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Zusammenfassung

Diese Dissertation behandelt die Natur der Epoche der Reionisierung (Epoch of Reioniza-
tion, FoR) und das Zusammenspiel von hoch rot-verschobenen Galaxien und Quasaren mit
dem intergalaktischen Medium im Universum. Das Verstndniss der EoR wird als eines der
wichtigsten Probleme der extragalaktischen Astronomie und Kosmologie des 21. Jahrhun-
derts angesehen. Trotz ihrer Wichtigkeit ist die Geschichte und Morphologie der Reion-
isierung und der fr sie verantwortlichen Quellen (Galaxien und/oder Quasare) weiterhin
unbekannt. In der vorliegenden Arbeit versuche ich (1) die Geschichte der Reionisierung
mithilfe von kosmologischen Strahlungstransportsimulationen und Durchmusterungen von
Ly« emittierender Galaxien bei hohen Rotverschiebungen einzugrenzen, (2) die physikalis-
chen Prozesse der durch Galaxien und Quasare vorangetriebenen Reionisierung zu unter-
suchen und (3) die messbaren Radiosignale aus der Umgebung von Quasaren zu studieren.
Diese Studien werden als Trittsteine fuer die Interpretation und Analyse von ultra-tiefen
Galaxiendurchmusterungen und zuknftigen interferrometrischen Radiobeobachtungen di-
enen, um mithilfe der 21-cm-Kosmologie Licht auf die Geschichte der EoR zu werfen.

Im ersten Teil werde ich die Durchmusterungen von hoch-rotverschobenen Lya em-
mittierenden Galaxien mithilfe von kosmologisch Strahlungstransportsimulationen inter-
pretieren um die Geschichte der Reionisierung einzugrenzen. Eine Neuerung in dieser
Studie ist die Analyse von beobachteten Eigenschaften von Lya-emmittierenden Galaxien
mithilfe der Simulation eines groen Parameterraums, der sich ber verschiedene groskalige
Reionisierungsmorphologien und die kleinskaligen selbstabschirmenden Strukturen des IGM,
wie etwa Lyman-Limit-Systeme und gedaempfte Lya-Systeme, erstreckt. Durch den Ver-
gleich dieser Modelle mit den beobachteten Lya-Leuchtkraftfunktionen bei Rotverschiebung
z ~ T erhalte ich eine neue Grenze fuer den Anteil neutralen Wasserstoffs bei z ~ 7 in
der Grenordnung von einigen zehn Prozent, allerdings mit groen Unsicherheiten in Modell
und Beobachtung. Zur Erklrung dieser Daten wird der groe neutrale Anteil von = 1%
bevorzugt, welcher relativ wenig von der groskaligen Reionisierungsmorphologie und den
kleinskaligen selbstabschirmenden Strukturen des IGM beeinflusst wird. Zusammen mit
der Einschrnkung der Gunn-Peterson’schen optischen Dicke durch Quasarspektren deuten
diese neuen Erkenntnisse auf eine spte und schnelle Reionisierungsgeschichte hin, die auch
mit den Werten der Planck-Mission aus dem kosmischen Mikrowellenhintergrund vereinbar
ist.

Im zweiten Teil studiere ich die Physik der Reionisierungsprozesse in Quasarumgebun-
gen bei hoher Rotverschiebung mithilfe eines groen Satzes von Multifrequenz Strahlungstrans-



Xiv Zusammenfassung

portsimulationen im UV- und Rntgenspektrum. Diese detailllierte Untersuchung hilft zu

verstehenen, wie Galaxien und Quasare gemeinsam die Wasserstoff- und Heliumreion-

isierung vorantreiben und den Zustand des IGM beeinflussen. Ich zeige, dass in Quasarumge-
bungen die zentralen Quasare und die sie umgebenden Galaxien die Reionisierungsmor-

phologie von Wasserstoff und Helium, sowie den thermischen Zustand des IGM gemeinsam

beeinflussen. Die Wasserstoff Reionisierungsmorphologie ist das Ergebnis der berlagerung

des Einflusses von Galaxien und Quasaren. Es wird daher mglich sein, wenn auch mit

Schwierigkeiten, Aussagen ber die Quellen der Reionisierung alleine aufgrund der Reion-

isierung von Wasserstoff zu treffen. Andererseits enthlt die Heliumreionisierungsmorpholo-

gie und die thermische Struktur des IGM klare Hinweise auf die Rolle von Quasaren

waehrend der Reionisierung. Beobachtungen des intergalaktischen Heliums und der Tem-

peratur des IGM, zusammen mit herkmmlichen Beobachtungen der Wasserstoffreionisierung
werden Aufschluss ber die Rolle von Galaxien und Quasaren im Vorantreiben der Reion-

isierung geben.

Beobachtbare Signaturen der Quasarumgebungen bei hohen Rotverschiebungen wer-
den im dritten Teil untersucht. Die H1 21cm Signale aus den Umgebungen der Quasare
ermglichen die direkte Beobachtung des Wasserstoffreionisierungsprozesses, whrend das
Signal der *Henr 3.46cm Linie des intergalaktischen Heliums komplementre Informationen
ber den Beitrag von Quasaren liefert. Beobachtungen dieser Radiosignale knnen mit in Pla-
nung befindlichen Radiointerferometern wie dem Square Kilomter Array realisiert werden.
Ich schlage vor mithilfe von Galaxiendurchmusterungen in Bereichen des Himmels, fr die
21cem-Tomographien vorliegen direkt die Rolle von Galaxien und Quasaren zu untersuchen.

Zusammenfassend kann gesagt werden, dass zuknftige Galaxiendurchmusterungen im
Optischen und Infraroten und 21cm-Experimente mit Radiointerferometern unser Verstnd-
nis der EoR stark erweitern werden. Diese Beobachtungen profitieren von kosmologischen,
hydrodynamischen Strahlungstransportsimulationen, die es uns erlauben die komplexen
Daten zu interpretieren und zu analysieren und physikalische Einschrnkungen fr die EoR
zu finden. Das Herzstck des Reionisierungsproblems ist das Zusammenspiel von Galaxien
und Quasaren mit dem IGM. In dieser Hinsicht argumentiere ich auf Grundlage vorliegen-
der Dissertation, dass mithilfe von spektroskopischen Untersuchungen von Lya-Galaxien
in Quasarfeldern mit hoher Rotverschiebung in naher Zukunft Fortschritte erzielt werden,
da hier sowohl die Eigenschaften der frhen Galaxien als auch des IGM direkt untersucht
werden knnen. Auerdem erlaubt es eine solche Galaxiendurchmusterungsstrategie einzi-
gartige Bereiche des Himmels zur vollen Entfaltung des Potentials der 21cm-Kosmologie
Zu nutzen.



Summary

This thesis concerns the nature of the Epoch of Reionization (EoR) and the interplay
between the high-redshift galaxies/quasars and the intergalactic medium (IGM) in the
universe. Understanding the EoR is considered as one of the most important problems in
extragalactic astronomy and cosmology in the 21st century. However, the history and the
morphology of the reionization process and the ionizing sources (galaxies and/or quasars)
are still unknown. In this thesis, I attempt (1) to constrain the reionization history us-
ing cosmological radiative transfer simulations and high-redshift surveys of Lya emitting
galaxies, (2) to study the physics of reionization driven by galaxies and quasars, and (3) to
study the observational radio signals from quasar environments. These studies will serve
as stepping stones for interpreting and analysing ultra deep galaxy surveys as well as up-
coming radio interferometric observations for 21cm cosmology to shed light on the nature
of EoR.

In the first part, I interpret the high redshift surveys of Lya emitting galaxies using a
suite of cosmological radiative transfer simulations to derive a constraint on the reionization
history. A novelty of this study is to analyse the observed properties of Lya emitting
galaxies using a large model grid spanning different large-scale reionization morphology
and the small-scale self-shielded structures of the IGM such as Lyman limit systems and
damped Lya systems. Comparing these models to the observed Lya luminosity function
at redshift z ~ 7, I derive a new constraint on the neutral hydrogen fraction at z ~ 7 to be
of order of tens of per cent, albeit with large observational and theoretical uncertainties.
In order to explain the data, the large neutral hydrogen fraction of 2 1% is favoured,
which is relatively insensitive to the detailed large-scale reionization morphology and the
small-scale self-shielded structures of the IGM. Together with the Gunn-Peterson optical
depth constraint from the quasar spectra, this new constraint suggests a late and rapid
reionization history, which is also consistent with the CMB constraint from Planck.

In the second part, I study the physics of the reionization process in high redshift quasar
environments using a large suite of multi-frequency (UV and X-ray) radiative transfer sim-
ulations. This detailed study allows us to understand how galaxies and quasars collectively
drive hydrogen and helium reionization, and impact the physical state of the IGM. I show
that in quasar environments both the central quasars and the surrounding galaxies concert-
edly control the reionization morphology of hydrogen and helium and nonlinearly impact
the thermal structure of the IGM. The hydrogen reionization morphology is a cumulative
result of both galaxies and quasars. Therefore, it will be difficult, although possible, to
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learn about the source of reionization by probing of hydrogen reionization alone. However,
the helium reionization morphology and thermal structure of the IGM contain tell-tale signs
to understand the role of quasars during reionization. Observational probes of the inter-
galactic helium and temperature of the IGM, together with canonical probes for hydrogen
reionization, will shed light on the role of galaxies and quasars in driving reionization.

Observational signatures of the high redshift quasar environments are studied in the
third part. The Hr1 21cm signal from the quasar environments probe directly the reion-
ization process of hydrogen. Furthermore, the *Hen 3.46cm signal from the intergalactic
helium provides a complementary information about the contribution of quasars to reion-
ization. The observations of these radio signals can be realized by planned radio interfer-
ometers such as the Square Kilometer Array. I suggest that a direct test to understand the
role of galaxies and quasars during reionization is to perform galaxy surveys in a region of
sky imaged by 21cm tomography.

In conclusion, future galaxy surveys using optical/infrared facilities and 21cm experi-
ments by radio interferometers will greatly advance our understanding of the nature of the
EoR. Such observations will benefit from cosmological hydrodynamical, radiative transfer
simulations, which allow us to interpret and analyse the complex data to derive physical
constraints on the EoR. The heart of the reionization problem lies in the interplay between
galaxies/quasars and the IGM. In this regard, based on the work presented in the thesis, I
argue that the near-future advance will come by spectroscopic observations of Ly« galaxies
in high redshift quasar fields, by which both the properties of early galaxies and the IGM
can be directly studied using the galaxies’ and the background quasar spectra. In addition,
such galaxy survey strategy offers unique fields on the sky for future radio interferometric
observations to utilise the full potential of 21cm cosmology.



Chapter 1

Extragalactic Astrophysics and
Cosmology

1.1 Prologue

Since the time of Galileo[162], our endeavor to understand the nature of physical world —
the universe — begins with observing the night sky, from which we attempt to make sense
of all astronomical phenomena in a coherent systematic picture. The intricate, yet rich
and diverse range of phenomena from stars to galaxies and the large-scale structure of
the universe that cannot be imagined from seemingly simple underlying physical principles
adds colours and lives to our picture of the world.

In the 21st century, building upon the breakthrough during the last century, we have
established the Standard Model of cosmology (ACDM cosmology). In this picture, the
universe, which consists of dark matter, dark energy, and ordinary baryonic matter, has
grown from the phase of hot and dense state — hot big bang — seeded with the quantum
fluctuation originated from earlier inflationary epoch. Since then, the universe has ex-
panded and structures such as galaxies have formed out of the growth of the relic quantum
fluctuations amplified by the gravitational instability.

On the landscape of cosmological model, extragalactic astrophysics sets arena for rich
astronomical phenomena. Here, almost infinitely many questions concerning our origins
and our place in the universe can be asked. How did our home Milky Way galaxy emerge?
Why is there such a diverse range of galaxies seen in the sky? What is the origin of galaxies
and their distribution in the universe? All questions about galaxies and their environments
are fundamental for our understanding of the physical universe. They are like beautiful
flowers and forests in a massive mountain range, which add colours and lives in our view
of the world. What I would like to tackle in this thesis is a question concerning the early
history — the era known as Cosmic Dawn — when stars and galaxies are formed for the first
time in the universe. This problem is regarded as one of the most important outstanding
mysteries in the nature of the physical world in the 21st century astronomy. The frontier
of this field is well captured by the Hubble Ultra Deep Field image (Figure [L.1).
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HubeeVUItra Deep Field 2014 . HST « ACS « WFC3

g . ol A S £ -
NASA and ESA STScl-PRC14-27a

Figure 1.1: The Hubble Ultra Deep Field 2014 image. (Image Credit: NASA, ESA, H.
Teplitz and M. Rafelski (IPAC/Caltech), A. Koekemoer (STScl), R. Windhorst (Arizona
State University), and Z. Levay (STScl))

Problems of Cosmic Dawn are closely linked with that of the Epoch of Reionization.
Galaxies consist of only several per cent of the total baryonic matter in the universe. The
rest of baryons resides in the space between galaxies in the form of diffuse gas, known
as intergalactic medium (IGM). Therefore, it is better pictured that galaxies reside in
the vast ocean of the intergalactic gas. The epoch of reionization is the era when the
intergalactic gas has drastically transformed its physical state from neutral to ionized.
Current consensus is that reionization is driven by the ionizing radiation from the early
descendants of first galaxies or black holes, although one would agree that the truth of the
reionization epoch is still unknown. In this regard, reionization is fundamentally a problem
of the interplay between early galaxies and the intergalactic medium. Understanding the
Epoch of Reionization is therefore a key to understand the era of Cosmic Dawn.

This chapter is largely devoted to build a good anchor to start a voyage into the high-
redshift z > 6 universe, without which we may get lost in the sea of unknowns. For this
reason, I discuss, in a large fraction of this chapter, about galaxy formation and the IGM
at 2 < z < 5.
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1.2 Briefly Story about Reionization

Figure 1.2: Cartoon illustration of the Epoch of Reionization and cosmic dawn. Credit:
Loeb (2006) Scientific American

A key frontier of cosmology is to understand the first billion years of cosmic history
(e.g. [255]). During this era, the universe has undergone two landmark events known
as Cosmic Dawn and the Epoch of Reionization (EoR). Cosmic Dawn is the era when
stars, galaxies, and black holes are formed for the first time in cosmic history, ending the
Dark Age when there were no luminous objects in the universe. These first galaxies and
their early descendants are thought to be responsible for transforming the entire cosmic
environment from cold and neutral gas of primordial hydrogen and helium to ionized gas
as in the present day universe. This era of cosmic phase transition is known as the Epoch
of Reionization. The cartoon picture in Figure [1.2] illustrates our conception of how this
process occurred. Early galaxies at redshifts z ~ 6 — 25 ionize the surrounding medium
creating large H1r regions. These cosmological H 1 regions gradually percolate the entire
intergalactic gas in the universe, producing even larger ones by overlapping of many H
regions. Then the reionization process is completed when there is no primordial neutral
gas to be reionized. This picture has been proposed even in the 90’s. It is a goal of 21st
century astronomy to test this paradigm and construct a true story about Cosmic Dawn
and EoR based on solid observations.

1.3 Foundation of Observational Cosmology

Historically, observations of Slipher and Hubble had played a pivotal role in establishing the
modern picture that the universe is expanding, which had transformed a traditionally held
conception of static universe before 1920’s (see [340] for historical account). In the period
of 1914-1917, Slipher first found the tendency that galaxies’ spectra are systematically
redshifted ([410]), which can be interpreted in favour of a cosmological expansion model.
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Later, together with a theoretical motive for an expanding universe model proposed by de
Sitter and others, Lundmark and Hubble searched for the linear redshift-distance relation to
provide a further observational evidence for the expanding universe model ([257, 201, 202]).
Today, modern distance measurements using Cepheid and Supernova, together with other
probes (§ , place the expanding universe model on a firm observational ground.

The cosmological principle states that the universe is both homogeneous and isotropic
on the largest scale. This principle is supported by the modern observational evidence
for the isotropy of the cosmic microwave background (CMB) and the homogeneity of the
distribution of galaxies on very large scales (e.g. [454]). An alternative argument to arrive
at cosmological principle is to combine the observed isotropy of the sky and Copernican
principld] We can prove that, by a geometrical argument, the former two imply the
homogeneity of matter distribution in the universe ([339]).

To chart galaxies in the universe, firstly we should lay out the metric ds* = g, datdz”
where ds is the spacetime interval, g,, is the metric tensor, and z# is the spacetime co-
ordinate. Only on the basis of symmetry ([454], see also Peter Scheuer’s argument [250]),
the cosmological principle constrains the form of metric to be the Robertson-Walker (RW)
metric. This can be written with a spherical coordinate (r, 6, ¢) around an observer as,

dr?

2_ 232 2
ds® = c*dt* — a*(t) T

+ r?(df* + sin® 0d¢?) | , (1.1)

where t is the cosmological time and a(t) is the scale factor. The physical radial interval
between two events is dl, = a(t)dr/v/1 — kr2, where the comoving coordinate r conve-
niently factored out the effect of cosmological expansion. k parameterizes the three spatial
geometries compatible with the cosmological principle. The universe could be spatially flat
(k=0), closed (k =1), or open (k = —1).

The RW metric allows us to connect the observed redshift of galaxies to their spacetime
positions in the universe. As an observational fact, we see the redshifted light from distant
galaxies. This defines the redshift 1+ 2z = Agps/Aem Where Agps is the observed wavelength
and Aqp 18 the rest-frame wavelength emitted from a galaxy. The light from a galaxy travels
towards us following the null geodesics cdt = a(t)dr/+/1 — kr2. For a galaxy emitting at
time te,, and at radial distance r away from us, the two wave-fronts of light separated by
a time interval Atqy, i.e wavelength A\, = cAt.n, are received by an observer at time ¢
and tops + Atops as wavelength Agps = cAtons. In the universe described by the RW metric,
the emitted and observed time of the first wave-front is related to the radial distance to

the galaxy, )
obs Cdt
1.2
/ / V31— er (12)

Because the radial distance to the galaxy (the right-hand-side of the above formula) must
be unchanged between the emission time interval of the first and second wave-fronts, we

have [jo St — [l et g )/ = 1+ 2 = a(fobs),/(tem). For the scale factor

I Copernican principle states that we are not occupying a special place in the universe
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normalized at the present day, the redshift of a galaxy is related to the cosmological time
coordinate of the object through 1+ z = 1/a(t) regardless of the geometry of the universe.
This one-to-one correspondence between redshift and scale factor (time) allows us to use
redshift as a convenient label to mark the time coordinate of galaxies. This interpretation
of redshift in terms of cosmological expansion is the basis for mapping the redshifts of
galaxies to the 3D distribution of galaxies in the universe.

The above two fundamental concepts (RW metric and cosmological redshift) do not
rely on a specific theory of gravity such as general relativity, but only on the cosmological
principle and the geometrization of spacetime. Physical assumptions made so far are the
homogeneity (or Copernican principle), the isotropy of matter distribution on large scales,
and the invariance of speed of light. To describe the expansion history of the universe, we
finally need to specify the law of gravity describing the dynamics of spacetime. In general
relativity, the Einstein field equation describes dynamics of a metric tensor g,

871G
Gy + Mgy = —2 T, (1.3)

A
where the Einstein tensor G, = R, — %gWR is given by the Ricci tensor R, and Ricci
scalar R, and A is the cosmological constant. The total density p and the pressure p
in the universe contribute to the dynamics through the energy-momentum tensor 7}, =
(p+ pc?)U,U, + pg,, where U* is the four-velocity. The Friedmann equation describing
the expansion rate of the universe, i.e. Hubble parameter H(z), is derived by substituting
the RW metric into the Einstein field equation (see [127] for detail),

H(z) = Ho[Qa 4+ (1 4+ 2)? + Qu(1 4+ 2)° + Q,(1 4 2)4]/2. (1.4)

Here the density parameter €; = p;(0)/perit(0) is defined in terms of the present day
critical density peit(0) = 3HZ/(87G). We write Q, for dark energy, €2, for total (dark
matter and baryon), Q, for radiation, and € = 1 — Q) — Q,, — , for curvature (total
density). Hy = 100h km s™' Mpc™! is the present day expansion rate where h is the
dimensionless Hubble parameter. The total matter content, dark energy, and the geometry
of the universe are closely related to the expansion history, which in turn is essential for
extragalactic astronomy to chart out the distribution of galaxies and the intergalactic gas
in the universe.

1.4 Hierarchical Structure Formation

The large-scale structure in the universe is thought to be formed out of the small fluctua-
tions originated from the earlier inflationary epoch. A concordance model of inflation pre-
dicts that this tiny density perturbation is an almost Gaussian random field with a primor-
dial power-law power spectrum P(k) o k™ having a primordial power-law index n, ~ 1.
This density perturbation is amplified by the action of gravitational instability through var-
ious cosmological epochs from the radiation-dominated era at z > 2.4 x 10*Q,,h? ~ 3500,
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and the matter-dominated era at 0.5 < z < 3500, to the dark energy-dominated era at
2 < (Q /)2 =1 ~ 0.5. The linear growth of the perturbations at each epoch is summa-
rized in the transfer function 7'(k). In the standard cosmological paradigm, the fluctuations
in the cosmic microwave background and the large-scale distribution of galaxies seen in
the sky (see Figure are the striking manifestation of this gravitational growth of the
relic quantum fluctuation.

I discuss the structure formation from the matter-dominated era to the present day. I
focus on the redshift range of 2 < z < O(10%) (i.e. after the redshift of the last-scattering
surface of the cosmic microwave background at z ~ 1100 when the ionized plasma in the
universe recombined to neutral) because the growth of structure during this epoch is the
most relevant for understanding Cosmic Dawn and the Epoch of Reionization.

In this epoch, the growth of structure is dominated by the gravitational field of cold
dark matter, which can be formulated as the collisionless gravitational dynamics in a
cosmological background. Mathematically, it is described by the Boltzmann equation and
general relativity (see [27] and Chapter 4 of [311] for more detail). On the scales of our
interest, the Newtonian limit of gravity in the expanding universe is a good approximation.
In terms of the comoving coordinates r, the Lagrangian of a particle of mass m in an
expanding universe is L = (1/2)mv? — m¢ where v = ar is the peculiar velocity and ¢ is
the gravitational potential fluctuation. The evolution of a system is then described by the
distribution function in phase space f(r,p,t), which follows the collisionless Boltzmann
equation as a direct consequence of the conservation of the number of particles,

of  p Of of _
ot ma?® Or mve op

where p = 0L/O7 = mav is the canonical momentum, and the gravitational potential
fluctuation is given by the Poisson’s equation,

V2¢ = 4wG pa’s. (1.6)

This Poisson’s equation is the Newtonian limit to general relativity, which is sourced by
the density fluctuation § where p = p(0)a—2 is the proper physical density. Because of the
obvious difficulty to solve the Boltzmann equation directly, there are three primary tech-
niques to seek the properties of the solution: (1) perturbation theory, (2) Press-Schechter
and peak formalism, and (3) N-body simulations.

In perturbation theory, we take the velocity moments of the distribution function. This
reduces the Boltzmann equation to a fluid description, which is valid in the single stream
regions before shell crossing. Then, we employ the perturbative approach in overdensity
0. At early times when the perturbation is small, § < 1, the evolution of the overdensity
is well described by the linear theory, after applying the above procedure,

0+ 2H6 = 4nGpé. (1.7)

In the linear regime, the perturbation simply grows its amplitude as § oc D(z) according
to the linear growth rate D (e.g. [243]),

0, (1.5)

D)< H(2) [ ;I;L—(j/)dz’. (1.8)

z
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In the matter-dominated era, the linear perturbation grows as the scale factor, D(z) o a(z)
without any mixing of Fourier modes. Therefore the matter power spectrum simply changes
its normalization in the linear regime. The linear matter power spectrum is

P(k, z) o< k™ D?*(2)T?(k), (1.9)

where T'(k) is the transfer function encoding the impact of early time phenomena z < 1100
on the power spectrum. It is convenient to write in terms of the dimensionless power
spectrum A?(k, z) = k3P(k, z)/(27?), which is the contribution to the rms fluctuation per
unit logarithmic bin at k.

When the fluctuation grows to d > 1, the gravitational collapse leads to the formation
of virialised objects, called dark matter haloes. According to the spherical top-hat model,
the collapse corresponds to the time when a (extrapolated) linear perturbation reaches
a critical value 0. ~ 1.69. Properties of a halo approximately follow the virial theorem
according to which the gravitational energy is sustained by the internal velocity dispersion
of dark matter. At virialization, the mean overdensity becomes A, ~ 178 ~ 200 in a
spherical collapse model. The virial radius of a halo of mass Mj, follows from the definition
Mh = (4/3)7TAcﬁmR3

vir?

M, 3 7o AL\ M3
Ryir =523 | ——— —= h~tckpe. 1.10
(1010 M@) 0.3 200 Hpe (1.10)

The formation and clustering of haloes are of our central interest because in the standard
paradigm the formation of galaxies occurs inside haloes and the large-scale distribution of
galaxies is related to the halo clustering.

The extended Press-Schetchter formalism provides us a useful analytic framework to
understand the properties of haloes such as the mass function, merger rate, and clustering.
The idea in the Press-Schechter formalism ([353]) is drawn from linear theory and spherical
top-hat collapse. It relates the fraction of overdensity greater than ¢, ~ 1.69 smoothed on
a filtering scale Ry = (3Mj,/47p,,(0))'/? to the number of haloes with mass M,. The halo
mass function is then given by

dn 2 p(0) g

. leU(Mh,Z)
dlth N ™ Mh

T (1.11)

where v = 8./0(My, 2) and 02(My) = [ A%(k, 2)|W (kRy)|*dInk where W (kRy) is the
Fourier transform of the filtering function. The Press-Schechter approach shows that the
mass function has a power-law slope for the abundance of small haloes and an exponential
cutoff for massive haloes. The Press-Schechter mass function provides a good approxima-
tion to direct results from N-body simulations.

The cosmological N-body simulation is the numerical method to solve the collisionless
Boltzmann equation. This numerical method is theoretically well motivated as it seeks the
solution of the Boltzmann equation by Monte-Carlo tracers (the method of characteristic).
The phase space distribution function is represented by an ensemble of many ‘particles’;
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each of them is a random realization of a point in phase space. The gravitational interaction
(Poisson’s equation) is solved by a fast solver such as Particle Mesh method, Tree method,
or hybrid TreePM (e.g. [194, 28]). The initial condition is set usually by using the first-
order Lagrangian perturbation theory (Zel’dovich approximation). The N-body method
has become a primary theoretical tool because of its remarkable power to model structure
formation in detail. For example, the Millennium simulation showed that the large-scale
distribution of galaxies in the gravitational instability picture in ACDM cosmology explains
the observed distribution very well ([422]).

Finally we remark on the difference in structure formation between low and high red-
shifts. In the CDM paradigm, structure formation proceeds hierarchically, i.e small scale
nonlinear objects are formed before larger ones. The hierarchical build up is a result of
the positive slope of the dimensionless power spectrum where the effective slope of power
spectrum, neg = dln P(k)/dInk, is in the range —2 < ner < 0 at the scales of interest
for galaxy formation at lower redshift. However, at higher redshift and smaller scales, the
effective slope approaches asymptotically n.s — —3 because of the turnover caused by the
Mészaros effect. This means that a wide range of scales become nonlinear A?(k) > 1 nearly
at the same time. This timing when Fourier modes enter nonlinear scales is also modu-
lated by the large-scale perturbation, which causes the host haloes of first stars to form
inside a progenitor of protocluster region at the present-day (J477, [13]). This neg — —3
limit suggests that the small scale early structure formation might have proceeded in a
less hierarchical manner than at late time. The difference in the effective slope manifests
the difference in the morphology of the large-scale structure between low and high red-
shifts ([I66]). The mixing of a wide range of small scale Fourier modes could facilitate the
rapid growth of early objects, as well as it makes the early large-scale structure to be more
coherent than at late time ([166]).

1.5 Cosmological probes

The preceding § [1.3] and [I.4] reviewed the theoretical foundations of structure formation in
ACDM cosmology. In this section I review the observational foundations of this paradigm
and measurements of cosmological parameters.

1.5.1 H; measurement and the extragalactic distance scale

Since the influential works in 1920’s (e.g. [201]), the direct measurement of the present-day
expansion rate, Hy, has been the central interest to cosmological studies. The determi-
nation of Hy was one of the key projects motivated to launch Hubble Space Telescope
([I52] for review). The basic principle is to measure the recession velocity v of distant
objects and the luminosity distance dj independently, and then to determine H, from
the relation v = Hydy. While the recession velocity is readily available from the redshift
measurement via spectroscopic observations, v = ¢z, the estimation of the distance must
rely on a method for inferring the intrinsic luminosity L, hence the luminosity distance
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Figure 1.3: The observed (panels with blue points) and simulated (panels with red points)
large scale structure in the galaxy distribution ([422]). The large-scale distribution of
galaxies is remarkably similar between observation and simulation.

d; = \/L/ATF where F' is the observed flux. The primary objects used for this purpose
are Cepheid variable stars and Supernova Ia (SNe Ia). Cepheids lie on the instability strip
in Hertzsprung-Russel diagram, which exhibits the tight correlation between its pulsations
period and the intrinsic luminosity ([478]). The peak luminosity of SNe Ia correlates with
the rate it fades away ([I52], see [192] for SNe Ia physics). Distance to Cepheids are first
calibrated using main sequence fitting ([223]) or parallax ([24]). Cepheids, which are de-
tectable by HST out to galaxies at < 20 Mpc, are used as a calibrator for SNe Ia, using
nearby galaxies with detectable Chepheids and hosting SNe Ia. SNe Ia are then observed
out to < 400 Mpc for the Hy measurement.

Figure [1.4) shows the 2001 result from HST Key Project with the measured expansion
rate of Hy = 71+2(rand.)+6(sys.) km s™! Mpc™! ([I53]). Other distance indicators such as
Tully-Fisher relation for spiral galaxies and Fundamental plane for elliptical galaxies were
combined to improve the fidelity of the measured H, against astrophysical systematics
related to any peculiarity of the objects ([I53]). The Hp, measurement in 2011 reported
a more precise value Hy = 73.8 £ 2.4 km s~ Mpc™! with ~ 3% uncertainty including
their systematics error estimate ([372]). There are a wide range of sytematic uncertainties
including Cepheid zero point calibration, metallicity, dust reddening, and peculiar velocities
of host galaxies ([I52], [176]), which could shift the central value of the measured Hy larger
than the quoted error budget (by ~ 2.5% in [133]). These direct measurement established
the value of Hy is ~ 70 km s~! Mpc™!, but a further improvement both in precision and
accuracy would depend on the improved treatment and understanding of (astrophysical)
systematics.
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Figure 1.4: Hubble diagram of velocity vs distance for various distance indicators cali-
brated by Cepheids: SNe Ia, Tully-Fisher relation, Fundamental plane, surface brightness
fluctuation of galaxies, and Type II supernova (Freedman et al. 2001).

1.5.2 Cosmic Microwave Background (CMB)

Since the initial accidental dicovery of CMB in 1964 by Penzias and Wilson ([344]), followed
by the Cosmic Background Explorer (COBE) measurement of CMB blackbody tempera-
ture 2.735+0.06 K ([271]) and anisotropy ([412]), the hot big bang paradigm of CMB has es-
tablished its place as a firm probe of cosmology (e.g. [200], 127, 232] for review). This is not
only because accurate measurements from many dedicated intruments are available rang-
ing from space-based missions such as Wilkinson Microwave Anisotropy Probe (WMAP)
and Planck to ground-based telescopes such as Atacama Cosmology Telescope (ACT) and
South Pole Telescope (SPT), but also because of the ability to theoretically model the CMB
anisotropies cleanly from the physics of photon-baryon fluid in the early universe using the
perturbed Boltzmann-Einstein equations ([258), 397, 251]). With the minimal flat ACDM
model, the predicted CMB power spectrum involves only six-parameters, the dimension-
less Hubble constant h, matter content €2,,h2, baryon content 2,h%, the amiplitude of mass
fluctuation oy, the primordial spectral index n,, and Thomson optical depth 7. The excer-
cise is to generate a family of cosmological model, then find the best-fit parameters to the
observed CMB power spectrum.

CMB data alone has a tremedous power to constrain cosmological model; however,
some internal degeneracies exist for the cosmological interpretation of the temperature
and polarization power spectra. First, the effect of 7 and oy is to scale up and down the
normalization of the temperature power spectrum. A larger optical depth due to electrons
produced by reionization tends to dump the temperature anisotropy as the ionized medium
is opaque to CMB photons. The change in the amplitude of primodal fluctuation og triv-
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ially shifts both temperature and polarization power spectra. The 7 — og degeneracy can
be broken with the polarization data, E-mode polarization power spectrum, because the
Thomson scattering produces the polarized components in the CMB anisotropy. Second,
the primary information on h, £2,,, {2, comes from the acoustic peaks. While these param-
eters does not exhibit a strong degeneracy under the assumption of spatially flat geometry
of the universe, relaxing the model to allow an open or closed (i.e Q;; < 1 or > 1) universe
produces the Q,, — Q, degeneracy (a.k.a. geometric degeneracy [49, 496]). External data
on Hj or §2,, from SNe data or galaxy surveys are required to determine the geometry of the
universe. Combining CMB with the Hy measurement from SNe la and Cepheids ([153]),
for example, lifts this degeneracy. Analysis of CMB with Hj or galaxy survey data shows
a strong preference to flat geometry, hence €, >~ 0.3 and 4 ~ 0.7 model. CMB lensing,
however, offers a way to constrain €2, internally within CMB data alone because the change
in Q,, which affects the matter growth at later epoch (e.g. Einstein-de Sitter cosmology
(24 = 0) has more structure than ACDM), propagates to a different gravitational lensing
signal by the large-scale structure ([402] 350]).

A series of WMAP results ([418], 417, 233, 193]) has placed ever improving constraints
on cosmological parameters. Figure [1.5] shows the temperature map of CMB and the
measured and best-fit temperature power spectra for Planck mission, which constrains the
cosmological parameters as Hy = 67.51+0.64, 2, = 0.687940.0087, €2,,, = 0.31214+0.0087,
og = 0.8150 £ 0.0087, 7 = 0.063 £ 0.014, and ngs = 0.9653 £ 0.0048 using the temperature
and E-mode polarization power spectra and CMB lensing ([348], 351]).
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Figure 1.5: Left: The temperature map of the CMB. Right: The CMB temperature power
spectrum (Planck collaboration 2015)

1.5.3 Large-Scale Structure: galaxy surveys and Lya forests

The large-scale structure of the universe traced by the galaxy distribution and Ly« ab-
sorption lines in QSO spectra provide an observational window to study the cosmological
model at redshift range 0 < z < 3 (e.g. see [132, [345] for review). Figure lists galaxy

Zhttp://www.astro.ljmu.ac.uk/~ikb/research/galaxy-redshift-surveys.html
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redshift surveys such as 2 degree Field Galaxy Redshift Survey (2dF; [85]), Sloan Degi-
tal Sky Survey (SDSS; [491]), and most recently Bayron Oscillation Spectroscopic Survey
(BOSS; [105]) as a part of SDSS-IIT ([135]).
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Figure 1.6: List of galaxy redshift surveys. (Credit: Ivan K. Baldry)

Galaxy redshift surveys probe the matter power spectrum at lower redshift. A con-
straint on the matter content €2,,h comes from the turnover scale of the power spectrum at
the horizon length at the matter-radiation equality (Meszaros effect), and the baryon frac-
tion €2/, can be constrained by the amplitude of baryon acoustic oscillation ([346, [84]).
The normalization and very large-scale power contains the information about bog and ng
where b is galaxy bias parameter. By extending the analysis into full 2D redshift-space, the
redshift-space distortion due to peculiar velocity of galaixes can constrain the growth rate
of structure 8 = f/b ~ Q%5/b ([341), 188]). 2dF Survey has established that the matter
conent of the universe is €2, >~ 0.3 through the shape of power spectrum and the redshift
space distortion.

Since the discovery of BAO in galaxy redshift surveys ([84], [136]), more recent surveys
(6dF; [30], WiggleZ; [34], BOSS; [§]) focus on the BAO signal in galaxy clustering. The
acoustic scale measured from CMB experiment provide a standard ruler. The measurement
of the acoustic scale in the transverse and line-of-sight directions directly constrains the
angular diameter distance and Hubble parameter at various redshift ([473]). Anisotropic
clustering in BOSS provided direct constraint on Hubble expansion rate at z = 0.57 as
H(z = 0.57) = 96.8 + 3.4 km s~! Mpc™!, which is consistent with CMB data prediction
for a flat ACDM cosmology ([8]).

In addition, Ly« forest in QSO spectra is a unique tool for probing the matter distri-
bution at high redshift z ~ 2 — 4. Because the physics of the intergalactic gas is much
more well understood than galaxy formation, the direct comparison between observations
and cosmological hydrodynamical simulations of Lya forest even in the 90’s demonstrated
the validity of the gravitational instability picture in the CDM paradigm and cosmic web
of the large-scale structure, with effectively only one additional astrophysical parameter
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for the UV background ([71], 190, 308, 500]). The measurement of 1D flux power spectrum
from Ly« forest at z ~ 2 — 4 (Keck spectra; [96], SDSS; [275], BOSS; [330]) is consistent
with (Qa, Q) =~ (0.7,0.3) model. As it provides the very different redshifts and scale
to CMB and galaxy surveys, Ly« forest data provides a further support of ACDM cos-
mology. A recent series of analysis of BAO signal in 3D Ly« forest clustering (BOSS;
[411), 6], TT1]) extended the direct measurement of Hubble expansion rate to z ~ 2 as
H(z = 2.34) = 222+ 7 km s™' Mpc™! ([I11]). Interestingly, BOSS DR11 Ly« forest
data exhibits ~ 2.50 discrepancy with the best-fit Planck parameters ([I11]). Whether it
is caused by systematics due to continuum fitting, inaccurate astrophysical modelling, or
true deviation of cosmological origin is still unclear. With available data at hand, ACDM
model and general relativity remains a good description of cosmology and the theory of
gravity responsible for the large-scale structure in the universe.

Overall, based on the current data, analysis of Hy measurement, CMB, and redshift
surveys of galaxies and Lya forests shows that ACDM cosmology is highly consistent
with observations. Thus, astrophysics of galaxies and the IGM can be posed as an initial
condition problem with the well constrained parameters in ACDM cosmological framework.

1.6 Astrophysics of Galaxies and the IGM

The begining of extragalactic astronomy dates back to the time when the realm of fuzzy
nebula on the sky are discussed about their origin; whether they are collection of billions
of stars located outside our Milky Way galaxy or not (Shapley-Curtis Debate in 1920). A
historical overview is useful to highlight the paradigm shift in understanding the astro-
physics of galaxies and the IGM ([I37]). This is not a rigrous chronology, but concentrates
on the gradual shifts in the focus of community.

Before 1980, the classic view of galaxies as isolated islands in the universe was held.
Galaxies are thought to form through the evolution and formation of stars and gas in-
side galaxies in isolation. The understanding was based on stellar population synthesis
modelling built on the well-matured field of stellar evolution ([446] for review).

Around 1980-1995, the basis of the current paradigm is set — hierarchical galaxy for-
mation in ACDM cosmology — the stellar content of galaxies is thought to be built in the
bottom-up manner by cooling and condensation of gas inside dark matter haloes ([470]),
whose dynamics and formation is determined by the gravitational instability during the
large-scale structure formation in the universe (§ . This shifted the isolated island
paradigm to a dynamic interacting picture of galaxy formation through mergers, which
transform the galaxy morphological type and build up stellar mass.

