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ABSTRACT OF THE DISSERTATION

Insights Into Reionization From the Large-Scale Statistics of Lyman-α Emission and
Absorption

by

Nakul S. Gangolli

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, March 2025

Anson D’Aloisio, Chairperson

The Epoch of Reionization is the cosmological time period during which the gas

in the inter-galactic medium (IGM) underwent its last major transition from cold and

neutral to hot and highly ionized, driven by the first sources of hydrogen-ionizing photons.

Over the past decade, cosmic microwave background (CMB) measurements, in combination

with observations of the Lyman-α (Lyα) forest of high-redshift quasars, indicate that the

bulk of reionization occurred between z ≈ 5 − 12. Relatively little is known about the

sources that drove this process. In this dissertation, I use cosmological simulations to

explore how observations of Lyα emissions from high-redshift galaxies, as well as Lyα forest

absorption, can be used to probe the nature of reionization and its sources. In Project 1, I

explore large-scale statistics of Lyα emitters (LAEs) as a probe of reionization. Curiously,

SILVERRUSH, a recent LAE survey using Hyper Suprime-Cam on the Subaru telescope,

displays large-scale (∼ 200 comoving Mpc) intra-field fluctuations in the observed surface

densities of LAEs. The fluctuations are particularly prominent at redshift z = 5.7, an

epoch when state-of-the-art models of reionization suggest that there might have been large

vi



patches of neutral gas in cosmological voids. I explore the nature of these fluctuations, as

well as the capabilities of different LAE spatial-clustering statistics, such as the two-point

correlation function, void probability function, and peak overdensity function, to detect

the presence of reionization’s tail end in the observed spatial distribution of LAEs. In

Project 2, I explore the correlation between LAE large-scale structure and the local Lyα

forest opacity as measured along nearby quasar sightlines – termed the opacity-density

relation. Recent observations suggest that both highly-opaque and highly-transmissive Lyα

forest sight lines are associated with local under-densities in the galaxy distribution. The

association of transmissive sight lines with under-densities is difficult to reconcile with some

existing models of intergalactic fluctuations. I test the consistency of these results with

new radiative transfer simulations of reionization, which provide detailed modeling of the

intergalactic radiation, temperature, and ionization fluctuations. I also use these simulations

to explore what the opacity-density relation can (and cannot) tell us about the reionization

process and its sources.
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2.2 Surface densities (3rd column) and split-screen contrasts (4th column) mea-
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and 0.5 models at z = 5.7 and 6.6, respectively, assuming cosmic variance
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Chapter 1

Chapter 1: Main Introduction

1.1 Background

The Epoch of Reionization is the time period during which the intergalactic

medium (IGM) underwent its last major transition from neutral to highly ionized hydrogen.

This process began when energetic photons from the first stars and galaxies started to ionize

and heat the surrounding IGM. In the standard cosmological model, the first sources formed

in the highest density peaks of the universe. It is thus believed that reionization started in

the densest environments and propagated outward, completing in the voids of the galaxy

distribution. Over the past decade, cosmic microwave background (CMB) measurements

[640], in combination with observations of the Lyman-α (Lyα) forest of high-redshift quasars

[252, 52, 79, 237, 56, e.g.], have greatly sharpened our understand of reionization’s timeline.

They indicate that the bulk of reionization occurred at redshifts z ≈ 5 − 12. However, in

spite of extensive observational and computational resources dedicated to understanding

this process, large uncertainties still remain.
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Among the most pressing uncertainties undercutting our understanding of reion-

ization is the nature of the ionizing sources. The rate at which the sources emit ionizing

photons into the IGM is quantified with the ionizing emissivity, ṅion, the number of ionizing

photons per unit time, per unit volume. The emissivity is often parameterized as

ṅion = ρUVξionf
LyC
esc , (1.1)

where ρUV is the non-ionizing ultraviolet (UV) luminosity density, ξion is the ionizing photon

production efficiency, and fLyC
esc is the fraction of Lyman continuum (LyC) photons that

escape into the IGM. Previous measurements from ground-based and space-based telescopes

have placed constraints on ρUV, the observed rest-frame UV luminosity per unit volume in

the Universe. With the advent of the James Webb Space Telescope (JWST), we have

begun to probe the contribution of fainter galaxies to ρUV, and out to higher redshift

[82, 276, 526, 820, 230]. The standard cosmological model, however, predicts that most

galaxies are significantly fainter than current detection limits. This makes a full direct

census of ionizing sources impossible for the foreseeable future. The other quantities in

equation (1.1), ξion and fLyC
esc , also pose formidable challenges. Both quantities are set by

complex physical processes occurring at or below galaxy length scales, including (but not

limited to) interstellar and circumgalactic gas distributions, star formation and its feedback

processes, galactic outflows, and interstellar dust [134, 431, 491, 521, 845]. Compounding

these difficulties is the fact that direct measurements of fLyC
esc in the reionization epoch

are impossible because intergalactic gas absorbs 100% of the ionizing photons. Together,

these uncertainties have prohibited our understanding of the ionizing sources that drove

2



reionization.

Given the possibility that many of the ionizing sources will remain undetected

for the foreseeable future, constraining the ionization state of the IGM and its spatial

structure as a function of time is our most promising way to learn about the nature of the

sources. For example, consider a scenario in which low-mass galaxies are the main drivers of

reionization owing to their abundance, high star-formation rates, and possibly high escape

fractions [273, 621]. In this case, the sources reside in less biased (less clustered) dark

matter halos, which leads to the ionization field consisting of smaller and more numerous

ionized bubbles at the beginning and middle of reionization. Toward the end of reionization,

the last remaining patches of neutral gas – termed neutral islands – are more porous and

more spread out within the cosmological voids. The spatial structure of the ionization

field is often termed the “morphology” of reionization, a term I will use throughout this

dissertation.

