements at z > 6 are per-
formed using damping wings in QSO spectra (Greig et al.
2017; Bañados et al. 2018; Davies et al. 2018; Mason et al.
2018, 2019; Greig et al. 2019; Wang et al. 2020). The main
source of uncertainties in these measurements is due to the
uncertainty in estimating the QSO continuum. As a result,
the uncertainty in fHI measurements is larger. The fHI mea-
surements at z < 6 are mainly coming from the observations
of the Ly↵ forest. Most of the earlier measurements by Fan
et al. (2006); Becker & Bolton (2013); Yang et al. (2020b);
Bosman et al. (2022) are lower limits on fHI at z > 5.5. This
is because the fluctuations in the ionizing radiation field was
not taken into account. However, our measurement (see also
Choudhury et al. 2021) accounts for the fluctuations and
as a result we get a finite uncertainty in fHI at z > 5.5.
Our fHI measurements can rule out some of the very early
and very late reionization models. The reionization history
in self-consistent radiative transfer simulations is shown by
various curves in Fig. H3. The fHI evolution in all these
models is consistent with observations at z > 6. However,

some models (like CoDa-III ) predict a rapid evolution of
fHI which is in 2.2� tension with our fHI measurements at
z = 5.4 � 5.5. The fHI evolution in other radiative trans-
fer models such as Thesan and our Aton simulations are
consistent with our measured fHI evolution. In summary,
as discussed in the main text our measured fHI evolution
favours late end reionization models where reionization is
only fully completed by z ⇠ 5.2. This evolution of fHI is
well reproduced by recent state-of-the art radiative transfer
simulations.

MNRAS 000, 1–45 (2019)

Constraints on reionization history
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