Recent progress since 1995 has placed increasing emphasis on the role of feedback and
the environment in shaping galaxies. Theory has been pushed for self-consistent treatment
of feedback and baryonic processes of galaxies in a cosmological hydrodynmical frame-
work ([424], 196, 389, [469]). The paradigm centers on the regulation of star formation
inside galaxies by stellar and AGN feedback and the gas acretion from the intergalactic
environment to feed subsequent star formation. Both the host halo mass and the galaxy
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environment (field, group, and cluster regions) are thought to be resonsible for various
star formation quenching mechanisms, which controls the morphology-density relation as
well as galaxy downsizing. Furthermore, the high-redshift frontier for first galaxies and
reionization has been undergone the period of renaissance, which is driven by a surge of
observational surveys targetting the high-redshift universe.

1.6.1 Physical processes in galaxies

In this section I review the physical processes responsible for shaping the properties of
galaxies. For a more detailed account, I refer readers to many exellent reviews and books
that summerize the physical processes in galaxies in a cosmological framework (e.g. [311],
414, 25, 408]). The basic physical ingredients for shaping the properties of galaxies (the
cooling of gas, star formation and feedback, and black hole formation and feedback) are
relavant for both low-redshift galaxies and early galaxies during reionization.

Cooling of gas and gas accretion

For the gas inside dark matter haloes to form stars, it must first cool to the temperature at
which the gravitational force exceeds the thermal pressure support. When the primodial
gas falls into haloes, the gas is shock heated to the virial temperature, 3kgTyi/(2pm,) ~
GMy /1| Toir ~ 2.8 x109(1+2) (M, /102 Mg,)%/3(12/0.6) K, where 1 is the mean molecular
weight. A criterion for whether a gas cloud can cool efficiently and keep collapsing is
given by the ratio between the cooling timescale ., and the free-fall timescale t;; =
V/31/(32Gp). When the cooling timescale is shorter than the free-fall timescale, a gas
cloud cools fast enough for runnaway gravitational collapse. On the other hand, when
teool > try, the gas forms a quasi-hydrostatic atmosphere of hot gas.

The various radiative processes control the cooling of gas. At T,; > 107 K, the main
dissipation mechanism is bremsstrahlung (scattering of free electrons by atomic nuclei).
At 10* < T,; < 107 K, collisional ionization and excitation of atoms is a main cooling
channel (atomic cooling). Below T,;, < 10* K gas is mainly neutral and can only cool
through molecular processes (molecular cooling) or metal line cooling. The cooling rate at
T <107 K depends strongly on the metallicity of the gas, which could differ by an order
of magnitude between primordial and solar composition ([25]). A large metallicity allows
the gas to cool much more efficiently than primordial gas.

Different cooling mechanisms are responsible for the formation of different galaxies at
various mass and redshift. For a galaxy at z = 2 with Milky-Way size halo 10'? Mg,
the main cooling channels are the atomic processes in the metal enriched gas. The first
galaxies at 2z ~ 10 — 15 with halo mass 108 M, cool largely via hydrogen atomic cooling.
First stars, which are key progenitors for shaping first galaxies, are formed in minihaloes
M, ~ 105 Mg, through molecular cooling via Hy ([58]).

3Here, 7, is in the physical unit, 7y, = Ryic/(1 + 2).
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There are two modes of gas accretion onto galaxies. Firstly, when t.,, > tsf, a quasi-
hydrostatic atmosphere needs to cool at its centrd’] and the gas accretes onto the central
star-forming region. This mechanism is called hot mode accretion. On the other hand,
when the cooling timescale is shorter than the free fall timescale, the intergalactic gas can
penetrate into a central galaxy without ever been shock heated ([475, 33]). This form of gas
flow occurs along the filamentary structure of cosmic web and is referred to as cold stream
(or cold mode accretion) ([224, 110, 461]). In addition to the above two smooth modes of
gas accretion, major mergers can trigger more violent feeding of the gas into central kpc
regions, resulting in starbursts ([51]). These modes of gas accretion are important for the
subject of first galaxies and reionization because a simple extrapolation of lower redshift
studies suggests that the stellar contents of early galaxies driving reionization could also
be assembled by cold stream-fed star formation.

Star formation and feedback

As gas accretes onto the central regions of the haloes (a site of galaxy formation), the self-
gravity of gas starts to dominate over that of dark matter. The collapse and fragmentation
of gas form molecular clouds and multi-phase interstellar medium (ISM). Giant molecular
clouds span mass scale of 10° — 10° M, and length of 10 — 100 pc. Formation of star
clusters takes place in the clumps in molecular clouds where the physics of turbulence,
magnetic fields, and self-gravity are thought to be key players for star formation (e.g.
[279], 238] for review). Stars typically form as binary or multiples. While stellar evolution
of single isolated stars is well understood ([231] for book), if the seperation between two
stars is small enough to interact through stellar winds or Roche lobe overflow, the course
of stellar evolution is also altered. While star formation theory (the rate of star formation
in individual molecular clouds) and stellar astrophysics (the evolution and death of single
and binary stars) are themselves active fields of research, galaxy formation theory focus on
the role of large-scale properties (e.g. stellar mass, metallicity, gas accretion rate, merger)
on the rate and history of star formation in a galaxy as a whole.

There are two modes of star formation in galaxies: star formation main sequence and
starburst. Star formation main sequence refers to a tight correlation between SFR and
M,, which is driven by the steady formation of stars in disk-like galaxies. Starburst is a
sudden rapid formation of stars which may be triggered by mergers or any other instability
mechanism (e.g. [408] for review).

Stellar feedback impacts the gas around young star clusters in a variety of ways. Mas-
sive stars play an pivotal role in feedback during the entire evolutionary stages. At early
stages, they feedback to the surrounding medium through protostellar jets, ionizing radi-
ations, stellar winds and radiation pressure ([198]). At a late stage, the death of massive
stars as supernova (SNe) influences the ISM. Ejecta from supernova sweep the ISM away
through shock and quickly convert the kinetic energy into thermal energy. The form of

4Because the main cooling channels of hot gas are two-body processes, the cooling is faster at high

. . . 2
density regions as it scales as & ng,.
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feedback can be classified into mecanical, thermal, radiative, and chemical feedback. Me-
chanical feedback is driven by momentum injection to the ISM. Thermal feedback inject
energy, rising the temperature. Radiative feedback is associated with the ionization of
atoms and the dissociation of molecules in the ISM. Chemical feedback inject metals from
stellar nucleosynthesis into the ISM. Note that there is no border line between the form
of feedback. For example, photoionization by UV radiation from massive stars creates
H 1 regions (radiative feedback). At the same time, the photoionization heating increases
the temperature to ~ 2 x 10* K (thermal feedback). Supernova explosion triggers both
thermal, and mechanical feedback as well as enriching the ISM by metals. Hydrodynam-
ical zoom-in simulations resolving the scale of molecular clouds theoretically support this
paradigm, where the multitude of feedback processes nonlinearly interacts and is respon-
sible for shaping the star formation and stellar mass assembly of galaxies ([190]).

An insightful concept for star formation in galaxies is self-regulation. The local star
formation rate in dense molecular clouds is p. = €,pgas/trs pgai, where star formation
efficiency is €, ~ 1% ([239]). The timescale of giant molecular clouds (GMC) to form
young star clusters is ~ 107 yr, which is much shorter than the age of galaxies ~ 10° yr
([311]). This means that as soon as molecular clouds are formed inside galaxies, they
immediately form stars, and the rate at which GMC is formed is therefore a limiting step
controlling the rate of star formation. Stellar feedback from massive stars dispels the GMC
as well as the Lyman-Werner radiation from massive stars disscoiates molecular hydrogen.
This limits the amount of gas available for further star formation. Because the bottleneck
process is controlled by feedback, we can tink of star formation in galaxies as a system
self-regulated through stellar feedback (‘feedback-regulated star formation’) ([197]). This
causes the galaxy-wide SFR to be insensitive to small-scale efficiency to convert molecular
clouds to stars, but sensitive to the feedback mechanism of massive stars ([197]). We can
push this picture of self-regulation further by placing it in a cosmlogical context where
the intergalactic gas accretion onto galaxies from the large-scale structure. Because the
internal timescales of the ISM of galaxies to form molecular clouds and stars are shorter
than Hubble timescale, fuelling of gas from the intergalactic environment is critial to sustain
the galaxy-wide star formation over cosmic timescales. Therefore, the gas accretion from
the IGM and the feedback-regulation of star formation are two key processes for controlling
the star formation history of galaxies ([390]).

Black hole formation and growth and AGN feedback

Supermassive black holes (SMBHs) of mass ~ 10° —10° M, are ubiquitous in the centre of
galaxies. In a unified model of Active Galactic Necluei (AGN), a SMBH powers the accre-
tion disk, which emits a large amount of radiation by the non-thermal process outshining
the stellar radiation from the host galaxies during its activity.

The flow chart presented by Martin Rees in 1978 ([368]) succinctly describes the possible
pathways leading to the formation of SMBHs ([471] for recent review). The onset of SMBH
formation is seeded by (i) the death of massive stars as the remnants of Pop III stars, (ii)
compact star clusters, and/or (iii) direct collapse of a gas cloud. These seed black holes



1.6 Astrophysics of Galaxies and the IGM 17

subsequently grow by gas accretion and mergers with other black holes.

The AGN feedback influences the star formation in galaxies in various ways. For
example, the UV and X-ray radiation emitted from accretion disk around a SMBH and
hot corona, as well as Compton scattering of high-energy photons by ionized gas ([83)]),
heat up the ISM, which prevents further formation of stars. The radiation from AGN may
also exert radiative force to drive the winds. The AGN feedback is a leading explanation
for the exponential break in the galaxy luminosity function and the quenching of star
formation in massive galaxies ([408]). These insights from lower redshift studies are viable
for understanding the formation of first quasars and its relation to host galaxies at z > 6.
AGNs (and mini-quasars) may play a important role during reionization through their UV
and X-ray radiations. The reionization in QSO environment is a topic discussed in detail
in Chapter

1.6.2 Physical processes in the IGM

In the local universe, galaxies are only a minor ~ 7% reservoir of the total baryons in the
universe ([I55, [405]). The rest ~ 90% of baryons resides in the space between galaxies in
the form of the intergalactic medium (IGM). The evolution of the IGM is closely linked
with the formation of galaxies through gas accretion and feedback/galactic winds. The sub-
region of the IGM around galaxies, called circum-galactic medium (CGM), is the interface
between the IGM and galaxies, where the baryon cycle regulates the evolution of galaxies.
On larger scale, galaxies and AGNs influence the IGM through cosmic reionization. In a
broad sense, the reionization of the IGM influences the entire cosmic history from as high as
z ~ 15— 20 through the first reionization of hydrogen and helium to z ~ 2 —4 through the
second reionization of helium. The photoheating of the gas through the reionization process
raises the cosmological Jeans mass, and therefore suppresses the formation of small dwarf
galaxies. The fluctuations in the UV background and temeperature in the IGM driven
by the reionization processes can act as a source of astrophysical systematics to study
cosmology using the Ly« forest at z ~ 2 — 4 ([244], 283, [352], 178]). The astrophysics of the
IGM thus occupies a unique important place in the study of galaxy formation, reionization,
and cosmology.

The density fluctuaitons of the IGM trace closely the matter distribution formed through
the CDM-dominated gravitational field, p, = (/Q,)p(1 + 6). This is because the
hydrodynamic pressure only acts on scales smaller than the cosmological Jeans length
A = /2 (Gpy)~Y? where ¢, ~ /KT /m, is the sound speed and p,, is the physical
matter density,

Q. R\ 2 T N\ 14
Ay~ 11I0AZY? [ kpc. 1.12
s~ 08 54 107 K 5 pEpe (1.12)

The ionization state of hydrogen in the IGM at the intermediate redshift 2 < z < 5
is determined by the photo-ionization equilibirum with the metagalactic UV background
(the angle-averaged specific intensity J,) built from star forming galaxies and QSOs, The



18 1. Extragalactic Astrophysics and Cosmology

H r-photoionization rate I' = 47 [ oy J,/(hv)dr and the case-A recombination rate of hy-
drogen a4(T) = 4.063 x 10713(T/107K)~%™cm?3 s7! establish the photoinization equilib-
rium T'ny = a(T)neng ., where nyg = peic(0) Ay (25/my,) (1 = Y)(1+ 2)® and the Y ~ 0.25 is
the primordial helium fraction by mass. The neutral fraction of hydrogen is then given by

aa(T)ng . ] TN T N R (142
T 2 M ~ 9.5 x 107°A, f, (104—1{) (1012 Sl> (0.822) ( 5 ) ’
1

where £, is the fraction of electron per hydrogen atom, which is f, = —2Y—~ [L} ~

(—Y) |[11-Y)
1.174 [1.087] after [before] He1 reionization. The dependence on redshift comes from the
cosmic expansion. Hydrogen in the IGM is highly ionized at 2 < z < 5 by the metagalactic
UV background, but residual neutral hydrogen z; ~ 1075 remains.

The temperature of the IGM is mainly controlled by photoionization heating, adiabatic
cooling, and the Compton cooling of the gas with the CMB. This thermodynamics of
the IGM can be compared to the cooling for galaxy formation where neither Compton
cooling nor adiabatic cooling is dominant. For gas inside haloes, the high temperature
by shock heating and the high density allow cooling through the two-body (atom-atom,
atom-electron) collisional processes. However, because the IGM has a primordal chemical
composition and low density, one-body processes (atom-photon) such as compton cooling
and photoionization are only available mechanisms for cooling and heating. The evolution
of the temperature for a Lagrangian fluid element is (e.g. [282] for review)

dr 2T dA, 2(H—C)

— = —=2HT
dt + 3Ab dt Banb

, (1.14)

where H (C) is the heating (cooling) rate per volume (in units of erg s~! cm™3). On the right
hand side, the first term is adiabatic cooling by cosmological expansion and the second term
is adiabatic heating/cooling by the local compression/expansion of a Lagrangian element.
The temperature quickly establishes the tight power-law relation between temperature
and density T = T(]A;f1 due to the combination of photoionization, Compton cooling
and adiabatic cooling ([310, 203, 441]). The photoionization heating dumps the amount
of energy, (Fy1) = / (hv — hVL)42L/ O'HIdV// 4;:5” omdy o< hvy, per photoionization
vr

5 v
into the gas. The heatiLng rate by photoionization is H = (Eu1)I'ny;. As the neutral fraction
of hydrogen is set by the photoionization equilibrium, ny, ~ a4(T)n?/T’, the heating of
the IGM by the photoionization of residual neutral hydrogen is d7'/dt = 2H /(3kpn,) =~
2(Enr)aa(T)ny/3kp. The slope of the asymptotic temperature-density relation is mainly
determined by the balance between the cosmological adibatic cooling and photoionization
heating of residual neutral hydrogen, 2HT = 2(Eup)aa(T)ny/3kp, which implies that
T o< T79™A,. The asymptotic slope of temperature-density relation is then

T =ToA) " o AYMT (1.15)

This simple estimate of the asymptotic slope v = 1/1.72 + 1 = 1.58 is consistent with
the observed range and hydrodynamical simulations ([39, B8]). Strictly speaking, this
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derivation is incomplete, because it ignored the adiabatic heating/cooling by local gas
element. During the structure formation, lower density region can preferentially cooled
through adiabatic process T o Ag/ ®. This in practice contributes to form the asymp-
totic slope (fortunately, the result of a more detailed derivation is nearly identical to the
value derived above (for more detail discussion, see [288]). While the asymptotic slope
is determined by the adiabatic cooling and photoionization heating, the Compton cooling
plays an important role for the relaxation speed for approaching the asymptotic 7" — A,
relation. The timescale for Compton cooling is teomp = 3mec/[4orarToms(1 + 2)*]. Com-
pared to the adiabatic cooling timescale by cosmic expansion t,q = [2H(2)]™!, the ratio
S teomp/tad & 1.3(2,,h?/0.142)Y/2[(1 + 2)/7]7°/2. The Compton cooling is comparable to
adiabatic cooling at z = 6. The Compton scattering and cosmological expansion together
quickly cool the IGM and erase the memory of photoionization heating by H1 reionization,
i.e. the first passage of Hr1 ionization fronts, when the slope was nearly isothermal v ~ 1
with dispersion. The IGM temperature approaches towards the tight asymptotic 7" — A,
relation.

This photoionization heating by the UV background causes Jeans pressure smoothing
in the IGM. Before the photoionization heating by reionization, the temperature of the
IGM is low 7' ~ 10 K ([396]) in absence of pre-heating. Therefore the Jeans length is as
low as ~ 3.4 pkpc at z = 10. This means that the IGM is more clumpy before the passage
of ionization fronts. The photoionization heating helps to keep the universe reionized by
reducting the clumping factor ([33§]).

When the density fluctuation is high enough to be opaque against ionizing photons,
the gas clumps can be self-shielded against the UV background. The column density of
absorber, at which gas starts to be self-shielded is when the optical depth of the absorber
reaches a unity, 7 = o Ny > 1, where opp = 6.3 x 10718 cm?, is Ny; > 1.6 x 1017 em™2. A
characteristic size of photoionized Ly« absorption systems is of order Jeans length (Jeans
argument, [388]). Thus, the photoionized Ly« forest absorbers have H1 column density
Ny = zyng Ay where zy; is given by photoionization equilibrium,

T —0.22 r 1 /B2 142\ %2
Ny ~ 7.5 x 108 em=2f, A3/ S b . (1.16
ur X 10 em e A T 101251 0.022 5 (1.16)

The critical overdensity at which the gas starts self-shielding Ny, > 1.6 x 107 cm™? is

([158}) 0.146 2/3 3
T \" T 142\~
~ —2/3
Ay ~ 1661 (104 ) (1012 Sl) ( - ) . (1.17)

At z = 4, the outskirt of haloes of overdensity A ~ 150 and the filamentary structure of
the cosmic web make up the self-shielded gas in the IGM. The properties of the absorbers
are conventionally classified into three classes: Lya forest absorbers are diffuse photoion-
ized IGM with Ny /em™2 < 1017, the Lyman limit systems are the transition component
between photoionized gas and fully self-shielded gas with 107 < Ny /em™2 < 10?93, and
damped Ly« system with Ny /em™2 > 1023 is thought to raise from clumps in galaxies
or massive disk.
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1.6.3 Radiation Hydrodynamics of Galaxies and the IGM

The above sections have reviewed the physical processes shaping galaxies (§ and the
IGM (§ on the heuristic ground. The full treatment of the co-evolution of galaxies
and the IGM in principle involves the well-known physics of gravity, hydrodynamics, and
radiative transfer. The quesion is to understand how such complex interplays between
galaxies and the IGM emerge from seemingly simple laws of classic physics in a cosmological
framework.

The equations of radiation hydrodynamics

Firstly, we introduce the fundamental laws of radiation hydrodynamics. The equations of
radiation hydrodynamics are described by the set of conservation laws. The hydrodynam-
ics, i.e. the density p and velocity field v of the gas, is given by the Euler equations (e.g.
[421], @40]),

0
SV (pv) =0, (1.18)
% +V - (pvv) = —VP — pVe, (1.19)
0(6,0:) +V - [(pe+ P)v]=—pv-Vo+H —C, (1.20)

where e is the total energy per unit mass, which includes the contributions from the
internal energy per unit mass wu (specific internal energy) and the kinetic energy of bulk
flow, pe = pu + (1/2)pv?. The equation of state for an ideal gas is needed to close the
system. The equation of state relates the thermal pressure with a density and a specific
internal energy, P = (v — 1)pu, where v is the adiabatic index (y = 5/3 for a monatomic
gas). The temperature of gas is readily given by P = pkgT'/pm,. The gravity is the most
important force in astrophysical systems. The gravitational potential ¢ is sourced both
by gas and dark matter fluctuations in the large-scale structure of the universe through
the Poisson’s equation (§ . The heating and cooling functions, H and C, couple the
hydrodynamics to the various radiative processes, where the physics of radiative transfer
and chemistry play a role.

The radiation field (specific intensity I,,) is a macroscopic description of photons with a
various range of electromagnetic spectrum at energy hr. The equation of radiative transfer
is just a different way of expressing the Boltzmann equation of photons,

101,

c ot
where o, is the opacity and ¢, is the emissivity. n is the direction of photon propagation.
The first two angular moments of the specific intensity correspond to the angle-averaged
intensity, J, = (1/4x) [ I,(n,v)d*n, and the radiation flux, F, = [nl,(n,v)d*n. The
photoionization heating of hydrogen injects the thermal energy to the gas by,

e 4mJ,
Hur = nm/ (hv — hvy) o

vy

+n-VI,=—-a,l, +¢,, (1.21)

o,dv. (1.22)
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Because the photoionization of Her and Her also heat up the gas, the total heating rate
is H = Hur + Huer + Huert- The major cooling processes for hydrogen and helium are
collisional excitation/ionization cooling and recombination cooling, which takes the form
Ci = nen;B;(T) where the cooing rate coefficients 5;(7T") are tabulated in [69], 441l [447]. At
a higher temperature, the gas predominantly cools through the Bremstrahlung emission
Cp ~ 1.42 X 1072 T 20 (Nyg g + Nigers + 4Ngger) €rg s~ em ™ (e.g. [441]). Compton cooling
by scattering of free electrons by the CMB photons is important for high redshift and low
density gas Ceomp = [dora kp/(mec)|nTéys (2)|T — Tems(2)] ([295]). Molecular cooling
and metal line cooling are more relavant on galactic scales (§ [1.6.1)).

The ionization state of the gas must also be understood to determine the heating and
cooling rate as well as to describe the reionization process. The rate equations involve the
non-equilibrium chemistry;,

3ni
ot

where the index ¢ runs for all species, a; ;j(T") are the recombination cofficients, and the
photoionization rate of the chemical element ¢ is given by

+ V- (nﬂ]) = ozi,j(T)nenj — niFi, 1= 1, . ,Ns (123)

o 4mJ
I' = ; “dv. 1.24
= [ o) (124

The radiation hydrodynamics of astrophysical fluid flows is fully specified by the Euler
equations (1.18),(L.19),(1.20), radiative transfer equation (1.21]), and the rate equations for
non-equilibrium chemistry , together with the equation of state. In practice, galaxy
formation simulations must be supplemented by a recipe to convert gas into stars/black
holes and their radiation to source the emissivity in the radiative transfer equation. Once
specified, radiation hydrodynamics of astrophysical fluid flows can be studied in detail on
the theoretical ground. Because of the high complexity of the problem, we need to resort
to nuermcal techniques and various approximations to solve the equations of radiation
hydrodynamics. It is however important to keep always in mind the ‘out-of-box’ way of
thinking; simulation is only ‘a’ tool for theorists.

Numerical methods

Solving the full problem of radiation hydrodynamics of galaxies and the IGM is very
demanding. Various numerical algorithms and physical approximations must therefore be
employed.

In numerical hydrodynamics, there are two widely used classes of algorithms; smoothed
particle hydrodynamics (SPH, [420, 472]) and grid-based hydrodynamics with adaptive
mesh refinement (AMR, [237, 60, 154, [439]). SPH take the Lagrangian viewpoint, which
has an advantage in its automatic spatial adaptivity and ease to achieve high dynamic
range. AMR takes the Eulerian viewpoint, which has arguably mathematically rigorous
treatment and an ability to handle discontinuities well. Recent advances shrink these
traditional numerical differences in hydrodynamic solvers between SPH and AMR methods.
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Radiative transfer also employs a range of numerical algorithms. The methods that
directly solve the radiative transfer equation are the ray tracing algorithms, which
can be classified into long ([2, 481]) and short characteristic ([297, 336]) methods as well
as Monte Carlo method ([270]). All the methods attempt to realize the radiation field as
a bundle of rays. As these methods involve the discretization in space and frequency as
well as angular direction, the computational cost is usually very expensive. With a limited
computational resource, they are typically employed for post-processing calculationE] and
to investigate the radiative transfer physics in detail. An alternative method is the moment
method ([174) 149, 370, [376]), which reduces the dimensionality of the problem by taking
the angular moments of the radiation field. This is similar to the fluid approach for
the Boltzmann equation; however, it produces an infinite hierarchy of moment equations
unless the system is closed by supplementing the higher order moment, e.g. radiation
pressure tensor, in terms of the lower moments, e.g. radiation energy and flux, or by a
direct solution of the ray equation (1.21)). Despite these downsides, the moment method is
typically computationally cheaper than the ray tracing methods. They are often used for
full radiation hydrodynamical calculations.

The physical approximations widely used for cosmological hydrodynamical simulations
are the optically thin limit approximation for the UV background radiation and the ion-
ization equilibrium. When hydrogen and helium are already photoionized they are optical
thin to the UV background, which eliminates the need to solve the radiative transfer equa-
tion. One then provides the homogenous UV background as a function of redshift, J, (v, z),
which is modelled based on observations of the ionizing sources (galaxies and AGNs) and
the sinks (Lyman-limit systems and damped Lya systems) ([184] [142]). The ionization
equilibrium assumption eliminates the need to solve the non-equilibrium chemistry. The
ionization state of the gas given a metallicity readily determines the cooling function pre-
tabulated in e.g. [432]. Recent cosmological hydrodynamical simulations employ these
approximations ([389], [470]).

Another approximation is to ignore the radiative feedback on gas dynamics through
photoionization heating. In this limiting regime, the radiative transfer and the ionization
calculations and can be decoupled from hydrodynamical calculations (.18,
, , and can be performed in a post-processing manner. This approach (hydrody-
namics + post-processing radiative transfer) is widely used in studies for IGM reionization
(e.g. [81,17]) and the escape fraction of ionizing radiation from galaxies (e.g. [259]).

Full radiation hydrodynamical simulations of cosmological reionization have now be-
come possible ([I73],337,[317]). This is very exciting progess in computational astrophysics.
It is worth to emphasize that all three methodologies, (1) hydrodynamical simulation, (2)
hydrodynamics + post processing radiative transfer, (3) full radiation hydrodynamical
simulation are complementary in understanding extragalactic phenomena involving galax-
ies and the IGM. Given the limited computational technology available, hydrodynamical
calculations can create a ‘suite’ of simulations with various star formation and feedback

®Recently, the short characteristic method in SPH ([337]) is successfully applied for a full radiation
hydrodynamical simulation of reionization.
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physics with high dynamic range. The hydrodynamics+post-processing radiative transfer
approach can now also be routinely performed to produce a radiative transfer simulation
suite, where we can extensively study the multi-frequency radiative transfer physics and
the role of galaxies and AGNs in the reionization process with various source models. Full
radiation hydrodynamical simulations, of course, enable us to study the coupling of hy-
drodynamical and radiative transfer processes in galaxy formation and the IGM in full
detail.

1.7 Bridging theory and observations

Stellar population synthesis, Lya forest, Lya transfer, and 21cm

There are a range of the important techniques to bridge between theory/simulation and
observations. The stellar population synthesis (e.g. [385] for review) is an essential tool to
connect the direct observable properties, i.e. spectrum and broad-band magnitudes, to the
physical properties of galaxies directly given by radiation hydrodynamical simulations.

Synthetic Lya forest spectra from simulations is an important direct tracer of the
physical state of the IGM.

Monte-Carlo Lya transfer modelling is now central in interpreting the Lya emitting
galaxies and the diffuse haloes, which contains information about the star formation, galac-
tic winds, CGM, and reionization.

21cm signal is, once detected, the most direct observable to probe the state of the
neutral IGM through its power spectrum and tomography. Understanding the physics of
these tracers is as important as the radiation hydrodynamical simulations of galaxies and
the IGM. They together form a vital theoretical pillar for interpreting observations of the
high-redshift universe.

1.8 Observations of the High-Redshift Universe

The theoretical picture for astrophysics of galaxies and the IGM described in § must
be continously confronted with observations to build up a true picture of the physical
world. I briefly review the observational insights of the high-redshift universe, with focus
on the high-redshift galaxy properties and the IGM relavant to understand the Epoch of
Reionization.

1.8.1 General demographics of galaxies

First of all, I briefly look into the redshift evolution of the galaxy population in general.
Observational surveys of galaxies, when analysed with population synthesis modelling,
show that the specific star formation rate of galaxies sSSFR = SFR/M, keeps rising with
increasing redshift at 0 < z < 7 ([426] 108, 436]). This indicates that, on average, galaxies
are more vigously star forming at higher redshift. This monotonic rise in specific star
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formation rate is consistent with the theoretical picture of galaxy formation fed by cold
streams where the gas accretion occurs more vigorously at higher redshift (e.g. [110]).

100 F———
10 | )'/_&, -
_-=A e
— # - T b *
n | -;l"’;‘i‘;« Lol
= %.:\ ol - '//
é‘ QT
. R
— 1F !D," L -
8 [ o
= r s
R
_/{TPP/ LJVuUDS
0.1 :L ........ VUDS fit O Fumagalli+13
(1+z)2® @zs2.4, (1+z)12 @z224 4 Stark+13 b
_ _ _ _Dekel+09 * Bouwens+12
___ MNlustris, Sparre+14 O Reddy+12 ]
_ _ _Dave+11 * Gonzalez+14 |
0.01 P R R
0 2 4 6

Redshift

Figure 1.7: The evolution of the average specific star formation rate with redshift. The
square points show the result from the population synthesis analysis of ig-selected galaxies
in VIMOS Ultra Deep Survey ([436]).

The population of galaxies is very diverse and the demographics evolve from low to high
redshifts. It is known that the stellar content of galaxies exhibits the colour bimodality in
the local universe z ~ 0, where the population can be separated into actively star-forming
galaxies and quiescient galaxies containing passively assembled old stars (e.g. [36] for
review). Based on the rest-frame UV'J colour-colour diagram, K -band selected galaxies
in COSMOS/UltraVISTA ([315], Figure[L.8) and ZFORGE ([448]) show that nearly > 70%
of massive galaxies with M, > 10 Mg are quiescent whereas lower mass galaxies with
M, < 10! Mg are dominated by the star forming population in the nearby universe at
z < 1. With increasing redshifts, the fraction of quiescent galaxies monotonically decreases
to ~ 50% by z ~ 2. At z > 2.5, the star forming galaxies start to dominate the entire
population of galaxies at all stellar masses ([315]). Although the colour bimodality persists
at 0 < z < 2, the seperation becomes less clear at higher redshift. Given the UV J diagram
classification, there is however a noticeable fraction of quiescent massive galaxies as much
as ~ 20% at 3 < z < 4 ([315] 431]). This evolution of the galaxy demographics suggests
that major population of high-redshift z > 2 galaxies are star forming. While there might
be a minor population of quiescent galaxies up to z ~ 4, the galaxies at z > 4 and during
the EoR are likely to be predominantly star forming ones.

A concordance hypothesis to drive the colour bimordality is AGN feedback that quench
star formation in massive galaxies. In contrast, stellar feedback in lower mass galaxies
is thought to ‘regulate’ the star formation activity. Because of the quenching, massive
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quiescent galaxies contain only old red stellar population and the stellar mass is assembled
by passively merging galaxies.
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Figure 1.8: Stellar mass functions of all galaxies, quiescent galaxies, star-forming galaxies in
different redshift derived from K-band selected samples in COSMOS/UltraVISTA ([315]).

Within a class of star-forming galaxies (SFR = 1—10 Mg, yr '), two different modes of
star formation are widely recognized, i.e. starburst and main sequence ([395] for review).
This classification is based on the time variablity of star forming activity (star formation
history) in galaxies. The former occurs in the bursty phase whose star formation timescale
is much shorter than the age of galaxies (e.g. sSFR™' < 108 yr at 2z ~ 2), whereas the
latter forms stars gradually over the age of galaxies. At z = 1.5—2.5, the multi-wavelength
survey data from COSMOS and GOODS fields suggests that the tight main sequence of star
formation (Figure [1.9), which dominates the population of star-forming galaxies ([375]).
Only 2% of the population presents starburst activity with a factor of 4 — 10 boost in
the star formation timescale ([375]). At higher redshifts z ~ 3 — 6, the average mode of
star formation becomes more vigorous (Figure , which translates to the upward shift
of the star formation main sequence in the vertical axis. With current data, it is still
premature to make a statement on the relative importance between starburst and main
sequence modes in star-forming galaxies at this epoch. However, based on the progressive
analysis of the spectral energy distribution of galaxies ([387]), it is probably fair to say that
z ~ 3 — 6 star-forming galaxies exhibit highly heterogenous physical properties in terms of
star formation history and dust content etc.

I conclude this review by stating that present observations suggest that the major
population of galaxies at 3 < z < 7 is star forming at all stellar mass, along with a
decreasing subdominant fraction of quiesent massive galaxies with increasing redshift at
least up to z ~ 4. Therefore, as probably > 80% of the population at z > 4 is star
foming galaxies, a large fraction of galaxies can be studied by the UV-selected samples
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Figure 1.9: (Left) 1.5 < z < 2.5 star-forming galaxies in COSMOS and GOODS fields [375]
(Right) z ~ 4 LBGs. The different colours represent the difference in the star formation
histories assumed in SED fitting analysis [387].

(which needs to be complemented by submm observations which provide dust-obscured
star-forming galaxies missed by UV selection).

1.8.2 Lyman-break galaxies, Lya emitters, Lya emitting galaxies

Lyman break selections and narrow band Ly« selection are two primary methods to select
high redshift galaxies, which have been successfully applied to study galaxies at 2 < z < 8.
We first set the terminology to avoid a confusion about what I mean by Lyman break
galaxies (LBGs), Lya emitters (LAEs), and Lya emitting galaxies. LBGs are galaxies
that are selected by Lyman break features of the spectra (a.k.a. dropout selection). LAEs
are galaxies selected by narrow-band imaging targeting Ly« emission line. Lya emitting
galaxies refer to all galaxies that are emitting Lya regardless of the selection methods.
Both LBGs and LAEs thus refer to an observational classification of galaxies based on the
selection technique, while Lya emitting galaxies refer to the physical (spectral) properties
of galaxies.

It is now viewed that these two class of samples, LBGs and LAEs, are essentially the
same class of objects ([106]); both are high-redshift actively star forming galaxies although
they could differ in terms of their stellar mass, age, and dust content.

1.8.3 Luminosity functions of LBGs and LAEs

The UV luminosity function of LBGs is steadily built up from z ~ 8 to z ~ 4 (see Figure
[1.10]e.g. [53] and references therein), which is understandable from the hierarchical build-
up of star forming galaxies. On the other hand, the Lya luminosity function of LAEs
between z ~ 3 and z ~ 5.5 is approximately constant, and shows a decline from z ~ 5.7
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Figure 1.10: 4 < z < 8 UV luminosity function of LBGs in HST Legacy Fields [53].

to z ~ 7 (Figure [1.11] [324] [65, 234]). The faint end slope,, which characterizes the
abundance of lower mass galaxies, steepens with increasing redshift for both LBGs and
LAEs. Physical origins of the steepening faint-end slope can vary from the preferential
increase of the lower mass haloes hosting faint galaixes at higher redshift as a result of
hierarchical structure formation to the evolution of star formation activity at a fixed mass
due to changing gas accretion and feedback efficiency. The bright end of the UV luminosity
of LBGs from z ~ 7 to z ~ 5 might also steepens with decreasing redshift, which could
be interpreted as an indication of the onset of mass quenching (possibly AGN feedback)
in high redshift galaxies ([55) [54]). A concordance view for the approximate non-evolution
of Lya luminosity function of LAEs at 3 < z < 6 is because Lya emission is controlled by
the opposing evolution of dust content and the number density/luminosity of star forming
galaxies. Hayes et al. ([I89]) estimated that the average escape fraction of Ly« photons
from galaxies is increasing as f¥® o (1 + 2)*5. This can compensate the decrease of
the number density of galaxies at higher redshift expected from the simple hierarchical
build-up. To back up this further, the UV luminosity function of LAEs is shown to grow
from z ~ 5.7 to z ~ 3 unlike the Ly« luminosity function ([324]). This supports the view
that Lya emission from galaxies indeed has a complex dependence not only on the stellar
assembly of star forming galaxies in the hierarchical structure formation, but also on the
physics of dusty ISM, CGM/IGM, and radiative transfer in and around galaxies.

1.8.4 Lya emission and absorption in LBGs: the physical state
of high-z star forming galaxies

A subset of LBGs shows Lya line profile in emission whereas other show Lya line profile
in absorption ([386] for a brief overview). This is known from the stacked spectra of
LBGs at z ~ 3 (J400, 427]) as well as the SED analysis of photometric catalogues at
z ~ 3 —6 ([I08]). More homogenous magnitude-limited samples from VIMOS Ultra Deep
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Figure 1.11: (Left) 3.1 < z < 5.7 Lya luminosity functions of LAEs in spectroscopic
VIMOS VLT Deep Survey are shown by coloured symbols. The results from narrow-band
surveys are shown by black symbols. (Figure taken from [65]) (Right) 5.7 < z < 7.3 Ly«

luminosity functions of LAEs from the narrow band survey with Subaru telescope ([234]).

Survey clearly confirm the variety of Ly« line profiles both in emission and absorption at
2 < z < 6 ([246]). The follow-up spectroscopy of dropout samples at 3 < z < 7 reveals
that a subset of higher-z LBGs indeed shows Ly« in emission (e.g. [425]). Physically, the
prevalence of Lya line in LBGs is interpreted as a result of the different physical state of
high-z star forming galaxies and their surrounding IGM.

The observed fraction of LBGs showing Ly emission increases towards higher redshifts
from z = 2 to z = 6, then declines beyond z 2 6 (see Figure [1.12| [117] and references
therein). For z = 2—6, the decreasing dust content in LBGs on average towards higher red-
shift can elevate the detectable fraction of Lya photons from galaxies. Bluer UV continuum
slope, i.e. less dust reddening, on average at higher redshift supports this interpretation
(e.g. [35]). Furthermore, when the parent LBG samples are divided into UV faint and
UV bright objects, UV faint LBGs show a higher fraction of Ly« emission than UV bright
LBGs at 3 < z < 6 (e.g. [425],321]). This is a consequence of the anti-correlation between
Lya equivalent width (EW) with UV magnitude, i.e. UV fainter objects have a higher
probability to show larger Ly« equivalent width (e.g. [9, [463]). A physical interpretion
is to invoke the increasing dust content for UV bright LBGs, which absorbs Ly« photons
([465]). This dust hypothesis for Ly« line formation works if the dust distribution within
galaxies preferentially suppresses the escape of Lya photons than the escape of continuum
UV photons to boost Lyawe EW. The UV continuum slope is bluer for objects with stronger
Lya emission among LBGs ([400, [425]), whereas LBGs with redder UV continuum slope
show no or Lyc in absorption ([88]). As the UV slope correlates with UV luminosity ([131]
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Figure 1.12: Fraction of LBGs showing Lya emission with EW > 25 A. The parent
LBG samples are divided into UV bright objects (Myy < —20.25) and UV faint objects
(Myv > —20.25). [392]

and references therein), the dust hypthesis in controlling Lya emission from galaxies is
consistent with observations to explain the observed trends of the Lya properties of LBGs
as a function of both UV magnitude and redshift at 3 < z < 6.

In addition to dust, other physical mechanisms such as the covering factor of neutral
hydrogen and the kinematics of the ISM will be required to fully explain the observed
Lya properties of LBGs at 3 < 2z < 6. In fact, it is known that dust is not only a
factor controlling the fate of Lya photon escape because a large variation of Lya escape
fraction from 0.1% to 100% exists in spectroscopic samples of galaxies even with low dust
obscuration E(B — V) < 0.05 ([66]). Outflow and ionized channels in the ISM around
stellar H1r regions and galactic winds can help the escape of Lya photons into the IGM.
This means that a population of LBGs with outflow and a low covering factor of neutral
hydrogen could show more prevalent Ly« line in emission. Observationally, the covering
factor and velocity of neutral hydrogen in galaxies can be traced by the low-ionization ISM
absorption lines ([428], 216]). Lya equivalent width is larger for smaller equivalent width
of the ISM absorption lines ([400, 216]) and the blueshifted velocity offset of absorption
peaks, relative to the rest-frame systematics velocity of galaxies, indicates the presence of
outflow in LBGs ([428] [479]). Although it is still not clear what physcial mechanism is
really controlling the relation between the Ly« line formation and UV luminosity of LBGs,
it is likely that the answer lies in the relation between star forming activity and the state
of dusty turbulent ionized /neutral ISM and outflow of gas around star forming galaxies.
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1.8.5 Clustering properties of LBGs and LAEs: host dark matter
haloes and galaxy environment

Clustering analysis of LBGs and LAEs has been performed at a wide range of redshifts
from z ~ 2 to z > 6. The measurements range from early results at z ~ 2 — 3 ([3, 31]) to
recent results at z ~ 3 — 7 using early Subaru HSC data z ~ 4 — 7 ([186]), CFHTLS data
and GOODS fields at z ~ 3 — 5 ([191], 248]), and the high-z data at z > 6 ([280), 326, [16]).
These angular clustering measurement of LBGs has established that the host halo mass
of LBGs is ~ 105 — 102 M, whereas LAE clustering analysis shows that LAEs are
preferentially located in smaller halo mass 10'° — 10 M, ([235] 168, 325, [32]). Moreover,
UV bright LBGs are more biased than UV faint ones, which indicates that the host halo
mass is larger (e.g. [I86]). Larger halo mass of LBGs than LAEs are not surprising given
that SED fitting analysis also indicates that larger stellar mass for LBGs than LAEs on
average.