Now consider a contrasting scenario in which the observed galaxies, the UV-

brightest in the population, are the drivers of reionization. This kind of model is motivated

by some recent studies which note that UV-bright LAEs at lower redshift appear to be

prodigious leakers of ionizing radiation [584, 583, 521, 519] (see however [144]). In this case,

the sources reside in massive, highly biased halos, and the morphology of reionization is

dominated by larger and more contiguous ionized bubbles. Similarly, the neutral islands

near the end of reionization will be more contiguous and clustered toward the centers of

the voids. (See e.g. [532, 106] for a detailed discussion of these effects on morphology.)

The different source populations have their effect on the timing of reionization too. In the
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standard cosmological model, structure formation proceeds in a bottom-up manner with the

smallest galaxies forming first. As a consequence, scenarios in which the ionizing photons

are provided by the most massive galaxies, for example, result in a later reionization pro-

cess, simply because it takes time for these galaxies to assemble. This discussion highlights

how constraining reionization sheds light on the nature of the first ionizing sources in the

Universe.

1.2 Lyα Observables

Lyα emission or absorption corresponds to electronic transitions in neutral hydro-

gen between the 2P and 1S states, with a rest-frame photon wavelength λ = 1216Å. Lyα

emission from gaseous nebulae in galaxies is associated with energetic phenomena such as

hot gas, star formation, and young stellar populations. The utility of Lyα transitions for

studying reionization has long been recognized owing to its resonant nature; even a small

neutral gas fraction (e.g. xHI ∼ 10−4 at z = 5.7) can completely absorb the Lyα flux in

a background source spectrum. Hence, the observation of Lyα photons is associated with

highly ionized environments.

Galaxies with strong Lyα emission lines – termed Lyα emitters (LAEs) – are a

useful empirical window into reionization because they probe the local ionization state of

the IGM. The visibility of LAEs requires sufficiently large ionized bubbles that allow the

Lyα line to redshift out of resonance with the neutral gas so that these photons can stream

relatively freely through the IGM. The detection of high redshift galaxies by HST, and more

recently with JWST, with observed Lyα emission at z ≳ 7 has been interpretted to imply
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that these galaxies reside in large ionized bubbles, among the earliest regions to reionize in

the Universe [869, 818, 514, 819, 462, 247, 101, 169, 761]. Furthermore, multiple detections

of LAEs with double-peaked Lyα emission lines such as COLA1, NEPLA-4, and A370p-z1,

have been used to place lower limits on the sizes of the ionized bubbles hosting these galaxies.

Other examples using the detection of Lyα emission from galaxies to constrain reionization

include the declining observations of Lyman-break populations with Lyman-α flux above

z > 6 [419, 686, 613, 632, 555, 689, 515, 394, 380], and the differential evolution of the

bright and faint LAE populations at z > 7 [113, 112, 616, 615, 750, 367, 247]. Interpreting

these observations, however, requires much care; the constraints on reionization rely heavily

on assumptions about the highly uncertain strength and shape of the Lyα emission lines

emerging from the galaxies, i.e. before they are absorbed by intergalactic hydrogen.

Another observational tool that has come to maturity over the past decade is the

Lyα forest of high-z quasar spectra. Absorption features are imprinted in the continuum

spectrum of a distant quasar blue-ward of the rest-frame Lyα emission line (as this part

of the continuum will redshift into the Lyα resonance as the light travels through the

expanding Universe). The absorption features of the forest constitute a record of the neutral

hydrogen densities encountered along the line of sight, which encodes information about the

extragalactic ionizing radiation background, the temperature of the IGM, and cosmological

density fluctuations. Measurements of the mean absorption of the Lyα forest, its sightline-

to-sightline variations [252, 52, 237, 79, 78, 842], and statistics of absorption gaps [866, 867],

have been particularly transformative because they place strong constraints on the last

phases of reionization. I will discuss this further in Chapter 3.
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In this dissertation, I use cosmological simulations to explore how observations

of Lyα emission and absorption can be used to probe the nature of reionization and its

sources. In Chapter 2, I explore large-scale statistics of LAEs as a probe of reionization.

Curiously, SILVERRUSH, a recent LAE survey using Hyper Suprime-Cam on the Subaru

telecope, displays large-scale (∼ 200 comoving Mpc) intra-field fluctuations in the observed

surface densities of LAEs [619, 719, 449, 394]. The fluctuations are particularly prominent

at redshift z = 5.7, an epoch when state-of-the-art models of reionization suggest that

there might have been large patches of neutral gas in cosmological voids. I explore the

nature of these fluctuations, as well as the capabilities of different LAE spatial-clustering

statistics, such as the two-point correlation function, void probability function, and peak

overdensity function, to detect the presence of reionization’s tail end in the observed spatial

distribution of LAEs. In Chapter 3, I explore the correlation between LAE large-scale

structure and the local Lyα forest opacity as measured along nearby quasar sightlines –

termed the opacity-density relation. Recent observations suggest that both highly-opaque

and highly-transmissive Lyα forest sight lines are associated with local under-densities in

the galaxy distribution [57, 143, 142]. The association between transmissive sight lines and

under-densities is hard to reconcile with some existing models of intergalactic fluctuations.