Clustering analysis also gives an insight into the halo occupation number and duty
cycle of LBGs and LAEs. The information on the halo occupation number comes from the
small-scale clustering (one-halo terms). The excess of clustering signal at scales smaller
than the radii of haloes indicates that a single parent halo contains multiple galaxies. For
LBGs, such small-scale clustering is observed from z ~ 3 to redshift as high as ~ 5 —7
([219, 186]), whereas LAE studies have not convincingly shown the presence of multiple
LAEs in a single halo (although the small-scale excess of clustering signal relative to the
power-law fit seems to be present at z ~ 3 ([325, 32])).

In addition, a comparison of the observed number density of LBGs and LAEs to the
expected number of host haloes (whose mass is constrained from the large-scale clustering
signal) constrains the duty cycle fauty, i.e. the fraction of haloes hosting LAEs and LBGs.
LAEs at z ~ 3 — 6 seem to favour a duty cycle below 100% (as low as ~ 1%) at z ~ 3 — 6,
although with large uncertainties ([168], 235, 325]). Because not all star forming galaxies
show observable Ly« flux in emission (§ , it is natural that only a subset of haloes at
fixed host mass of star forming galaxies is selected as LAE hosts. LBGs also permit a duty
cycle of tens of percent level, although fquy, = 1 is consistent with data ([I86]). Because
fauty < 1 of LBGs may suggest another population of galaxies at high redshiftlﬂ, we must
proceed carefully with improved clustering measurements before we draw a conclusion.

Cooke et al ([89]) suggested that the galaxy environments of Ly« emitting and Ly« ab-
sorbing LBGs at z ~ 3 are different; Lya absorbing LBGs reside in group-like environments
hosting multiple LBGs whereas Lya emitting LBGs are located in the outskirts of galaxy
groups and in the fields. They applied an interesting technique to separate the photo-
metric samples of LBGs into Lya emitting and absorbing objects using the fact that Lya
emitting/absorbing LBGs segregate in colour-magnitude diagram ([88]). The auto- and
cross-clustering analysis of Ly« emitting/absorbing LBGs showed the excess clustering of
both class of LBGs relative to the full parent LBGs as well as a sign of the anti-correlation

6For example, fquty < 1 of LBGs may be reconciled if there is a non-negligible fraction of quiescent
galaxies or dusty starburst galaxies, which are missed by the Lyman-break selection.
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Figure 1.13: The mean Ly« transmitted flux around LBGs at z ~ 3 galaxies as a function
of distance in the redshift space. The left panel shows the result from VLRS, the middle
panel shows the result from Adelberger et al 2003 (A03) and 2005 (A05), and the right panel
shows the combined VLRS+AO05 result. The red solid curve shows a double power-law fit
and the green shaded area is the result from a cosmological hydrodynamical simulation.
(Figure taken from [455])

between the Lya emitting and absorbing LBGs. Although a future confirmation with spec-
troscopic samples of Lya emitting/absorbing LBGs is needed (which is potentially possible
with e.g. VIMOS Deep/Ultra-Deep Survey ([246])), it suggests that the colour-density re-
lation could be in place already at z ~ 3 similar to the local universe ([129], see also [358]).
Extending this study to higher redshift is important to probe reionization. The possible
relation of the galaxy envrionment with the clustering of Ly« emitting LBGs (as claimed
by [89]) may be confused with the true reionization signal, which also causes the excess
clustering of Lya emitting LBGs relative to the full parent LBG samples.

1.8.6 Circum-/intergalactic gas environment of LBGs and LAEs

The intergalactic gas structure around galaxies can be directly studied by the observational
strategy that surveys galaxies in the foreground of QSOs. In this strategy, together with the
traditional spectroscopic/photometric study of galaxy properties, QSO absorption spectra
are used to probe the physical state of intervening gas around galaxies. The seminal paper
by Adelberger et al. in 2003 ([4]) has demonstrated the capability of such galaxy surveys
in QSO fields. There are currently two large spectroscopic galaxy surveys in QSO fields at
z ~ 2 — 3 ; Keck Baryonic Structure Survey (KBSS, led by C. C. Steidel) and VLT LBG
Redshift Survey (VLRS, PIs: T. Shanks and L. Infante).

The clustering and kinematics of gas around LBGs are studied using three different,
but closely related, statistics: (1) mean Ly« transmitted flux around galaxies ([4, 3, 92]
455]) (2) cross-correlation between galaxies and absorbers identified by Voigt profile fitting
([379, 480, 404, 378, [438]) (3) pixel optical depth method (median optical depth around
galaxies) ([362, 456]). Although the three statistics differ in the method for charaterizing
the gas in QSO absorption spectra, they provide a consistent physical picture about the



32 1. Extragalactic Astrophysics and Cosmology

intergalactic gas environment around galaxies.

LBGs are on average associated with the overdensity of the intergalctic gas, but large
rms fluctuations of Ly« absorptions suggest that the gas environment may consist of clumps
and filaments. Figure [I.13] shows the mean Lya trasmitted flux around LBGs at z ~ 3
measured by the VLRS ([92, 455]) and Keck-based surveys ([4, B]), which clearly shows
the enchanced mean Lya absorption at < 5h~'cMpc around the galaxies. Other statistics
also agree with this picture. The number and column density of Lya absorption lines
([378]) and the median Ly« optical depth ([362], 456]) also increase around LBGs. The
large scatter around the mean Ly« transmitted flux ([3]) and median Ly« optical depth
([362]) suggest that despite the average increase of gas density near LBGs, a noticeable
fraction of the sightlines around galaxies can show high Ly« trasmission. This supports
the idea that the gas structure around galaxies is highly inhomogenous.

The redshift-space anisotropy of the clustering between LBGs and Ly« absorption has
been observed in Lya transmitted flux ([3], 455]), optical depth ([362], 456]), and absorber
lines ([378])). Figure [I.14] shows the redshift-space anistropy of the median pixel optical
depth around galaxies ([450]). Such redshift-space anisotropy can be physically caused
by the gas flow around galaxies such as the large-scale infall (as in the Kaiser effect) and
outflows. With a progressively improving determination of galaxy redshiftsﬂ the signatures
of outflow and large-scale infall of gas onto galaxies have detected in the redshift-space
distortion of the pixel optical depth-LBG clustering ([450, 457] see also [455]).

Metal absorption lines (high-ionization systems such as C1v and Si1tv and low-ionization
systems such as O1, Ci and Sim) in QSO absorption line spectroscopy also contain vi-
able information about the metal enriched gas environment around galaxies. At z ~ 3,
C1v absorptions correlate with LBG overdensities ([4, 3], [92]), albeit with less than unity
covering factor ([456]). The less tan unity covering factor supports the picture that the
metal-enriched gas around the galaxies has an inhomogenous structure. Similarly to H1
Lya absorption, the signature of metal enriched gas flow around galaxies appears in the
redshift-space anisotropy of LBG-C1v clustering as well as O 11, Cr and Sitv. The larger
line-of-sight stretch of the finger-of-god effect in metal absorption lines than in Ly« is
suggestive of galactic outflow or turbulent kinematics of metal enriched gas in galaxies.

Recently, spectroscopic galaxy survey in QSO fields has been pushed near the EoR for
the first timdf| Diaz et al. ([I14} IT5]) reported the distribution of LBGs and LAEs around
z ~ 5.7 C1v absorption systems in two background QSO fields (zqso = 6.01 and 6.31). C1v
absorption at z ~ 5.7 appears to reside near LAEs rather than LBG overdensity, in contrast

"One must be careful about the spectroscopic redshift determination of LBGs, which mostly depends
on Lya emission lines and the interstellar absorption lines. Relative to the true galaxy systematic redshifts
measured from the nebular emission lines (e.g. Ha, [O11] A3727), the Ly« line is known to have a tendency
to be redshifted due to radiative transfer effect and the interstellar absorption lines are blueshifted due to
galactic outflow. These effects must be calibrated carefully to quantify the physical origin of the redshift-
space anisotropy ([361]).

8There has been earlier imaging observations of high-redshift QSO fields to quantify the clustering of
galaxies around the QSOs. For example, Stiavelli et al. conducted HST imaging observations of galaxies
(i’-dropouts) in several z ~ 6 QSO fields ([430, 225]).
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Figure 1.14: Two dimensional median pixel optical depth maps (H1and C1v) around LBGs
at z =~ 2.4. The line-of-sight elongation is likely to be caused by the gas peculiar velocity
around the galaxies. On ~ 1 pMpc scales, the compression along the line-of-sight in Hr is
indicative of large-scale gas infall onto the galaxies. (Figure taken from [450])

to the lower redshift z ~ 3 result where C1v absorption is strongly correlated with LBG
overdensity. Accepting this result implies that high-redshift C1v systems near the EoR
trace low-to-intermediate density environments dominated by low-mass galaxies ([114]).
The interpretation of metal line diagnostics is complicated because it depends both on the
chemical enrichment history by stellar nucleosynthesis/galactic winds and the ionization
state of the CGM/IGM around galaxies ([I50], see also [I5 20, 282]). Nonetheless, a
tentative interpretation is that as LAEs (low-mass galaxies) dominate the total ionzing
photon budget than LBGs (massive galaxies), the region near the overdensity of low-mass
galaxies is more highly ionized. Such high ionization near LAEs brings high-ionization C1v
systems to a detectable level ([I14]). Despite the uncertanty in interpratation, the work of
Diaz et al. demonstrated that spectroscopic galaxy survey in QSO fields near the EoR is
a powerful approach to gain insight into the relation between the high-z galaxies and the
physical state of the IGM during reionization.

1.8.7 State of the IGM at 2< 2 <5

The physical state of the IGM in the post-reionized universe at 2 < z < 5 places an
important boundary condition that any successful model of reionization must satify.

The observed features of 1D Ly« forest flux power spectrum and flux probability distri-
bution function measured by Keck/HIRES ([365, 97, 274]), VLT /UVES (]229, 226]), SDSS
([275]), and BOSS ([330]) can be captured remarkably well by the prediction from cosmo-
logical hydrodynamical simulations only with an additional model of the homogenous UV
background. This suggests that the physical properties (density, ionization, and thermal
state) of the low-density photoionized IGM at 2 < z < 4 is largely controlled by the grav-
ity+hydrodynamical process in ACDM cosmology and the metagalactic UV background
from galaxies and AGNs, but insensitive to detailed model of feedback. There seems no
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Figure 1.15: The recent measurements of H1-photoionization rate as a function of redshift.
(Figure taken from [20])

missing physical process (as summerized in § to understand the large portion of
the IGM. Feedback plays only a secondary role (but noticieble with current statistical
error of observations). Astrophysical effects such as self-shielding ([2760]), galactic winds
([958, 112}, 276l 1468]) fluctuations of the ionizing background ([94], 294] 276]) and thermal
structure from He 1 reionization ([244) 283]) seem to have small impact (about < 10%) on
the 1D flux power spectrum in 1072 s km™! < k& < 107! s km~! range currently probed.
3D flux power spectrum measurable from dense samples of QSO spectra can be used to
gauge the large-scale flutuations of the UV background and the thermal structure of the
IGM ([283, B52, [78]).

A traditional Voigt profile fitting analysis views QSO absorption spectra as a super-
position of individual Ly« absorption lines, which are characterizd by the column density
Ny, the line width parameter b, and redshift (see [364, 295] for review with a historical
development). According to the column density of a line, we can classify the absorp-
tion lines into Ly« forest absorbers tracing the low-density photoionized IGM and the
self-sheilded gas such as Lyman-limit systems (LLSs) and damped Lya systems (DLAs)ﬂ
([483] for review). The abundance of the absorbers is summerized in the H1 column density
distribution (CDDF). The shape of the CDDF evolves very slowly with redshift. To first
order, the shape is well captured by a single power-law N% where g = —143+0.03
in 12 < log,q Ny/(em™2) < 21.5 ([228]). Modern data indicates the bend in the CDDF
([320]). The agreement with hydrodynamical simulations strongly suggests that this bend
is caused by the transition from the photoionized gas to self-shielded systems ([359]). Fur-
thermore, the redshift evolution of the absorption line systems tells us about the neutral
gas reservoir in the universe. The number density of DLAs stays approximately constant
over 2 < z < 5 with mild increase by a factor of two from z = 2 — 4 ([355], 356, 318, 93]),

9Although LLS and DLA are thought to come from a vicinity or as a part of galaxies, because these
two objects are identified in QSO spectra, they are usually discussed in the context of IGM study.
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Figure 1.16: The temperature of the IGM at mean density as a function of redshift. Tem-
perature measurements from curvature statistics (blue and yellow circles, [19]), wavelet
analysis (gray squares, [252]), and Voigt profile analysis (triangles, [391]) are shown. (Fig-
ure taken from [19])

whereas the number density of LLSs ([347, [416]) and Ly« forest absorbers ([228]) show a
faster increase with increasing redshift. The abudance and spatial distribution of absorbers
set the neutral hydrogen cosmological mass density Qy1(z) and the topology of neutral gas
distribution at 2 < z < 5 as well as controlling the scale of UV background fluctuations.
This means that absorption line systems provide a valuable boundary condition for reion-
ization scenarios.

The metagalactic UV background from star forming galaxies and AGNs shapes the
ionization structure of the IGM after the reionization epoch. Many authors performed
measurements of the H1-photoionization rate I'y; by matching the simulated Ly« forest,
To < 51, to the observed mean transmitted flux ([293], 46, 43], 141], [18]) and by the quasar
proximity effect ([394, 101], 63]) (see Figure [1.15)). These measurements show that the
photoionization rate stays around I'yy ~ 10712 s7! at 2 < z < 4 and declines rapidly
at z ~ 5 — 6. The photoionization rate depends both on the ionizing photon emissivity
Nion(2) and the mean free path of ionizing photons Agia(2) as I'yr & Mien(2) Ao12(2) (e.g.
[295], 18]). In fact, the rapid decline of I'yy at z 2 5 is more likely caused by the shortening
of the mean free path due to the increase in LLSs than by the rapid change in the ionizing
photo emissivity. The total ionizing photon emissivity 7jo,(2) can be inferred from the
measurements of ['yr and Agj2. The recent analysis by Becker & Botlon suggests that there
are 2— 14 ionizing photons per hydrogen photons available per Gyr to ionize the IGM ([18]).
This is a factor of two higher than the previous estimate, which suggested “photon-starved
scenario of reionization” ([43]). Therefore, reinoization may not be so much photo-starved
than previously expected; nonetheless, there is not an awful lot of excess photons relative
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to hydrogen atoms that can be wasted.

The temperature and the equation of state of the IGM have been measured from the
width of Ly« absorption lines such as via b-parameters ([391], B71] 59, 273, 377, 39]) and
wavelet analysis ([443] 442, 252], [167]), curvature statistics ([19], B7, B8]), small-scale sup-
pression of Lya flux power spectrum ([495]), and flux probability distribution function
([23, 48, 1467, [62], 247]). Although the simple tight power-law relation is expected to break
down near Hen and H1 reionization epoch ([447, 286, 292, 80]), the effective slope 7,
T = TOAz_l, has been a practical workhorse (see § for theoretical motivation). Fig-
ure [1.16|shows the thermal history of the IGM. The temperature at a mean density reaches
~ 7000 K at z ~ 5, and gradually rises to ~ 1 —2 x 10* K from z = 4 to z = 2 — 3. Al-
though a large scatter exists, the temperature rise is interpreted as an evidence of Hemn
reionization at z ~ 2 — 4. The temperature measurement before He 11 reionization is also a
valuable constraint on H1 reionization at z > 6 because the relic signatures of the timing of
reionization and the spectral shape of ionizing sources are retained in the thermal history
at z < 6 ([442, 411 80])).

Finally, Hen reionization provides an intermediate redshift (z ~ 2 — 4) laboratory of
the reionization process and a boundary condition for the contribution of harder ionizing
sources such as AGNs during H1 reionization. For recent progress, Cosmic Origins Spec-
trograph on the HST installed in 2009 is playing an important role. He1 Ly« forest and its
Gunn-Peterson trough suggest that He 11 is nearly completed by z ~ 2.7 (see [282, 295, [364]
and references therein). After the completion, the optical depth ratio between Hr Ly« for-
est and Henr Ly« forest gives the ratio between H1- and He1r-photoionization rates, from
which one can infer the relative contribution from star-forming galaxies and AGNs to the
UV background at z < 2.5. Although it is difficult to draw a robust picture yet, such
analysis seems to suggest AGNs contribute about = 50% of the total Hr1-ionizing back-
ground around z ~ 2 ([45, 289]). Further constraints on the spectral shape of the UV
background can be obtained from metal absorption lines (see [295] and references therein).
This helps us to infer the contribution from star-forming galaxies (which generally lack the
He n-ionizing photons due to absorption by stellar atmosphere) and AGNs (non-thermal
emission and high-energy phenomena generally produces harder spectrum).

1.9 Reionization Probes

Although the broad-brush picture of reionization was in place even in the 90’s, the nature
of how reionization and cosmic dawn have occured is still largely unknown. When did
reionization occur? What is the precise history and morphology of the reionization process?
What are the sources driving reionization? How did the first galaxies and black holes form?
Answering these questions is a key goal for extragalactic astrophysics in the 21st century.
Before we set out our own voyage into the frontier of very distant universe, we can learn
from the lessons from previous explorers. In the following, we review the progresses in last
decades.

I organise the following discussion in terms of the questions concerning the timing,
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history, morphology, and sources of reionization. The reionization probes discussed here
are CMB, QSO/GRB absorption spectra, surveys of Lya emitting galaxies, and 21cm
cosmology ([137, 255, 354, 159, 312]). For other probes of reionization such as cosmic
infrared backgrounds and X-ray backgrounds, I refer readers to [137, 255], which also
contain references to the literature.

1.9.1 When did reionization occur?

Early important clues for answering this question come from the two breakthough obser-
vations of CMB and QSO spectra.

A first evidence of reionization comes from the observation of CMB. The measurement
of the Thomson optical depth 7 against electron scattering of CMB photons by ionized gas
provides an integral constraint on the amount of ionized gas between us (z = 0) and the

di,

CMB (2 ~ 1100),
T:UT/O ne(2) 7

where or is the Thomson cross section, n.(z) is the physical electron number density,
and |dl,/dz| = ¢/[H(2)(1 + z)]. The latest Planck result constrained 7 = 0.066 £ 0.016
from temperature power spectrum-+CMB lensing ([351]), which translates to 2z, = 8.8717
assuming an instantaneous reionization. The value is consistent with the improved series
of WMAP results, 7 = 0.089 £ 0.014 and 2z, = 10.6 ([193]).

The second evidence comes from observations of high-redshift QSO spectra. The UV
photons with rest-frame wavelength A < 1216 A emitted from QSOs are redshifted along
the line-of-sight by cosmological expansion. The photons are absorbed by the neutral
hydrogen by Ly« scattering against the Lyc line A, = 1216 A. The optical depth against

the Ly« scattering is
d
Ty = Og / dz

dz (1.25)

N (2)pu(2) = %H(IS), (1.26)

dly
dz

where o, = 0.011cm? Hz is the Lya cross section and ¢, is the line profile. The second
approximate equality is called Gunn-Peterson optical depth, which is derived by James
Gunn and Bruce Peterson in 1965 assuming an infinitely narrow line profile ([I82]). The
measurement of Lya optical depth therefore tells us the amount of neutral gas at each
redshift. Figure shows the observed QSO spectra at 5 < z < 6.5, the measured
Gunn-Peterson optical depth, and the derived neutral hydrogen fraction of the IGM. The
Gunn-Peterson optical depth is increasing rapidly at z ~ 5 — 6, indicating the increasing
neutral hydrogen fraction at this epoch. As the Lya line is very optical thick, a neutral
fraction of only z; ~ 107* is sufficient to cause saturated absorption in the spectra.
Thus, the measurement of the Gunn-Peterson optical depth only probes the tail end of
reionization.

The above two evidences support the picture that reionization is mostly completed by
z ~ 6, and the era of reionization will probably be in the redshift range of z ~ 6 — 15.
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Figure 1.17: (a) High-redshift QSO spectra. (b) The Gunn-Peterson optical depth. (c)
The neutral hydrogen fraction of the IGM. Figures taken from [139, [140].

However, exactly at what redshift the reionization has ended, or the ionization history, is
not known yet. There is still room for incomplete reionization at z ~ 5.5 — 6 due to a
possible presence of neutral patches of gas untouched by large H 11 regions ([254) 299]).

1.9.2 What is the history of reionization?

Most would agree that we yet do not have any robust constraint on the history and mor-
phology of the reionization process. In other words, what is the global neutral (or ionized)
fraction of hydrogen as a function of redshift, i.e. history? What is the size and distribu-
tion of Hi regions during reionization, i.e. morphology? Recent progress starts to shed
light on these two properties of the reionization process. However, these constraints are
still very weak and subject of active research. We review constraints from (1) surveys of
Lya emitting galaxies, (2) QSO absorption spesctroscopy, and (3) CMB.

Surveys of Lya emitting galaxies

Observing the high-redshift population of Ly« emitting galaxies is one way to probe reion-
ization ([116, [I17] for review). The idea is based on the fact that Ly« photons emitted from
high-redshift galaxies are attenuated by the neutral gas along the lines-of-sight between
the redshift of the population and us. Therefore, by having a way to infer the intrinsic Ly«
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flux from galaxies unattenuated by the IGM, the difference between the observed Lya flux
and the intrinsic one tells us the amount of neutral hydrogen. The approach by interpret-
ing the observed Lya luminosity function of Ly« emitters using analytical models and/or
simulations (e.g. [121], 214]) suggest the neutral fraction is of order of tens of per cent,
(xm)y ~ 40%, at z ~ 7. The improved constraints by exploring the uncertainties from the
assumed intrinsic galaxy properties and the detailed distribution of the neutral hydrogen
in the IGM are still, interestingly, consistent with this value ([300, [77, 217]). If we accept
this value inferred from Lya emitting galaxies, by combined with Gunn-Peterson optical
depth constraint, it suggests a rapid and late history of reionization where the neutral
fraction decreases dramatically from O(1071) at z ~ 7 to O(107%) at z ~ 6.

QSO/GRB absorption spectroscopy

A more model-independent upper limit on the neutral fraction can be derived from studying
the dark pixels, i.e. the region of QSO spectra with no transmitted flux ([299]). The fraction
of dark pixels over all pixels at each redshift bin then translates directly to an upper limit
on the neutral fraction. Because this involves no assumption on the reionization model,
the upper limit can be considered as a fairly robust constraint on the reionization history.
The updated upper limits derived from 22 QSO spectra are (zy;)y < 0.06 + 0.05(10) at
z=>5.9 and (zy)v < 0.04 + 0.05(10) at z = 5.6 (278, 277]).

QSO near-zone spectra, the proximity of a QSO, show the transmitted flux. The
interpretation of the Lya damping wing feature in QSO near-zone provide constraints on
the ionization state of the IGM. Analysing the near-zone spectra with the help of models or
numerical simulations ([304} [393] [47]) then provides a constraint on the neutral fraction of
the IGM. A comparison of the observed near-zone spectra with the mock spectra derived
from simulations of patchy reionization placed a constraint that (zy)y > 0.1 at z ~ 6
([393]). A discovery of z ~ 7.1 QSO pushed the neutral fraction constraint to z ~ 7,
placing the lower limit of (zy)y > 0.1 ([47])} We should keep in mind the uncertainties
in these near-zone constraints, which come from the large line-of-sight variations ([221])
and a confusion with the presence of DLA along a QSO line of sight. Once we accept the
QSO near-zone constraint, the stringent lower limit at z &~ 6 supports the picture of the
late reionization history where substaintial diffuse neutral gas still remains at z ~ 6.2.

GRB afterglows provide constraints similar to those obtained from QSO near-zone.
The high-redshift GRBs used as a probe of reionization are GRB 130606A at z = 5.91
([76], 449, 1450, [187]), GRB 050904 at z = 6.295 ([220], 451}, 285]), GRB 140515A at z = 6.33
([75, 296]), and GRB 080913 at z = 6.7 ([179, 335] [T} An interpretion of the Lya damping
wing of GRB 050904 using radiative transfer simulations of reionization indicates that the

0However, recently the presence of damping wing feature was re-visited. It is argued that the feature
may disappear when an improved estimate of QSO continuum is used ([50]). Therefore, the interpretation
of the near-zone of z ~ 7 QSO must be taken with caution.

UThe spectrum of GRB 090423 at » = 8.26 ([435l [381]) is too noisy to derive the neutral fraction
from the damping wing. GRB 090429B ([98]) has photometric redshift of z ~ 9.4, but no spectroscopic
observation is reported.
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neutral fraction of (zy)y ~ 0.5 at z ~ 6.3 is consistent with the observed damping wing
feature ([285]), although the constraint is weak due to the degeneracy with a possible DLA
of the GRB-host galaxy. Nonetheless, unlike QSO spectra probing highly biased region of
the IGM , GRB can probe an average region of the universe as it originates from the death
of massive stars in galaxies.

CMB kinetic Sunyaev-Zel’dovich effect

Zahn et al. ([494]) provided an alternative route to constrain the reionization history us-
ing the kinetic Sunyaev-Zel’dovich (kSZ) effect of CMB ([369] fore recent review). Such
constraint is useful as it is independent of Ly« transfer physics which underlies in both
the interpretation of Ly« emitting galaxies and QSO/GRB absorption spectra described
above. The Sunyaev-Zel'dovich effect causes secondary anisotropy and spectral distortion
of the CMB imprinted by the scattering of CMB photons with free electrons after recom-
bination. In particular, the kSZ effect is caused by the relative bulk velocity of ionized
gas with respect to the CMB rest-frame (hotspot/coldspot when the ionized gas is moving
towards/away from us). The data from the South Pole Telescope provided the kSZ con-
straint on the duration of the reionization process as Az < 7.9 between (zy,)y = 0.01 and
0.8 ([494]).

Global 21cm signal

21cm line is produced by the hyperfine structure of the 1s state of a hydrogen atom. The
abundant neutral hydrogen at z > 6 produces the redshifted 21cm signal at cosmological
distance, which can then be observed at low radio frequency 1420/(1 4+ z) MHz on the
Earth. Because this signal directly traces the netural hydrogen, both the all sky 21cm
signal (global 21cm signal) and the three dimensional imaging of the fluctuations (21cm
tomography) are the most promising probes of reionization (see [262, [354] [159] [312] for
details about 21cm cosmology).

Although 21cm signal has not been detected yet, the global 21cm experiment called
EDGES using a single dipole antenna placed a (weak) lower limit on the duration of
reionization, Az > 0.06 ([57, [56]). This constraint is based on the undetection of a kink
in the all-sky spectrum between 100 and 200 MHz (6 < z < 13). Such kink is expected if
reionization occurs instantanously, causing a discrete jump in 21cm brightness temperature.
While the constraint is not strong enough to narrow down the reionization history, it
demostrated the potential of 21cm cosmology on observational basis.

The above four techniques using (1) Ly« emitting galaxies, (2) QSO/GRB absorption
spectroscopy, (3) CMB kSZ effect, and (4) global 21cm signal summerize the current status
of the endevour to map out the reionization history beyond the classical method using
the CMB optical depth and Gunn-Peterson trough. Despite the impressive progress in
constraining the neutral fraction of the IGM, we should keep in mind that there are still
uncertainies both in observations and theoretical models as well as tremendous degeneracies
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involved in the interpretation of the data. It is a goal of the coming decades to improve
constraints on the reionization history to draw a robust conclusion on reionization.

1.9.3 What is the morphology of reionization?

The morphology of reionization, which is characterised by the size, shape, and distribution
of cosmological H 11 regions, is an important property of the reionization process of an order
higher than the one of the global ionization hisotry. We have a good physical motivation
to think that reionization has a patchy morphology as predicted by cosmological radiative
tranfer simulations since the turn of century (e.g. [172, 360, 82, 208] for earlier works).
However, it is still difficult to draw a conclusion on the reionization morphology based solely
on observational evidences. Various observations are consistent with and point to a patchy
reionization picture, although they may not exclude other possibilities (e.g. homogenous
reionization) with > 5o significance. I review observational clues about the morphology of
reionization.

Surveys of Lya emitting galaxies

The morphology of Hir regions imprint its signature on the population of Lya emitting
galaxies. Ly« fraction test, i.e. a fraction of Lya emitting objects in LBGs, potentially
provides a way to study the distribution of H 11 regions around galaxies ([321], 343]). Obser-
vationally, a larger decline of Ly« fraction in UV faint galaxies than in UV bright objects
for increasing redshift is interpreted as an evidence of patchy reionization ([321]). This is
based on the picture of patchy reionization that UV bright galaxies is more likely located
inside larger H1 regions than UV faint objects. Theoretical studies support this inter-
pretation, although the interpretaion is not unique to patchy reionization scenario ([217]).
Another diagnostic is to study the distribution of Ly« emitting galaxies as a function of
LBG overdensity, although the interpretion is still in infancy ([67]).

Clustering of Lya emitting galaxies is a more direct signature of patchy reionization.
During reionization, Ly« emission from galaxies is preferentially seen in those located in
large H 11 regions, and contribute to the excess clustering signal over the gravitational origin
from halo clustering ([284]). This excess clustering of reionization origin can be regarded
as an evidence of patchy reionization. Subaru narrow-band surveys ([218, 325]) reported
the measurement of angular clustering of LAEs at z ~ 6.5. Current observations have not
seen an obvious excess in the clustering amplitude at z > 6, although there are still large
observational uncertainties. Also on the theoretical front, more quantitative studies of the
signature of reionization, together with other effects such as duty cycle and host halo mass,
are under way to full exploit the upcoming clustering measurements ([214], 213 205] [413]).

QSO absorption spectroscopy

The scatter in the distribution of effective Lya optical depth measured from QSO spectra at
4 < z < 6 has provided an observational hint on the morphology of the reionization process.



42 1. Extragalactic Astrophysics and Cosmology

The scatter in the effective Lya optical depth is caused by the fluctuations of density, UV
background, and temperature of the IGM. Becker et al. ([22]) found that while the observed
scatter of the effective optical depth can be explained by the density fluctuations alone at
z < 5, there is a larger scatter at z > 5. They interpreted the cause of this as a large UV
background fluctuation at z > 5, which is a relic of the patchy reionization process. While
there is an alternative interpretion as a signature of temperature fluctuation ([102]), both
interpretations suggest a patchy reionization scenario.

In addition, the size distribution of dark gaps, the contiguous saturated regions in the
Lya forest in QSO/GRB spectra, provides an addtional diagnostic ([415, 334], 299, 164, 163,
165, 267]). Observations ([139]) show that the size of dark gaps increases with increasing
redshift and rises rapidly near z ~ 6. At the same time, observations indicate the presence
of large dark gap size = 30Mpc even at z ~ 5.5. The shape of the dark gap size distribution
is expected to be different between the IGM during the patchy reionization process and
the post-reionized IGM ([299, 267]). Therefore, the interpretion of this dark gap sizes
could provides further insights on the end of reionization. The physical origin of the dark
gaps, whether they originate from diffuse neutral gas between the H1r regions or residual
neutral gas in the highly photoionized medium with the UV background fluctuation, can
be studied through the possible (non-)presence of damping wing in the stacked spectra
around the dark gaps ([267]).

21cm power spectrum and tomography

Once the 21cm signal is convincingly detected observationally, 21cm cosmology is the most
direct probe of the morphology of reionization. Recently the 21cm community has started
to place an upper limit on the 21em power spectrum (GMRT; [329, 328], PAPER; [0, 333],
MWA; [125, 126]). LOFAR ([462]) has also reported deep radio observations in two EoR
windows (North Celestial Pole field; [490], ELAIS-N1 field; [211]). Note that all the current
21cm experiments suffer from issues of calibration errors due to ionosphere, polarization
leakage, and residual sidelobes of the point spread function, which contribute to systematic
noise. Achieving accurate calibration is as important as reducing the thermal noise limit
of the intruments. Arguably, progress in 2lcm science in next few years will be driven
by improving calibration techniques and foreground mitigation strategies. In the SKA-
era, 2lcm tomography will provide images of the IGM to probe the morphology of the
reionization process directly.

1.9.4 What is the source of reionization?

Once the reionization history is constrained, a natural question is to ask about the sources of
ionizing radiation. Do galaxies drive the reionization process? If so, what type of galaxies
are responsible for reionizing the universe? Could QSOs contribute to the reionization
process? What is the physical mechanism regulating the escape of ionizing radiation from
galaxies to drive reionization?
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The role of galaxies in driving reionization

t (Gyr)
10 54 3 2 1 0.6 0.4
o o ' ' ] g
o r > 0.03 L, (-17.0 mag) - o
s -1F e e 127 2
- y A o ; —
> L - 26 2
o —2[ g ] @
< ! " 1 9
& -3F 1% %
o - i 9
9 :I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I- \-2
0 2 4 6 8 10
z

Figure 1.18: Cosmic star formation rate density and UV luminosity density as a function
of redshift and cosmic time (Figure taken from [53]).

High-redshift surveys of galaxies are directly mapping out the population at z > 5.
Figure shows the cosmic star formation rate density pspr. pspr is derived by inte-
grating the observed UV (~ 1500 A) luminosity function down to a limiting magnitude
(Myy = —17 in Figure , and coverting the UV luminosity to star formation rate based
on the stellar population synthesis modelling. The dust attenuation must also be corrected
(red symbols). Currently, the correction is based on the dust reddening effect of the UV
continuum slope. However there is still large uncertainty associated with dust content of
high-redshift galaxies. Despite these uncertainties, there is a growing consensus that the
star formation rate density steadily decreases from z ~ 4 to z ~ 8 ([I31} 148 52] for
review). Interestingly, there is an apparent steepening in the decline of the star formation
rate density beyond z > 8. This may indicate the rapid emergence of star-forming galaxies
in this epoch, although the observational uncertainties prevent us to draw any conclusion
on the physical origin of this.

To address the role of the observed galaxy population in driving the reionization process,
one can combine the observed SFR density and a simple analytical model of reionization,

dQun _ Nion(2)  Qun
dt ag(0)  tee(2)’

(1.27)

where Qgpr is the volume filling factor of Hir regions. In a simple model of reionization,
Qun is directly converted into the neutral fraction of the IGM, (xy)y = 1 — Qun. The
ionizing emissivity 1n;0,(2) is inferred from the observed SFR density,

hion<Z) = fescgi(mpSFR; (128)
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where f.,. is the escape fraction of ionizing photons and &, is the rate of producing ionizing
photons per unit star formation rate. The predicted reionization history is then compared
to match the CMB Thomson optical depth and other constraints. This argument leads to a
picture that if galaxies are a main reionizing agent, (i) the escape fraction must increase to
the value as large as ~ 20% and (ii) there must be a sufficient population of faint galaxies
below current detection limits. Despite the largely accepted view that galaxies are most
likely contributors to reionization, we have not yet directly seen the population to draw
any solid conclusion about the sources of reionization.

1.10 Conclusion

In this chapter, I have reviewed the foundations of observational cosmology, astrophysics
of galaxies and the IGM, observations of high-redshift universe, and current status of
reionization research. Given such foundations, we can now set out our voyage to test the
current paradigm and to seek for the true nature of the EoR!



Chapter 2

Lya Emitting (Galaxies as a Probe of
Reionization

In Chapter [1| we have learned the foundations of extragalactic astrophysics, which set the
solid starting point to understand the Epoch of Reionization. In Chapter [2| I present the
methods to constrain reionization using Lya emitting galaxy surveys.

The chapter is organized as follows. Section discusses backgrounds. Section
briefly reviews the cosmic history of the H1 content in the universe, ranging from
the epoch of reionization to the post-reionized universe. In Section we present our
analytic framework of cosmological Ly« radiative transfer. In Section we describe the
methodology employed to generate the reionization models (bubble, web, and web-bubble
models), as well as the intrinsic and apparent mock catalogue of Lya-emitting galaxies.
Section shows our results. The conclusions and discussion about implications on Lya-
emitting galaxy surveys are then presented in Section [3.7]

2.1 Backgrounds

The Epoch of Reionization (EoR) and Cosmic Dawn are the least explored frontiers in
observational cosmology and extragalactic astrophysics ([255]). Galaxy surveys are one of
the most important pillars of modern cosmology, allowing us to study high-redshift galaxy
formation and the reionization process of the intergalactic medium (IGM). Surveys of high-
redshift galaxies using Lyman-break drop-out technique (Lyman Break Galaxies, LBGs)
(e.g. [281)138,53]) and narrow-band filter targeting Ly« emission (Lyman Alpha Emitters,
LAEs) (e.g. [265, 199, 325]) have provided a deep sample of objects, indicating that
reionization requires many faint galaxies below the sensitivity limit of the surveys ([374]).
Furthermore, observations of QSO spectra (e.g. [140, 22]) and the Cosmic Microwave
Background (CMB) ([193], 351], [494]) offer hints that reionization is mostly completed at
z 2 6.

However, beyond such indications, our present observational constraints on the EoR are
still scarce, regarding both the reionization history and its topology/morphology. While
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21cm experiments with radio interferometers such as LOFAR[, MWAP, GMRT} PAPERF]
HERAE], SKAE] offer the most direct probe of the physical state of the IGM during the
EoR (e.g. [354]), the challenge in foreground removal and calibration remains. Substantial
progress has been recently made by the 2lcm community (e.g. [328, 333, [490]), but a
detection is still missing. In principle, surveys of Lya-emitting galaxies (Lya surveys)
offer an alternative and independent means from 2lcm experiments to probe the EoR
and constrain the global H1 fraction (e.g. [116]). Such an approach is attractive because
of the present availability of data and up-coming surveys with the Hyper Suprime-Cam
on Subary’| and with future telescopes such as JWSTF| E-ELT, TMT, and GMT]
Furthermore, using multiple independent strategies can provide constraints on reionization
which are less sensitive to systematic uncertainties of individual probes.

The challenge in using Lya emitting galaxies as a probe of reionization lies in correctly
interpreting observations ([321, 99| [425] 452, [64], 445, 66]). The reduced visibility of Lya
emission from galaxies at z > 6 has already been used to infer the global H1 fraction of the
IGM (e.g. [121], 213]). However, a robust interpretation is still uncertain because of the
complex radiative transfer of both ionizing and Lya photons. The Ly« transfer involves
a wide range of scales including (¢) the interstellar medium (ISM), where dust and gas
distribution and kinematics determine the escape fraction of Ly« photons as well as their
spectral line profile (e.g [466l, (180, 206]); (i) the circum-galactic medium (CGM), i.e. the
direct environment of galaxies out to a few hundred kpc (e.g [120], 50T, 502], 245]); (4ii) the
IGM, which - during reionization - contains diffuse neutral gas surrounding large ionized
bubbles which themselves contain dense, self-shielding gas clouds. In order to obtain robust
constraints on the global H1 fraction, it is essential to understand the cosmological Ly«
RT on all these scales.