I test the consistency of these results with new radiative transfer simulations of reionization,

which provide detailed modeling of the intergalactic radiation, temperature, and ionization

fluctuations. I also use these simulations to explore what the opacity-density relation can

(and cannot) tell us about the reionization process and its sources. I offer concluding

remarks in Chapter 4.
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Unless otherwise stated, the simulations run for this dissertation adopt a standard

flat ΛCDM cosmology with ΩM = 0.305, ΩΛ = 1−ΩM , Ωb = 0.048, H0 = 100h km/s/Mpc,

with h = 0.68. The simulations are initialized with a linear matter power spectrum with

σ8 = 0.82 and ns = 0.9667. All distances are quoted in comoving units unless otherwise

noted.
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Chapter 2

Chapter 2: Constraining

Reionization in Progress at z = 5.7

with LAEs: Voids, Peaks, and

Cosmic Variance

2.1 Introduction

As stated in Chapter 1, observational measurements of the Lyα forest have nar-

rowed the range of viable reionization models to those that end around z = 5−5.5. This tim-

ing is consistent with transmission measurements of the Lyα and Lyβ forests [253, 525, 812],

as well as evidence of quasar damping wings in z > 7 quasars [577, 201, 811]. Additionally,

at z ≳ 5.5, the Lyα forest exhibits large scatter in its transmission averaged over long path
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lengths, epitomized by the 110h−1 comoving Mpc Lyα trough reported by [52] (see also

[253, 79, 237]). Some models proposed to explain this scatter place the end of reionization

as late as z = 5 [454, 589, 426]. Although a broadly consistent picture of late reionization

has emerged from all of these observations, the reionization history in detail as well as its

sources remain unknown.

LAEs have long been an important probe of the EoR owing to the resonant nature

of the Lyα line to neutral gas. Visible LAEs indicate the presence of ionized gas within

the IGM because even small densities of neutral hydrogen nearby can attenuate LAEs

significantly. Hence the observations of these galaxies indicate the presence of highly ionized

gas in the localized regions in which they are observed. Given sufficiently large survey area

and a statistical sample of galaxies, the angular two point correlation function (2PCF) is

considered a robust probe of reionization.

One of the central questions motivating this Chapter is whether the 2PCF is the

most sensitive statistic for constraining reionization during its final stages. As in Chapter

1, there is mounting evidence that existing LAE samples at z ∼ 7 are probing deep into

reionization. Even the most densely sampled data at z = 5.7 may be probing the tail

end of reionization [589, 426]. Radiative transfer simulations indicate that neutral gas

becomes increasingly relegated to the voids in the source distribution when the global

neutral fraction drops below 50% [231, 454, 316, 829, e.g.]. We therefore expect LAEs

located in voids to be preferentially obscured by neutral islands during the last stages of

reionization. Motivated by this expectation, we reexamine the use of LAE void statistics for

constraining reionization, with an eye towards recent models that place the neutral fraction
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at ∼ 10% at z = 5.7. We also explore peaks in the LAE distribution as a complementary

method for quantifying reionization’s effect on the apparent clustering of LAEs.

LAE void statistics in the context of reionization were considered by [531]. The

current Chapter adds to previous work in three ways: (1) Whereas the simulations in [531]

concluded reionization well before z = 5.7, we focus explicitly on the possibility of con-

straining models in which reionization was still ongoing at z = 5.7. This updates previous

studies with the most recent empirical developments and may be of particular interest be-

cause LAE samples are currently largest at z = 5.7; (2) We employ simulation volumes

of (1 Gpc/h)3, a factor of ≈ 470 bigger than the largest in [531], to model reionization

and the LAE population. This allows us to develop statistically representative models of

narrow band surveys whose individual fields of view often are comparable to, or larger than,

the simulation box sizes of previous studies. The SILVERRUSH fields are striking visually

because they exhibit significant field-to-field variation in surface density, as well as clear

asymmetries in the LAE distribution over enormous scales (∼ 200 Mpc/h). Some fields are

pocketed with highly-clustered regions and nearly empty holes. We exploit our large sim-

ulation volumes to address additionally whether the observed features are consistent with

expected cosmic variance from large-scale structure, or whether they may be indicative of

some other source of variance; (3) We contrast the constraining power of voids and peak

statistics with that of the 2PCF. We will find that voids provide a more sensitive test of

models than the 2PCF during the late stages of reionization.

The remainder of Chapter 2 is outlined as follows. In §2.2 we summarize our

simulation methods. In §2.2.3 we describe how we derive our simulated fields, and in §3.4
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we present our main results. In §3.6 we conclude.

2.2 Simulation Methodology

The visibility of LAEs is set by physical processes spanning an enormous dynamic

range, from hundreds of Mpc/h to sub-galactic scales. In addition, narrow band survey

fields of view span (∼hundreds of Mpc)2. Our multi-scale approach attempts to bridge the

scale gap by using several cosmological simulations in tandem. In this section we describe

each component of our models.

2.2.1 The underlying LAE population

The basis for our mock LAE catalogs is the publicly available halo catalogs from

the Multi-Dark Simulation (MDPL) of [434], which affords us a 1 (h−1 Gpc)3 volume. The

MDPL simulation is a dark-matter-only N-body simulation that was run with a modified

version of the GADGET-2 code [745] using N = 38403 particles, which corresponds to

a particle mass of 1.51 × 109h−1 M⊙. We used the friends-of-friends (FoF) halo catalogs

provided by the CosmoSim database1. The minimum halo mass in these catalogs is Mmin =

3 × 1010h−1 M⊙.

To populate the MDPL halos with galaxies, we applied an abundance matching

scheme that equates the cumulative number density of halos with the integrated rest-frame

UV luminosity functions of [83] (see also [275]). Following [817], we model the duty cycle of

these galaxies with the method of [780]. The duty cycle is parameterized by a star formation

time-scale ∆t, which we take to be one of the free parameters in our models. Smaller values

1https://www.cosmosim.org/
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of ∆t result in UV luminous galaxies being assigned to less massive halos. In what follows,

we adopt ∆t = 50 Myr as our fiducial value. In §2.3 we show that this choice provides a

reasonable match to statistics of the observed LAE population.