The precise ionization structure of the IGM, i.e. the topology of reionization, is not
only characterized by the size, abundance and distribution of large-scale ionized bubbles,
but also by the small-scale dense H1 absorbers self-shielded against the external ionizing
sources. Interpretations of Lya-emitting galaxies contain (often implicit) assumptions
about the ionization structure of the IGM, mostly because of the difficulty to cover the
entire dynamic range that is required to properly describe both the small-scale dense H1
absorbers and the large-scale diffuse neutral IGM in reionization simulations. Two extreme
assumptions, described in the first two bullets below, have been commonly adopted in the
literature. Here we introduce the following terminology:
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e Bubble model: in this model small-scale H1 absorbers are neglected. Under this
assumption, the global Hr1 fraction measures the H1 content of the diffuse neutral
IGM outside ionized bubbles.We refer to this as the ‘bubble model’.

o Web model: here only the small-scale H1 absorbers are considered. As this overdense
gas largely traces the large-scale cosmic web, we refer to it as the ‘web model’.

o Web-bubble model: reality is a combination of the two extreme configurations above.
We refer to cases that contain both neutral phases (diffuse and clumped) of gas as
the hybrid ‘web-bubble model’. One can visualize this as the more common bubble
model, but with ‘impurities’ in the ionized bubbles in the form of small-scale neutral
islands.

Most previous works interpreting the observed reduction in Ly« flux from z > 6 galaxies
have favoured a very high value of H1 fraction, as high as ~ 50% at z ~ 7 (e.g. [284] 12T,
214]). These studies used large-scale reionization simulations which did not have the spatial
resolution to resolve the self-shielded small-scale absorbers.

The lack of self-shielding gas inside ionized bubbles in large-scale reionization simula-
tions is clearly problematic: Lya forest observations indicate that in the post-reionized
universe, i.e. z < 5, Hi1 gas is locked up in damped Ly« systems (DLA) and Lyman-limit
systems (LLS) (e.g. [483]). Self-shielded absorbers (LLSs and DLAs) are also expected to
reside inside ionized bubbles during reionization (and possibly with larger number densi-
ties, see e.g. [44]). The first investigations of hybrid web-bubble models have recently been
reported ([300, [77]). Interestingly, these papers still favour large values for the H1 fraction,
as high as ~ 40% at redshift z = 7.

In this chapter we investigate the impact of large-scale patchy reionization and small-
scale H1 absorbers on the observed Lya flux of galaxies, and its implication on the H1
fraction measurements from Lya surveys. We explore a unique combination of cosmo-
logical hydrodynamical, radiative transfer simulations and analytic models. Our analytic
framework is powerful as it facilitates the interpretation of the results of our simulations,
and provides us with a tool to quickly explore a large range of parameters describing the
reionization and Ly« transfer processes in future work.

2.2 Cosmological H1 content

In this section, we review the redshift evolution of the H1 content both during and after
reionization. This can be quantified either by the mass-weighted (fu;)as or the volume-
weighted (fy;)y neutral fraction. A compilation of current estimates in the literature is

shown in Fig. 2.1]
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Figure 2.1: Cosmological Hr1 fraction (fu)vas in the diffuse IGM and high-column den-
sity Lya absorbers (LLS/DLAs) at various redshifts, from the post-reionized universe to
the epoch of reionization. The mass-weighted H1 fraction embedded in the small-scale
absorbers is computed from equation using the fitting function to the observations
of Prochaska et al. (2005), Kim et al. (2002) and Peroux et al. (2003). All the other
values are compiled from the literature, as indicated by the labels above (z=7 constraints
by Dijkstra et al. (2011) and Jensen et al. (2013) are shifted by +0.1 and -0.1 in redshift
to avoid a cluttering of data points). The dash-dotted lines in the right panel are the
volume-weighted neutral fraction of a diffuse IGM with clumping factor C' = 1,3,10 in
photoionization equilibrium with a UV background I' = 107'2 s=!. The dashed lines are
the bubble model estimates of the neutral fraction in H1 patches outside ionized bubbles
(left and right lines are DEC and CONST models in §
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2.2.1 Observational Constraints on H1 in the Post-Reionization
Epoch

The left panel of Fig. clearly indicates that the post-reionized universe still contains
neutral islands of gas in the form of self-shielding LLSs and DLAs. The abundance of
the H1 gas is generally quantified in terms of the Hr1 column density distribution function

(CDDF), f(Nui, z), which is defined as (e.g. [483]) f(Nu, 2) = ag}ﬁgz Holé(i)% where 81(31{/1\{92

is the number of Lya absorbers N (Ny, 2z) per unit H1 column density Ny; and per unit
redshift, H(z) = Ho[Qp,(1+2)%+Qa]"/? and Hy is the Hubble parameter today. The mass-
weighted H1 fraction embedded in small-scale absorbers is estimated from observations of
f(Nu, 2) (see Appendix [A.1)[7]

The left panel of Fig. further shows the mass-weighted H1 fraction embedded in
each type of Lya absorber. The dominant reservoir of H1 gas is the high-column density
Lya absorbers, mainly DLAs. The (fi)y ~ 1% embedded in DLAs stays approximately
constant over 2 < z < 5, while the Hr1 fraction embedded in super-LLS and LLS, which is
the second dominant H1 gas reservoir, increases with redshift. The diffuse IGM, represented
by the Ly« forest absorbers, is highly ionized and remains a minor reservoir of neutral gas.

2.2.2 Observational Constraints on H1i During Reionization

In the right panel of Fig. 2.1 we have compiled various inferred values of the volume-weighed
H1 fraction available in the literature from CMB (349} [351]), Gunn-Peterson optical depth
([140]), dark pixels (|278]), Gamma Ray Burst afterglow ([285] [451]), quasars (QSOs) near
zone ([47,1393]), Ly« luminosity function, equivalent width distribution, Ly« fraction, and
correlation function ([325] 1211, 214) 800, [77]). We also show our suggested constraint using
the Lya luminosity function alone (faint orange box, see § and when combined with
the equivalent width distribution (darker orange box, see §[2.5.6).

All the open points are simulation(model)-calibrated measurements, which use the Ly«
radiative transfer modelling in the IGM around galaxies and QSOs. While previous works
make very sensible assumptions to interpret the observed data, astrophysical systematics in
such simulation(model)-calibrated measurements may raise questions about the robustness
of the inferred values. While the present estimates at 5 < z < 7 favour a volume-weighted
H1 fraction as high as ~ 50% if taken at face value, it should be kept in mind that these
estimates are implicitly assuming a bubble model.

Interestingly, recent constraints ([300, [77]) including both large-scale patchy reioniza-
tion and small-scale absorbers still favour values for the Hr1 fraction 2 40% at z > 7. Our
work also prefers numbers in this range. It is the aim of this chapter to understand the
reason for this.

12Converting f(Nui, z) into a constraint on the volume-weighted H1 fraction, (fu;)v, requires assump-
tions on the volume of LLSs and DLAs, which are model-dependent. An example of such model, and the

inferred value of (fu1)v, is discussed in §
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2.2.3 Theoretical expectations for H1

The goal of this section is to highlight the need for a hybrid web-bubble model to inter-
pret high-z galaxy observations. We present theoretical estimates of (fy;)y using analytic
models for the three different classes of ionization structure in the IGM. These calculations

illustrate the redshift evolution of (fy;)y in the web (§[2.2.3)), bubble (§[2.2.3]), and hybrid
web-bubble (§ [2.2.3]) model.

H1 Fraction in the Web Model

In the web model, (fi;)y is expected to increase with increasing redshift due to decreasing
photoionization rate, and/or increasing mean gas density (by Hubble expansion). (fu)y
can be estimated as (e.g [309, 43])

(Fudy = /0 (A P(A)dA, + / T P(A)dA,, (2.1)

Ass

where A, is the baryon overdensity, P(A}) is the volume-weighted overdensity probability
distribution functio, and A,, o< I'*/3 is the density threshold above which the gas self-
shields against the UV background ([388, 158]). zwm(Ay) = aa(T)n9™(1 + 2)3 f.A/T is
the neutral fraction obtained assuming local photoionization equilibrium with a uniform
photoionization rate T' (s7™1), n%9™ is the average comoving hydrogen number density, o
is the case A recombination rate at temperature 7', and f, is the electron fraction per
hydrogen atom. The first and second term on the right hand side of equation are
the volume-weighted H1 fraction embedded in residual H1 in the diffuse IGM and the

self-shielded gas, respectively.

We consider two models for the redshift evolution of the photoionization rate I': the
CONST model assumes a constant I' = I'(z = 4.75), while the DEC model assumes a
photoionization rate decreasing with increasing redshift, i.e. T'(z) = I'(z = 4.75)[(1 +

2)/5.75) 71 ([63])"]

The blue and cyan lines in Fig. [2.2{ show an example of the redshift evolution of {fy;)v,
with the two different contributions from residual Hr1 in the diffuse IGM (residual Hr;
cyan) and neutral self-shielded gas (self-shielded Hr1; blue). The global Hr1 fraction is
clearly dominated at all redshifts by the self-shielded gas. While, as expected, the H1
fraction increases with redshift due to the larger mean gas density, (fu)y increases more
markedly in the DEC model due to the lower photoionization rate.

13P(Ay) is adopted from [309] with the redshift extrapolation of [12].
14T (2 = 4.75) is chosen to be consistent with the UV background measurement from the Lya forest, i.e.
logyo (2 = 4.75) /(107257 1) = —0.02975-15¢ ([18)).
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Figure 2.2: Redshift evolution of the volume-weighted H1 fraction obtained with the an-
alytic models. The blue and cyan lines refer to the residual neutral gas in the ionized
regions (residual H1, cyan) and self-shielded gas (self-shielded H1, blue), i.e. the two dif-
ferent reservoirs in the web model. The red lines refer to the bubble model, where patchy
neutral gas outside ionized bubbles (H1 patches) is the main reservoir of H1. Results for
the web-bubble model are shown in the right panel for a case in which the residual H1 in-
side ionized bubbles is calculated including only the diffuse (gray lines) or the self-shielded
(black lines) gas. CONST and DEC models are indicated as dashed and solid lines. The
points in Fig. [2.1] inferred from observations, are overlaid as a guide, while the faint
and dark orange boxes refer to our estimate based on the Lya luminosity function alone
and used in combination with the equivalent width distribution, respectively. This plot
illustrates how hybrid models are required to explain the observational constraints at all
redshifts.
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Hi1 Fraction in the Bubble Model

In the bubble model, the time evolution of the volume filling factor of ionized bubbles, the
‘porosity’ factor @Q);, is given by (e.g. [261])
sz(t) _ 7‘ﬁbion(t) Qz(t)

- _ 2.2
dt A"t p(t) (22)

where 7y, is the ionizing photon emissivity (in units of ph s~ em™) and ¢, p = [apn§™(1+
2)3C]7! is the case B recombination timescale with clumping factor C. If ‘empty’ bubbles
are assumed, we have

<fHI>V =1- Qz (2.3)

As with the web model, we consider two cases: the CONST model assumes a constant
ionizing photon emissivityIT_s] Nion(2) = Nion(z = 4.75), while the DEC model assumes that
the ionizing photon emissivity decreases with increasing redshift, i.e. 70,(2) = Njon(z =
4.75)[(1 + 2)/5.75]71. This choice of redshift evolution is made to bracket the possible
range of parameters satisfying the Gunn-Peterson constraints ([140]).

In the left panel of Fig. the redshift evolution of (fy;)y in the bubble model (red
lines) shows a rapid change at z ~ 6 — 8, when (fy;)y plummets to zero once reionization
ends. A smooth transition to the post-reionized IGM, where small-scale absorbers must
exist, is clearly absent from these models as no H1 gas is present inside ionized bubbles.
The behaviour in the CONST and DEC cases is very similar, with an earlier reionization
in the former case, where a larger photoionization rate is present.

H1 Fraction in the Web-Bubble Model

In the web-bubble model we assume that (i) gas inside ionized bubbles behaves as in the
web model, and (ii) gas outside ionized bubbles is fully neutral. These assumptions lead
to
Asgs [e’e)
<fHI>V =1- |:1 —/0 xHI(Ab)P(Ab)dAb —/A P(Ab)dAb] Qi, (24)
where the terms in square brackets are the H fraction inside the ionized bubbles.

The redshift evolution of (fy;)y in the web-bubble model is shown in the right panel of
Fig. for a case in which the residual H1 inside ionized bubbles is calculated including
only the diffuse (gray lines) or the self-shielded (black lines) gas. The assumed values
of the photoionization rate and ionizing photon emissivity are the same as used in the
previous sections. A comparison between the left and right panels of the figure shows
that the web-bubble model produces a smooth transition from the bubble model (patchy
reionization) during the EoR to the web model (dominated by small-scale absorbers) in
post-reionization.

Y00 (2) is anchored at z = 4.75 based on Ly« forest constraints, indicating —0.46

log;( fion /10 ph s7teMpe™2 < 0.35 over 2.40 < 2z < 4.75 ([18]). Here we assume 7, (2 = 4.75)
10°'ph s~ 'cMpc—3.

Il A



2.3 Cosmological Lya radiative transfer 53

Hence, to coherently explain and interpret present observations, a unified framework
that includes both large-scale bubbles and small-scale absorbers is essential because () the
presence of small-scale absorbers at lower-z is evident from observations (Fig. [2.1), and (i)
a smooth transition from a patchy reionization to a post-reionized IGM with small-scale
absorbers is only possible within a hybrid web-bubble model (Fig. .

2.3 Cosmological Lya radiative transfer

In this section we present the formalism adopted to follow the cosmological Lya transfer
through the reionization models discussed above.

The general equation describing line transfer in the Lagrangian fluid frame is ([306), [68],
295, [116])

18[”+n-VL,—H+"'V”'nyal”+3£1,,
c Ot c ov c

= —0Numpu L, + TaN / R(v, V") J,(V)dv' + ¢, (2.5)

where [, is the specific intensity, .J, is the angle-averaged intensity, €, is the Lya emissivity,
v is the peculiar velocity, n is the unit direction vector of rays, o, = 0.011 cm?Hz is
the Lya cross section, and ¢, is the line profile of the Ly« resonance line (units Hz™1).
The n - Vv - n term is the Doppler shift effect and R(v, 1) is the redistribution function
describing the resonant scattering of Lya photons.

There are generally no analytic solutions to equation . However, by performing a
separation of scales, the problem can be simplified: multiple scattering effects are predom-
inant on ISM scales because the surface brightness of Lya photons that are scattered back
into the line-of-sight at IGM scales is typically negligibly small. As scatterings on such
small ISM scales can be effectively treated as a modification of the intrinsic line profile,
and the scattering term can be overall neglected ([245]).

Equation can then be readily integrated along a line-of-sight to give the so-called
‘e ™ approximation’ (e.g. [183] 295, 284]). In this approximation, the Ly« flux F,, observed
from a Lya-emitting galaxy at redshift z, is given by

La LaﬂGM

F,=—— (v, ~Talve) g = 2.
“ AnD?(z,) /S (ve)e v A7 D3 (2,)’ (2.6)

where v, is the frequency of the Lya photon when it is emitted, Dy (z) is the luminosity
distance, L, is the intrinsic bolometric Lya luminosity (in units of erg s7'), S, (v,) (in units
of Hz ') is the effective intrinsic line profile (including the effect of the ISM/CGM) normal-
ized such that [S,(ve)dve = 1. Tiam = [ S, (ve)e ™)dy, denotes the IGM transmission
factor ([121]), and the Ly« optical depth 7,(v,) is

Ta(Ve) = 04 /Olp dlyn (L) ey {T, Ve (1 - M)] : (2.7)

C
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where T is the gas temperature and vy = H(25)l, + v(l,) is the sum of the Hubble flow
and the peculiar velocity. It is customary to express 1, in terms of a velocity shift, i.e.
Av/c =1—v,/v,. In the following we will use this convention.

We would like to note here that by using the e approximation we ignore photons
that scatter back into the line-of-sight, which would give rise to a low surface brightness
‘fuzz’. [245] compared the e~™ approximation to a full Monte-Carlo Ly« radiative transfer
approach finding that the e™” approximation provides a good description of the transfer
through the IGM as long as this is assumed to start at a distance larger than 1.5 times
the virial radius of the dark matter halo hosting a Ly« galaxy. We have verified that this
condition is met throughout our work.

We also introduce the mean IGM transmission factor and effective optical depth to char-
acterize the typical impact of the intergalactic environment around Lya-emitting galaxies.
The mean Lya flux of many Lya-emitting galaxies is (F,) &~ (La){(Trca) /(47 D?), where

(Traar) ~ / (S, (ve))e ™ 0O dy, (2.8)

is the mean IGM transmission factor and 7¢f = —1In(e™™) is the effective optical depth
(e.g. [183]). Here we have assumed that the intrinsic line profiles of Ly« galaxies and the
optical depth of the IGM are uncorrelated, i.e. that (S, (ve)e ™)) & (S, (v, ))e ™ o).
The optical depth contribution from different intervening IGM absorbers (the diffuse
neutral IGM outside ionized bubbles and the small-scale absorbers) is additive, i.e. 7, =
Toub + Tweb- LThe same applies to the effective optical depth, i.e. Tjﬂ = Iiﬁ) + rgfjb. In the
bubble [web] model of reionization we ignore Tyep [Thup], While in the web-bubble model we

include both. These two terms are discussed in more detail in the following sections.

2.3.1 Lya Opacity from Large-Scale H1 Patches

In the bubble model the Ly« optical depth is due to diffuse expanding neutral IGM outside
ionized bubbles (H1 patches). The Lya optical depth of a homogeneous H1 patch extending
between comoving distance from a Lya-emitting galaxy R; and R,, can be written as

([302, [116])
z(ve,R1)

Tpatch(ye; Rl, RZ) = TGP/ ¢($)d$, (29)
z(ve,R2)

where ¢ = Avpyp, is the dimensionless line profile, 7gp = coo ¥ (1 + 2,)°/ (Vo H) =
4.44 x 10°[(1 + 2,)/7.6]3% is the Gunn-Peterson optical depth, and z(v,, R) = {v.(1 —
H(z)R/[(1+42z)c]) —va}/Avp. Avp = Yy /{’%T is the Doppler width, with kp Boltzmann
constant and m,, proton mass.

In general, the Ly« optical depth along a line-of-sight in the bubble model is given by

Tbub(ye) = Z Tpatch(yea Rl,i7 RQ,i)a (210)

=1
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where Ry ; [Ra;] is the near [far]| side of the edge of the i-th H1 patch. The effective optical
depth through an ensemble of H1 patches is

einegb(V‘i) = /6TbUb(Ve)P[Tbub(ye>]d7'bub(l/€), (211)

where P[7yu(v.)] denotes the probability distribution for 73,,(v.), which must be obtained
from cosmological realizations of the bubble model.

There is a simpler limiting analytic case if we assume an ensemble of single large
H1 patches along all lines-of-sight. In the limit of a large Hr1 patch (Ry — o00), the

-1
Ve H(ZS)R

Vo [1 - (1+zs)c1] —1

A = 6.25 x 10® s7! is the damping coefficient (e.g. [307, 285]). Then, for an ensemble of

large H1 patches we can evaluate the effective optical depth as

optical depth along a line-of-sight is Tpten(ve, R1) =~ %

, where

677‘531)(1/&) ~ /eTpatCh(Vﬁle)P(R1>dR17 (212)

where P(R;)dR; is the probability to find the near side of a H1 patch at a distance
R; from a Lya-emitting galaxy (for a related definition of bubble size distribution, see
[301]). We model P(R;) as a Schechter function, P(R;) o< R* exp(—R;/R.), normalized
as f P(Ry)dR; = 1; oy and R, are free parameters. We compare this analytic estimate of
the effective optical depth to numerical calculations in §

2.3.2 Lya Opacity from Small-Scale Absorbers

In the web model the H1 gas is distributed in a collection of self-shielded absorbers. Each
absorber is characterized by its H1 column density, Ny;, and its proper velocity, v., relative
to a given Lya-emitting galaxy. The Ly« optical depth through a single absorber is
Tabs(ye) = UozNHIQOV |:Tc; Ve <1 - 2):| ) (213)
c
where T, denotes the gas temperature of an absorber.
We introduce a novel analytic model of the Lya opacity from small-scale absorbers as
follows. The effective optical depth of an ensemble of H1 absorbers surrounding a Lya-
emitting galaxy is (see Appendix for a derivation)

PN | dz dv

eff c
) = [ dNy——— |—

Tueh(Ve) / "ONWOz |dl,| ) H(z)

where &, (v, Vi) is the galaxy-absorber correlation function in velocity space. We refer to
a Gaussian streaming model (GSM) for &,(v., Ny;) when

aHdr12 (’Uc — CLHTIQ — <U12<T12)>)2

(14 &(r12)) exp {—
\/271012 7“12 2 ) 20%2(7“12)

where 15 is the comoving separation between a galaxy and an absorber, £(r12) is the real-
space galaxy-absorber correlation function, (v12(r12)) [012(712)] is the mean radial pairwise
velocity [the pairwise velocity dispersion] between galaxy-absorber pairs, and a = (1+2,)~*
is the scale factor.

[1 + gv(vca NHI)] [1 — eiT‘le(V&’UC’NHI)] , (214)

1+ & (Ve Nur) = , (2.15)
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The Region of Influence

As the optical depth depends on v, it is useful to calculate the ‘critical’ velocity, ve;;, at
which the optical depth of an absorber to a Lya photon emitted at frequency v, becomes
unity for a given H1 column density, i.e. Tups(ve = verie) = 1. In fact, to first order, the Lya
visibility is only affected by small-scale absorbers moving away from a central Lya-emitting
galaxy with v. < vey. We refer to the region that contains these absorbers as the ‘region
of influence’. For high-column density absorbers such as LLS/DLA, the above condition
is met in the wing of the absorption line profile ¢, ~ A [4n2(v.(1 — v./¢) — v4)?] ', From
the Lorentz wing it follows that for an absorber with H1 column density Ny,

Ucrit Va UaNHIA
=1-—11- . 2.16
c Ve ( \/ 422 ) (2.16)

If we set v, = v, then vy = c % = 507.3(Ny/102°cm™2)Y/2 km s~'. For a pure

Hubble flow, the critical velocity corresponds to the comoving distance

Vcrit 1 + z
Din - . 21
" Hy (4 2 1+ Qa (2.17)

As a reference, Dig = 3.5( Ny /102°cm=2)/2h = cMpc at z = 7.

Armed with the analytic framework of Lya transfer described above to aid the un-
derstanding of our results, in the next section we perform cosmological hydrodynamical,
radiative transfer simulations and derive a mock survey of Lya-emitting galaxies with
various reionization models.

2.4 Simulations

In this section we describe the simulations used to model the observability of high redshift
Lya-emitting galaxies, and the mock galaxy catalogue obtained from them.

2.4.1 Hydrodynamical Simulations of the IGM

We employ the AMR cosmological N-body /hydrodynamical code RAMSES ([439]) to sim-
ulate the IGM in a box of size 25h 'cMpc on a side. The cosmological parameters are
(s Q4 i, 08,5, ) = (0.26,0.74,0.044, 0.85,0.95,0.72). The total number of dark mat-
ter particles is 256 with mass resolution of mpy = 5.5 x 107h~'Mg), and the gas is included
on the 2563 base grid (97.7h~ ckpc cell size) with two levels of refinement, reaching a 10243
grid (24.4h~ckpe cell size) at the highest AMR refinement level. For our choice of the
simulation parameters, the cosmological Jeans length is ~ 57(7/100K)Y2h~'ckpc, which
corresponds to a Jeans mass of ~ 1.3 x 107h'M at T' = 100 K. The finest spatial resolu-
tion therefore fulfills the minimum requirement to resolve self-shielded absorbers of order
of the Jeans length ([388]).
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Table 2.1: List of reionization models. The columns indicate, from left to right, the model
and its name, the photoionization rate in terms of I'_j5 = I'/1071%2 s7! as assumed at z = 6
[7] in the bubble [web] model, and the resulting volume-weighted Hr fraction, (fu)v, at
z=T.

bubble model [_12(2=6) (fu)v(2=7)
Bl 0.380 0.365

B2 0.190 0.676

B3 0.019 0.990

web model I 12(2=7) (fu)v(2=7)
W1 0.1 0.00073
W2 0.01 0.012

W3 0.005 0.032
web-bubble model (fun)v (2=T7)
B14+W2 0.373
B1+W3 0.387
B2+W2 0.681
B24+W3 0.688

The initial conditions are generated with the COSMICS package ([26]). The initial
temperature is set to 650 K. This is higher than the value expected from the cooling and
heating of the IGM after recombination as computed from RECFAST ([396]) to take into
account the fact that our calculation did not include primordial heating mechanisms such
as Compton heating by the CMB. The temperature is then calculated according to an
adiabatic evolution. The initial redshift of the simulation is chosen as z;,; = 225, to allow
sufficient nonlinearity to develop at the reionization epoch z ~ 20 — 5.

The dark matter haloes are identified using the HOP algorithm ([134]) as implemented
in the RAMSES package.

2.4.2 Radiative Transfer Simulations

We use a two-way approach to follow the radiative transfer. In the first, we generate bubble
models by performing full radiative transfer simulations of ionizing UV photons by post-
processing the base AMR grid of the cosmological hydrodynamical simulation (§ [2.4.2).
In the second, we generate web models by post-processing the finest AMR grid without
full RT, but assuming photoionization equilibrium with a uniform UV background and a
self-shielding criterion (§ . To generate the web-bubble models we modify the bubble
models by treating the regions inside the ionized bubbles as web models (§ . This
approach enables us to access spatial scales for the self-shielding gas which are presently
beyond the computational capability of the full radiative transfer simulations.

We emphasize that the purpose of these simulations is not to produce the best possible
reionization model, but to explore the impact of large-scale patchy reionization features (i.e.
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ionized bubbles) and small-scale absorbers on the observability of Lya-emitting galaxies
and on the inference of (fi;)y using Ly« surveys.

Bubble Models

We use the cosmological radiative transfer code CRASH ([81], 270, 269, 177]) to generate our
bubble models. For the full RT computation, we post-process the density and temperature
fields on the 256 cells of the hydrodynamical simulation. While our box size is not sufficient
to include the largest ionized bubbles present during the later stages of reionization, this
does not affect the goal of the chapter.

The model for the ionizing sources is based on the one described in [80]: the volume
averaged ionizing emissivity, 7, (photons s™' cMpc™), at z > 6 is parameterized as

Tion(2) = 107089y (z) 2613 (F*ﬁ(l’z:(j)), where x(z) = ae®*™ [a — b+ be“(zfg)}_l, with a =
14/15 and b = 2/3 (see [43]). The values of I'_j5(z = 6) are shown in Table[2.1] We assume
that the ionizing emissivity is produced by galaxies with a power-law spectrum of slope
ap = a = 3, and we distribute it among all haloes proportionally to their mass.

We ran the radiative transfer simulation using 10 gas density and temperature snapshots
from z = 15 to z = 5 equally spaced in redshift, including both hydrogen and helium with
a number fraction 0.92 and 0.08, respectively. For each source, we emit 10° photon packets
distributed according to the power-law spectrum with 29 frequency bins sampled from
13.6eV to 200eV.

Finally, we produce a catalogue of bubble models for different values of I'_15(z = 6).
Slices through these models are shown in the top panels of Figs. 2.3|and 2.4} In Fig. [2.3|the
maps of H1number density clearly show that the global H1 fraction increases as I'_15(z = 6)
decreases (from left to right), as expected. More specifically, a volume-weighted H 1 fraction
of (fur)v = 0.365, 0.676 and 0.990 is obtained at z = 7 for I'_15(z = 6) = 0.380, 0.190
and 0.019, respectively. Furthermore, the figures show the characteristic feature of patchy
reionization, i.e. large-scale bubbles.

Since there is a one-to-one correspondence between I'_15(z = 6) and (fu)v (2 = 7), we
will use them interchangeably to specify the model.

Web Models

We use the prescription of Rahmati et al. ([359]) to account for self-shielding gas in the web
models, which consists of a fitting function matched to their full RT transfer simulation.
This prescription assumes photoionization equilibrium in each cell of the simulation with
a modified background (see below), i.e.

aA(T>nH11ne = FRahnHly (218)

where n, is the electron number density, and I'g,; is the modified local photoionization
rate. The neutral fraction in each cell is then given by xy; = [(7 +2)—+/(v+2)?2 - 4] /2,

where v = ['gan/(canyfe). The factor f. = ne/ny, is 1 for a pure hydrogen medium, while
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Figure 2.3: Neutral hydrogen number density, ny;, at z = 7 in slices of our simulations
for the bubble (B1, B2 and B3; top panels) and web (W1, W2 and W3; bottom panels)
models detailed in Table Each snapshot is a x-y slice at 12.5h~*cMpc with 97.7h~ckpc
thickness. Panels in the same column give a similar suppression of the Lya visibility in
the observed Lya luminosity functions shown in Fig. [2.6]
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Web-bubble model

5, 'cMpc

Figure 2.5: Slice map of the local Hr1 fraction for hybrid web-bubble models.

f. > 1 if helium is included. We assume that the IGM temperature is 7' ~ 10*°K due to
photoionization heating. The modified local photoionization rate is given by

—2.28

T n 1.64 n —0.84
1;“" —0.98 |1+ (—H> +0.02 [1 + (—Hﬂ : (2.19)

nss nss

where ngg is the density at which the gas starts to be self-shielded

o T 017 \
ngs = 6.73 x 10 F—12 <10—4K) cm . (2.20)

To compute ny; using the above prescription we use the density field of the finest AMR
level 1024 from the hydrodynamical simulation|}

The values adopted for the uniform photoionization rate I'_;5 are found in Table
Slices through our web models are reported in the lower panels of Figs. and 2.4, Sim-
ilarly to the bubble models, the maps show a higher neutral fraction for decreasing pho-
toionization rate. However, the ionization structure of the IGM is significantly different, as
the neutral gas is concentrated in high density peaks where small-scale absorbers, whose
distribution follows the structure of the cosmic web, residd”|

Web-Bubble Models

We generate the web-bubble models at z = 7 as follows. First, we take a full RT simulation
used to generate the bubble models (B1 and B2). Then, we recalculate the local Hr

16 As a comparison, we have also calculated ny; using a threshold method, in which all the cells with gas
density above ngg are assumed to be fully neutral, otherwise the neutral fraction is computed assuming
photoionization equilibrium with I" rather than I'rap,, i.e. aa(T)ngnne = I'ng. We note that while map-
ping between assumed photoionization rate and the abundance of small-scale absorbers changes depending
on the prescription, as long as (fur)y embedded inside small-scale absorbers is similar, the result is insen-
sitive to the self-shielding prescription. Hence, the quantity that more directly impact the observation of
Lya-emitting galaxies is the number density of small-scale absorbers rather than the photoionization rate.

"Note that web models are not equivalent to outside-in reionization scenarios. They simply show the
region of the universe that is reionized early in an inside-out scenario, with residual self-shielded H1.
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fraction inside the ionized bubbles according to the web model with a photoionization rate
I'_12(z = 7) = 0.01 and 0.005 (W2 and W3) on the finest AMR grid™ In practice, @y, is
calculated locally as the maximum between the values obtained from the bubble and the
web model. Our web-bubble models are catalogued in Table 2.1}

Slices through the web-bubble models are shown in Fig. 2.5 in terms of xy, map. As
expected, the evolution of xy; with photoionization rate is the same as the one in the web
and bubble models. Quantitatively, though, the neutral fraction here is slightly higher
than the one in the corresponding bubble models due to the contribution of small-scale
absorbers (see Table [2.1). In addition, the ionization structure of the IGM looks like a
combination of the one from the bubble and web models, as the small-scale absorbers
appear as impurities inside large-scale ionized bubbles.

2.4.3 Mock Galaxy Catalogue

The observed Lya luminosity of a galaxy is related to its intrinsic Lya luminosity via the
IGM transmission factor T;gas as Lgbs = T1ga Lo (this is discussed more in detail in §
see also Appendix for more technical aspects). We stress that ‘intrinsic’ here refers
to the Lya luminosity that a galaxy would have if the IGM were transparent. As our
main results are insensitive to the precise model for the intrinsic luminosity function (LF),
we only briefly describe the methodology applied to generate the intrinsic mock galaxy
catalogue.

We use the abundance matching technique (e.g. [342]; see also Appendix [A.3)) to
populate dark matter haloes with Lya emitting galaxies. We find the relation between halo
mass and intrinsic Lya luminosity by equating the observed cumulative Lya luminosity
function n(> L,) (in units of cMpc™3) at z = 5.7 ([324]) to the simulated halo mass
function dn(> M;)/dM] at z =17,

n(> La) = fauty /OO MdM,’l, (2.21)

Ma(La) M},

where fquy is the duty cycle and M (L, ) is the halo mass corresponding to a Lya luminosity
L,. We thus assume that the intrinsic Lya luminosity function at z = 7 is equal to the
observed one at z = 5.7, and that the difference between z = 5.7 and z = 7 is entirely due
to the IGM. We therefore constrain the IGM opacity using the wvariation of the Lya LF
relative to that in the post-reionization Universe E The abundance matching technique
gives a semi-empirical relation between the halo mass and the intrinsic Ly« luminosity for

18While in principle the photoionization rate inside bubbles is not independent of bubble size, we take
this as a convenient free ad hoc parameter to adjust the abundance of self-shielded absorbers inside bubbles.

9The small-scale absorbers in the post-reionized universe may affect the visibility of Lya-emitting
galaxies at z < 6. Hence, calibrating with z < 6 Lya LF may not give a truly ‘intrinsic’ Lya luminosity as
defined above. This contribution should in principle be subtracted. However, as we will confirm in § [2.5.3]
the impact of small-scale absorbers at z < 6 is small. Note, though, that ignoring the post-reionization
optical depth of the IGM causes us to underestimate the intrinsic Ly« luminosity of galaxies, which in
turn leads us to underestimate the IGM opacity and hence the neutral fraction in the IGM (see [121]).
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each fgu, (examples are shown in Fig. . In our fiducial case we use fque,, = 1. We then
populate each halo with a single Lya-emitting galaxy of intrinsic Lya luminosity given by
the M;, — L, relation.

Because observations are available only down to log;q[L./(ergs™')] ~ 42.5, to extend
the calculations to lower luminosities we extrapolate assuming a faint-end slope of 1.5
([324], but see [181] [130] for both theoretical and observational support for significantly
steeper slopes of ~ 2.2). We note that, because of the small box size (which is needed
to include small-scale absorbers and the faint galaxies responsible for reionization), the
simulated LFs only extend to log;,[L./(ergs™!)] ~ 42.8.

We model the Lya transfer in the ISM/CGM through the Ly« spectral line pro-
file (e.g. [121, 213] [77]), by assuming a Gaussian profile with circular velocity vey,. =
20.4hY3 (M, /108M)Y3[(1 + 2)/7.6]"/? km s~ ([384, 501]), shifted redward by Av =
600 km s~ to mimic the effect of scattering through a galactic wind ([122, 121]). This is
rather arbitrary, but [428] and [479] justify a number between 200-800 km s~*. While the
quantitative results are affected by this choice, the qualitative conclusions in this chapter
remain valid. We point out that our model assumes a universal line profile and shift, while
a distribution is more likely. Since T;gas is highest for redshifted Ly« lines, this can bias
samples of Lya-selected galaxies to larger Av.

2.5 Results

2.5.1 Lya Luminosity Function

We first show the impact of large-scale H1 patches and small-scale absorbers on the Ly«
luminosity function in Fig. [2.6] which contains the differential intrinsic Lya luminosity
function of galaxies (black solid line) together with the predicted apparent luminosity
function for our bubble (red lines), web (blue lines), and web-bubble (green lines) models
with different values of {fy;)y. Fig. [2.6 shows that

e The predicted luminosity function decreases with (fy;)y as naturally expected, be-
cause more neutral hydrogen in the universe increases the overall opacity to Ly«
photons.

e The relative abundance of large-scale bubbles and small-scale absorbers is a key factor
to estimate the observed Lya luminosity function. The bubble, web, and web-bubble
models predict almost identical luminosity functions for vastly different (fu;)y. For
example, a bubble model with (fi;)y = 0.676 (B2) gives rise to a luminosity function
that is practically indistinguishable from that of a web model with (fy;)y = 0.032
(W3) or of a web-bubble model with (fi;)y = 0.373 (B1+W2). This was first pointed
out by [44].

e The presence of small-scale absorbers inside ionized bubbles provides an opacity
additional to that from the neutral patches between large-scale bubbles. This is clear
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Figure 2.6: Intrinsic (black line) and observed differential Lya luminosity functions at
z = T as expected for bubble (red lines), web (blue lines), and web-bubble (green lines)
reionization models. The observed data points of Ouchi et al. (2008, 2010) and Konno et
al. (2014) are shown as blue, green, and red points. The best-fit Schechter function to the
observations at z = 5.7 is shown as the gray dashed line. For each model, the line style
refers to a different value of the parameters, as indicated in Table 2.1 The figure shows
the degenerate impact of large-scale H1 patches and small-scale absorbers on the Lya LF.
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comparing e.g. the LFs from Bl (dashed red line) to those from B14+W2 (dotted
green) or B1+W3 (dashed green).

e Web models with (fy;)y ~ 1072 correspond to bubble models with (fy )y ~ 1071
Table indicates that this requires I' < 10~ s~!. For example, the red dashed
(B1) and blue dashed (W2) lines in Fig. show that I'_j5(z = 7) = 0.01 is needed
for a web model to produce a LF similar to that of a bubble model with (fu;)v ~ 0.4.
This is in agreement with [300].

e Comparing the simulations to the observations of [324], [325] and [234], we conclude
that at z = 6.6, 40% < (fu)v S 70% for the bubble model, (fu)y ~ 1% for the

web model, and (fu)y S 40% for a web-bubble model. At z = 7 we have instead
0% < (fuyv S 99%, (fu)v 2 3%, and 40% < (fur)v S 70%, respectively. The

~

inferred H1 fraction thus highly depends on the reionization model adopted.

While the aim of this chapter is to present a proof of concept and we defer to future
work more rigorous and precise constraints on the H1 fraction, these results are in excellent
agreement with existing work ([44}, 300, [77]) and underline the importance of understand-
ing the precise ionization structure of the IGM during the EoR in terms of both large-scale
bubble features and small-scale absorbers. In the following, we use the simulations de-
scribed in § and the analytic formalism outlined in § to gain more insight into the
Lya RT and the inference of (fy;)y from observed Lya-emitting galaxies.

2.5.2 The Red Damping Wing in Bubble Models

We now analyse the Lya red damping wing opacity to quantify the impact of large-scale
H1 patches on the visibility of Lya-emitting galaxies. The red lines in the top panel
of Fig. show the mean transmission exp(—7£f) as a function of Av for three different
values of (fu)v (B1, B2, and B3 from left to right). We evaluate the effective optical depth
directly as an average of et using line-of-sight skewers from galaxies extracted from the
simulations. The shaded region indicates the 1o dispersion 02 == ((e” ™ — e~ )2). We
have used 1185 lines-of-sight, i.e. equivalent to the number of galaxies in the simulation
box.

The damping wing becomes more opaque with increasing neutral fraction and decreas-
ing Av. The opacity varies significantly between different lines-of-sight as indicated by the
large dispersion of o, , ~ 0.2.

Comparison to the Analytic Model

To see how well the red damping wing can be captured by the analytic approximation, in
Fig. (left) we compare the results from our B2 model to those obtained using equa-
tion (2.12) with a; = 0.5 and R, = 1.7, 3.0, 5.0, 10.0h"'cMpc. Note that the case with
R. = 1.7 (thickest black dashed line) represents the Schechter function fit to the simulated
P(R;) distribution. Fig. (right) shows that the Schechter function fit is indeed a good
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Figure 2.7: Effective optical depth (lines) extracted at z = 7 from simulations of the
bubble (B1, B2 and B3; top panels) and web (W1, W2 and W3; bottom panels) models.
The shaded regions are the corresponding 1o dispersion.

approximation to the simulation, in which the distance to the near-side of the closest H1
patch peaks at ~ 5h~'cMpc from a galaxy.