Given UV luminosities, the Lyα rest-frame equivalent widths (REWs) of galaxies

were drawn randomly from the empirically calibrated model distribution of [226]. Scatter-

ings of Lyα photons by the interstellar gas results in a complex frequency structure for the

Lyα line as it emerges from source galaxies. We do not attempt to model these physical

processes in detail here. Instead we assume that the structure of the line blue-ward of

systemic is completely absorbed by the IGM – a good approximation at the high redshifts

of interest, in most cases [378, 520, 740, see however]. We model the red-ward side with a

Gaussian profile characterized by a velocity offset, ∆v, and width σv. We set ∆v = βvcirc,

where vcirc is the circular velocity of the halo at its boundary2, and β is a free parameter in

our model [817, e.g.]. Following [515], we fix σv by setting the full-width half-maximum of

the Gaussian equal to vcirc. These choices are motivated by radiative transfer calculations

of the Lyα line structure emerging from simple models of the ISM in star-forming galaxies

[864].

2.2.2 Opacity of the IGM

The attenuation of Lyα emission lines by intergalactic hydrogen comes from two

sources: (1) The neutral hydrogen in yet-to-be reionized gas; (2) Self-shielding regions and

residual neutral hydrogen within ionized bubbles. Sections 2.2.2 and 2.2.2, respectively,

describe how we model these.

2Here, the “radius” of an FoF halo is defined to be that of a sphere with equal volume.
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Reionization simulations

We modeled the distribution of neutral hydrogen during reionization with a nu-

merical implementation of the excursion-set model of reionization (ESMR; [292, 559]). Fol-

lowing previous implementations [852, see e.g.], we smoothed the MDPL halo field onto a

grid with dimension N = 5123 to obtain the collapsed fraction field, fcoll(r). The latter was

then smoothed over a hierarchy of scales with a top-hat filter in Fourier space. Cells were

marked as ionized when the condition ζfcoll(r) ≥ 1 was satisfied, where ζ is a free parameter

quantifying the efficiency at which the sources deliver ionizing photons to the IGM. As we

describe in §2.3, we adjusted ζ to obtain different global ionized fractions at z = 5.7 and

z = 6.6.

It is important to account for the enhancement of the ionizing ultraviolet back-

ground (UVB) intensity around bright and/or clustered LAEs. We modelled spatial fluc-

tuations in the UVB with a simple attenuation model, separately from the ESMR reion-

ization simulations. We computed the hydrogen photoionization rate, ΓHI, on a uniform

grid with N = 5123 cells assuming that each source at location x⃗j makes a contribution

∝ L912 exp(−|x⃗i − x⃗j |/λmfp
912 )/|x⃗i − x⃗j |2 to the cell at x⃗i, where L912 is the source’s specific

luminosity at 912 Å, and λmfp
912 is the mean free path. For simplicity we adopt a uniform

λmfp
912 = 30(15)h−1 Mpc at z = 5.7(6.6), which is motivated by extrapolating the observa-

tional measurements of [827] at z ≲ 5.2. Assuming a constant λmfp
912 affords us the ability to

compute ΓHI fields efficiently using Fast Fourier Transforms, at the expense of neglecting

potentially large spatial variations in λmfp
912 at these redshifts [199, 187]. Small local values

of λmfp
912 – for example, in cosmic voids with a dearth of sources – leads to more attenuation
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of the local LAE population by self-shielding systems [72, 675], introducing another source

of fluctuation in the LAE distribution. Another effect that our method misses is the shad-

owing of the UVB which leads to a suppression of ΓHI in the vicinity of neutral hydrogen

[589].

Absorptions within ionized bubbles

Even within an ionized bubble, residual neutral hydrogen in the cosmic web can

contribute significantly to the attenuation of Lyα emission [72, 555, e.g.]. We model this

component of the opacity using one-dimensional skewers extracted from an Eulerian cos-

mological hydrodynamics simulation run with a modified version of the code of [777]. The

details of our code implementation have been described elsewhere [187, 589]. Here we

summarize the salient points (including updates) for the current Chapter.

Our simulation used a periodic box with side length Lbox = 20h−1 Mpc, and

2×20483 gas and dark matter resolution elements. The simulation was initiailzed at z = 300

using first-order perturbation theory and transfer functions from the CAMB software [468].

The gas was flash ionized at redshift zreion = 8.5 by a uniform ionizing radiation background

with specific intensity Jν ∝ ν−1.5 (where ν is frequency) between 1 − 4 Ry. At this time

the gas was also impulsively heated to T = 20, 000 K. The normalization of the UVB was

fixed to give a global mean hydrogen photoionization rate of ΓHI = 10−13 s−1. However, to

incorporate spatial fluctuations in the UVB, we re-scaled ΓHI in post-processing along the

skewers using the UVB models from the last section. To model self-shielding in over-dense

regions, we implemented the model of [651] with parameters updated by [123]. We traced
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20,000 skewers at random angles from halos3 with masses M ≥ 1010 M⊙. As we describe

in the next section, we used the gas data from these skewers to model attenuation of the

Lyα line by self-shielding regions along the sight lines to LAEs.

2.2.3 Construction of Mock Surveys

We piece together all the elements described above to construct mock LAE cata-

logs. The first step is to create 1, 000 mock fields of view (FoVs) by taking randomly located

and oriented sub-volumes of the MDPL simulation – utilizing the periodic boundary con-

ditions. Our sub-volumes have widths of 180(200) h−1Mpc at z = 5.7(6.6), and depths of

29 h−1 Mpc. The widths correspond approximately to the average FoV scale of SILVER-

RUSH, and the depths represent the selection windows of the NB816 (NB921) filters [619].

We then populate the halos in these sub-volumes with LAEs using the method outlined in

§2.2.1. This step produces the “intrinsic” LAE population.

The next step is to attenuate Lyα luminosities and REWs by applying the opacity

of the IGM redward of systematic Lyα. We trace skewers of length 150 h−1Mpc from each

LAE along the line of sight. The skewers consist of uniform grid points at the resolution of

the hydrodynamics simulation, ∆x = 9.77 h−1kpc, or ∆v = 1.41(1.50) km/s at z = 5.7(6.6).

Gas properties are assigned to these skewers from randomly chosen skewers through the

hydrodynamics simulation. Our ESMR simulations provide the morphology of the neutral

gas around the LAEs. For a given reionization model, wherever a skewer intersected neutral

regions in the corresponding ESMR field, the neutral fraction of the gas was set to unity.

3Halos were identified with a spherical-overdensity criterion in which the mass enclosed is M200 =
200ρ̄m(4π/3)R3

200, where ρ̄m is the cosmic mean matter density and R200 is the radius within which the
mean matter density is 200ρ̄m.
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We emphasize that the ESMR fields and the LAEs share the same underlying density field

(from the MDPL box), but the L = 20 h−1Mpc hydrodynamics simulation does not. Similar

multi-scale approaches have been employed by [555] and [201].

By integrating along the line of sight, we compute the IGM transmission fraction

redward of systemic,

T IGM
Lyα =

∫
dνJ(ν)e−τ(ν)∫

dνJ(ν)
, (2.1)

where J(ν) is the line profile normalized to intergrate to unity, and τ(ν) is the opacity includ-

ing contributions from the ionized and fully neutral regions [555, 817]. After attenuating the

LAEs, we apply cuts on the Lyα luminosity (LLyα) and REW. Unless specified otherwise,

we select LLyα > 6.3×1042 (7.9×1042) ergs/s and REW > 10(14) Å at z = 5.7(6.6). These

cuts from [817] approximate those employed by SILVERRUSH, though we note that differ-

ent sample cuts are applied in the SILVERRUSH analyses depending on the application.

We also note that different SILVERRUSH fields have different limiting depths.

The end result of this process is a sample of 1,000 mock survey FoVs with prop-

erties similar to the SILVERRUSH fields. We will use these mocks to explore the effect of

reionization on various LAE statistics in §2.4.

2.3 Models

A summary of parameters for each of our models is provided in Table 2.1. We

generated mock LAE populations for three global neutral fractions (x̄HI) at z = 5.7, and

three at z = 6.6. Since the neutral fraction is the key distinction between our models, we
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Figure 2.1: Comparison of our models to recent observational measurements. The left,
middle, and right columns correspond to the REW distribution, Lyα luminosity function,
and angular two-point correlation function, respectively. The top and bottom rows show
results for z = 5.7 and 6.6, respectively. Our models are distinguished by the mean neutral
fraction of the IGM, as indicated in the plot legends. In the left and middle panels, the
light gray curves correspond to the “intrinsic” LAE population, before any attenuation from
the IGM/neutral regions is applied. In the right panels, the dashed curves show the best
fit power-law models of [619]. In the left panel legends, “D” and “UD” denote the Deep
and the Ultra-Deep fields, respectively. Our models parameters have been tuned to provide
reasonable agreement with these observations. In §2.4, we use these models to explore the
efficacy of void and peak statistics for constraining reionization.
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z x̄HI β λmfp

912Å
⟨ΓHI⟩ ∆t ⟨Σ⟩

[cMpc/h] [×10−12 s−1] [Myr] [deg−2]

5.7 0.0 1.2 30 0.37 50 72

0.1 1.25 30 0.50 50 72

0.3 1.4 30 0.74 50 71

6.6 0.0 1.2 15 0.37 50 32

0.25 1.4 15 0.50 50 32

0.5 1.8 15 0.74 50 32

Table 2.1: Summary of our model parameters. Columns 2-6 list the five free parameters in
our models. The last column shows the resulting mean LAE surface densities, ⟨Σ⟩, which
have been tuned to match (approximately) the observed values in SILVERRUSH. Here, x̄HI

is the mean neutral fraction of the IGM, β is the proportionality constant between halo
circular velocity and Lyα line offset, λmfp

912Å
is the mean free path in ionized regions, ⟨ΓHI⟩

is the mean hydrogen photoionization rate in ionized regions, and ∆t is the duty cycle star
formation timescale.

will label them with x̄HI hereafter. The values of x̄HI are loosely motivated by the “late”

and “early” reionization scenarios considered in [589]. We note that a neutral fraction of

x̄HI = 0.3 at z = 5.7 is in mild tension with the Lyα forest dark pixel constraints of [525].

One of the main motivations of this Chapter is to explore whether LAE measurements could

provide a complementary test of such a model.

The other parameters were fixed by matching to observational constraints provided

by SILVERRUSH and quasar absorption spectra measurements. To fix the LAE parameters,

we considered the mean LAE surface density, REW distribution, Lyα luminosity function,

and 2PCF. Most importantly for the ensuing discussions, at a given redshift, all of our

models were calibrated to have approximately the same mean LAE surface density, as

shown in the last column of Table 2.1. To achieve this, we adjusted the proportionality

between halo circular velocity and line offset (β) to match our models approximately to

SILVERRUSH surface densities. Our model surface densities are closest to those of the
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“Homogeneous sample” described in [619].4 We found that a reasonable match could be

obtained for all the other LAE constraints by fixing the duty cycle to ∆t = 50 Myr.