The comparison in Fig. 2.8 (left) clearly indicates that the analytic model is too crude
to capture the red damping wing behaviour found in the simulations, and systematically
overestimates the optical depth, although the bubble size distribution is modelled reason-
ably well. The discrepancy highlights that the opacity is coming indeed from the neutral
gas distributed among multiple H1 patches, rather than in a single large H1 patch, as as-
sumed in the analytic model of equation . This in fact leads to an overestimate of
the neutral gas and thus of the opacity.

In addition, the single large H1 patch approximation is also responsible for a different
shape of the damping wing, because the optical depth scales as Av™! (e.g. [307]). On the
other hand, the presence of multiple ionized bubbles in the simulations makes the medium
more transparent, and hence the damping wing profile steeper. This implies that, unless
the analytic approximation is improved to take into account the complex ionized bubble
distribution, (semi-)numerical simulations of patchy reionization are required to properly
model the Lya opacity in the diffuse neutral IGM@.

200ne obvious improvement of the analytic model would be to introduce an outer radius Ry for the first
diffuse neutral patch, and construct a PDF for Rs which can then be included into equation (2.12)) to give

e~ Toun(e) x / P(R,)dR, / e~ Traten(ve: RLE) PRy | Ry, (2.22)
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Figure 2.8: (Left) Comparison between the analytic and simulated bubble model. The
black dashed lines are the effective optical depth from the analytic approximation (equation
(2.12))) with a fixed slope a; = 0.5 and R, = 1.7, 3.0, 5.0, 10.0h~'cMpc (lines from bottom
to top). The discrepancy between the simulation and the analytic model is due to the large
single H1 patch approximation used in the latter. See text for detail. (Right) Distribution
of the distance, R;, to the near-side of H1 patches from Lya-emitting galaxies. The red
line shows the result for the bubble model simulation B2. The black dashed line is the
Schechter function fit to the simulated P(R;), where the best-fit parameters are oy = 0.49
and R, = 1.7h~*cMpc.

2.5.3 The Red Damping Wing in Web Models

The ensemble of small-scale absorbers can also form a damping wing feature in the effective
optical depth towards Lya galaxies as shown in the bottom panel of Fig. 2.7 where the
blue lines and the shaded areas refer to the mean transmission exp(—7l,) and to the 1o
dispersion 02 = ((e"Twer — e wen)2) as a function of Av.

Similarly to the bubble model, Fig. indicates that the damping wing in web models
becomes more opaque with increasing neutral fraction and decreasing Av. Neutral fractions
(fum)v ~ 1072 (W2 and W3), i.e. much higher than the one in the post-reionized universe
(which is (fu)yv ~ 107%), are required to produce a ~ 60 — 80% reduction of Ly« visibility
at Av = 600 km s~'. On the other hand, the effective optical depth in W1 (which has a
neutral fraction closer to ~ 107%) is e ™ > 0.9 at Av = 600 km s™', i.e. it hardly affects
the Lya visibility@ The scatter around the effective optical depth is again large, with

Orpor ~ 0.2.

where P(R3|R;1) denotes the conditional probability of Ra, given R;. We have started to include such
improvement in our model. However, due to the difficulty in finding an analytic fitting function for
P(R3|R1), we have deferred this to a future work.

21This justifies the calibration of the intrinsic model discussed in §[2.4.3} However, the left bottom panel
of Fig. shows that exp(—7°f,) ~ 0.6 at Av ~ 100 km s~! even with a neutral fraction as small as
the one in the post-reionized universe. For galaxies that have Av < 200 km s~! the impact of small-scale
absorbers at z < 6 should therefore be taken into account.
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Figure 2.9: Comparison between the analytic and simulated web model. The black dashed
lines are the effective optical depth from the analytic approximation (equation (2.14) us-
ing the BB13 CDDF without the velocity-space galaxy-absorber correlation function, i.e.
& = 0. The black solid line instead includes a Gaussian streaming model (GSM) for &,.
This figure demonstrates the importance of the velocity-space galaxy-absorber correlation
function.

Finally, a comparison between the effective optical depth in the web and bubble models
(e.g. B2 vs. W3 in Fig. [2.7) shows that small-scale absorbers can produce a profile and
scatter of the red damping wing similar to those of the bubble models. This explains
the similarity in the Lya LFs observed through the large-scale bubbles and small-scale
absorbers.

Comparison to the Analytic Model

Fig. 2.9 compares the simulation and the analytic effective optical depth described by
equation in § . The black dashed lines refer to the analytic model without the
effect of clustering and velocity field, i.e. &, = 0 in equation , while the black solid
line uses the Gaussian streaming model for &,, i.e. equation (2.15)). The analytic model
employs a factor of 2-10 boost to the extrapolated CDDF fit by Becker & Bolton ([18]) at
z ~ 7 (hereafter BB13 CDDF) to mimic the rapidly increasing abundance of small-scale
absorbers. Our fiducial value is 2 x CDDF (see § a discussion on the reason of this
choice).

Fig. 2.9 shows clearly that we cannot reproduce the results from our simulation by
only changing the CDDF amplitude, while the agreement is much better if we simultane-
ously change the CDDF amplitude and include the galaxy-absorber correlation function
in velocity-space (see § for the reason of the discrepancy at Av < 200 km/s). In
other words, both the abundance of small-scale absorbers and their velocity-space clus-
tering around galaxies play a key role in determining the Ly« visibility. In the following
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Figure 2.10: Hi1 Column Density Distribution Functions (CDDFs) extracted from web
model simulation W1 (blue dotted line), W2 (blue solid), and W3 (blue dashed). The
black lines refer to the extrapolation to z ~ 7 of the Becker & Bolton (2013) fit (BB13
CDDF; solid), multiplied by a factor of 2 (dashed) and 5 (dotted).

sections, we discuss in more detail the impact of (i) changing the CDDF (§ [2.5.3)) and (i)
the galaxy-absorber clustering (§ [2.5.3)).

CDDF and Ny;-Dependence of the Optical Depth

We first justify the artificial boosting factor of the power-law CDDF adopted in the analytic
model. Fig. compares the CDDF obtained in our web model simulationg®? to the BB13
CDDF with a factor of 1, 2 and 5 boost. The adopted boosts broadly mimic the increase
in simulated CDDF amplitude due to lower photoionization rate/higher neutral fraction
(I' =107 571 and 5 x 10715 571 for W2 and W3), although the slope is not properly
reproduced. The fiducial choice of 2 (corresponding to I' ~ 107! s71) approximately
represents the CDDF amplitude in the range 10%m=2 < Ny < 10%-7cm ™2, which gives
the highest contribution to the red damping opacity.

This predominance can be clearly seen in Fig. 2.11] which shows the ratio between
the analytic effective optical depth from absorbers with column density below N/** and
below N7a® = 10213em ™2, in a case with®| ¢, = 0. More than 80 per cent of the optical
depth redward of line centre (Av = 300 km/s) comes from absorbers with Ny > 10"%cm ™2,
because of their prominent damping wings. On the other hand, at Av = —300 km/s (i.e.
blueward of the line resonance) lower column density absorbers with Ny, < 10¥cm™ can
contribute ~ 50 per cent to 7°%, via resonant absorption.

22We have computed the CDDF by taking the projected column density over 10 cells. The highest Ny
bins (logyo Nur/cm™2 ~ 21.3 and 20.6) are about ~ 0.3 dex larger than those calculated with a single cell,
but the numbers converge for larger projected lengths. The effect is minor in the other bins.

23The inclusion of the velocity-space correlation function, for example inflowing low column density
absorbers, would enhance the contribution of lower column density absorbers to the optical depth.
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Figure 2.11: Cumulative contribution to 7 as a function of the maximum cut off column
density Nm%* Three different colours correspond to the optical depth redward (Av =
300 km/s, red line), at line centre (Av = 0 km/s, black line), and blueward (Av =
—300 km/s, blue line). The two functional forms of H1 CDDF by Becker & Bolton (2013)
(solid lines) and O’Meara et. al. (2013) (dashed lines) are plotted. This figure shows
that the optical depth redward of line centre, i.e. red damping wing, is mostly sensitive
to strong H1 absorbers with Ny; > 10! cm ™2, whereas the optical depth at smaller Av is
increasingly more affected by weaker H1 absorbers with Ny < 1017712 cm=2.

This strong dependence of the optical depth on the column density of absorbers is
insensitive to the assumption about the shape of the CDDF, as shown by a comparison
between the solid and dashed lines in Fig [2.11] which refer to models using a CDDF
from Becker & Bolton ([I8]) and O’Meara et al. ([320]), respectively. In both cases
Ny 2 10%ecm ™2 absorbers dominate the red damping wing, with a difference of only ~ 10
per cent.

Hence, the red damping wing opacity mainly depends on the abundance of strong Hr
absorbers, e.g. super-LLSs and DLAs, around Lya-emitting galaxies. Their rapid increase
(stronger than what expected from a simple extrapolation to z > 6 of lower-z CDDF)
provides a large red damping wing opacity.

Galaxy-Absorber Correlation Function in Velocity-Space

The galaxy-absorber correlation function in velocity space, &,, is another key factor in the
formation of the red damping wing. In the Gaussian streaming model of equation , &
depends both on () the real-space correlation function, (r2), and (i) the galaxy-absorber
pairwise mean velocity field (v12(r12)), and pairwise velocity dispersion o15(r12).

The simulated real-space galaxy-absorber correlation function at z = 7 is shown in
Fig. (left), together with the LBG-DLA correlation function observed by Cooke et
al. ([90, @1]) at z ~ 3. The simulated £(r12) is obtained by correlating the position of the
galaxies and of the cells with 2y, > 0.9 (which represent for us self-shielded absorbers) using
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Figure 2.12: (Left) Simulated real-space galaxy-absorber correlation function at z = 7
(dashed blue line) and best-fit to the LBG-DLA cross-correlation function observed by
Cooke et al. (2006b) at z ~ 3 (solid black). The latter is &(r12) = (r12/70)”", where
ro = 3.32 £ 1.25h 'cMpc, and v = 1.74 £ 0.36. The shaded region spans the upper and
lower 1o errors in the observed correlation length for a fixed slope v = 1.74. The figure
demonstrates the clustering of small-scale absorbers around galaxies. (Right) Galaxy-
absorber mean pairwise velocity (top panel) and pairwise velocity dispersion (bottom panel)
at redshift z = 7. The blue line (with left y-axis) shows the proper mean pairwise peculiar
velocity (v12(r12)) and pairwise velocity dispersion oy5(r12) between absorbers and galaxies
in simulation W2, while the solid black lines are the fits adopted in the analytic calculation
with the Gaussian streaming model. The cyan line corresponding to the right y-axis of
the top panel refers to the total proper pairwise velocity, vpupsie + (v12(712)), and the black
dashed line is the Hubble flow velocity vhupe = H(zs)r/(1 + z5). This figure shows the
presence of cosmological inflow of absorbers onto galaxies, which slows down the total
outflowing velocity including the Hubble flow.
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the £(r12) = DD/RR — 1 estimator ([104]). Clustering of self-shielding gas in the vicinity
of Lya-emitting galaxies is clearly important, and the simulated real-space correlation
function appears (maybe surprisingly) similar to its lower-redshift observed counterpart.
We thus adopt the Cooke et al. ([91]) correlation function for our Gaussian streaming
model in Fig. 2.9

The mean pairwise velocity between Lya-emitting galaxies and absorbers defined above
is shown in the top panel of Fig. (right), both in terms of the proper peculiar velocity
(v12(712)) (blue lines) and of the total proper velocity H(zs)ria/(1+ 2z5) + (v12(r12)) (cyan
lines). The solid black line is the best-fit curve to the mean pairwise velocity, (via(r12)) =
— i /[1+ (r12/7,) 7] where vy, = 133 km/s, 7, = 6.3h~'cMpc and 7, = 6.2. This is adopted
to evaluate the Gaussian streaming model in Fig. 2.9, For simplicity, rather than using a
fit to the curve, we assume a constant pairwise velocity dispersion equal to its mean, i.e.
012 = 100 km/s.

As shown in Fig. the impact of the galaxy-absorber correlation function in velocity-
space provides an additional boost of effective optical depth relative to the model with
& = 0. In fact, the enhanced clustering of absorbers around galaxies (Fig. (left))
renders the IGM more opaque. Furthermore, the cosmological inflow of absorbers onto
galaxies (Fig. (right)) causes a departure from the Hubble flow in the immediate
surroundings of galaxies and enhances the velocity-space clustering (the slower the total
outflow velocity in the proper unit is, the more opaque to Lya photons the gas becomes,
as it is less redshifted out of resonance). This can increase 7, | preferentially at the lower
Awv. Thus, the effective optical depth including a velocity-space galaxy-absorber clustering
is larger and steeper than the one including only a change in the CDDF amplitude (with
& = O)

Overall, Fig. shows that the simulation and the analytic model agree at Av >
400 km/s, while our analytic approximation overestimates the opacity at Av < 300 km/s,
probably because we assume that the same galaxy-absorber correlation function applies to
the full column density range of absorbers. This may lead to low column density absorbers
with a £(r12) which is too large. To address this issue, it is necessary to investigate in more
detail the column density dependent clustering, the pairwise velocity field with outflow,
and/or the effect of photoionization from the central galaxy.

2.5.4 Lya Red Damping Wing in Web-Bubble Models

The top panels of Fig. show the effective optical depth in the hybrid web-bubble
models directly calculated from the simulations, together with the 1o dispersion of optical
depth among different lines-of-sight. Not surprisingly, the red damping wing becomes
more opaque towards higher neutral fractions, and the scatter from sight-line to sight-line
is large. The red and blue lines show the contributions to the total simulated optical depth
from the bubble and web models used to build each web-bubble model, while the black
lines indicate the optical depth that we obtain by simply adding the two contributions,
ie. 788 4 7¢M A comparison between the optical depth extracted from the web-bubble
simulations and a sum of the optical depths extracted from the corresponding bubble and
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Figure 2.13: (Top panels) Ly« effective optical depth extracted from the hybrid web-bubble
model simulations (green lines; B1+W2, B1+W3, B2+W2, and B2+W3 from left to right),
together with the corresponding 1o dispersion (shaded regions). The red and blue lines are
the optical depth extracted from the bubble and web models used to construct the web-
bubble models, and the black lines show the sum of these two contributions, i.e. 7% + 7, .
(Bottom panels) Ratio of effective optical depth between web and bubble models used for
the corresponding web-bubble models. This shows the impact of large-scale bubbles and
small-scale absorbers on the total optical depth as a function of Awv.
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web models indicates that the two agree very WGH@.
The bottom panels of Fig. show the relative contribution of small-scale absorbers
and large-scale H1 patches to the total damping wing opacity. We find that:

e In all our web-bubble models, neither component dominates the total optical depth,
as 7 /et~ 0.5 — 1.5,

e The relative contribution depends on the intrinsic Ly« line shift. The small-scale ab-
sorbers contribution increases with decreasing Av because their opacity is enhanced
by the inflow onto galaxies (see § . On the other hand, the H1 patches are typi-
cally located at a distance ~ 5 —10h~'cMpc from Lya-emitting galaxies (see Fig. [2.8
(right)), where the Hubble flow already dominates the total velocity. Therefore, they
are more prominent at larger Aw.

The above two points underline the importance of correctly modelling small-scale absorbers
within the large-scale bubble morphology. This section concludes our discussion on the
average impact of large-scale neutral patches (§ and small-scale absorbers (§
on the Lya red damping wing opacity in a unified web-bubble framework.

2.5.5 Probability Distribution Functions for 7y

Fig. shows the distribution of the IGM transmission factor, 7T;gas, along the line-of-
sight to a Lya-emitting galaxy as a function of the host halo mass for models B2, W3, and
B1+W2. These models have been chosen because they have a similar LF (see Fig. [2.6])
and effective optical depth (see Figs. and , and therefore a similar average Ly«
visibility. The black lines are the average IGM transmission factor (T;car(Mpy)) for each
halo mass bin.

In the bubble model plotted in the top panel of Fig. (Ticm(My,)) increases with
M, as massive [small] haloes typically reside in large [small] ionized bubbles (in the highest
mass bins the trend is reversed because of the poor statistics). At the same time, there
exists a population of lower mass haloes clustered around the more massive ones, which
is therefore also embedded within large ionized bubbles. This explains the large scatter
exhibit by Tigum for low halo masses. Furthermore, in bubble models sight-lines to most (if
not all) galaxies pass through H1 patches, meaning that the intrinsic luminosity of most
galaxies is reduced, and explaining the unimodality of the T;gy distribution (something
that was pointed out previously by [213] and [300]).

As in web models self-shielding absorbers cluster around the more massive haloes
(§ 25:3), (Tiam(My,)) decreases with increasing M. The still present large scatter in
the distribution now appears to be bimodal, with a peak at T;qga ~ 1 and a second one at
Tiau ~ 0. These peaks correspond to cases in which a line-of-sight intersects an absorber

24 A slight discrepancy arises because the simple sum counts twice the neutral gas outside ionized bubbles
(in the form of H1 patches in bubble models and small-scale absorbers in web models), while in the
simulations small-scale absorbers are present only within ionized bubbles by construction. The simple sum
is thus expected to result in a slightly higher optical depth.
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Figure 2.14: IGM transmission factor 7;gs along the line-of-sight to a Lya-emitting galaxy
as a function of the host halo mass M. The panels refer to the bubble model B2 (top),
the web model W3 (middle), and the web-bubble model B1+W2 (bottom). The three
models have a similar Lya LF. The black lines are the average IGM transmission factors
(Tieam) in each halo mass bin. The colour indicates the number of Lya-emitting galaxies
at each location of the M}, — Trgy map, which is a 20(log) x 20(linear) grid in the range
10° My < M, < 1025 Mg and 0 < T;gar < 1. The figure shows that the T;g)-PDF is
unimodal for a bubble model and bimodal for a web model.
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or not. Differently from what happens in the bubble model where the intrinsic luminosity
of all galaxies is reduced, here a suppression is [is not| present depending on whether a
small-scale absorber is [is not] aligned with a galaxy, hence the bimodality. Our results are
consistent with those by Mesinger et al. ([300]), who also find that a bimodal distribution
is a characteristic of the attenuation by small-scale absorbers.

In hybrid web-bubble models the IGM transmission factor is a product of large-scale
bubbles and small-scale absorbers. Because of the different mass-dependence of Tigy in the
two models, the total IGM transmission factor here depends only weakly on M), and no
clear unimodality or bimodality in the distribution is visible. For example, the sight-lines
present in the web model with 7T;qar ~ 1 are now more opaque due to the absorption from
the H1 patches between large-scale bubbles.

It is therefore clear that the conditional T;¢y-PDF at a given halo mass, P(T;gu|My),
or in short the T;qy — M, relation, differs for web, bubble and web-bubble models. In the
next section, we search for observational signatures of this variation in the intergalactic
environment.

2.5.6 Simultaneously Constraining the Hi1 Fraction and the Topol-
ogy of Reionization

We now examine the prospect of observationally constrain the global Hr1 fraction and the
topology of reionization simultaneously by combining various statistics of Lya emitting
galaxies.

The Equivalent Width Distribution

Fig. shows the cumulative probability distribution of the rest-frame equivalent width
(REW), following the method of [121],

1
P(> REW) = / Pute(> REW /Trcar) P(Ticar)dTrcr, (2.23)
0

where the intrinsic REW distribution is Py (> REWiy,) = exp(—REW,y,/REW,), with
REW, = 50 A ([121]) and REWyy, = REW /T, The probability distribution function of
the IGM transmission factor, P(Tignm) x [ P(7}GM|Mh)%th, is constructed from
the simulations.

In all models, the observed REW distribution is decreased in comparison to the intrinsic
one by an amount which increases with the H1 fraction. Similarly to what observed for the
Lya luminosity function, a degeneracy is present between web and bubble models, with,
for example, B1 and W2 providing similar REW distributions.

However, the degeneracy can be partially broken if the REW distribution is combined
with the Lya LF. In fact, while models B2, W3 and B1+W2 are degenerate in Lya LF
(see Fig. they produce distinguishable observed REW distributions. Although this is
not always the case (for example, B1 and W2 show similar curves both in the Lya LF and
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Figure 2.15: Cumulative probability distribution of the rest-frame equivalent width at
z = 7. The black line is the intrinsic REW distribution and the coloured lines refer to the
observed REW distributions predicted from simulations: bubble model B1 (red dashed), B2
(red solid) and B3 (red dotted); web model W1 (blue dotted), W2 (blue dashed) and W3
(blue solid); web-bubble model B1+W2 (green solid), B1+W3 (green dashed), B2+W2
(green dotted) and B2+W3 (dotted-dashed). The black circles are the observation of
Pentericci et al. (2014) without interloper correction (if the interloper correlation is taken
into account the data points can be higher by ~ 20%).
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the REW distribution), such a combined analysis offers a test to differentiate reionization
models.

The argument above can be better understood by noting that the observed Lya LF
and REW distribution depend differently on the T;gy — M), relation. To see this, we first
express the Lya LF in terms of P(Tianm|My) as

dn(> Lgbs) B obs dn(> My)
TaL. _/P(La |Mh)d—Mhth7 (2.24)
where )
P(L™| M) = / Poee (L7 [ Trcons | M) P (Ticons | M) dTiconr. (2.25)
0

Pitr(Lo|My,) is the intrinsic conditional probability distribution of the Lya luminosity
given a halo masﬂ A comparison between equations and shows a different
dependence on P(T;car| M, h)ﬁ] This is because the Lya LF is constructed from Ly« selected
LAEs, while the REW-PDF is constructed from continuum selected galaxies. In fact, [123]
and [I81] have shown that selection by Lyc line flux enhances the contribution of UV-faint
galaxies (at fixed Ly« flux), which are absent from continuum selected samples. As such
UV-faint galaxies should preferentially reside in low mass haloes, this difference in selection
function would introduce a different dependence in the T;gy — M), relation that may lead
to a drop in the observed Lya LF different from the one in the REW distribution.

Hence, a combined analysis of Lya LF and REW distribution may allow to constrain the
H1 fraction and the topology of reionization. We can already do this analysis. The upper
limit at REW = 75 A slightly favours the bubble or web-bubble models with ( fu,)y ~ 68%
or ~ 37%. If we include this constraint, the neutral fraction is favored to be of order of
tens of per cent. This constraint is very weak because of a large uncertainty due to the
interloper contamination. Moreover, the same observations favour bimodal quenching of
the Ly« visibility, which is associated with web-models. This argument simply illustrates
that a combined analysis of Ly LF and REW-PDF can shed light on the history and
topology of reionization.

Lya Fraction of Lyman-Break Galaxies

The power of such joint analysis can be strengthened once the My -dependent Ly« fraction
of LBGs measurement is included as well. The Ly« fraction of LBGs (hereafter &) is
defined as the fraction of LBGs with a UV magnitude My and Lya REW greater than a
given value. We generalize the method of Dijkstra et al. ([121], see also [123]) to calculate

2 Explicitly, we use Pir(Lo|Mp) = 6p[La — Lo(My)] as we assume a one-to-one mapping between L,
and M}, based on the abundance matching technique.

26Note that equation implicitly assumes that the intrinsic REW distribution is independent of
halo mass. We can, of course, generalize this modelling to include the halo mass dependence, but because
this in general differs from the one of the Ly« luminosity, the dependence of the two statistics on the
Tram — My, relation is expected to differ as well.
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Figure 2.16: Lya fraction of LBGs having REW > 50 A at z = 7 as a function of the UV
magnitude My of galaxies. The line style indicates the intrinsic fraction obtained with the
Myv-dependent (solid lines) and the uncorrelated (dashed lines) model (see text for more
details), and the line colours refer to the intrinsic Ly« fraction (black), and to the observed
Lya fraction for models B2 (red), W3 (blue) and B1+W2 (green). The three models have
a similar Lya LF (Fig. 2.6). The black points are the observations of Pentericci et al.
(2014), where the horizontal error bars indicate the bin size used. The smaller plot is a
zoom-in of the Ly« fraction - My relation to emphasize the upturn at UV-bright LBGs
caused in model B2 by their larger Ly« visibility.
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the Lya fraction of LBGs as
1
XLya(> REW|MUv> I/ thr(> REW/,]'IGM|MUV>P<7'IGM|MUV>d7'IGM; (226)
0

where X (> REW,y | My )= REWine/REWe(Muv) g the intrinsic Lya fraction, REW (M)
is a characteristic REW (see Appendix for more details), and the conditional T;g,
probability distribution function at a given My is

P(Tron | M) = / P(Trent | Min) P(Mi| My )M, (2.27)

We construct our intrinsic model assuming that UV-bright LBGs populate more massive
haloes, and consider a case with a correlation between REW and Myy (Myy-dependent
model) and one with no correlation (uncorrelated model). The My -dependent model is
our fiducial case because observations suggest that such correlation exists ([425, 215], but
see [316]). More details are provided in Appendix [A.F]

Fig. [2.16| shows the intrinsic and observed Ly« fractions at z = 7 for models B2, W3,
and B1+W2, which all produce a similar Lya LF. Two main features emerge:

e the bubble model shows an upturn of Ly« fraction at UV-bright LBGs (typically
defined as those with My, < —20.25), while the web model shows a monotonic
decrease of Ly« fraction for increasing UV-bright LBG@. This qualitative change
in the shape of the My -dependent Ly« fraction is robust against different intrinsic
models of REW.

e In the Myy-dependent model (solid lines), the drop in the observed Ly« fraction
compared to the intrinsic one is larger for UV-faint LBGs (Myy > —20.25) than
for UV-bright LBGs in all models. The common expectation that the drop of Ly«
fraction of UV-faint LBGs is larger than the one of UV-bright LBGs occurs only in
bubble models ([321]) is true only if the intrinsic REW and Myy are uncorrelated
(dashed lines).

The upturn of the M -dependent Lya fraction can be understood as an imprint of
the Traym — M), relation (see § . In fact, because UV-bright LBGs in bubble models
are more likely to be surrounded by large ionized bubbles, the probability that their Ly«
emission is visible (i.e. that they are associated to larger T;gas) is higher than for UV-
faint LBGs. On the other hand, in web models the small-scale absorbers cluster more
strongly around UV-bright LBGs, lowering their Ly« visibility. The upturn of Ly« fraction,
therefore, does not happen in web models. As a consequence, the qualitative change in
the shape of the Myy-dependent Ly« fraction can be used as an indicator of the (possible)
presence of large-scale bubbles.

2"Note that the downturn in the bubble model B2 at Myy < —21.15 is due to the poor statistics,
similarly to what observed in the top panel of Fig.
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On the other hand, a drop of the Ly« fraction for UV-faint LBGs larger than for UV-
bright LBGs cannot be used as a decisive evidence of patchy reionization. In fact, while in
the uncorrelated case (dashed lines) we indeed see a larger drop for UV-faint LBGs only
for the bubble model, in the My -dependent case (solid lines) such drop is visible for all
models. The simplest explanation for this is that because, to first order approximation,
the neutral IGM suppresses the Lya emission by re-scaling the characteristic REW as
(Ticm)REW(Mpv) (see also Appendix[A.F), UV-faint galaxies (with an intrinsically larger
REW.,) experience a larger reduction in number above a given REW than the UV-bright
galaxies (with intrinsically small REW.) do.

In summary, the analysis of the My -dependent Lya fraction of LBGs provides a
powerful diagnostic tool to characterize the impact of large-scale bubbles and small-scale
absorbers when properly interpreted. Hence, when combined with the Lya LF, it offers an
opportunity to constrain the Hr1 fraction and the topology of reionization simultaneously.
While the aim of the present chapter is to highlight the potential of this diagnostics, we
plan to use it more extensively in a future study.

2.6 Discussion & Conclusions

The visibility of Lya-emitting galaxies during the Epoch of Reionization is controlled
by both diffuse H1 patches in the IGM, and small-scale self-shielding absorbers around
galaxies. It is therefore important to correctly include small-scale absorbers inside large-
scale ionized bubbles. In this work we have explored the impact of both large-scale bubbles
and small-scale absorbers on the visibility of the population of Lya-emitting galaxies at z >
6, using a powerful combination of an analytic approach and hydrodynamical simulations,
which covers the full range of models explored in recent investigations ([214, 44 300,
77]). We have considered the IGM Lya RT in three different classes of IGM ionization
structure, namely (i) the bubble model, where only large-scale ionized bubbles due to
patchy reionization are present, (i7) the web model, where only small-scale absorbers are
considered, and (4ii) the web-bubble model, which includes both small-scale absorbers and
large-scale bubbles.
Our main conclusions are:

e The observed Lya LF evolution from z = 5.7 to z ~ 7 requires a neutral fraction
{(far)v ~ 60 — 80% in bubble models, {fu)y = 1 — 3% in web models, and {fu)y ~
30 — 70% in web-bubble models.

e A sole analysis of the Lya luminosity function or of the distribution of rest frame
equivalent width cannot put a stringent constraint on the reionization history. The
Lya LF function and the REW-PDF can be equally suppressed in bubble, web, and
web-bubble models, yet with very different global H1 fractions. Hence, there is a
fundamental degeneracy between the ionization structure of the IGM and the global
Hr1 fraction inferred from Lyc surveys (see § [2.5.1]).
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e We showed in § that a joint analysis of the Lyaw LF and the REW-PDF of LBGs
can improve the constraints on the neutral fraction by breaking the degeneracy with
the topology of reionization.

e The Ly« fraction of LBGs can be a powerful diagnostic to study the relative impor-
tance of large-scale H1 patches and small-scale absorbers in the IGM. We caution
that a drop in Lya fraction that is larger for UV-faint LBGs than for UV-bright
LBGs (as in [321]) can be reproduced with web and web-bubble models, and does
not provide exclusive evidence for patchy reionization. Instead, we argue that the
shape of the My -dependent Ly« fraction may provide more insight into the topology
of reionization (see e.g. Fig. 2.16).

For example, an upturn of Ly« fraction for UV-bright LBGs can be caused by large-
scale ionized bubbles, but also by an increase in the UV background around UV-bright
galaxies, which reduces the abundance of small-scale absorbers. Interestingly, this
upturn may already have been observed at 4.5 < z < 6 ([425]), and may reflect
large fluctuations in the UV background. These fluctuations have been proposed to
explain observations of the cumulative effective optical depth distribution at z 2 5

in the spectra of high-redshift QSOs ([22, [73]).

e Our analytic formalism shows that the Lya damping wing opacity from small-scale
absorbers is highly influenced by the clustering and the pairwise velocity field of
galaxy-absorber pairs (see § 2.5.3). Absorbers with Ny > 10! em™2, i.e. super-
LLS/DLAs, provide the largest contribution to the the red damping wing at Av >
300 km s~!, while lower column density absorbers are important at smaller Av.
Understanding the galaxy-absorber correlation functions and their velocity fields can
improve the robustness with which the reionization history can be constrained using
Lya emitting galaxies. Direct observational constraints on Hi CDDF and galaxy-
absorbers correlation function (and as a function of Ny) can therefore be very useful.
A possible approach is to extend to the range 3 < z < 7 the survey strategy that
searches for Lya-emitting galaxies in the foregrounds of high-redshift QSOs, similar
to the observation of [91], Keck Baryonic Structure Survey ([378, [456]), and VLT
LBG Redshift Survey (J92]). This observational strategy is already within reach at
z ~ 5.7 ([114]).

e We showed that the total effective optical depth in web- bubble models can be written
as the sum of those in web and bubble models, i.e. 75T ~ 72 7 (gee §- ThlS
is an important result as fast semi-numeric simulations can be used to generate 75
These simulations can then be complemented with (improved) analytic or possibly
empirical prescriptions for 7¢f, (as in § to efficiently generate more realistic

web-bubble models.

e Web, bubble and web-bubble models produce different Tigm-PDFs (§[2.5.5). Bubble



82 2. Lya Emitting Galaxies as a Probe of Reionization

models show a unimodal Tiq\-PDF, while small-scale self-shielding absorbers in the
web-model have a bimodal Tigy-PDF. The modality of the hybrid web-bubble model
depends on which component dominates the IGM opacity. Pentericci et al. ([343])
have provided observational evidence for bimodal quenching of Lya flux (see [453]
452] for details on the procedure). Our results imply that bimodal quenching indicates
an influence of small-scale absorbers on the Ly« visibility (also see [300]), which is
opposite to the common interpretation.

In conclusion, in this chapter we have shown that a joint analysis of different statis-
tics of Lya emitting galaxies (e.g. Lya LF, REW distribution, Ly« fraction of LBGs,
correlation function), can break degeneracies associated with individual probes. It should
therefore be possible to constrain simultaneously the global Hr1 fraction and the reioniza-
tion topology, when armed with a suit of models of reionization in which both large-scale
bubble morphology and small-scale absorbers are included.



Chapter 3

Reionization by Galaxies and QSOs
and the Thermal State of the IGM

In Chapter |3| I present a detailed physics of reionization driven by galaxies and QSOs.
Understanding the physical states of the IGM is important to exploit the observations of
QSO absorption spectra as well as future 21cm tomography.

3.1 Backgrounds

In the current paradigm of extragalactic astronomy, the universe has undergone two major
reionization epochs. First, the reionization of H1 to Hir (H1 reionization) and Her to Her
(Her1 reionization) are thought to occur around z ~ 6 —20. The second reionization epoch
of helium, Herr — Hemr (He 1 reionization), occurred around z ~ 2 — 4. These two epochs
correspond to the time when first galaxies and the early descendants have assembled and
the peak of cosmic star formation and quasar activities. Therefore, star forming galaxies
and QSOs play an important role in characterizing the physical state of the intergalactic
medium (IGM) over a wide range of cosmic history z ~ 2 — 20. In turn, this means that
astrophysics of the IGM is critical to understand the full reionization process, and galaxy
formation and their interaction with the environment.

The ionization state of the IGM provides a primary information for understanding
the role of galaxies and QSOs during the reionization epoch. Current observations of the
H1 Lya Gunn-Peterson trough suggest that hydrogen reionization is largely completed by
z ~ 6 (e.g. [140]). However, the nature of the sources that drive the epoch of hydrogen
reionization is still unknown. A concordance picture is to assume (undetected) faint star
forming galaxies as the main reionizing agents with an escape fraction of ionizing photons
as large as ~ 20 per cent (e.g. [373]). At lower redshift, observations of the He i1 Lyar Gunn-
Peterson trough suggest that He 11 reionization is mostly completed by z ~ 2.5 ([484] [433]).
Unlike H1 reionization, He1r reionization can be driven by already detected population
of QSOs ([I70]). Simulations calibrated with the observed QSO luminosity function can
grossly reproduce the observed properties of He1r Ly« forest ([286] 86, [87]).
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Hydrogen and helium reionization also impacts on the thermal states and their large-
scale fluctuations in the IGM ([244, 283, 178]). This means that the reionization epoch
can be constrained by measuring the IGM temperature. The temperature measurements
from Lya forests ([283] 253]) suggest that the end of H1 reionization should be lower than
z ~ 9 ([442], 41} 363]), as well as He1 reionization is extended over 2 < z < 4.8 ([19]).
Furthermore, the IGM temperature in the QSO near zone at z ~ 6 suggests that the onset
of He1 reionization may be as early as the formation of first QSOs at z > 6 ([40]).

Although many authors have studied the impact of QSOs on the ionization and ther-
mal states of the IGM (e.g. [262] 70, 486, [447, 254], 103]), the role of QSOs during Hr1
reionization at z > 6 still remains unclear. While it has been argued that QSOs alone
cannot be responsible for hydrogen reionization based on constraints from the unresolved
X-ray background ([118] 882 383, [185]) and the decreasing number density of high-z QSOs
(1290]), recent re-investigations suggest an possible important contribution from QSOs (e.g.
[171, (170, 260]).

Furthermore, theoretical predictions of how QSOs influence the ionization and thermal
states of the local environment have not always agreed. For example, there seems to be no
consensus about whether a QSO imprints a distinctive ionization and thermal structures
on the IGM by producing a very large ionized region (e.g. [143], 499, 444]), whether it is
indistinguishable from the contribution of galaxies ([7, 254] [103]), whether the difference
in the spectra of galaxies and QSOs produces a different shape of ionization front (I-front)
([498, 236]), or whether the sphericality of an ionized region may serve as discriminator
of how the region is created ([I03]). These theoretical discrepancies must be resolved to
interpret QSO absorption spectra and upcoming 21cm observations. In other words, the
correct theoretical understanding is vital to place constraints on the role of galaxies and
QSOs in driving reionization.

Understanding the impact of reionization driven by galaxies and/or QSOs on the phys-
ical state of the IGM boils down to an accurate modeling of the effects of (i) the spec-
tral shape of QSOs and galaxies (i.e. using a multi-frequency radiative transfer (RT)),
(ii) galaxies surrounding a QSO (cosmological N-body/hydrodynamical simulations), (iii)
anisotropic propagation of I-front (3D simulation), and (iv) coherent treatment of both UV
and X-ray photons as well as secondary ionization (UV/X-ray physics). Previous works
focused on the above aspects separately; for example, 1D RT simulations by Thomas &
Zaroubi ([444]) and Kramer & Haiman ([236]) focused on (i) and (iv), whereas the 3D
RT simulation by Datta et al. ([I03]) which included both galaxies and QSOs, but with-
out modelling the thermal structure, focused on addressing (i), (i) and (iii)[] At the
moment,there is no radiative transfer calculation reported, addressing all the four effects
together in a single simulation.

In this chapter we therefore investigate the ionization states of both hydrogen and
helium and the thermal state of the IGM in a single high-z QSO environment by performing
a suite of multi-dimensional, multi-frequency radiative transfer simulations post-processing

Feng et al. ([143]) and Keating et al (J22I]) have also conducted RT simulation post-processing
cosmological hydrodynamical simulation, but without simultaneously accounting both galaxies and QSO.
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a cosmological hydrodynamical simulation (thus, satisfying (i)-(iv)). This is the most
detailed calculation of this kind to date, at least to our knowledge. This work distinguishes
itself from previous works as we present the case-by-case analysis of hydrogen and helium
reionization as well as the thermal state in the QSO environment including surrounding
galaxies, X-ray and secondary ionization. This large suite of RT simulations aims at
providing insights into the underlying physical mechanisms responsible for controlling the
physical state of the IGM around QSOs, and how all processes collectively shape the state of
the IGM. Our work is an important first step for full cosmological reionization simulations
including both galaxies and multiple QSOs for future work.

This chapter is organized as follows. First we describe the simulation setup in §
§ presents the results of hydrogen and helium reionization. § discusses the thermal
states in the QSO environments. We compare our results with previous works in §
Observational implications are briefly discussed in § Conclusions are then presented

in § 57

3.2 Simulations

In the following we will describe the simulations employed in this paper. Hereafter we
assume the cosmological parameters: 2y = 0.74, Q,, = 0.26, Q, = 0.0463, h = 0.72,
ne = 0.95 and og = 0.85.

3.2.1 Hydrodynamical simulations of the IGM

We have performed hydrodynamical simulations of the IGM with the smoothed particle
hydrodynamics (SPH) code GADGET-3, which is an updated version of the publicly avail-
able code GADGET-2 ([420]). The size of the simulation box is (50h~! c¢Mpc)?, with
2 x 5123 dark matter and gas particles, corresponding to a mass of 5.53 x 10’A"'M, and
1.20 x 10"h~*My, respectively. Haloes are identified using the friend-of-friends algorithm
with a linking length of 0.2. The simulations are then centred on the most massive halo
(with mass 1.34 x 101°A~ M) at z = 10, which is modelled to host a QSOP] (see § [3.2.4).
All haloes are considered to harbor one galaxy per halo with the empirically motivated
prescription described in §[3.2.3] which results in 7534 galaxies at z = 10.

The gas density and temperature are mapped onto Eulerian grids with 2562 cells; in

total 11 snapshots are present in the redshift range z = 15 — 10, with a Az = 0.5 interval.
These are used as input for the RT code CRASH (see §[3.2.2).

2We note that this is small compared with a typical mass of haloes inferred to host QSO. This is a
necessary shortcoming to have higher resolution of the IGM and RT simulation (but see Keating et al [221]
for a recent zoom-in simulation). To bypass this issue, we model the luminosity of a QSO based on z ~ 7
observation, instead of scaling the luminosity with halo mass.
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3.2.2 Multi-frequency radiative transfer simulations

The outputs of the hydro simulations described above are post-processed with the Monte
Carlo code CRASH ([R1, 270, 269, [177]; Graziani, in prep), which, in its latest version,
solves the cosmological radiative transfer of UV and X-ray photond’| in a gas constituted
by hydrogen and helium} We refer the reader to the original papers for more details on
the code. Here we assume a H and He number fraction of X = 0.92 and Y = 0.08.

The code self-consistently evolves the ionization states of hydrogen and helium and re-
calculates the gas temperature by solving for non-equilibrium chemistry and radiative heat-
ing and cooling processes. The photoionization heating of H1, He1, and He11, the recombi-
nation cooling, and the adiabatic cooling by cosmological expansion are self-consistently in-
cluded within the RT calculation (see [270] for a more comprehensive list of heating/cooling
mechanisms implemented in the code).

For our multi-frequency RT calculations, the source spectrum from 13.6 eV to 2 keV
is sampled by 42 frequency bins using 29 bins for the UV range, with finer sampling near
the ionization threshold of Hr1 (13.6 V), Her1 (24.6 eV) and He1 (54.4 eV), and 13 bins to
cover the soft X-ray (200 eV < hv < 2 keV) range. The Monte-Carlo simulations cast 10°
photon packets per galaxy and 2 x 10® per QSO. We have verified this by performing the
convergence test.

The radiative transfer of X-ray photons and the effect of fast photo-electrons produced
by high energy photons are described in detail in Graziani et al. (2016, in prep.). Secondary
ionization effects have been modelled by many authors (e.g. [406, 100}, 460, 160]). Although
the results are qualitatively similar in the previous studies, there are some quantitative
differences on the IGM thermal and ionization states. Here we adopt the model by [460]
as it is the most recently reported model implemented in CRASH, and we refer the reader
to Graziani et al. (2016, in prep.) for a more comprehensive comparative analysis.

A suite of RT simulations: overview

We create a suite of RT simulations to study the reionization models by galaxies and
QSOs. The simulation suite contains 14 runs in total for our main analysis. We describe
the overall procedure adopted for producing the RT simulation suite.

Our multi-frequency RT simulations consist of two steps: (1) Firstly, we perform three
runs only with galaxy-type sources from z = 15 until z = 10 (see Table [3.1). (2) Sec-
ondly, starting from the final snapshot (z = 10) of the first step, we further evolve the
simulations including only galaxies (‘Galaxies only’ runs) and including both galaxies and
a QSO (‘Galaxies+QSO’ runs) (see Table [3.2)). In addition, the second step also contains
simulations including only a QSO (‘QSO only’ runs), starting from the fully neutral initial
condition. These three sets of runs are designed to model the galaxy-driven, QSO-driven,
and galaxy+QSO-driven reionization.

3We refer to photons in the energy range 13.6 eV-200 eV (200 eV-2 keV) as UV (soft X-ray) photons.
4While the code can handle the effect of metals, we do not include them here.
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Table 3.1: Parameters used for the simulations of reionization history from galaxies in
the range z = 15 — 10. From left to right, the columns refer to the simulation ID, UV
photon parameter fuy, galaxy spectrum slope o, and the start and end redshifts of RT

calculation.

run ID  fuvy ag =z

0.5R 0.05 3 15 -10
0.1 3 15 —10
02 3 15 -10

R
2R

Table 3.2: Parameters used for the simulations at z = 10 described in the text. From left
to right, the columns refer to the simulation ID, UV photon parameter fyyv, galaxy/QSO
spectrum slope a¢ /g, inclusion/exclusion of the reionization history (history) from galax-
ies in the range z = 15 — 10, a QSO, the X-ray photons and secondary ionization. The one
highlighted in boldface (GAL_R4+QSO_UVXsec) is our reference run.

run ID fov  ag, ag history QSO X-ray secondary
Galaxies only

GAL 0.1 3,n/a off off  off off
GAL_0.5R 0.05 3,n/a on off  off off
GALR 0.1 3,n/a on off  off off
GAL_2R 0.2 3,n/a on off  off off
QSO only

QSO_UV n/a n/a, 1.5 off on off off
QSO_UVX n/a n/a, 1.5 off on on off
QSO_UVXsec n/a n/a, 1.5 off on on on
QSO _obsc_UVXsec n/a n/a, 1.5(obscured) off on on on
Galaxies+QSO

GAL_R+QSO_UV 0.1 3,15 on on off off
GAL_R+QSO_UVX 0.1 3,15 on on on off
GAL_0.5R+QSO_UVXsec 0.05 3,1.5 on on on on
GAL R+QSO_UVXsec 0.1 3,1.5 on on on on
GAL_2R+QSO_UVXsec 02 3,15 on on on on
GAL_R+QSO_obsc_.UVXsec 0.1 3, 1.5(obscured) on on on on
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The three runs in the first step in Table [3.1] are performed with the three different
total ionizing photon emissivities of galaxies. Our fiducial run is ‘R’ run (standing for
Reference). The other two runs (‘0.5R’ and ‘2R’) differ only in the total ionizing photons
by a factor of 1/2 and 2. The source models of galaxies are described in § . The final
snapshots are dumped at z = 10 as initial conditions for the restart simulation in the next
step.

The second step contains 14 main runs to be analysed in §[3.3]and 3.4} All runs (re)start
at z = 10 and are evolved for 10% yr. We use the output snapshot at 107 yr for our main
analysis unless otherwise stated. In all three categories of the source models (Galaxies
only, QSO only, and Galaxies+QSO models), the run IDs with ‘0.5R’, ‘R’, and ‘2R’ start
from the final snapshots of the first step shown in Table (the column ‘history’ in Table
. For 10 runs with a QSO (‘QSO only’ and ‘Galaxies+QSO’ runs), a QSO is turned
on at z = 10. They are performed with various combinations of source models and RT
physics to study the impact of a QSO in a exquisite detail (see § for QSO source
model). For example, the runs with and without the previous reionization history from
galaxies in a QSO environment allow us to study the effects of a QSO on the IGM in
isolation and with surrounding galaxies. In addition to the variations of the source models,
the main runs also contain the various combinations of RT physics (the columns ‘X-ray’
and ‘secondary’). Runs with X-ray ‘on’ include the contribution from soft X-ray photons
up to 2 keV, while X-ray ‘off” artificially truncates the input spectra of sources at 100 eV.
‘Secondary’ indicates whether we switch on the secondary ionization effect. Our reference
full run is GAL_.R+QSO_UVXsec as indicated in boldface in Table [3.2l Our suite of RT

simulations are summarized in Tables [3.1] and [3.2]

3.2.3 Source model: galaxies

To assign an ionizing photon luminosity to a galaxy we follow the method described in [80)],
and we refer the reader to this paper for more details. Briefly, the comoving ionizing photon
emissivity of the entire galaxy population at z > 6 is modelled based on a pre-assumed
global star formation rate density and the observations of the ionizing background from
Lya forest ([43]). The total ionizing photons are then distributed among all galaxies in a
simulation box.

The comoving ionizing photon emissivity is given by (in units of photons s™' ¢cMpc™3),

ap + 3
o fove (3.1)

where a and oy are the extreme-ultraviolet power-law spectral index of the sources and of
the ionizing background, which are assumed to be identical and equal to 3. The redshift

geC(z—9) .
W Wlth

¢ = 14/15 and 2/3. The normalization of the ionizing background is parameterized by
a free parameter, fyy. This is introduced to allow flexibility in the model to explore the
uncertainty of the ionizing background in a QSO environment. The fiducial value is fiy =
0.1, and we consider a variation of a factor of 2 around it, i.e. fyv = 0.2,0.05. Figure [3.1

hion(z) — 1050'89X<z)

dependence of star formation rate density is parameterized as x(z) =
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Figure 3.1: Total ionizing photon emissivity from galaxies as a function of redshift. The
three model values of fy, = 0.05 0.1, 0.2 (dotted, solid, and dashed curves) are compared
with the values given by Becker et al. (2015) which are based on the observations of
Lyman-break galaxies by Oesch et al. (2013) and Bouwens et al. (2015). The figure shows
that our models are a reasonable choice to bracket the possible parameter space.

shows that the comparison of our ionizing photon emissivity with the values inferred from
observations of Lyman-break galaxies ([20] based on [319] and [53]). They agree reasonably
well. Given that the total ionizing photon emissivity in a QSO environment is very poorly
constrained, the level of agreement shown in Figure|3.1|justifies our choice of fi,,, parameter.
All the run IDs with ‘GAL_’ in Table |3.2 and the runs in Table 3.1} adopt the three values
of fuyv = 0.05,0.1,0.2 to quantify the different contribution of galaxies to reionization.

To distribute the total ionizing photons among galaxies, we assume that each halo hosts
one galaxy. The ionizing photon luminosity of a galaxy is assumed to scale linearly with
the host halo mass, NGAY(M,) oc M,. To recover the total ionizing photon emissivity
when we add up all photons from galaxies, the ionizing photon luminosity, NGA(M,,,), of
the i-th galaxy with halo mass, M, is given by (in units of photons s™),

N'GAL M i) = Nion(2 Vo:(:—’la 3.2
ion (Mn.q) (2)Ve ST (3.2)

where Vj,, is the comoving volume of the simulation box and N; is the total number of
galaxies (haloes) in the simulation. 7;,,(2)Viee is the total number of ionizing photons
present at redshift z.

The spectrum of a galaxy is modelled with a power-law spectral energy distribution
(SED), LSAL(v) ox v~¢ | with spectral index a = 3. The ionizing photon luminosity and

SED is related as NGAL = [*° L0 gy where v, = 3.29 x 10 Hz is the frequency at

won vy, hv

the Lyman limit. The spectrum is plotted in Figure (solid blue line), together with a
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Figure 3.2: The model spectra of a QSO (red solid), obscured QSO (red dashed), and
galaxy (blue solid). For a comparison, the black dash-dotted line shows a spectrum at
10 Myr after a burst of star formation with metallicity Z = 0.001 from starburst99. The
vertical lines show the ionization thresholds of H1, He1, and He1r from left to right.

spectrum at 10 Myr after a starburst with metallicity Z = 0.001 from starburst99 (black
dotted line, [250]). While the H r-ionizing photon luminosity between hvyy and huye is
well approximated by the power-law, it drops abruptly at > hrge due to the absorption
by stellar atmosphere in the spectral synthesis model. The adoption of a simple power-law
allows a more straightforward comparison with a QSO model (§ . Although our main
conclusions are not affected by the power-law assumption, we are aware of the limitation.
For example, the ionization of helium and heating by galaxies would be smaller if we used
the population synthesized spectra.

3.2.4 Source model: QSO

For a QSO at z = 10, we assume an ionizing photon luminosity of

NI = 1.36 x 10°° photons s~ (3.3)
As a reference, ULAS J1120+0641 QSO at z = 7.085 is estimated to have a central super-
massive black-hole (SMBH) of mass Mgy = 2 x 10° My, and the ionizing photon luminosity
of N9 = 1.3 x 10° photons s~ ([313, 47]). We model the ionizing photon luminosity
of z =10 QSO by re-scaling the properties of ULAS J1120+0641. In our model QSO, we
assume a smaller SMBH mass of Mgy = 2.1 x 10® M, because we are modelling a state of a
higher redshift QSO environment at z = 10. Assuming the Eddington limit accretion rate,
the bolometric QSO luminosity scales linearly with the SMBH mass, which translates to
the linear scaling between an ionizing photon luminosity and a SMBH mass, N2° o« Mpy.
Therefore, the assumed SMBH mass of z = 10 QSO corresponds to the value in equation

(33).
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The QSO spectrum is assumed to have a power-law index ag = 1.5, (red solid line in

Figure [3.2)),
_ag
LSSO(V) — Lo (i) 7 (3.4)

VL

won

power-law index is identical to the one of ULAS J1120+0641 ([313] 47]).

In addition, we also create an obscured QSO model (red dashed line in Figure[3.2). Our
model spectrum is obscured by a H1 column density of Ny = 10%° cm™2. This Hr column
density is chosen as a reasonable fiducial value based on lower redshift observations of AGNs
([241], [458]) and the one assumed in a similar theoretical work ([236]). The ionizing photons
are absorbed by a factor of exp|—our(v) N where omr(v) is the H 1-photoionization cross
section ([128]). Therefore, the ionizing photon luminosity escaping to the IGM is given by

where the normalization factor Ly is determined from NE© — fu"L"(LVQSO /hv)dv. This

.
LQSO,obsc(V) — Ly v o~ o (v) N (3.5)
v VL
The normalization factor Ly and the power law index c are the same as the (unobscured)
QSO model. Note that in an obscured QSO model the ionizing photon luminosity is

reduced to N359°P¢ — 4 33 x 105 photons s~ because a large fraction of ionizing photons

non
with v < vyerr are absorbed before escaping into the IGM.

The lifetime of the QSO is assumed as tg = 1 x 107 yr unless otherwise stated. This
is chosen from the observationally allowed values 10° yr < to < 10% yr at lower redshift
([268]). A different choice of luminosity and lifetime, of course, affects the simulation result.
Because the recombination timescale is much shorter than the QSO lifetime, increasing life-
time and/or luminosity trivially increases the size of ionized regions as Ry o< (N> %to)'/3.
The temperature is expected to be insensitive to luminosity and lifetime, although the
radius to which gas is photo-heated is increased with increasing luminosity and lifetime.

All the QSO source models shown in Table except for the two cases marked as

‘obscured’; adopt the luminosity and spectrum of the unobscured QSO model.

3.3 Results

In this section we discuss the results of our suite of radiative transfer simulations for
reionization of both hydrogen and helium driven by galaxies, a QSO, and galaxies+QSO.

Hydrogen and helium reionization: overview

The 3D visualization in Figure summarizes the results for our full reference simula-
tion (GAL_R4+QSO_UVXsec). The figure shows clearly the very rich morphology of Hi
and Hen/He regions in the high-z QSO environment. First, the QSO and surrounding
galaxies together form a central large H 1 region on scales of tens of mega-parsecs. The
clustering of galaxies around a QSO is also responsible for producing many smaller H
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l | HII

Figure 3.3: 3D visualization of the Hir (left), Her (middle), and Hem (right) fractions in
the QSO environment, as produced by both the central QSO and the surrounding galaxies
with full UV /X-ray physics at z = 10 (GAL_R+QSO_UVXsec). Top panels: the whole
simulation box of 50h~'cMpc. Bottom panels: dissection through the central QSO.

regions. The X-ray radiation from the QSO partially ionizes the IGM beyond the sharp
Hu I-front. Next, the He1r regions show a morphology similar to that of Hi regions. The
Hen I-front around the central Hi region is slightly broader than Hir I-front because of
the slightly larger mean free path of photons near Hert ionization threshold from the QSO.
The interior of the central QSO-host He 11 region is, however, drastically different from that
of the Hir region. The He 1-ionizing photons (hv > 54.4 eV) from a QSO drive the second
reionization of helium from Hem to Hemr. This forms a cavity inside the He1r region by
further He 11 reionization. Finally, the morphology of He 11 regions is clearly different from
those of Hir and He1r regions. It is dominated by a central large He 1t region, with only a
few tiny He1mr regions around. This is because the ionization threshold of He1r is high, the
sources of He 11 reionization are dominated by QSOs. The He 11 I-front is even broader due
to the larger mean free path of photons near He1r ionization threshold. Overall, the reion-
ization of hydrogen and helium around a QSO is driven by the concerted photoionization
by UV and X-ray radiations from both the central QSO and the surrounding galaxies.

In the following (§ , we examine the details of hydrogen and helium reion-
ization by varying the source models of galaxies and QSOs and the physics of radiative
transfer.
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3.3.1 Hu and Hen/Her regions in a galaxy- or QSO-driven reion-
ization model

We first examine the simplest (but unrealistic) case in which either galaxies or a QSO
drive reionization starting with a fully neutral initial condition. These two different source
models impact differently the properties of Hir and He1i/He 1 regions.

Hydrogen

Figure (top panels) shows slices of Hu fraction, zy,, in the two models, GAL and
QSO_UVXsec, where only galaxies or a QSO ionize a fully neutral IGM for a duration of
107 yr starting at z = 10. The difference in the morphology of H 1 regions between the two
source models is clear: while a single large fully ionized region appears around the QSO, the
numerous fainter galaxies produce many smaller H 11 regions. This morphological difference
is caused by the fact that in the QSO model all the photon budget is concentrated in one
single source rather than being distributed among many galaxies. In our models the QSO
emits about 15x more ionizing photons than the galaxies.

In addition, the partially ionized region around a QSO is another prominent difference
in the ionization structure. It is produced by the X-ray photons from a QSO. The detail
of the impact of X-ray is discussed in § [3.3.2]

For a more quantitative comparison, in the top panels of Figure [3.5 we plot the distri-
bution of the I-front radi, R produced by the QSO (red solid line) and the galaxies
(blue dashed line) along 100 random lines-of-sight (LOSs) from the central source. While

a central QSO alone can produce an Hi region as large as RI ~ 13h~!cMpe, galaxies

give only a small I-front radius of RF < 3h~'cMpc. Furthermore, a QSO-type source
shows ~ 5h~tcMpec dispersion of the Hir I-front radii in different LOSs. Such dispersion
of the I-front positions is caused by the density fluctuations of the IGM; while dense gas
clumps cast shadows behind, I-fronts propagate unimpeded along underdense directions

([207, 221]).

Helium

The middle and bottom panels of Figure [3.4] show maps of Hemr and Hern fractions. As
for the H fraction, a clear different morphology is visible between the galaxies only and
QSO only models.

When reionization is driven by galaxies, the morphology of the He1r and H 11 regions is
qualitatively very similar. The reason for this is that, although our galaxy-type spectrum
emits a factor of LS4 (vye)/LSAY (vim) = (vir/vaer)® ~ 0.17 less Hel- than H-ionizing
photons, because the abundance of helium is lower by a factor of Y/ X ~ 0.09, the galaxies
can drive Her reionization together with H1 reionization. As a result, He1 and H1 have a
similar reionization history and morphology. On the other hand, the He 111 regions are more

5The I-front radius is defined as the distance from the central source at which xy; drops below 50%
for the first time.
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Figure 3.4: Maps of H1 (top panels), Hen (middle), and He it (bottom) fractions at z = 10
for model GAL (left column) and QSO_UVXsec (right). In both models the sources are
turned on in a fully neutral medium at z = 10 and shine for 107 yr. The maps have a side
length of 50h~'cMpc and the width of the slice is 195h~*ckpc.
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Figure 3.5: Distribution of the Hr (top panel) and Hemr (bottom panel) I-front radii for
models GAL (blue dashed) and QSO_UVXsec (red solid). We exclude the corresponding

histrogram for He 1 I-fronts because the location is nearly identical to H i I-fronts.

compact. This is a consequence of the higher ionization threshold of Her1r, which results
in a factor of LS4 (vyerr)/LSAY (vmr) = (vir/vhenr)® ~ 0.016 less Hen- than Hi-ionizing
photons.

A QSO, on the other hand, produces a very distinctive He1 region compared to its H1
region, while the QSO He 111 region has a morphology similar to its Hi region. A QSO-type
spectrum produces a large amount of He1- and He 1i-ionizing photons per H 1-ionizing pho-

tons; L% (viger) /LY (vnr) = (Vi /vier)™® =~ 0.4 and LY (vgenr) /LY (vm1) = (Vi /vien) ™ =~

0.13, respectively. As a result, a QSO drives He1r reionization simultaneously to H1 reion-
ization. Because the Her1 reionization has not been completed by z = 10, the QSO He
[-front drives He1r reionization immediately after He1 reionization. This creates a cavity
in the He1 region, which is characteristic to the high-z QSO environment.

The distribution of the Hetr I-front radii is shown in the bottom panel of Figure [3.5
QSO Hemr I-fronts (red solid line) extends to R ~ 12h~1cMpe, which are lagging
slightly behind the QSO H I-fronts. On the other hand, galaxies (blue dashed line) has a
negligibly small radius of He1n I-front. The dispersion of the QSO He1 I-front positions
is as large (~ 5h~'cMpc) as that of QSO Hu I-fronts. This is understandable because
the same mechanism, i.e. density fluctuations and I-front shadows, is responsible for this
dispersion.
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Figure 3.6: Spherically averaged profiles of Hir (top), Her (middle), and Henr (bottom)
fractions around a QSO including only UV photons (QSO_UV, blue dotted), UV and X-
ray photons (QSO_UVX, red dashed), UV and X-ray photon and secondary ionization
(QSO_UVXsec, black solid). The shaded regions show the 1o scatter of line-of-sight fluc-
tuations.
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3.3.2 Effect of X-rays and secondary ionization

Here we study the effect of X-rays and secondary ionization on the region ionized by the
central QSO. This clarifies the physical origin of the extended tail of partial ionization in
the QSO model seen in Figures [3.3] and [3.4]

Figure shows the spherically averaged profiles of ionization fractions, (x;(r))s,
together with the corresponding lo scatter, o?(r) = (z2(r))s — (z:i(r))%, where i =
H, Hemr, Hetir. The figure compares the three QSO only models with different RT physics,
i.e. spectra restricted only to UV photons (QSO_UV), including UV+X-ray photons but
neglecting the effect of secondary ionization (QSO_UVX), and including UV+X-ray pho-
tons and secondary ionization (QSO_UVXsec). The main impact of X-rays and secondary
ionization on both hydrogen and helium is to produce an extended tail of partial ionization
beyond the I-fronts.

In the case of hydrogen (the top panel of Figure , X-rays produce the partially
ionized tail starting at ~ 15h 'cMpc. The secondary ionization enhances the ionized
fraction by an order of magnitude from (z,,(r))s ~ 107 (QSO_UVX) to (z4,(r))s ~ 1072
(QSO_UVXsec) (see also [481]). The shaded regions indicate that the ionized fraction in
the partially ionized tail has line-of-sight fluctuations about a factor of ~ 3 as a result of
the density fluctuationd}

Similarly, the partially ionized tails of Hei and Hern (the middle and bottom panels
of Figure have ionized fractions of (Zy.,(r))s ~ 1072 and (Zyen(r))s ~ 1074 — 1073.
However, the impact of secondary ionization is less significant than on hydrogen reioniza-
tion. The secondaries produce an enhancement of only a factor of ~ 2. This is because, due
to its lower abundance, the probability that helium is collisionally ionized by fast electrons
is a factor of Y/X ~ 0.09 lower than hydrogen. Therefore, the secondary ionization (i.e.
collisional ionization by fast electrons) affects little helium atoms.

Figure shows the distributions of the Hir and Herir I-front radii (left panels) and
their I-front thicknes{] (right panels) based on 100 random LOSs for the three QSO models
discussed above. When neglecting secondary ionization, both distributions are weakly
affected by X-rays, which is shown by a comparison between the two QSO models with
(QSO_UVX, red dashed line) and without (QSO_UV, blue dotted line) X-rays. This is a
direct consequence of the fact that most of the H1 and He 1i-ionizing power is dominated by
photons emitted near the ionization thresholds, i.e. the UV photons. X-ray photons alone
do not affect the ionization state of the IGM near the I-fronts much, while the extended

6In addition, in all the QSO models the scatter is divergent (from 10h~!cMpc to 152~ cMpc) near the
I-front. This is because the I-front radii in each line-of-sights vary from 10h~'cMpc to 152~ 'cMpc, the
scatter around the spherical averaged profile becomes very large. Such divergent scatter is related to the
line-of-sight fluctuations of the I-front positions. It is not a result of X-rays.

"The thickness is defined as the distance between the location where the ionized fraction is 90% and
that at which it becomes 10%. As a first approximation, the thickness is about a mean free path, Ay (V) =
[nu(2)on1(v)] ™1, of typical photons reaching the I-front (e.g. [419] 498 236]). Although the thickness of
the I-front is unresolved, i.e. Amgp < Azcerl where Azcen = 195h~'kpc is the cell size of our simulations,
we use the above definition to support the claim that the presence of X-ray photons alone do not modify
the thickness of the I-fronts.
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Figure 3.7: Distribution of the H11/He i I-front positions (left panels) and thickness (right
panels) for the three QSO models including only UV photons (QSO_UV, blue dotted),

UV and X-ray photons (QSO_UVX, red dashed), UV and X-ray photon and secondary
ionization (QSO_UVXsec, black solid).
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tail of partially ionized regions is indeed a strong feature of X-rays.

Including secondary ionization (QSO_UVXsec, black solid line), X-rays may, however,
influence the distributions of the Hi and He i I-fronts. First, the I-front positions appear
to be pushed slightly outward by ~ 1h~'cMpc (left panels). Second, the thickness is
broadened by ~ 50 per cent. It could be a result of secondary ionization preferentially
enhancing the ionization level in initially more neutral regions, which is causing a more
gradual transition from ionized and neutral regions. The extent and the presence of such
effects, though, seem to be related to the gas distribution (e.g. it is not observed in a
homogeneous IGM simulation; Graziani, in prep.) and strongly depend on the version
of the physics of secondary ionization implemented. Therefore, we restrict ourselves only
to draw attention of the reader to these possible effects of secondary ionization near the
I-fronts for future work.

3.3.3 Hu and Hen/Hemr regions in a reionization model driven
both by galaxies and a QSO

We now analyse the more realistic case of switching a QSO on at z = 10 in a medium
which has already been ionized by pre-existing galaxies, rather than being neutral as in
§13.3.1] and |3.3.2l This models the reionization scenarios driven by galaxies only and by
both galaxies and a QSO. These models are designed to understand the role of a QSO in
the galaxy overdensity during reionization.

We consider three different reionization histories by galaxies, which differ only for the
total ionizing photon emissivity, namely models 2R, R, and 0.5R (Table. As a reference,
Figure |3.8|shows the reionization histories of Hir (red curves), He1r (blue curves), and He i
(green curves) fractions. The different linestyles correspond to the different galaxies only
models. By z = 10, the pre-existing galaxies have driven H1 reionization to the volume-
averaged H 1 fractions of (xy, )y ~ 28%, 13%, 6% for 2R, R, 0.5R, respectively (similarly,
the volume-averaged He 11 fractions are (.., )v & 26%, 12%, 5%). The ionization fractions
increase by a factor of ~ 2 as the ionizing photon emissivities of the galaxies only models
increase by the same factor. On the other hand, the contribution of the pre-existing galaxies
to He1 reionization is negligibly small.

In the following, we analyse how a QSO and galaxies together form the ionization state
of the IGM in great detail.

Hydrogen

First of all, there is a significant impact of the pre-existing galaxies around a QSO on the
morphology of the Hir region. The top panels of Figure |3.9| show maps of Hir fraction for
both galaxies only and galaxies+QSO models. In the latter models, the central QSO is
turned on at z = 10 in a medium that has been ionized by the pre-existing galaxies as
described above.

Differently from the scenarios in §[3.3.1] Hr reionization driven both by galaxies and a
QSO (galaxies+QSO models) produces a morphology (size and shape) of the fully ionized
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Figure 3.8: The simulated reionization history of the volume-averaged Hir (red curves),
Hen (blue curves), and Hemr (green curves) fractions in the three galaxies only models:
GAL(REF) (solid), GAL(2REF) (dashed), and GAL(0.5REF) (dotted).
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Figure 3.9: Maps of Hu (top panels), Hen (middle), and Hemur (bottom) fractions at
z = 10 for galaxies only models GAL_0.5R, GAL_R, GAL_2R, and galaxies+QSO models
GAL_0.5R+QSO_UVXsec, GAL_R+QSO_UVXsec, GAL_2R+QSO_UVXsec. In both sets
of models, galaxies start to reionize the IGM at z = 15, while the QSO is turned on at
z = 10 for a duration of 107 yr in the medium already reionized by the pre-existing galaxies.
The maps have a side length of 50h~*cMpc and the width of a slice is 195k~ ckpc.
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H 1 regions (with zy,, 2 0.9) similar to one in the galaxies only environments (galaxies only
models). This similarity is caused by the fact that a large quasi-spherical H1r region can
also be produced by the galaxies around a QSO. The galaxies produce a quasi-spherical
H 1 region due to a combination of (i) the clustering of galaxies in the high density regions
where QSOs preferentially reside, and (ii) the long timescale which galaxies have been
shining for, allowing for the growth and overlap of many small H 11 regions.

At a fixed total emissivity of galaxies (i.e. runs with the same IDs ‘GAL_R+..." etc),
the QSO indeed contributes to produce a larger Hu region (e.g. by ~ 5h~'cMpc for
GAL_R+QSO_UVXsec relative to GAL_R). However, once we compare two models with
different total emissivities (e.g. GAL_2R vs. GAL_R+QSO_UVXsec), which is a reasonable
variation given the uncertainty in escape fraction, the similarity in the size of H1r region
with and without a QSO is apparent. In fact, a QSO alone is capable of creating a H1
region as large as an overlapped Hir region around galaxies and vice versa. This means
that there is an indistinguishability of sources responsible for a large H 11 region.

There are some distinctions between the galaxies only and galaxies+QSO models. The
latter tends to produce slightly more spherical H 11 regions because the ionization is domi-
nated by the central QSO during its activity (e.g. [103]). In addition, the prominent tail
of partial ionization caused by the X-ray photons emitted by the QSO (see § is still
evident.

The left panels of Figure [3.10[show the distributions of the H 11 I-front radii for galaxies
only and galaxies+QSO models. The radius obviously increases with the total ionizing
photon emissivity. The dispersion of the Hu I-front radii extends > 5h~! c¢Mpc, which
is larger than the dispersion for the QSO only models (see Figure . This is because
the overlapped H1r region produced by the surrounding galaxies is patchy. The distance
to the I-front from the central galaxy/QSO varies significantly compared to one for more
spherical H 11 regions found in the QSO only models. Therefore, when a QSO is surrounded
by galaxies, the line-of-sight fluctuation of the Hir I-front radii is caused both by (i) the
patchiness of an overlapped H region produced by the pre-existing galaxies and (ii) the
density fluctuation as discussed in §[3.3.1]

Helium

The middle and bottom panels of Figure|3.9 show maps of He1r and Her fractions for the
galaxies only and galaxies+QSO models discussed above. Unlike the morphology of the H 11
regions, the morphology of the fully ionized He1r/He1 regions and the partially ionized
tail have very distinctive features between galaxies only and galaxies+QSO models. In
the galaxies only models He1 reionization progresses simultaneously with H1 reionization,
and the morphology of He1r and H 11 regions becomes very similar. As shown in the galax-
ies+QSO models, the impact of a QSO is then to push the Hen I-front further outwards,
increasing the extent of the pre-existed He1 regions. At the same time, the hard spectrum
of a QSO doubly ionizes helium behind the He1r I-fronts of galaxies. This produces the
He 1 region within the He1r region, leaving only a shell of Hem. Such shell is wider for
larger ionizing photon emissivity of galaxies because the extent of the He1 region created
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Figure 3.10: Distribution of the Hi (right panels) and Henr (left panels) I-front positions
for galaxies only (top) and galaxies+QSO (bottom) models. The linestyle indicates the dif-
ferent source models of galaxies (i.e. different total ionizing photon emissivity): GAL_0.5R

(blue dotted), GAL_R (black solid), and GAL_2R (red dashed).
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by the pre-existing galaxies is larger. Because the QSO dominates the ionization of He1r
to He, the Hem region is highly spherical.

Figure m (right panels) shows the distributions of He 1t I-front radii for galaxies only
and galaxies+QSO models. The central QSO pushes the Hemr I-front to ~ 13h~!cMpec.
As the QSO dominates the production of the He1ir region, the I-front radius is insensitive
to the change of total ionizing emissivity of galaxies. In addition, the dispersion of the
He 1 I-front is limited to only ~ 5h~!'cMpc, which is smaller than that of the H I-front.
This is because He1 reionization is driven mostly by QSOs, the line-of-sight fluctuations
of the Hetr I-fronts are caused only by the density fluctuations of the IGM (as discussed

in § B31).

QSO-galaxy clustering

We highlight that the ratio of total cumulative ionizing photons emitted by galaxies and
QSOs since the onset of reionization is the most important quantity for determining the
ionization structure of the IGM during reionization. We elaborate on the role of galaxies
around a QSO by the following simple illustrative argument.

The total number of ionizing photons of galaxies within comoving radius r around a
QSO since the onset of reionization, NGAL(< 1), can be estimated by

NCAL(< 1) — / a2 | L o () / dr'4mr? {1 + £y (1)],
z 0

dt
47r GAL 3 47 r\
= —nga ()’ |1+ — , (3.6)
3 To

dz
3—7

where &,(r) is a QSO-galaxy correlation function, and ngnt(z) = [ dz' |dt/dz'| fvjon(2'),
|dt/dz| = 1/[H(z)(1+ z)] is the integrated total comoving ionizing photon density emitted
by galaxies until redshift z since the onset of reionization zy. In the second equality, we
assumed a power-law correlation function £,,(r) = (r/r9)”" where ry is the correlation
length and ~ is the power-law index. By equating the number of ionizing photons and
hydrogen atoms inside a radius RE;I (a.k.a. photon counting argument), the I-front radius
for the pre-existing Hir region around galaxies is estimated by (47/3)7u(0)(Rr4)* =

NGAL(< R{{H ) where 7ig(0) is the comoving hydrogen number density. By substituting

won

al
equation (|3 , it simplifies to
3—v ( nu(0) i
R = [ - ( s - 1” . (3.7)

nion

Using the best-fit power-law QSO-galaxy correlation function to our simulation, i.e. rg =
18.6h tcMpc and v = 1.6, we can estimate the Hu I-front radius as Rgéal ~ 12h~'cMpc
for our reference galaxies model (GAL_R), which is in reasonable agreement with the
simulation (see Figure [3.10).

During the QSO activity, the QSO dominates the growth of cosmological I-front, start-
ing with the pre-existing H 11 region of galaxies. Incorporating the effect of such pre-existing
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H 1 region as an initial condition to the analytic equation of I-front (e.g. [398] 261]), the
final I-front radius in a QSO environment, R, is given by

4 4 N‘Qsotrec 7
%(R%{I>3 N %(RI},IgIal)g _ ZO;—;TO)’I—IH <1 _ e*tQ/trec,HII> ’ (3.8)

where tyec pir is the recombination timescale of hydrogen. Assuming that the QSO lifetime
is much shorter than the recombination timescale tg < #yec i, the final I-front radius is
given by
47 1/3
Riso
HI HI :
RBi” = Riga |1+ RHAI ) (3.9)

I,gal

3NQs0,,71/3 : . o
on Q} is the comoving I-front radius of a QSO when it is turned

where RE{QSO = [ Tre0)
on in isolation. Thus, using the above estimate of R} and the QSO model with ¢ =
107 yr, Ri\{so ~ 11.8h'cMpc, the analytic formula gives R ~ 15h~1cMpc (again
in reasonable agreement with simulation).
The fact that the simulated size of the H 11 region can be mostly explained by the above
argument illustrates that the ionization structure of the IGM largely depends on (i) the
GAL

total cumulative ionizing photon emissivity from galaxies, n;2"(2), (ii) the QSO-galaxy

correlation function, £,,(r), and (iii) the ionizing photons emitted by a QSO, N QSOtQ. The

final size of the Hi region (equation depends on (RiGgo/Risa)?® o NIt /NGAL
In other words, the above argument, although highly simplified, demonstrates that the
ratio of the integrated QSO luminosity, NgﬁotQ, to the integrated total ionizing photons
of galazies around a QSO, NGAL(< r), since the onset of reionization plays a central role
in determining the size of H1 regions in QSO environments. If the total photons from
galaxies since the onset of reionization exceed or are comparable to the photons from a
QSO during its activity, the distinction of the morphology of H 11 region between the ones
by galaxies and a QSO becomes vague. On the other hand, if a high-redshift QSO could
shine in the environment that the ionizing photon from galaxies is sub-dominant, then a

QSO alone produces a large spherical H11 region.

3.3.4 Dependence on the properties of a QSO

So far we have focused on the role of galaxies and a QSO in shaping the ionization state
of the IGM. However, the QSO was assumed to have a power-law spectrum and a single
episode of QSO activity. In the following, we analyse the RT simulation suite to understand
the dependence of the impact of QSOs on the spectral properties and the QSO duty cycle.

Effect of an obscured QSO

The effect of an obscured QSO demonstrates how the X-ray sources without UV emission
influence the ionization state of the IGM. To isolate the effect of the different spectrum
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Figure 3.11: (Right) The spherically averaged profiles of Hir (solid), Hen (dotted dash),
and Hemr (dashed) fractions for QSO (QSO_UVXsec, red curves) and obscured QSO
(QSO_obsc_UVXsec, blue curves) models. (Left) The linear-scale maps of Hir (top) and
Her (bottom) fractions at z = 10 of the QSO (QSO_UVXsec, left column) and obscured
QSO (QSO_obsc_.UVXsec, right column) models. The linear scale is chosen to emphasize
the ionization structure near the I-fronts.

of a QSO, we first use the two QSO only models only changing the type of spectrum
(QSO_UVXsec and QSO_obsc_UVXsec runs). Figure shows the maps of (unobscured)
QSO only model (QSO_-UVXsec) and obscured QSO only model (QSO_obsc_.UVXsec) on
left, and the spherically averaged profiles of H1, He1, and He 1 fractions on right. A first
obvious difference is that the obscured QSO model shows smaller Hir and He1ir regions.
This is because the ionizing photons between 13.6 eV and 100 eV are absorbed by the
neutral hydrogen gas inside a QSO host galaxy (see Figure 3.2). For the obscured QSO
model, the photoionization is driven only by the soft X-ray photons. A second difference
is in the shape of I-fronts. The lack of UV photons in the obscured QSO model and
the large mean free path of X-ray photons create much smoother I-fronts than those of
the unobscured QSO model. Note that the presence of UV photons in a QSO spectrum
(QSO_UVXsec) is already sufficient to produce a sharp I-front. The effect of an obscured
QSO is to produce a broad I-front because it satisfies the two conditions: (i) the presence
of X-ray photons and (ii) the lack of UV photons in the spectrum.

Similarly to §[3.3.3] the surrounding galaxies play an important role in how an obscured
QSO impacts the ionization state of the IGM. Figure|3.12| plots the linear-scale maps of H
and Hen fractions for galaxies only model (GAL_R), galaxies+(unobscured) QSO model
(GAL_R4+QSO_UVXsec) galaxies+obscured QSO model (GAL_R+QSO_obsc_.UVXsec) at
the snapshots corresponding to the two QSO lifetimes at tg = 107 yr and 8 x 107 yr.

The morphology of Hi regions (top panels of Figure [3.12) shows that, unlike the
obscured QSO only model, in galaxies+QSO models the obscured QSO has little impact
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Figure 3.12: The linear-scale maps of Hiur (top) and Herr (bottom) fractions for galaxies
only model (GAL_R), galaxies+QSO model (GAL_R+QSO_UVXsec), galaxiesobscured
QSO model (GAL_R+QSO_obsc_ UVXsec) at tg = 107yr (second right column) and tg =
8 x 107yr (rightmost column). The QSO is turned on at z = 10 in the medium already
reionized by galaxies. The length of x- and y-axes is 50h~!cMpc and the width of the slice
is 195h!ckpe. The linear scale was chosen to show structure near the I-front more clearly.

on the shape and size of the Hu region at tg = 107 yr. This is because the surrounding
galaxies provide another sources of UV photons, the galaxies still dominate the growth
of the Hur I-front when the total ionizing soft X-ray photons from the obscured QSO is
small. At tg =8 x 107 yr (the rightmost panel of Figure , the ionizing photons from
the obscured QSO start to overtake that of galaxies. As the growth of the Hm I-front is
now dominated by the obscured QSO, it imprints a unique and smoother I-front around
the central H1 region. Because of this, galaxies+obscured QSO model can imprint a more
distinctive feature in the morphology of the H1r region than that of galaxies+(unobscured)

QSO model (cf. §[3.3.3)).