The mean ionizing intensity in our fluctuating UVB models (§2.2.2) were calibrated

by Lyα forest measurements where available. At z = 5.7, we constructed synthetic Lyα

forest sight lines through our simulations and rescaled the intensity, assuming photoioniza-

tion equilibrium, to match the mean flux measurement of [79]. Currently, forest segments

at z = 6.6 are too saturated and sparse to provide a reliable estimate of the mean flux. For

simplicity, we held the mean intensities fixed with redshift between the xHI = 0 models, the

xHI = 0.1 and 0.25 models, and the xHI = 0.3 and 0.5 models. This can be seen in the mean

hydrogen photoionization rates in ionized regions provided in Table 2.1. We tested models

in which ⟨ΓHI⟩ is a factor of 5 lower at z = 6.6 than at z = 5.7. We found that ⟨ΓHI⟩ is

almost completely degenerate with β, motivating our choice to hold the former fixed with

redshift. The mean free path through ionized gas, λmfp
912 , is another key parameter in our

UVB model. We fixed this parameter by extrapolating to higher redshift the empirical fit of

[827]. We note that λmfp during reionization could be considerably shorter than the values

adopted here owing to the potentially lower ΓHI as well as relaxation effects [191].

Figure 2.1 shows that our models are in reasonable agreement with measurements

of the REW distribution (left), luminosity function (middle), and 2PCF (right) from SIL-

VERRUSH observations. The top and bottom rows correspond to z = 5.7 and 6.6, respec-

tively. In all top (bottom) panels, the red, blue, and green curves respectively correspond

to x̄HI = 0.0 (0.0), 0.1 (0.25), and 0.3 (0.5). Additionally, the grey curves show the intrinsic

4For reference, the Homogeneous sample from [619] has surface densities of 70 and 41 deg−2 at z = 5.7
and 6.6, respectively.
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statistics before attenuation by the IGM. For comparison, the data points show some of

the most recent observational measurements. IGM opacity acts to skew the REW distri-

bution toward lower values. It also changes the normalization and shape of the luminosity

function, and increases the observed clustering of LAEs. These trends are consistent with

previous findings [531, 401, 817, e.g.]. Similar to the results of [817], our 2PCFs exhibit

more clustering compared to the SILVERRUSH measurements at z = 6.6. This may owe to

the relatively massive halos that our LAEs inhabit. Our models have Mmin = 3 × 1010 h−1

M⊙ and an average mass of ⟨M⟩ = 1.5 × 1011 h−1M⊙. In contrast, SILVERRUSH reports

Mmin ∼ 2.1× 109(8.8× 108) h−1M⊙, and average masses of ∼ 8.7× 1010(4.4× 1010) h−1M⊙

at z=5.7(6.6) [619]. These masses were derived by applying the halo occupation distribution

(HOD) modelling of [355] to the measured 2PCF. Another effect at play could be the lower

surface densities in our models compared to the Homogenous sample used to measure the

2PCF.

Figures 2.2 and 2.3 show mock survey fields of size (500h−1Mpc)2 at z = 5.7 and

6.6, respectively. For all panels we impose the survey cuts described in §2.2.3. The top-left

panels show the intrinsic distribution of LAEs in the slices, i.e. without attenuation by

the IGM. The subsequent plots (moving clockwise) correspond to increasing global neutral

fractions, where the shading shows the projected neutral gas density. The different dot-

colors correspond to Lyα magnitude bins, as denoted in the plot legends. In the latter half

of reionization, the neutral gas is increasingly confined to voids in the LAE distribution.

This gas attenuates the Lyα lines of background LAEs, obscuring some of them from view.

Importantly, because we fix the surface density of LAEs to be approximately the same
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between our models, these missing LAEs are compensated by an increased density of LAEs

in the ionized regions. This effect contributes to the enhanced clustering seen in the 2PCFs

(Fig. 2.1), and we will see its consequences for peak statistics later in this Chapter.

2.4 Results

2.4.1 Cosmic Variance

We begin with a broad comparison of our simulated ensembles to the SILVER-

RUSH fields. We have applied homogeneous luminosity and color cuts to the publicly

available SILVERRUSH catalogs (see text in §2.4.1). The LAE surface density of each field

is reported in Table 2.2. The data exhibits significant field-to-field variation. At z = 5.7,

D-ELAISN1 has a surface density of just ≈ 31 deg−2, whereas UD-SXDS is a factor of

3 denser with ≈ 98 deg−2. Additionally, some fields, such as D-ELAISN1 at z=5.7 and

D-DEEP2-3 at z=6.6, show conspicuous asymmetries over ∼ 200 h−1Mpc scales (see e.g.

Figs. 4 and 5 of [619]). Some regions remain largely empty of LAEs, while others contain

significant over-densities. In this section, we explore whether the observed variations are

consistent with expectations from large-scale structure formation alone, or if some other

source of variance is required. We also quantify the contribution of reionization to the

expected cosmic variance.
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Figure 2.2: Example 500×500 (h−1Mpc)2 slices through our simulated LAE distributions at
z = 5.7. The different dot-colors correspond to the Lyα apparent narrow-band magnitude
(MLyα) ranges shown in the top-left panel. The top-left panel shows the intrinsic LAE
sample before any attenuation by the IGM is applied. The remaining panels correspond to
our models with x̄HI = 0.0 (top-right), x̄HI = 0.1 (bottom-left), and x̄HI = 0.3 (bottom-
right). The shading shows the integrated neutral fraction along the line of sight, which is
30 h−1Mpc deep. Darker shades indicate regions with higher neutral fractions. These three
panels have approximately the same mean LAE surface density, ⟨Σ⟩ ≈ 72 (deg)−2. At fixed
⟨Σ⟩, a higher neutral fraction obscures LAEs in the voids, but these must be compensated
by more visible LAEs elsewhere. Hence the presence of neutral gas leads to more apparent
clustering of the LAEs. Notably, the neutral gas is relegated to the voids in the tail end of
reionization, suggesting that LAE void statistics may provide an informative test of models
in this regime.
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Figure 2.3: Same as Figure 2.2, except at z = 6.6. The top-right (x̄HI = 0.0), bottom-left
(x̄HI = 0.25), and bottom-right (x̄HI = 0.5) panels have a fixed ⟨Σ⟩ ≈ 32 (deg)−2.
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LAE Surface Density

In Figure 2.4 we show the LAE surface density distributions in our reionization

models. The top and bottom panels correspond to z = 5.7 and z = 6.6, respectively.

The red, blue and green histograms represent different neutral fractions, as denoted in the

plot legends. For each model, the distributions consist of 1, 000 mock FoVs. To facilitate

comparisons with the observations, we have matched the sizes of our fields to the mean

sizes of the SILVERRUSH fields (see §2.2.3). This is not ideal because the SILVERRUSH

fields vary in size, from 2-6 square degrees [719, ?]. However, we will find that the observed

cosmic variance can be reproduced reasonably with our simplistic approach. To remove the

effect of small differences in the mean surface densities in our models, we plot the surface

density contrast, δ = (Σ − ⟨Σ⟩)/⟨Σ⟩, where ⟨Σ⟩ is the average surface density. Figure 2.4

shows that reionization increases the cosmic variance in δ quite subtly. For reference, the

standard deviations of δ between our models are 0.14(0.20), 0.15(0.23), and 0.17(0.25) for

neutral fractions of x̄HI = 0.0(0.0), 0.1(0.25), and 0.3(0.5) at z = 5.7(6.6), respectively.

The black vertical lines in Figure 2.4 illustrate the cosmic variance in the SIL-

VERRUSH data. Each line is annotated with its respective field name (see Table 2.2). The

luminosity and color cuts applied in the published SILVERRUSH analyses vary, depending

on the application. Hence, we downloaded the public SILVERRUSH catalogs5 and applied

our own cuts with the goal of matching our simulated catalogs to the extent possible. Specif-

ically, at z = 5.7, we selected Lyα luminosities > 6.3 × 1042 erg/s and applied a color cut

of i−NB816 > 1.2. This yields ⟨Σ⟩ = 72 deg−2, in agreement with our models (see Table

5http://cos.icrr.u-tokyo.ac.jp/rush.html
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2.1). At z = 6.6, we used > 1.41 × 1043 erg/s and z−NB921> 1.8. The higher luminosity

limit adopted for z = 6.6 ensures that a homogeneous cut can be applied across all fields

in the public SILVERRUSH data. Note that this limit is much higher than in our fiducial

z = 6.6 catalog used throughout the rest of this Chapter, and results in our models having

⟨Σ⟩ = 9.5 deg−2 at z = 6.6. The color cuts, which are from [?], roughly match the REW

cuts applied to our simulated catalogs. For comparison, the red/dashed vertical lines show

the 2σ limits of the model distributions with x̄HI = 0. (The 2σ limits for the other models

are similar.)

We find that the observed field-to-field variation is almost entirely consistent with

expectations from large scale structure alone, and that reionization is unlikely to play a

significant role in increasing this variation. At z = 5.7, our models, however, cannot account

for the dearth of LAEs observed in D-ELAISN1. However, as noted by [?], the deficit may

owe to poor seeing for that field. Interestingly, D-ELAISN1 also shows a strong asymmetry

in the LAE distribution, although there is no evidence of spatial variations in the data

quality [619]. In the next section we explore the nature of such asymmetries.

Split-screen contrast

We quantify half-plane variations in the LAE fields using a statistic that we term

the “split-screen contrast.” The FoV is split, either vertically, horizontally, or diagonally to

create regions of roughly equal area. We then calculate the contrast,

∆Σ

Σ
=

|Σ1 − Σ2|
Σ

(2.2)
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Figure 2.4: Cosmic variance in the surface density of SILVERRUSH-sized fields of view.
Here we show the probability distribution of the surface density contrast, δ = Σ/⟨Σ⟩ − 1.
The top and bottom panels correspond to z = 5.7 and z = 6.6, respectively. The red,
blue, and green histograms represent our models with different global neutral fractions.
The vertical black lines represent δ measured from the publicly available SILVERRUSH
catalogs [719], with uniform luminosity and color cuts applied. The red, thin-dashed lines
show the 2σ range of our surface density distribution in a completely ionized scenario. Black
lines are annotated with individual field names. A more neutral IGM yields only a slight
increase in the cosmic variance. Our model distributions are consistent with the data, aside
from D-ELAISN1, which is likely affected by poor seeing [?].
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where Σ1 and Σ2 are the surface densities of the two halves (or “split screens”) and Σ is

the surface density of the field.

In Figure 2.5 we show the cumulative probability distribution of split-screen con-

trasts in our models, P (< ∆Σ/Σ), or the probability of finding ∆Σ/Σ less than a given

value. Reionization widens the distribution somewhat. At z = 5.7, the standard deviation

increases by 30% between a completely ionized IGM and x̄HI = 0.3. At z = 6.6 the differ-

ences are more subtle, a 12% increase in width between x̄HI = 0.0 and 0.5, owing to the

relative dominance of shot noise from a lower mean surface density. Generally speaking,

a larger neutral fraction extends the high-contrast tail of the distribution, enhancing the

likelihood of finding more extreme half-plane asymmetries.