On the other hand, because He 11 reionization is driven mostly by QSOs, the morphology
of He 1 regions (the bottom panels of Figure is directly affected by the type of QSOs.
The obscured QSO produces smoother He 111 I-front than that of an unobscured QSO model.
The effect and physical mechanism of shaping the QSO He region are therefore identical
to QSO only models.

In summary, the impact of an obscured QSO is to produce a very broad I-front. The
effect is noticeable only if the amount of soft X-ray photons from obscured QSOs exceeds
UV photons from galaxies. In other words, the net composite spectrum of the collective
radiation field from galaxies and QSOs must have dominant X-ray emissions in order for
obscured QSOs to produce distinctive H 11 regions in their local environments.
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Figure 3.13: The halo merger timescale and recombination timescale as a function of sec-
ondary halo mass merging to a QSO-host halo. The horizontal lines are the recombination
timescale of hydrogen and helium. The figure indicates that the QSO activity driven by
the mergers with the timescale tguiet < trecn (fquict > trecmr) can (cannot) sustains the
H1 region. The same argument also holds for He 111 region.

Effect of QSO duty cycle

We investigate the impact of QSO duty cycle on reionization. We use an analytic argument
in this section. During the course of the work, we have also run a RT simulation explicitly
including the effect of QSO duty cycle. Because the previous activity of a QSO has trivially
increased the size of ionized regions and there is a large uncertainty in the triggering
mechanism of QSO activity at high redshift, we think that a simple analytic argument,
which allows us to scan through a large parameter space, is more illustrative as a first step.
Of course, a future quantitative study should use RT simulations with QSO duty cycle.

The build-up of SMBH driving the QSO activity requires ¢t = tgqq In(Mpn/Mseeq) ~
5 x 107 yr with the seed mass of My = 10°7° My and tgqq = 4 x 107 yr even with
Eddington limit accretion rate. A QSO-host galaxy may thus have experienced multiple
episodes of QSO activity (as our fiducial QSO lifetime to = 107 yr is smaller than the
timescale to build up a SMBH). Assuming that the QSO activity is triggered by merger
events of haloes (e.g. [197]), the duration of the QSO-quiet phase, fguict, is expected to be
of order of the halo merger timescale t4yict = tmerge-

To get an idea of how the multiple QSO activities impact the reionization, we introduce
a timescale-based argument. In this argument, the QSO-quiet phase timescale is compared
with the recombination timescale, t,..;, of i-th species ¢ = Hu, Hemr. If the QSO-quiet
phase timescale is shorter than the recombination rate, ¢ yiet < trec, the long recombination
rate allows the IGM to remain ionized (fossil Hu region) during the QSO-quiet phase
([1506, 444]). Then, the Hir region in the QSO environment can regrow at the next active
QSO phase as if the QSO has remained turn on all the time. On the other hand, when
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the QSO-quiet timescale is longer than the recombination timescale, tyyiet > trec; the IGM
recombines and becomes neutral before the next QSO phase. Hence, each QSO episode
must restart ionizing the IGM from neutral because the QSO-quiet phase is very long so
that the medium recombines before the next QSO activity. In this limit, only the single
phase of QSO activity at a redshift of interest contributes to reionization.

Armed with the above timescale argument, we estimate the halo merger timescale,
hence the QSO-quiet timescale, from the extend Press-Schechter approach ([242]) as an
inverse of the halo merger rate at z = 10. Figure |3.13| shows the QSO-quiet phase
timescale of host halo mass Mj s (1013 Mg (red solid) and 10'2 Mg (blue dashed))
merging with secondary halo mass M), 4. The recombination timescales of hydrogen
(Hi — Hi) and helium (Hermr — Her) at mean density, trecun = [apuniia(2)C]™ and
trecHerll = |aB HemTin.(2)C] ™! with a clumping factor C' = 3@ are shown as the horizontal
black lines.

Figure m shows the duration of QSO-quiet phase (halo merger timescale) of the
two QSO-host halo masses as a function of secondary halo mass and the hydrogen and
helium recombination timescales. The comparison between the two timescales in Figure
3.13] shows that to keep the hydrogen reionized (fquiet < lrecum) the QSO need to be
fed by minor mergers with halo of mass Mj .. < 10'°(10") Mg, for host halo of mass
M}, host = 10™2(10™) My; otherwise, the QSO Hi region can recombine before the next
phase of QSO activity. Similar is true for He 11 region. Because of the faster recombination
timescale of He 111, the possible onset of He 11 reionization around a high-z QSO ([40]) should
be fed even more vigorously than hydrogen to maintain the QSO He region. Thus, the
impact of QSO duty cycle is controlled by the ratio between the timescale of QSO activity
and the recombination timescale.

3.4 Thermal state of the IGM

Our results on the thermal structure of the IGM in the QSO environment are presented and
analysed in this section. Briefly, the concerted progress of hydrogen and helium reionization
driven by galaxies and QSOs impacts non-linearly the thermal state of the IGM. We present
our results with increasing sophistication to highlight the effect of photoionization heating

across the I-fronts (§[3.4.1)), pre-heating by X-rays (§[3.4.2)), and the additional complexity
when both galaxies and QSOs are taken into account (§|3.4.3).

3.4.1 Thermal state of the IGM in a galaxy- or QSO-driven
reionization model

We first present the simplest case where the heating is due to photoionization driven only
by galaxies or a QSO turned on at z = 10 in fully neutral initial conditions. This aims at

8We assumed C' = 3 for simplicity. Any change in the clumping factor linearly scales the timescale
shown in Figure up and down.
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Figure 3.14: Maps of temperature at z = 10 for galaxies only model, GAL (left), and QSO
only model, QSO_UVXsec (right). In both models the sources are turned on in a fully
neutral initial condition at z = 10 and shine for 107 yr. The maps have a side length of
50h~'cMpc and the width of the slice is 1952 'ckpe. The Hur (Heru) I-front is shown as
blue solid (dotted) contour.
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Figure 3.15: Temperature-density diagram at z = 10 for models GAL (left), QSO_UVXsec
(middle), and for the hydrodynamic simulations without RT (right). The red (blue) colour
indicates the Hur (Hr1) regions defined as cells with zy,, > 0.5(< 0.5). The contours are
overlaid as a guide. To emphasize the temperature-density relation both in Hmr and H1
regions, two different y-axis scales are used.
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understanding the thermal structure of the IGM in galaxy- and QSO-driven reionization
models. Figure shows temperature maps for the galaxies only model (GAL, left) and
the QSO only model (QSO_UVXsec, right). The contours refer to the position of the Hi
(blue solid) and Hem (blue dotted) I-fronts. In both models, the filamentary thermal
structure in the H1 region is a result of adiabatic compression and hydrodynamic shocks
along filaments of cosmic web. The passage of I-fronts heats up the gas inside the Hi
region by photoionization to > 10* K, and therefore the thermal structure is well traced by
the position of I-fronts. Similarly to the ionization structure discussed in § a large
central heated region is present around a QSO, whereas galaxies produce small and patchy
heated regions. X-rays from a QSO pre-heat the gas ahead of the sharp I-front, which will
be discussed in detail in § [3.4.2]

Figure shows the temperature-density diagram for the two source models discussed
above, as well as for the hydrodynamical simulation without RT. The colour indicates H 11
(H1) regions where the local Hir fraction is zy,, > 0.5(< 0.5). By comparing the galaxies
only (GAL, left) and QSO only (QSO_UVXsec, middle) models, we can see that the tem-
perature of the QSO H 1 region (~ 17000 K) is ~ 16% higher than the one of galaxies’ H
regions (~ 14700 K). This is because of the harder spectrum, the central QSO heats up the
gas more effectively per H1 and He1 ionization (see later section ‘photoionization heating’)
and provides an additional heating by He1r photoionization. The temperature of the H
region is nearly isothermal in both models. Because the gas is ionized within a short period
of time (107 yr in these models), the most of photoionized gas is heated simultaneously
and still remains isothermal. At longer timescale, the isothermality is broken because
the adiabatic (recombination) cooling preferentially cools low (high) density regions of the
IGM. In the temperature-density relation of the Hr1 region, comparing the leftmost and
rightmost panels (GAL vs. Hydro) of Figure , it is clear that the temperature in the
galaxies only model is solely determined by hydrodynamic processes. This is because the
UV photons from galaxies cannot penetrate into neutral gas, only mechanisms that can
control the thermal state are hydrodynamical processes. On the other hand, X-rays from
a QSO penetrate deep into neutral regions ahead of the Hir I-front. This pre-heats the
neutral gas, which is partially ionized to xy, ~ 1072, to ~ 103 K (see also §

Photoionization heating

The degree of the IGM temperature jump across the passage of I-fronts depends on the
spectral shape of the sources, and is insensitive to their ionizing photon luminosities. Pho-
toionization by UV and X-ray radiations heats up the gas, and the thermal energy injected
by photoionization iﬂ G, = fyoo %% o, (v)(hv — hv;)dv and the photoionization rate is
I = fyozo o, (v)dv where J, [= L,/(47r)? in the optical thin limit] is the specific in-
tensity at a radius r, and hrv — hy; is the excess energy of photoionization above the
ionization threshold and the index run for each species, : = H1, He1, He1. The heat gain

9We ignore the impact of secondary ionization for this estimate, although it is included in the simula-
tions.
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Figure 3.16: The temperature gain per photon energy in logarithmic bins. The red, blue,
and green lines indicate the photoionization heating across Hii, Hem, and Her I-fronts,
respectively. The linestyles indicate the type of spectrum: a.g = 1.5 for galaxy-type

(dashed), aegq = 3.0 for QSO-type (solid). The figure shows that the most contribution to
photoionization heating is from UV photons.

per ionization across an I-front is (e.g. [1])

(E)) = G;/T; = S (3.10)

where aeg is the effective spectral index at the position of I-front. In the optical thin limit,
it is identical to the spectral index of source aeg = ¢ or aqg. If the spectral hardening
across the I-fronts occurs, the effective index approaches to harder spectral value a.g < ag
or &q.

From the energy conservation across the I-front, we obtain (3/2)kpn®tr AT a nbefore( B;)

gas
where AT is the temperature jump across a I-front, and ngfffr (nbefere) is the number den-

sity of gas of i-th species after (before) the passage of the I-front. Thus for normal ordering
of I-fronts (H 11 I-front precedes ahead of He11/He i1 I-fronts), the temperature jump across
H I-front with incident ionizing photons with energy < hv is given by

v d
, / | (v /ver) = o (v) (b — hyHI)h—Z

. — (3.11)
/. (V/VHI)_%HUHI(V)%

Similar formulae hold for Hem and He I-fronts, but with different coefficients.

The differential temperature jump across an I-front per incident photon energy, dAT(<

hv)/dIn(hv), is shown in Figure |3.16] It shows that UV photons dominate the photoion-

ization heating across I-fronts. Additional soft X-ray contribute little to the net heating
across [-fronts.

Ali(< hv) = g T
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The total temperature jumps (hv — o0) across Hi, Hetr, and Hemn I-fronts are then

given by['"

2 <EHI> 4 -1
AT = — —— 5.0 x 1042 + aer) ' K, 3.12
M 32 VX X 1072 + aen) (312)
2 (Erer) 3 1
AT = ~ 7.6 x 10°(1 + aeg) ! K, 3.13
Hell = 31 2(X/Y) + 2 X 10%(L+ err) (3.13)
9 Eye
AThemn Bien) 1 6 101(2 + aer) "' K. (3.14)

T 3kp2(X/Y) +3

Thus the temperature jump after the passage of all the I-fronts is ~ 2.2 x 10* K for QSO-
type spectrum e = 1.5, whereas ~ 1.5x10%(1.2x 10%) K for galaxy-type spectrum aeg = 3
(without He1r reionization). In this estimate, QSO-type spectrum is expected to heat up
the gas more effectively by ~ 80% than galaxy-type spectrum. This is somewhat larger
than the difference found in our simulations. As shown in § neglecting secondary
ionization, the temperature inside the QSO H 11 region becomes ~ 20000 K. In addition, the
cooling is neglected in the simplified argument. Taking into account these two factors, the
above estimate explains, at least to the accuracy expected from this simplified argument,
the difference in the temperature seen in the simulations.

The above simplified argument demonstrates the physical origin of the temperature
jump across the Hir, Her, and Hemr I-fronts, i.e. the energy conservation of spectral-
weighted excess energy of photo-electrons across the I-fronts and the change of gas particle
number. A harder spectrum more efficiently heats up the gas per ionization because the
fraction of higher energy photons relative to photons near the ionization threshold is higher
for a smaller spectral index « (e.g. [1]).

3.4.2 Effect of X-rays and secondary ionization

Figure|3.17|shows the spherically averaged profiles of temperature for three QSO only mod-
els including only UV photons (QSO_UV), UV and X-ray photons but neglecting secondary
ionization (QSO_UVX), UV and X-ray photons and secondary ionization (QSO-UVXsec).
At the tail of partially ionized region extending from > 15h~! ¢cMpc, X-ray photons from
a QSO pre-heat the gas to ~ 10® K. Including secondary ionization slightly lowers the
temperature by ~ 10%. This is expected because secondary ionization diverts some of
the total excess energy of fast photo-electrons into collisional ionization of hydrogen and
helium rather than heating.

Inside the H region at < 10h~! cMpc, X-ray photons does not affect the temperature
(comparing QSO_UV with QSO_UVX). This is understandable because the temperature in
the fully ionized regions depends mostly on the UV photons through the photoionization

0For this estimate, we have approximated the photoionization cross sections of Hr1, He1, and Her as
power-laws, ogr ~ 6.3 x 1078 (v /vgr) ™3, oper ~ 7.8 X 1078 (v /vger) 2, onent ~ 1.6 x 10718 (v /vgerr) ~3,
respectively ([128]).
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Figure 3.17: Spherically averaged temperature profiles around a QSO for three QSO
only models including only UV photons (QSO_UV, blue dotted), UV and X-ray photons
(QSO_UVX, red dashed), UV and X-ray photon and secondary ionization (QSO_UVXsec,
black solid).

heating at the I-fronts (as shown in § [3.4.1)). Including secondary ionization, however,
lowers the post-ionized temperature by ~ 18% from ~ 20000 K to ~ 17000 K.

Near the I-fronts at ~ 10 — 15~ 'cMpec, the QSO model with secondary ionization
shows higher temperature than the model without secondaries. This is related to the fact
that our secondary ionization model pushes the I-front slightly outwards. This means that
the location of the photoionization heating by UV photons at the I-front is displaced when
including secondary ionization. Therefore, secondary ionization indirectly increases the
radius of the photoheated region.

In summary, X-ray photons and secondary ionization impact the thermal state in two
ways: (i) X-ray photons heat the gas beyond the I-front because of their larger mean free
path, and (ii) secondary ionization lowers the net heating efficiency, resulting in slightly
lower temperature than a case when it is ignored.

3.4.3 The thermal state of the IGM in a reionization model
driven both by galaxies and a QSO

If a QSO turns on in a medium previously ionized by pre-existing galaxies, the thermal
state of the IGM is determined by the collective impacts of both galaxies and the central
QSO. Here we discuss our most realistic case for reionization models driven both by galaxies
and a QSO.

Figure shows temperature maps for galaxies only models (GAL_0.5R, GAL_R,
GAL_2R) and galaxies+QSO models (GAL_0.5R4+QSO_UVXsec, GAL_ R+QSO_UVXsec,
GAL_2R4+QSO_UVXsec), in which the QSO is turned on in a medium previously ionized
by pre-existing galaxies. The blue solid (dotted) contours indicate the location of Hi
(Hern) I-fronts. As already noticed in Figure the thermal structure is traced by the
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Figure 3.18: Maps of temperature at z = 10 for galaxies only models GAL_0.5R, GAL_R,
GAL_2R, and galaxies+QSO models, GAL_0.5R+QSO_UVXsec, GAL_R+QSO_UVXsec,
GAL2R+QSO_UVXsec. In both sets of models galaxies start to reionize the IGM at
z = 15, while the QSO is turned on at z = 10 for a duration of 107 yr in the medium
already reionized by the pre-existing galaxies. The maps have a side length of 50h~'cMpc
and the width of the slice is 195h 'ckpc. The Hu (Her) I-front is shown as blue solid
(dotted) contour.

GAL 0.5R GAL R GAL 2R
GAL _0.5R GAL R GAL 2R +QSO_UVXsec +QSO_UVXsec +QSO_UVXsec

HII region

Fraction of gas cells

g — : e - B 1 " 1 3

L 1 3 L i 1 E e L 4
2ol iy H 1 E 2 | § i | | |
{ : / 1 i 3 -yv;

15F e J | 1 & j - | T 3 i r :

-1.0-050.0 05 1.0 1.5-1.0-050.0 0.5 1.0 1.5-1.0-050.0 05 1.0 1.5 -1.0-050.0 0.5 1.0 1.5-1.0-050.0 0.5 1.0 1.5 —1.0-050.0 0.5 1.0 1.5
lodyg 7ges/ <Ngas > logig nyes/ <1gqs > logyg nyes/ <Ngqs > logyg nges/ <ngas > 10g1g 1gas/ <Tgqs > lodyg 7ges/ <Ngas >

Figure 3.19: Temperature-density diagram at z = 10 for galaxies only mod-
els GAL_0.5R, GAL_R, GAL_2R and galaxies+QSO models GAL_0.5R+QSO_UVXsec,
GAL_R+QSO_UVXsec, GAL2R4+QSO_UVXsec. The red (blue) colour indicates the H

(H1) regions defined as cells with xy,, > 0.5(< 0.5). The contours are overlaid as a guide.
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Figure 3.20: Spherically averaged temperature profiles of galaxies only (top) and galax-
ies+QSO (bottom) models varying the total ionizing photon emissivity with full RT
physics. In the top panel, blue dotted, black solid, and red dashed lines indicate
models GAL_0.5R, GAL_R, GAL_2R. In the bottom panel, blue dotted, black solid,
and red dashed lines indicate models GAL_0.5R+QSO_UVXsec, GAL_R4+QSO_UVXsec,
GAL_2R+QSO_UVXsec.

position of the H1 I-front due to the photoionization heating of hydrogen. Differently from
a case in which reionization is driven by a QSO only (§ , pre-existing galaxies drive
the H I-fronts further ahead of the Hemr I-fronts, which are driven mainly by the QSO.
Thus, a large fraction of the thermal structure inside the H 1 region is determined by the
pre-existing galaxies instead of the central QSO. The effect is more obvious as the total
ionizing photon emissivity from galaxies increases. Similarly to what already noticed for
the H1r regions (§ , except for the pre-heating by X-rays from a QSO ahead of the
Hu I-front, the morphology and extent of the gas heated at ~ 10* K is very similar in both
galaxies only and galaxies+QSO models, as it is mainly determined by the UV photons
emitted by galaxies.

We examine the thermal structure in more detail, focusing on the effect of galaxies and
the additional heating by a QSO.

Heating by galaxies

Galaxy-type spectrum contributes to the thermal structure of the IGM primarily by H1 and
He1 photoionization heating. In Figure the temperature-density diagram of Hu (red)
and Hr1 (blue) regions shows that in galaxies only models (left three panels) the maximum
temperature reached (~ 2 x 10* K) weakly depends on the change in total ionizing photon
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emissivity, whereas a larger fraction of gas is heated near to the maximum temperature
with increasing total emissivity. This is because, for a fixed source spectrum, the heating
rate per ionization is fixed (§ , and thus the heating efficiency remains the same
regardless of the change of the total ionizing luminosity.

When the galaxies ionize the IGM gradually from z = 15 to 10, the temperature
distribution in the Hi regions is no longer isothermal and a clear spread is visible [in
contrast to the case in which galaxies or a QSO shines in a fully neutral region for a short
period of time (as discussed in § [3.4.1)]. This is because the gas that is engulfed by the
I-front earlier (inner parts of the H region) has more time to cool. Figure [3.20] (top panel)
plots the spherically averaged temperature profiles in galaxies only models. Temperature
in the inner H 11 region is lower than the gas temperature immediately behind the I-front'!]
As the cooling takes place differently depending on the local gas density inside the Hi
region, the temperature spread is large when the period of reionization is extended and
driven gradually by galaxies.

On the other hand, the thermal structure in H1 regions is nearly identical in all galxies
only models. Similarly to § [3.4.1) UV photons from galaxies do not influence the tem-
perature ouside H 11 regions. Hydrodynamical processes are responsible for controlling the
temperature in the neutral gas.

Collective heating by a QSO and galaxies

QSO-type spectrum contributes to the thermal structure by the H1and He1 photoionization
heating as well as the He1r photoheating due to its harder spectrum. In addition, X-ray
preheating ahead of the H 11 I-front is a distinctive heating mechanism by QSO-type sources.
Because the effect of X-rays is the same as the case when reionization is driven only by
QSOs, the reader can refer back to §[3.4.2] Although a QSO supplies an additional source
of heating, its impacts on the thermal structure is very complex and nonlinear when the
IGM is reionized by both galaxies and a QSO. We dissect the impact step by step.

First of all, as shown in the radial temperature profiles (Figure , a QSO increases
the radius at which the gas is heated to ~ 10* K as expected. However, similar to the
case for galaxies only models, galaxies+QSO models show a lower temperature in the inner
parts of the Hr region as well as similar overall temperature-density relation (Figure [3.19).
This means that a QSO plays a small role in controlling the thermal state of the inner parts
of the Hi region where the pre-existing galaxies have already ionized the IGM before the
QSO activity.

A QSO does, however, provide an additional heating at detectable level by eye. The
top panels in Figure show that galaxies+QSO models attain a higher temperature
than galaxies only models at a fixed total ionizing emissivity. The gas heated by a QSO
can generally reach log,, T/K 2 4.2; a large fraction of this high temperature gas is absent
in galaxies only models. This gas appears to decrease (from left to right panels in three

H'Note that because the photoionization of the residual neutral gas inside H11 region can contribute to
heating, the temperature toward the inner regions does not decrease monotonically.
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Figure 3.21: The zoom-in temperature-density diagram of the H 1 region in galaxies+QSO
model GAL_R+QSO_UVXsec. The gas is separated according to the local Hir and Hemr
fractions: the gas with zy,, > 0.5 and zy.,, > 0.5 (top) and the gas with zy, > 0.5
and Ty, < 0.5 (bottom). As a guide, the black contours is the temperature-density
diagram for the entire H 1 region (as in Figure The horizontal dashed lines indicate
the most frequent gas temperature in each region. The figure shows the bimodality in the
temperature distribution.

galaxies+QSO models) as the contribution from galaxies increases (i.e. increasing total
ionizing emissivity of galaxies).

To understand this, Figure |3.21| shows the zoom-in temperature-density diagram of the
H 11 region in our reference galaxies+QSO model (GAL_R+QSO_UVXsec). The black con-
tours indicate the relation in the entire H1r region (zy, > 0.5) corresponding to the second
rightmost panel in Figure [3.19. The H1 region is further divided into two subregions; one
inside the Hemr region (zy, > 0.5 and zy.,, > 0.5, green) and another outside the He
region (zy, > 0.5 and zy.,, < 0.5, yellow). The temperature distribution is bimodal, i.e.
two population of gas at log,, T/K ~ 4.25 and log,, T/K ~ 4.22, which are seperated by
the Hetr I-front inside the Hir region. When both Hir and Hemr I-fronts from a QSO
exceed the pre-existing H1r region of the surrounding galaxies (green plot in Figure ,
the gas experiences the most heating. On the other hand, when only the H1 I-front from
a QSO exceeds the pre-existing H 11 region, the He 1t I-front of a QSO is still smaller than
the pre-existing H region of galaxies (yellow plot in Figure . In this case, the gas
newly heated up by H1 photoionization of a QSO has not yet undergone QSO-driven He1
photoionization. This lack of He1r photoionization by a QSO results in a slightly lower
temperature. This nonlinear heating mechanism, which depends on whether the He1r I-
front of a QSO is larger than the pre-existing H 11 I-front of the surrounding galaxies or not,
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Figure 3.22: Right: The difference in the temperature between GAL_R+4QSO_UVXsec
model and GAL_R model, showing the additional heating by a QSO with two different
QSO lifetimes: (left panel) tg = 3 x 10° yr and (right panel) tg = 1 x 107 yr. The blue
solid (dotted) contour indicates the location of the QSO’s Hu (He ) I-front, and the green
solid (dotted) contour indicates the location of the Hur (Her) I-front already placed by
pre-existing galaxies around a QSO. Left: The histogram showing the fraction of gas cells
in simulations heated by AT by a QSO. The red solid (blue dotted) histogram shows the
distributions of the temperature jump caused by the additional QSO heating after the
Hu (Hemr) I-front passed through. For a comparison, the black dashed histogram shows
the distributions of temperature jump in QSO only model (QSO_UVXsec) across the Hr
I-front. The two vertical lines are the analytic estimates given in § [3.4.1] These figures
demonstrate the nonlinear thermal impact of the QSO in a galaxy overdensity as only the
region swept by QSO’s I-front heated most (see text for detail).

explains why the QSO heating is ineffective for an increasing contribution from galaxies;
larger the pre-existing H 11 region by galaxies is, lesser the region of gas is engulfed by both
Hi and Her I-fronts of a QSO.

It is worth elaborating on the collective nonlinear thermal effect when the IGM is
reionized both by galaxies and QSOs. To examine the additional heating by a QSO in
the galaxy overdensity, Figure m (right) shows differential maps of temperature between
galaxies+QSO model (GAL_R+QSO_UVXsec) and galaxies only model (GAL_R) at two
different QSO lifetimes. The solid blue and green contours indicate the location of H
[-fronts of a QSO and galaxies, respectively. Similarly the dotted blue and green contours
correspond to the location of their He 1 I-fronts.

The structure of the additional QSO heating is clearly associated with the relative
positions of the QSO Hu/Hetr I-fronts and those of the pre-existing galaxies. The gas
newly swept by the QSO Hi I-front (between the blue solid and green solid contours)
is heated up most (by AT ~ 17000 K). The gas newly swept by the QSO Herr I-front
(between the blue dashed and green dashed contours) is heated up second most (by AT ~
3000 K). Note that at tg = 3 x 10° yr the radius of the QSO’s Heur region has not
yet exceeded the initial radius of the Hir region produced by the pre-exisiting galaxies.
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This means that the region between the galaxies’ Hir I-front (green solid contour) and the
QSO’s Hemr I-front (blue dashed contour) experiences little heating by a QSO (only by
AT ~ 300 K). This small heating is caused by the partial ionization of He1r to Her by
the X-ray photons. At tg = 107 yr the QSO Hemr region has grown large enough to heat
up all the H1 regions which are initially heated by the pre-existing galaxies. It is worth
noting that when a QSO shines in a region reionized already by galaxies, it adds the heat
mainly by the QSO-driven He1r reionization inside the pre-existing H 11 region of galaxies,
whereas the QSO-driven H1 reionization can add a large amount of heat outside H 11 region
of galaxies.

This nonlinear impact of the QSO heating can be understood in terms of the nature
of photoionization heating and the spectral hardness of sources. First, in order for pho-
toionization to heat up the gas, there must be neutral gas ahead of the I-front. This
means that once the gas is ionized by galaxies, a QSO can contribute to heating little by
photoionization of residual neutral gas. The amount of photo-heating is thus already set
by the sources which first ionize the region (for example, by pre-existing galaxies). Thus,
the QSO heating is effective only in the region that is newly ionized by the QSO. Second,
the difference between galaxies and QSO models is the hardness of spectrum. The QSO
[-fronts can more effectively dump thermal energy than galaxies (by about a factor of
ATO JATCAL ~ (2 + agar)/(2 + agso) & 1.4). Thus, the gas only swept by the QSO’s
I-fronts can attain higher temperature than the gas first swept by the I-front of galaxies
and QSO’s I-fronts following after.

To make a more quantitative analysis, Figure (left) shows the histograms of the
fraction of gas heated by the passage of the QSO’s Hir (red solid) and Heir (blue dotted)
I-fronts. Because Her reionization occurs almost simultanously to Hr1 reionization, the
position of Hetr I-front is identical to that of Hiu I-front. For a comparison, the black
dashed histogram shows the fraction of gas heated across the passage of the H 1 I-front in
the QSO only model (QSO_UVXsec). The vertical solid lines show the analytic expectation
of the temperature jumps caused by each I-fronts (§ 3.4.1). The QSO Hir and Hemu I-
fronts indeed increase the temperature by AT ~ 17000 K. This is well captured by the
analytic estimate of H1 and Her1 photoionization heating. The fraction of gas heated in
the galaxies+QSO model is similar to that in the QSO only model. This is not surprising.
Because the luminosity of the QSO is identical in the two models, it can ionize and photo-
heat the same volume of the gas, although with different geometry. On the other hand,
the QSO Hemr I-front increases the temperature by ~ 3000 K. Although this is somewhat
lower than the simple analytic esimate, the both results from the analytic estimate and
the simulations support the physical picture that the passage of the QSO He1 I-front is a
major source of heating inside the pre-existing H 11 region of galaxies.

In summary, the hydrogen and helium reionization driven by galaxies and QSOs non-
linearly impacts the thermal structure of the high-z QSO environment, which substantially
differs from a simplier reionization model driven only by galaxies or QSOs. The relative
extent to which the H i I-front of galaxies and the H1i/Hemr I-fronts of QSO extend deter-
mines the thermal structure of the IGM. In general, higher temperature can be achieved if
the gas is heated only with QSOs (harder spectrum); when more gas is ionized by galaxies,
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the central QSO less efficiently heats up the IGM in the QSO environment.

3.5 Comparison with previous work

We compare our results with previous works and try to build a uniform picture to reconcile
some of the differences with previous works. This (hopefully) provides a solution to some
of the outstanding problems regarding the role of QSOs during reionization.

3.5.1 Can a QSO change the morphology of Hir regions in a dis-
tinctive way?

Yes and no. The answer depends on (1) the relative amount of the total ionizing photons
emitted by a QSO and galaxies since the onset of reionization and (2) the spectrum of a
QSO. We settle this recursively raised issue of whether a QSO creates a totally distinguish-
able morphology (size and shape) of H1r regions from that of galaxies.

The importance of the ratio of the total ionizing photons between galaxies, NSAL and
a QSO, N¥%%,, is also noted by [103] (see our § and [254]). As a QSO is likely
born in a galaxy overdensity as predicted by previous analytical and numerical works
([254], 169,493, 7)), the effect of the surrounding galaxies should be taken into account. Our
results support this picture. While a QSO dominates the local ionizing photon emissivity
during its activity, galaxies can participate to reionization for a longer period of time.
Therefore, the morphology of H1 regions is determined by the total amount of ionizing
photons emitted by QSOs and galaxies ‘since the onset of reionization’.

When the total ionizing photons from a QSO dominate over those of the surrounding
galaxies (N&%, > NGAL) the QSO is a main source of reionization in its local envi-
ronment. This limit corresponds to the scenarios considered by [143, 444] and our models
discussed in § [3.3.1] As galaxies are subdominant in these models, the QSO-dominated
reionization produces a large spherical Hir region distinctive from that of galaxies. The
difference between these works and the results by [103] (and our galaxies+QSO models),
which claim an important contribution from galaxies, boils down to the difference in the
N0t to NGAL ratio. Because [143, 444] and our models in § assume that both
QSO and galaxies drive reionization for the same period of time, the contribution from
galaxies is estimated to be much smaller than the cases of [103] and our galaxies+QSO
models. This also means that at earlier times a QSO can more easily imprint a distinc-
tive H1r region than late times ([169]) because of a smaller cumulative contribution from
galaxies.

When the total ionizing photons from a QSO are comparable to (or less than) those
of surrounding galaxies [N22%to ~ NSAL (or N¥0t, < NGAL)] it is difficult for a QSO
to dominate the reionization of the local environment. This corresponds to the scenario
considered by [103] 254] and our galaxies+QSO models discussed in §. In this case, a
QSO does not change the morphology of the H1r region drastically, but slightly enhances

the degree of sphericality of the H1 region with increasing ionizing luminosity of the QSO.
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Because the partial ionization by X-rays from a QSO raises the H 1 fraction to only ~ 1072,
the presence of QSO’s X-ray photons alone cannot change the H 11 region drastically.

As the contribution from a QSO increases, the H 1 region becomes more spherical (a
distinctive signature of a QSO). However, the breakdown of the sphericality occurs (1)
when the QSO I-front merges with the initially unconnected H 11 regions of galaxies ([143])
and (2) when the QSO I-front hits the high density clumps of the gas, e.g. Lyman-limit
systems, which cast shadow behind (see § & and [221]). Both factors imply
that the degree of sphericality is influenced both by the QSO-galaxy clustering and QSO-
absorber clustering ([221]) (incident rate of optically thick absorbers around a QSO).

The spectrum of a QSO plays a pivotal role in determining the morphology of H
regions. By studying QSO models with UV-obscured and unobscured spectra, previous
works ([236] and also [498, 444]) concluded that the obscured QSO spectrum produces a
thick I-front. Thus, as a QSO spectrum becomes more UV-obscured and harder, it can
imprint a distinctive ionization structure, providing smoother and more extended I-front.
On the other hand, a (unobscured) QSO emitting UV photons makes QSO’s I-front looks
more similar to galaxies. Because the penetrating power of typical photons from a UV-
obscured spectrum is high, the QSO’s H 11 region is more spherical. Our result is consistent
with this picture, but adds an another ingredient. Although for a single LOS, a harder and
UV-obscured spectrum thickens the I-front, in many LOSs there is substantial fluctuation
of I-front position due to the density fluctuation of the IGM and a possible merger with
the H1 regions of galaxies. Therefore, in order for the thickness of the I-front to be used
as an indicator of sources, the thickening of the I-front must exceed the width due to the
LOS fluctuation of I-fronts. In addition, soft X-ray photons from a QSO must dominate
the growth of I-fronts over the contribution from the UV photons of pre-existing galaxies
in order for an obscured QSO to imprint a distinctive morphology of the H 1 region.

The above discussion concludes the answer to the question: Yes, a QSO does imprint a
distinctive spherical hydrogen ionization structure for a reionization scenario when a QSO
has a hard UV-obscured spectrum and/or a QSO dominates the total ionizing photon bud-
get in its local environment over that of galaxies integrated since the onset of reionization.
No, when a QSO has an unobscured spectrum and the total ionizing photon budget of
surrounding galaxies is more than or comparable to that of the central QSO. We argue
that given a possible parameter space of high-z galaxy and QSO properties, it would be
premature to associate a large spherical H 1 region with the presence of a QSO inside. The
morphology of the H 11 regions is a complex product depending on the QSO’s spectral type,
surrounding galaxies, and the density fluctuations of the IGM in the environment.

3.6 Observational Implications

A natural question in the EoR science is how we can learn about the role of galaxies and
QSOs in driving reionization. In this chapter we have focused on the theoretical aspects
of reionization models driven by galaxies and QSOs. We briefly discuss the observational
implications of our theoretical insights.
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A direct future observational strategy for studying the sources of reionization is to
perform a galaxy survey in a region of the sky imaged by 21cm tomography. It has been
well-known that 21cm image traces directly the morphology of H 1 regions during reion-
ization (e.g. [159, [312) 298]). Although it is true that the structure of a QSO H1r region,
which appears as a coldspot in 21cm image, contains information about the ionizing sources
([487, 444, 236, 103)]), as emphasized in this work, the morphology of H 11 regions in high-z
QSO environments is complicated by surrounding galaxies and spectral shape of QSOs.
This implies that there will still remain a large degenerarcy when constraining the sources
using 21cm data alone. Galaxy surveys (via dropout or narrow-band technique) in the di-
rection of coldspots in 21cm tomography provide an obvious complementary information.
This strategy can be realized, for example, in ELAIS-N1 field targeted by LOFAR (|211])
and Subaru/Hyper-SuprimeCam Surveylﬂ As 21cm experiments require the deepest ever
radio sky observation, one may employ a deep radio extragalactic survey ([29, 462]) which
comes together with the data aimed for 21cm experiment. Alternatively, 21cm images can
be formed in the direction of high redshift QSOs after they are found by galaxy surveys.
Ongoing wide field surveys such as Dark Energy Survey and Subaru/Hyper-SuprimeCam
Survey are expected to provide ~ 10 new QSOs at z ~ 7 ([367, 272]). This approach
allows us to directly infer the expected ionizing photon counts emitted from galaxies using
surveys, together with the their impact on the morphology (e.g. size) of their H i regions
(coldspots) using 21cm tomography. Therefore, this directly probes whether the estimated
ionizing photon counts of galaxies and QSOs are sufficient to create the observed size of the
H1 region harbouring the sources. For example, our analytic model presented in §
can be used to help the interpretation of such a galaxy survey plus 21cm tomography ob-
servations. This strategy is arguably the most direct test of the sources of reionization, i.e.
how galaxies and/or QSOs reionized the IGM.

Another strategy is to perform a galaxy survey in the regions around high redshift
QSOs. The properties of galaxies and QSOs during reionization and the physical state of
the IGM can be directly studied by the photometric/spectroscopic data from the survey
and Lya absorption in the QSO spectra, respectively. An advantage of this strategy is that
it can be realized already using current observational facilities, although the interpretation
is more complex than the above galaxy survey plus 21cm tomography strategy. Observing
the ionizing luminosity and the escape fractions of high-redshift galaxies and QSOs alone
does not immediately imply that they are ‘drivers’ of reionization. They may be shining in
a region already reionized by other sources. As demonstrated in our work, the impacts of
galaxies and QSOs (as traced by the galaxy survey) on the ionization and thermal states of
the IGM (as traced by e.g. QSO near-zone and Lya absorption line widths) are important
complementary information about how they have driven reionization. For example, [80]
used the temperature measurement in the local environment of z ~ 6 QSOs by [41] to
derive constraints on the ionizing sources. In this sense, the data obtained by this strategy
(galaxy survey in QSO fields) is perhaps best exploited once the interpretation is aided by
a RT simulation suite.

2http://www.naoj.org/Projects/HSC/surveyplan.html
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3.7 Conclusions

We have presented detailed analysis of hydrogen and helium reionization scenarios in high-z
QSO environments including both galaxies and a central QSO using a suite of cosmological
multi-frequency radiative transfer simulations. This allows us to understand the array
of physical mechanisms that shapes the ionization and thermal states of the IGM. We
summarize the role of QSOs in galaxy overdensities in driving reionization and thermal
state of the IGM.

We find that, when reionization is driven by galaxies and QSOs, the morphology of H 11
regions in high-z QSO environments is complicated by the presence of galaxies around a
central QSO. While a single QSO can dominate the ionizing power in its vicinity during
the active phase, the surrounding galaxies can reionize a substantial region of the QSO
environment before the QSO activity. Thus, if the total integrated ionizing photon emitted
from galaxies since the onset of reionization exceeds or is comparable to that of QSOs, the
distinction in the reionization morphology between galaxies only and galaxies+QSO models
become vague. On the other hand, if QSOs dominate the total integrated budget around
the environments, QSOs can produce a large distinctive morphology of H 11 regions.

The unique impact of a high-redshift QSO comes from its hard spectrum. As a result,
QSOs may drive the intial phase of He1r reionization at redshift as high as the epoch of
H1 reionization. Therefore, the morphology of Hemr and Hemr regions is a distinctive and
unique signature of QSOs compared to that of galaxies.

In addition, X-ray photons from QSOs produce extended partially ionized tails of hy-
drogen and helium around the central Hir and Hetr/Herr regions. Secondary ionization
enhances the contribution of X-ray photons to reionization at the partially ionized tail.
On the other hand, the morhopology of fully ionized regions bounded by sharp I-fronts
is insensitive to the X-ray photons. The I-front thickness is not affected significantly by
X-ray physics because the UV photons from the surrounding galaxies or the central QSO
itself are already sufficient to produce sharp I-fronts.

Different intrinsic properties of QSOs influence differently the ionization states of hy-
drogen and helium in the IGM. Firstly, the spectral shape of QSOs plays an important
role. UV-obscured QSOs can broaden the I-fronts significantly. The noticeable change in
the ionization morphology occurs when the soft X-ray photons from a QSO dominate the
growth of cosmological I-fronts over the UV photons from galaxies. In other words, the net
composite spectral shape of the collective radiation field from galaxies and QSOs driving
reionization must be X-ray dominant in order for obscured QSOs to produce distinctive
H 1 regions in their local environments.

QSO duty cycle also plays an important role. In order for QSOs to contribute reion-
ization of hydrogen and helium, QSO activities must be continuously fuelled so that a
next QSO activity occurs before the ionizing photons from the previous activity recom-
bine. QSO-driven H 11 regions can survive when z > 6 QSOs are fuelled by frequent minor
mergers. On the other hand, if the QSOs are fuelled by less frequent major mergers, they
must repeatedly make the H 1 regions from scratch at every activity; in this case, the con-
tribution of QSOs to reionization is less significant. The continous fuelling of QSOs must
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occur even more vigorously for helium reionization than hydrogen to sustain the onset of
He1r reionization at z > 6.

The thermal state of the IGM is then strongly affected by the photoionization heating
of both hydrogen and helium associated with the reionization process driven by galaxies
and QSOs. A central QSO and the surrounding galaxies in high-z QSO environments
non-linearly impacts the thermal state of the post-reionized IGM. The thermal structure
depends on the ‘relative’ contributions from galaxies and QSOs to the total radiation field
driving reionization. A larger amount of total ionizing photons does not necessarily increase
the gas temperature. The highest temperature can be attained in the region ionized only
by QSOs. More regions the galaxies ionize, less efficient the QSO heating becomes.

The X-ray photons from a central QSO heat the gas ahead of I-fronts to T' ~ 10° K
at the extended tail of partial ionization. The net X-ray heating is slightly reduced when
secondary ionization is included because it adds another channel to deposit the energy into
ionization. The X-ray pre-heating is a clean signature of QSOs.

In summary, based on the above findings, we argue the concerted scenario of hydrogen
and helium reionization driven by both galazies and QSOs in high-z QSO environments.
They collectively and non-linearly shapes the physical state of the IGM. This picture em-
phasizes the importance of treating hydrogen and helium reionization on an equal footing
to understand the role of galaxies and QSO during reionization. To correctly model this
scenario, multi-frequency treatment of radiative transfer simulations with both hydrogen
and helium is as important as acheiving a high spatial resolution in radiation hydrodynam-
ical simulations. We have demonstrated that it is now possible to produce a large suite
of multi-frequency RT simulations. This provides a highly useful theoretical resource to
understand the physical mechanisms responsible for shaping the ionization and thermal
structures of the IGM. This will facilitate the use of RT simulations in interpreting QSO
spectra and upcoming 2lcm observations to better understand the role of galaxies and
QSOs in driving reionization.



Chapter 4

Radio signals from the high redshift
QSO environments

In Chapter [4 I present the H1 21cm and *He 1 3.46¢m signals from the intergalactic hydro-
gen and helium around the high redshift QSOs. These radio signals allow us to test the
detail physics of the reionization process driven by galaxies and/or QSOs.

4.1 Backgrounds

21cm cosmology, i.e. looking for a radio signal from the hyperfine transition of neutral hy-
drogen in the intergalactic gas, promises unprecedented knowledge about Cosmic Dawn and
the EoR. Many observational programmes such as LOFAR, MWA, PAPER, and GMRT,
are underway to detect this 21cm signal from the high redshift IGM. Future radio inter-
ferometers such as the Square Kilometer Array (SKA) and HERA are designed to study
the high-redshift universe by means of low frequency radio astronomy.

Motivated by this exciting possibility, a hyperfine 3.46cm (8.7 GHz) transition of singly
ionized isotope of helium (*He) is also proposed as a probe of intergalactic helium ([T159]
287, [11]). Although the primordial abundance of 3He relative to hydrogen produced by Big
Bang Nucleosynthesis is ~ 107° ([429]), the high (by a factor of 680) spontaneous transition
rate of He 11 means that the hyperfine 3.46cm emission can be strong. In addition, because
the sky is quieter for this frequency range, the sky noise of radio interferometric observations
may be less problematic than that for 21cm signal.

The observability of H1 21cm and *He i1 3.46¢cm signals using the low and mid frequency
radio interferometers permits us to study the reionization process of hydrogen and helium
driven by the early population of galaxies and black holes in a great detail.
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4.2 Cosmological radio signals of the IGM

4.2.1 Hi1 21 cm signal

The hydrogen hyperfine ground state due to the spin flip transition corresponds to the
21cm line with v9; = 1420.4 MHz, whose emission or absorption at redshift z is observed
at a frequency, 1420.4(1 + z)"*MHz. The differential brightness temperature of 21cm line
against the CMB is given by (e.g. [146, 147, 262])

STyt = To(2)(1 + 6)m (1 _ TC“,}—IZ(Z)) (1 + th) Z—:H) o (4.1)

where Ty(z) = ggﬁlﬁg (ng)H(O) ~ 28 mK (ggg;) ,/lfgz g%,}}?? depends on physical con-

stants, cosmological parameters, and the mean number density of hydrogen. ny(0) is the
comoving mean number density of hydrogen in the universe, Ay = 2.85 x 107 %s7! is the
Einstein A-coefficient of the 21cm transition, and H(z) is the Hubble parameter, and the
other physical constants have usual meaning. The term involving the line-of-sight peculiar
velocity gradient dvy/dr is the effect of redshift space distortion. Tevp(2) = 2.73(142) K
is the CMB temperature at redshift z.

The spin temperature Ts encodes the detailed physics of 21cm line transition, which is
given by (e.g. [146] [159])

B Tong + 2Tt + 2 T5"
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, (4.2)
where the collisional coupling coefficient, x., and the Lya coupling coefficient, z,, are
determined by the collisional process of hydrogen atoms and radiative transition due to
Lya scattering, called the Wouthuysen-Field mechanism (J485] 146]). During the EoR,
the collisional coupling is only effective at high density clumps. The Lya coupling by
the Wouthuysen-Field effect plays a dominant role. The Lya background can be built up
based on a reasonable assumption about the population of early star forming galaxies (e.g.
[262], [159] [354]). It couples the spin temperature to the color temperature T's — T, and
the color temperature T, to the kinetic temperature of the gas T, = Tx. We assume this
coupling in this chapter, which simplifies the differential brightness temperature as,

(2

T (4.3)

6Tb,HI ~ To(Z)(l + 51,).%‘1{1 (1 —

We have also ignored the effect of the redshift space distortion by the peculiar velocity.

4.2.2 3Heu 3.46 cm signal

The underlying physics for Hem 3.46 cm signal is analogous to the H1 21 cm signal.
Following the same line of thought, the differential brightness temperature of *Hen 3.46
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cm against the CMB is given by (e.g. [159)]),
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(4.4)
where 93, &~ 1.0 x 107° is the primordial abundance ratio (by number) of helium isotope-3
relative to hydrogen atoms by big bang neucleosynthesis ([429]). Helium isotope-4 (‘He)
has yi, = 0.083, which dominates the total abundance of helium.

The spin temperature of 3Hen is determined by the collisional process and Hen Ly«
radiative transfer via the He1r analog of the Wouthuysen-Field effect ([287, 111, [434]),

-1 -1 -1
7-1 TCMB + $a,3HeTa73He + xc,3HeTK

S3He

, 15
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where .3y, and x, 3y, are the collisional and He1r Ly coupling coefficients, respectively.
T, 51 1s the color temperature of the radiation field near the *Herr Ly line. Similar to
the H1 21cm line, the collisional coupling is only efficient at high density clumps A, = 100
([287, 1))

The 3Hen 3.46 cm line can also be pumped by the Hen analog of the Wouthuysen-
Field mechanism by scattering off of UV photons at He 1t Ly« line (40.8 V). However, the
efficiency of the 3He 1 Wouthuysen-Field mechanism is less clear than the H1 case. Because
of the presence of more abundant *Hen by a factor of ya,,/ysy. &~ 7.5 x 103, most of Hen
Lya scatterings is caused by “Her. This led previous studies (|79, 287]) to conclude that
the Wouthuysen-Field mechanism is inefficient for *Hen. However, this ignores the effect
of multiple scatterings of Hem Lya photons, whose He1r Gunn-Peterson optical depth is
high 7H8M = (ya,,,/4)7EE ~ 1.6 x 104[(1 + 2)/11]*/2. Thus, 7H" ~ 1.6 x 10* scatterings of
*He 1 can effectively compensate the low abundance of *He1r as 745" (ysy./yan.) =~ 2. This
can boost the previous estimate of the Hem Wouthuysen-Field effect by a factor of 2.

In addition, the previous estimates (|79} 434]) have considered the Wouthuysen-Field
coupling strength by a homogeneous UV background. While this is relevant for a typical
region of the diffuse IGM, we consider the IGM around QSOs. In the QSO environment,
the high energy UV photons blueward of Hetr Ly« line (> 40.8eV) can be provided by
the central QSOs. This provides a large reservoir of Henr Lya radiation than the typical
region (|79, 434]).

Therefore, in QSO environments, the Wouthuysen-Field coupling strength may not
be as low as previously estimated, although a detailed modelling by solving the He1r Ly«
radiative transfer in an expanding universe is necessary to draw a quantitative conclusionE]
In this chapter we take an optimistic assumption that the Wouthuysen-Field coupling is

'The color temperature of Henr Lya radiation field may not be fully coupled to the spin temperature
([I09]). In practice, a full coupling is not necessary to observe the differential brightness temperature in
emission as long as the coupling rises the color temperature sufficiently above the CMB temperature. I also
note that the presence of O 111 removes the He1r Lya photons by the Bowen fluorescence ([109]), although
I expect that this is less problematic for the diffuse IGM with low metal enrichment.
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Figure 4.1: The 2lcm signal around the galaxy overdensities (top panels: GAL_0.5R,
GAL_R, GAL2R) and z = 10 QSO environments with surrounding galaxies (bottom
panels: GAL_0.5R+QSO_UVXsec, GAL_ R+QSO_UVXsec, GAL_2R+QSO_UVXsec). The
image is smoothed with angular resolution of 3.19 arcmin.

efficient so that the spin temperature is coupled to the color temperature, and the color
temperature is coupled to the kinetic temperature,

T 1 1/2
0Ty ste ~ 1.7620n(1 + 0y) (%) <1 _ Ch;”:i(Z)) ( 1+12) K, (4.6)

where we have also ignored the effect of the peculiar velocity. I note that while this is an
optimistic upper estimate of the *He1r 3.46 cm signal, it allows us to explore the 3He 1 3.46
cm signal using the results of the radiative transfer simulations for the first time.

4.3 Hr1 21 cm signal around high redshift QSOs

In this section, I discuss the properties of the H1 21cm signal around high redshift QSOs
using the suite of radiative transfer simulations described in Chapter
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4.3.1 The full coupling limit

I first explore the 21cm signal in the full coupling limit. This assumes that the kinetic
temperature of the gas is always above the CMB temperature Tx > Teyp. In this full
coupling limit, the 21cm signal traces the neutral hydrogen density 67p 1 o< 2 (1 + ).
The full coupling assumption is conventionally used for studying the 21cm signal from the
EoR, although it assumes the presence of efficient heating sources such as X-ray binaries
or any other before the onset of reionization.

Figure {4.1] shows the simulated 21cm signals from the radiative transfer simulation
suite. The top panels shows the results for the galaxies only models with the three differ-
ent total ionizing photon emissivities (GAL_0.5R, GAL_R, GAL_2R). The bottom panels
shows the results for the QSO environments at z = 10, i.e. the galaxies+QSO models
(GAL_0.5R+QSO_UVXsec, GAL_R+QSO_UVXsec, GAL_2R+QSO_UVXsec). The im-
ages are smoothed at the angular resolution of 3.19 arcmin, which corresponds to the
angular resolution achieved by using maximum 2 km baseline arrays of a radio interferom-
eter such as LOFAR and SKA.

The figure shows that the central H 1 region appears as a coldspot in the 21cm image,
i.e. deficit of the brightness temperature. Regardless to the type of sources, galaxies
and/or QSOs, responsible for driving reionization, the 21ecm coldspot simply appears as a
spherical blob. A central QSO produces a tail of partially ionized region ahead of the Hr1
[-front as described in Chapter However, because the partially ionized IGM has only
an ionized fraction of xy, ~ 1073, the difference in the 2lcm signal (neutral hydrogen
structure) from the galaxies only model is marginal. At the level of precision accessible by
ongoing and planned radio interferometers, the 21cm signal from galaxy overdensities and
QSO environments appears indistinguishable.

4.3.2 The kinetic coupling limit

The full coupling limit takes a reasonable, but strong, assumption about the existence of
heating sources in the pre-reionization era. In our current knowledge both theoretical and
observational, this involves a large extrapolation of the low redshift properties of galaxies
to high redshift z > 6. I now consider a scenario dropping the assumption of the full
coupling limit. This is self-consistent with the physics assumed in the radiative transfer
simulation suite, where the only available source of X-ray heating is the central QSO. We
refer to this scenario as the kinetic coupling limit 67, i1 o< (1 + 9) (1 — Tems/Tk)-
Figure [4.2) shows the simulated 21cm signal around a z = 10 QSO environment in the
kinetic coupling limit. The structure of the 21cm signal is clearly different from the full
coupling limit. The ring-shaped 21cm signal around a QSO environment is evident. This is
caused by the X-ray heating of the neutral (partially ionized to xy, ~ 1073) hydrogen. In
the absence of other efficient heating sources other than the X-rays from the central QSO,
the gas around the H 1 region hosting a QSO is heated to ~ 10?73 K and gradually fades
away at outer radii. The 21cm emission gradually decreases as the temperature decreases.
Eventually the 21cm appears in absorption as no heating source is present (|78, [74], 444]).
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Figure 4.2: The simulated 21cm signal in the kinetic coupling limit, where only the source
of pre-heating is the X-ray from the central QSO. The 21cm signal around z = 10 QSO
environments with surrounding galaxies (GAL_R+QSO_UVXsec).

The cold IGM, i.e. 21cm in absorption, may be present during the reionization epoch
([145], 10]). The distinguishability of the 21cm signature (structure of 21cm coldspot) thus
depends on whether there are other efficient sources of heating apart from QSOs. If a
central QSO is only a source of pre-heating of the neutral IGM, it can imprint a unique
signature on the structure of the 21cm signal. On the other hand, if other heating sources
such as X-ray binaries are abundant, the 21cm signals from galaxy overdensities and QSO
environments becomes indistinguishable.

4.4 SHen 3.46 cm signal around high redshift QSOs

The Hen 3.46cm signal from the intergalactic helium complements H1 21cm signal from
the intergalactic hydrogen. Firstly, because the Henr 3.46cm signal probes He 1 reioniza-
tion, the signal can isolate the impact of QSOs during reionization. In addition, because
He1 reionization occurs simultaneously with H1 reionization also for a galaxy-driven reion-
ization scenario, the *Hem signal allows us to study the density fluctuations inside Hu
regions.

As noted in § the physics of the 3Hen spin temperature is more complex than
that of the Hr1 21cm line. I take an optimistic assumption of the kinetic coupling limit
0T, s X Tuen(1 4+ 0)(1 — Toms/Tk) for both galaxies only and galaxies+QSO models.
Note that because the He1 region is enclosed by H1 I-fronts, the intergalactic helium is
heated up to high (> 10?K) due to the photoionization heating across H1 I-fronts. Thus
the kinetic coupling limit corresponds to the full coupling limit, 07}, 5mc X Zpen(l + 6),
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Figure 4.3: The 3Hen 3.46cm signals around the galaxy overdensities (top pan-
els: GAL.0.5R, GALR, GAL2R) and z = 10 QSO environments with sur-
rounding galaxies (bottom panels: GAL_0.5R+QSO_UVXsec, GAL_R+QSO_UVXsec,
GAL_2R+QSO_UVXsec). The image is smoothed with angular resolution of 1.31 arcmin.



132 4. Radio signals from the high redshift QSO environments

once it is achieved.

Figure shows the simulated *Hem 3.46 cm signals from galaxy overdensities (top
panels) and QSO environments (bottom panels). The three columns correspond to the
different total ionizing photon emissivities from galaxies. The images of the 3.46 cm signal
assume the angular resolution of the maximum 1 km array distribution, which is easily
achievable by SKA1-mid.

The figure shows that the *He 1 3.46cm signal in the kinetic coupling limit shows a clear
difference between the galaxy overdensities and QSO environments. The *Her 3.46 cm
signal from the galaxy overdensities traces the structure inside H 11 regions (He1r regions).
On the other hand, because the He 1 reionization is driven by QSOs immediately after Her
reionization, the QSO environments show the He 11 region, appearing as a deficit region of
the 3.46 cm signal. The region of *He1r 3.46 cm signal in emission is smaller for increasing
contribution of QSOs to reionization (right to left panels). The earlier reionization by the
pre-exiting galaxies around a QSO produces a large He 11 region simultaneously to the H1
region. As a central QSO ionizes Hen to Hern inside the galaxy-driven He region, the
shell of He1r region is larger for larger contribution from the surrounding galaxies.

In principle, the inner density structure of the Hi region is more easily accessible by
3Hen 3.46cm signal because of the higher frequency. The angular resolution of a radio
interferometer scales with o< A/byax where A is the observed wavelength and by, is the
maximum baseline length. Thus the angular resolution can be higher for 3.46 cm signal
by a factor of 6 than 21 cm signal at a given maximum baseline length.

4.5 Discussions

I have discussed the properties of the Hr1 21cm and *Hen 3.46cm signal from the inter-
galactic hydrogen and helium from high redshift QSO environments. The theoretical study
of these hyperfine transition signals prepares us for observational programmes of ongoing
and upcoming radio interferometers such as LOFAR and SKA. A motivation behind this
analysis is to understand what we can learn from the targeted study of the individual 21cm
signal around a QSO.

The 21cm signal shows little difference whether the H1 reionization is driven by galaxies
or QSOs in the full coupling limit. In both cases, the 21cm signal appears as a large
spherical coldspot in the 21cm image. This is partially caused by the low angular resolution
of planned radio interferometers. However, the similarly in 21cm signal has a fundamental
physical origin. The distinguishability of the 21m signal depends on the presence of heating
sources apart from the central QSOs. While the targeted study of the 21cm signal can
narrow down the broad range of the properties of sources, it is difficult to fully constrain
the source properties by assessing the structure of the 21cm signal alone. It will be best
studied by follow-up infrared observations by JWST, which directly search galaxies or
QSOs inside H11 regions.

On the other hand, in principle, the *Hen 3.46cm signal allows us to disentangle the
source properties by looking at their impact on helium reionization. The signal is highly
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complementary to the Hr1 21cm signal. The current obstacle for the observability of *He nt
3.46cm signal originates from the subtle physics of the spin temperature; in particular, the
efficiency of the 3He 1 Wouthuysen-Field mechanism.

For the high redshift 3Hen 3.46cm signal at z > 6, the lower redshift (2 < 3) 2lcm
emitting galaxies act as interlopers. However, the signals can be separated. The available
template of the 3.46cm signal and its distinct shell-shaped signal can be used for the
separation. The interloper 21cm emitting galaxies can also be directly removed by searching
for the optical /infrared counterparts by JWST. Because the target field of view of 21cm
coldspot around a known high redshift QSO is relatively small, the direct search may be
performed with a reasonable integration time. Finally, while the even optimistic estimate
of the *Hen 3.46cm signal is pK level, the experiment can be performed as a piggy-bag
project of low redshift 21cm intensity mapping aiming to study cosmology by the baryonic
acoustic oscillation (BAO).

The synergy between infrared facilities such as JWST and radio facilities such as SKA1-
low and -mid opens up an exciting observing strategy. Galaxy surveys in the foreground of
high redshift QSOs at z > 6 will be highly valuable. Such high redshift QSO fields permit
us to directly probe galaxies and QSOs using JWST as well as the intergalactic hydrogen
and helium using the upcoming radio interferometry, SKA1-low/mid.
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Chapter 5

Conclusions and Prospects

The study of the Epoch of Reionization (EoR) and high redshift galaxies in the first
billion years in cosmic history has now been undergoing an era of tremendous progress.
The era of first galaxy formation and reionization is a landmark cosmic event when the
emergence of the first astronomical objects has transformed the global environment of
the universe. Understanding the EoR is considered to be one of the most important
frontiers in extragalactic astronomy and cosmology in the 21st century. It is indeed a key
science driver for many future telescopes such as Square Kilometer Array, James Webb
Space Telescope, European Extremely Large Telescope, Thirty Meter Telescope, and Giant
Magellan Telescope.

We can now start understanding the truly uncharted territory of the high redshift
universe using a combination of observational data and numerical simulations/theoretical
modelling. The observational knowledge on reionization can be pushed beyond the two
traditional probes (Gunn-Peterson trough in QSO spectra and the CMB) using Ly« emit-
ting galaxies and 21cm cosmology. Ultra deep observations using space- and ground-based
telescopes have routinely been revealing galaxies at z > 6, reaching a redshift as high as
z ~ 12. An iconic high-redshift galaxy survey — Hubble Ultra Deep Field — is a notable
example. Furthermore, high-redshift galaxy surveys can now be used to constrain the na-
ture of early galaxies and the reionization process. For instance, surveys of Lya emitting
galaxies now occupy an important place as a reionization probe and to understand the
high-redshift galaxy formation. In addition, absorption line studies of QSO and gamma-
ray burst spectra have been providing new insights into the physical state of the IGM near
and during the EoR. In observations of low frequency radio sky, the community of 21cm
cosmology — a direct probe of reionization — has been progressing toward the first detection
of the 21cm signal. Ever improving upper limits on the 21cm power spectrum have been
reported. It is our challenge to put all these observations together into a coherent picture
of the Epoch of Reionization and high-redshift galaxy formation since Cosmic Dawn.

Theoretical progress has now made possible to realistically model the reionization pro-
cess. Cosmological radiation hydrodynamical simulations as well as multi-frequency ra-
diative transfer simulations can be performed to theoretically investigate the reionization
era. This allows us to understand the physical mechanisms driving reionization and the
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properties of galaxies and QSOs during the epoch. A set of simulations and models are also
crucial to interpret the complex data of galaxy surveys and 21cm experiments to correctly
constrain the physics of the EoR.

Chapter 1 is devoted to set the foundation to explore the high-redshift universe; in
particular, the Epoch of Reionization. The aspects of extragalactic astrophysics relevant
for understanding the reionization and high-redshift galaxy formation are summarized. I
discussed the current status of our knowledge and observational constraints on reionization,
the high-redshift galaxy population, and the intergalactic medium.

In Chapter 2, I have used Lya emitting galaxies as a probe of reionization. I have
considered how and what can be learned about reionization — the reionization history
and morphology — using surveys of Ly« emitting galaxies. I created a set of reionization
models using radiative transfer simulations post-processing a cosmological hydrodynamical
simulation. The model spans a wide range of possible ionization topologies of the IGM,
namely various combinations of large-scale H1 regions and small-scale absorbers such as
Lyman limit systems and damped Ly« systems. I emphasize the importance of analysing
the data using a reionization framework which contains small-scale absorbers within large-
scale H1r regions. This is a crucial step to correctly constrain the global neutral fraction
of the IGM (reionization history) in an unbiased way.

By performing a careful interpretation of the data using simulations, I suggests that
the current data likely favours a late and rapid reionization history, albeit with large both
theoretical and observational uncertainties. This constraint on the reionization history is
degenerate with the assumptions about the intrinsic properties of Lya emitting galaxies
and the large-scale (distribution of H 1 regions) and small-scale (e.g. Lyman limit systems
and damped Ly« systems) ionization structure of the IGM. This means that both the
history and topology of reionization must be probed simultaneously to derive a better
constraint. The physical origin of the degeneracy is due to the clumpy gas distribution
around galaxies. The clumpy gas acts as an additional intervening medium suppressing
the Lya flux from galaxies, which must be distinguished from the contribution from the
neutral diffuse gas between the large-scale Hi regions, i.e. a signature of reionization. I
investigated further this impact of clumpy gas around galaxies on the visibility of Ly«
emission line from the galaxies. I found that both the galaxy-absorber correlation function
and their pairwise velocity field are important to explain the impact on the visibility of
Lya emitting galaxies. Fortunately there is a way to break this degeneracy using surveys
of Lya emitting galaxies. One way is to combine the observations of Lya luminosity
function and Ly« fraction of Lyman break galaxies. As the two statistics of Lya emitting
galaxies are affected differently from small-scale absorbers and large-scale H 11 regions, the
combined analysis informs us about the reionization topology, hence a better constraint on
the reionization history.

In Chapter 3, I have studied the role of galaxies and QSOs driving reionization using
a large suite of multi-frequency radiative transfer simulations. I have theoretically inves-
tigated the properties of the IGM in high-redshift QSO environments where both galaxies
and a QSO are thought to exist. Such environments provide a laboratory to study the
physical impacts of galaxies and QQSOs on the reionization process of the IGM.
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I concluded that both the central QSO and surrounding galaxies concertedly control
the reionization morphology of hydrogen and helium, and non-linearly impact the thermal
structure of the IGM. The morphology, e.g. shape and size, of H11 regions is most impor-
tantly controlled by the collective contributions from galaxies and the central QSO since
the onset of reionization. When a central QSO dominates the total ionizing photons in
the environment, the H1 region is highly spherical and distinctive from the H1r regions
created by galaxies. However, since a QSO is likely born in a galaxy overdensity and the
cumulative amount of ionizing photons from the galaxies can be comparable to that of the
central QSO, the final morphology of the Hir region in the QSO environment is a complex
product controlled both by galaxies and QSOs. Furthermore, the structures near and be-
yond the ionization fronts are determined by the spectral shape of the collective radiation
field from galaxies and QSOs driving reionization. The X-ray photons from QSOs produce
a tail of partially ionized gas ahead of the ionization front. While a UV-obscured QSO
can broaden the ionization front, the contribution from other UV sources, either galaxies
or unobscured QSO, is sufficient to maintain the sharp ionization front. This implies that
there is a physical limitation to extract a detail information about the sources of reioniza-
tion from the morphology of Hi regions, although it helps to narrow down the range of
astrophysical parameter space of the sources.

In Chapter 4, I discussed the properties of the radio signals (H1 21cm line and *He
3.46¢cm line) from the intergalactic hydrogen and helium around high redshift QSO envi-
ronments. The detection of the signals directly probes the physical state of the IGM, and
it is a major science driver of ongoing and upcoming radio interferometers such as LOFAR,
MWA, PAPER, and SKA. I found that the 21cm signal of H1r regions, which appears as
coldspots in 21cm tomography, around the galaxy overdensities and QSO environments
are likely indistinguishable. It can be nonetheless used to narrow down a parameter space
of the source properties responsible for reionization. The direct imaging of H 1 regions is
best utilized by combining infrared facilities such as JWST. The direct search of galaxies
and/or QSOs inside the coldspots in a 21lem tomographic image can unambiguously con-
strain how the sources reionize the surrounding intergalactic gas. The *Hen 3.46cm signal
complements the H1 21cm signal. The probe of intergalactic helium allows us to under-
stand the role of QSOs by studying its impact on the helium reionization. The unique
helium reionization signature due to QSOs at z > 6 could be a smoking gun test about
the contribution of QSOs to reionization. The observability of *He 1 3.46cm signal is more
complicated than H1 21cm signal because of the subtle physics of *Her Wouthuysen-Field
mechanism involving He1r Lya radiative transfer.

The study of the Epoch of Reionization and Cosmic Dawn is entering the golden era.
Upcoming ground-based optical/infrared and radio facilities as well as space-based tele-
scopes provide the observational data to reveal the nature of the high-redshift universe. To
fully exploit the data, a suite of cosmological radiative transfer /radiation hydrodynamical
simulations plays an important role. A simulation-calibrated measurement using surveys
of Lya emitting galaxies (Chapter 2) exploits the Ly« data to understand the nature of
high-redshift star forming galaxies and the intergalactic hydrogen. Based on the detailed
study of the role of QSOs during reionization (Chapter 3), one can now be use the muiti-



138 5. Conclusions and Prospects

frequency radiative transfer simulations to understand the QSO absorption spectroscopic
data. The method allows us to systematically study both hydrogen and helium reionization
on an equal footing. This extends our understanding of the astrophysics of the galaxy-IGM
connection from a redshift as high as z ~ 15 to z ~ 2. The optical/infrared observations
and their analysis using simulations/theoretical modelling prepares us to open up the low-
frequency radio astronomy, i.e. 2lcm cosmology, for more direct study of the EoR and
Cosmic Dawn. The deep field observations by the Hubble Space Telescope, both the Ultra
Deep Field and the Frontier Fields behind gravitational lenses, offer exquisite data. The
additional deep field observations targeting the high-redshift QSOs or gamma-ray bursts
will provide unique fields that probe both galaxies and the intergalactic medium at the
same time. Because the reionization is a problem of the interplay between galaxies and
the intergalactic gas, such new deep fields open up exciting windows for directly studying
the heart of the Epoch of Reionization.
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Appendix 1

A.1 The mass-weighted neutral fraction in the post-
reionized universe

The mass-weighted H1 fraction in the post-reionized universe can be estimated from DLA/LLS
surveys and Ly« forest observations, which measure the H1 column density distribution
function. As follows, this quantity can then be converted into the H1 fraction embedded
as Lya absorbers, such as DLA, LLS, and diffuse IGM.

The proper number density of H1 gas in the universe, nf;”(z), is expressed as (cf. [295])
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where [, is the proper distance, dl,/dz = ¢/H(z)(1+ z). Therefore, the fraction of neutral
hydrogen over the total hydrogen atoms in the entire universe, (fi) ., is given by (fu)y =
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where my is the mass of a hydrogen atom and n%,”(z) =

0.023
of the integration specify whether the H1 content is embedded in the Ly« forest absorbers
(1og1o[ Ny /em™2] < 17), Lyman-limit systems (17 < log;q[Ng/ecm™2] < 20.3), or damped

!The fraction of total number of neutral hydrogen, N1, over the total hydrogen atom counts, Ny, is
given by the mass-weighted neutral fraction (fur) s = Nu1/Nu = [ @mnudV/ [ nudV = [ 2updV) [ pdV.
The volume-weighted and the mass-weighted neutral fraction are identical only for a homogeneous IGM:

<fH1>M = foIﬁdV/fﬁdV = foIdV/de = <fH1>V~
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Lya systems (20.3 < log;o[Ny/cm™2]). We integrate equation using the fitting
functions to the observed CDDFs, f(Ny,z). We use the CDDF fitting functions from
[227] for the Ly« forest absorbers, [347] for the LLS range, and [355] for the DLA range.
The observed f(Ny,z) and the various fits are shown in Fig. [A.1]

A.2 Effective optical depth of dynamical small-scale
absorbers

The opacity from small-scale absorbers is determined by the phase-space distribution func-
tion of galaxy-absorber pairs, f(r12,v12, Vi), where r15 is the comoving separation and vy,
is the peculiar pairwise radial velocity of pairs.

The line transfer is sensitive to the clustering in total velocity space, v. = aHris + vis.
The probability to find an absorber within v. and v. + dv. and column density Ny, and
Nur + dNy; 18 p(ve, Nyp)dv.dNy;. Then, the effective optical depth is given by ([331])

web = // P(Ve, Ni) 1 — g Tabs (Ve NHI)} dv.dNy;. (A.3)

P(ve, Nyp) is related to the phase-space distribution function of galaxy-absorber pairs through
the transformation of variables 715, v12 to v,

p(ve, N, / Op [ve — (aHria + v12)] f(r12, v12, N )dviadrs

= /pv(vc - GHT12‘7"12, NHI)p’r‘<T127 NHI)dTw, (A-4)

where §p is the Dirac delta function. For the second equality, we have used f (712, v12, Ny) =
Po(v12|712, Nut)pr (112, Nur ), where p,(via|r12, Nur)dvio is the conditional probability to find
an absorber with peculiar pairwise velocity between vi5 and vi5 + dvis at given pair sep-
aration 712 and column density Ny, and p,(r12, Ny )driad Ny, is the probability to find an
absorber in the range 715 to 712 + dris and Ny, to Ny + dNy;. The real-space correlation
function &(r1a, Ny;) of absorbers around galaxies gives

PN |dz
p'r’(/r127 NH ) aNHIaZ d?" [1 + §(T127 )] ) (A5)
where |dr/dz| = ¢/H(zs). Substituting into equation (A.4)),
PN |dz| 1
pu(Uc, NHI) = m arl aH [1 + &)(Uc; NHI)] ) (A'G)

where we have defined the absorber-galaxy correlation function in velocity space as
1 +5’U(U67NHI) = (A?)

aH / drig [1 + &(r12, Nui)] po(ve — aHria|ria, Nyp).
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Figure A.1: Hr1 column density distribution function f(Ny,z) at z 2 2. The lines show
the fits to the CDDF taken from the literature. The fit by Becker & Bolton (2013) is used
to extrapolate to z > 4. The points at z ~ 2.4 and z ~ 3.7 use the compilation of data
presented in O’Meara et al. (2013).
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Thus, the effective optical depth is

PN
eff == N HI
Tweb / WNugN 5,

d
/a;;(l + &;(UC,NHI)) [1 _ efTabs(vc,Nm)} )

dz

0| (A.8)

All the quantities are evaluated at redshift z = z,. By rearranging we obtain equation
[@.14)

In the absence of clustering, &, = 0, the effective optical depth (A.8]) reduces to the well-
known expression for the Poisson-distributed absorbers 7°%, = [dz [ d Ny, % %( —
e Tabs) (e.g. [183]).

We show two examples of the velocity-space correlation function &,. For a pure Hubble

flow v, = aHra, pu(viz|riz, Nu) = dp(vi2). Thus, &(ve) = & (r2 = 2 ). Furthermore,

a Gaussian streaming model is a simple generalization where the conditional pairwise
1 N (v12*<v12(7’12)>)2]

27r0§2(r12) eXp [ 2‘7%2(7“12) !

where (v13(r12)) and o12(r12) are the radial pairwise mean peculiar velocity and velocity

dispersion, respectively.

peculiar velocity PDF is modelled as p,(via|ria, Ny) =

A.3 Abundance matching

The abundance matching technique gives a semi-empirical relation between the halo mass
and the Lya luminosity for each fgu,, as shown in Fig. The red lines are the result
of matching the simulated halo mass function at z = 7 with the observed z = 5.7 Ly«
luminosity function ([324]) assuming a duty cycle fguy = 0.1 and 1.

Fig. shows that, given a halo mass, a higher duty cycle requires a brighter Ly«
luminosity to match the observed z = 5.7 Lya luminosity function, and that a simple
functional form, e.g. L, o< My, M, f , cannot match the semi-empirical relation.

In our model, the intrinsic Lya luminosity of each galaxy (halo) is assigned according
to the Lo, — M), relation with fgu, = 1 in Fig. [A.2]

A.4 Lya RT through the IGM: computing the line-
of-sight skewers and optical depth

We compute the Lya optical depth in the red damping wing as follows. The density,
temperature, velocity and local H1 fraction fields along skewers originating at the location
of halos and parallel to the z-axis are extracted from the hydrodynamical and radiative
transfer simulations. To obtain a converged numerical integration of the optical depth,
the sampling size of the skewers, §l, must be sufficiently fine. To be on the safe side,
the Doppler core of the Voigt line profile should be resolved. In the velocity space this is
dv/c = Avp /v, = 4.286 x 1077(T/K)'/2. Therefore, the velocity space resolution must be
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Figure A.2: Semi-empirical relation between the halo mass and the intrinsic Ly« luminosity
from the abundance matching technique. The red solid (dashed) line is the result of
matching the simulated halo mass function at z = 7 with the 2 = 5.7 observed Ly«
luminosity function for fg,, = 1.0 (0.1). The shadowed region indicates the luminosity
range below detection limit. The two black dashed lines correspond to L, o< My, MZ.



144 A. Appendix 1

§v =~ 0.13(T/1K)"/? km/s, which corresponds to a real space resolution of 5l = dv/H (z,) ~
0.17(T/K)'? pkpc at z, = 7 with our cosmological parameters. If this criterion is not
met, scattering by Doppler core could be missed. Although the Doppler core scattering is
important in low density regions to produce Lya forest absorption blueward of the rest-
frame Ly« line, here we are interested only in the red damping wing and the Lorentz wing
scattering. Therefore, a converged evaluation of the optical depth in the red damping wing
can still be obtained without strictly meeting this resolution criterion. Nonetheless, the
sampling of the line-of-sight skewers must be sufficiently fine, and a sub-sampling within
a cell of the cosmological hydrodynamical simulations is required to obtain a convergence
in equation (A.9).

To this aim, we have assumed that the density, ionization, temperature and peculiar
velocity fields are constant within each cell, while the Hubble flow is allowed to vary. This
is required to recover the analytic solution and to obtain a numerically converged optical
depth in the limit of homogeneous expanding IGM.

The discretized form of the optical depth is then integrated at each frequency point v,
using the line-of-sight skewers according to

Tal(ve) = éaanm(li)goy lT v <1 - ”t"t(l")ﬂ . (A.9)

C

The maximum proper length of the line-of-sight skewers influences the far redward optical
depth, as a lower length would results in more transmission. We choose the maximum
proper length of the skewer to be 12 pMpc. If a skewer exits the simulation box, a ran-
dom cell in a random face of the box is chosen, and the line-of-sight is followed until the
maximum proper length is reached. We have verified that for a homogeneous expanding
IGM, the result at Av ~ 1000 km/s has a discrepancy of ~ 8% relative to the analytic
solution of the optical depth. Because the IGM will become more ionized as Lya photons
travel through the medium and because we retain the same redshift output to extract the
line-of-sight skewers, we choose the maximum length of our skewer samples to be 12 pMpc.

The lower bound of the optical depth integration is chosen to be 300h~!ckpc. As a ref-
erence, the virial radius of a halo with mass M), is Ry, = 78.5(M;, /10" h= M) /3h~tckpc,
i.e. we exclude from the calculation the gas contained within a halo, as well as all the
structures on scales smaller than the Jeans length because they are not well resolved in
our simulations.

A.5 Intrinsic Lya fraction

We write the intrinsic Ly« fraction as XLinlff(> REW | My ) = e REWina/REWe(Muv) where
REW, (Myy) is the characteristic REW.

The My -dependent model and uncorrelated model differ in their functional form of
REW.(Myy), as the latter assumes a constant REW.(Myy) = 50 A, while the former
uses the REW,(Myy) obtained from the best-fit to the Ly« fraction of LBGs observed at
3 <z <6 ([429)), ie. A" (> REW|Myy,z =7) = X3*<%(> REW|Myy).
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Furthermore, for P(M},|Myy) we assume a one-to-one mapping between UV magnitude
and halo mass, i.e. P(My|Myy) = 0p(My, — Mp(Myy)). The M;, — Myy relation is given
by My(Myy) = My x 10-Mov=M5v)/25 where M; = 10'° Mg, and My, = —19. We note
that this relation tends to assign masses which are typically lower than those derived from
observations. For example, M (Myy = —20) = 2.5 x 10'® Mg, which is much lower than
the mass of LBGs hosts inferred from clustering analysis, i.e. M, ~ 3 x 10 — 10'2 M,
(e.g. [219]). Since we expect the dependence of Ty on halo mass to extends in the range
11 < log,o My /Mg < 12, we assume the sampling of the T;qa — M), relation at low mass
haloes to mimic the realistic host halo mass of observed LBGs.
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