For comparison, we attempt to quantify the split-screen contrasts in the SILVER-

RUSH data using the same luminosity and color cuts described in the last section. We note

that the fields have different sizes and non-trivial shapes. To account for this, we inspected

the fields and found axes of symmetry along which to perform the bisections, maintaining

roughly equal areas between the split screens. The black histograms in Figure 2.5 show the

results of our crude measurements, which are reported in Table 2.2. (Individual fields have

more than one split-screen configuration.) The largest contrasts are found in D-ELAISN1

at z = 5.7, and in D-COSMOS and UD-COSMOS at z = 6.6. Note that we have applied

our own homogeneous luminosity and color cuts to the data, so the split screen contrasts

that we report here may not be visually apparent in published visualizations of the fields

[619, e.g.].

Our measurements from SILVERRUSH lie comfortably within the dispersion of
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z Field Σ [deg−2] ∆Σ /Σ

5.7 UD-COSMOS 75.6 0.27, 0.14

UD-SXDS 98.4 0.33, 0.03

D-DEEP2-3 84.4 0.28, 0.46, 0.18

D-ELAISN1 31.1 0.20, 0.18, 0.76, 0.02, 0.55, 0.58

6.6 UD-COSMOS 12.2 0.75, 0.32

UD-SXDS 9.41 0.11, 0.55

D-COSMOS 8.27 0.75, 0.44, 0.31

D-DEEP2-3 8.16 0.31, 0.15, 0.08, 0.15, 0.23, 0.08

D-ELAISN1 9.38 0.15, 0.07, 0.44, 0.22, 0.29, 0.51

Table 2.2: Surface densities (3rd column) and split-screen contrasts (4th column) measured
from our sample of the SILVERRUSH data. Our luminosity and color cuts are described
in §2.4.1. This data is compared against our models in Figures 2.4 and 2.5.

our models. A Kolmogorov–Smirnov test indicates that the observed distributions are

consistent with all of the models. For example, at z = 5.7, we find p-values of 0.8 and 0.3

for x̄HI = 0.3 and 0.0, respectively. We conclude that the half-plane asymmetries present

in the SILVERRUSH data are consistent with the expected large scale structure alone.

Patchy reionization does, however, enhance the probability of observing larger split-screen

contrasts. For example, the probabilities of finding ∆Σ/⟨Σ⟩ ≥ 0.5 are 4(21)%, 6(23)%,

10(27)% in our models with x̄HI = 0.0(0.0), 0.1(0.3), and 0.3(0.5) at z=5.7(6.6), respectively.

In conclusion, we have found that our ensembles of simulated fields are consistent

with the cosmic variance and half-plane asymmetries observed in the SILVERRUSH data.

2.4.2 Voids

Clustering statistics of LAEs provide an important observational window into the

reionization process. Previous studies have focused on using the 2PCF to constrain the
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Figure 2.5: Cumulative probability distribution of the split-screen contrast, ∆Σ/Σ. The
split-screen contrast quantifies half-plane asymmetry in the LAE distribution (see main text
for more details). The top and bottom panels correspond to z = 5.7 and z = 6.6, respec-
tively. The colored curves correspond to our reionization models. The black histograms
show measurements from the publicly available SILVERRUSH catalogs [719], with uniform
luminosity and color cuts applied. The likelihood of finding a field with high ∆Σ/Σ increases
slightly with neutral gas fraction. However, the visually apparent half-plane asymmetries
seen in some of the SILVERRUSH fields are consistent with expectations from large-scale
structure formation alone.
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Figure 2.6: The void probability function (VPF) at z = 5.7 (top) and z = 6.6 (bottom) for
our models with different global neutral fractions. The black curves show the analytic result
for a uniform-random distribution of LAEs with matched surface density. The error bars
show the 1σ dispersion from cosmic variance in a 10-field survey, or a SILVERRUSH-like
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density regions of the IGM, which are the last places to be reionized.
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neutral fraction of the IGM [531, 617, 401, 386, 737, 619]. However, Figure 2.2 illustrates

that, toward the end of reionization, neutral gas is mostly relegated to voids in the LAE

distribution. This suggests that void statistics could be more informative in the final stages

of reionization, when the neutral gas disproportionately obscures LAEs in under-dense

regions. Also working in favor of this idea is the fact that the space density of z = 5.7 LAEs

is considerably larger than at e.g. z = 6.6. In what follows, we examine the prospect of

constraining reionization with the statistics of voids.

We quantify reionization’s effect on LAE void statistics using the void probability

function (VPF), or the probability of finding a circle of radius R containing no LAEs ([771];

[770]; [531]; [633]). The VPF is complementary to the 2PCF, encoding correlations at

orders beyond the two-point function. A key advantage of the VPF is that it is simple and

can be applied even to sparse LAE fields, although see [633] for important caveats on its

application. We compute the VPF by randomly placing down circles with radius R in our

mock fields and then finding the fraction of circles that do not contain LAEs.

In Figure 2.6 we show our VPF results at z = 5.7 (top) and z = 6.6 (bottom). The

red, blue, and green curves show our reionization scenarios as denoted in the plot legends.

For comparison, the black curves show the VPF in the case of a uniform-random distribution

of LAEs, P (R) = exp(−πR2⟨Σ⟩), with the same mean surface density (see Table 2.1 for

⟨Σ⟩). A comparison between the black and red curves shows that large scale structure

clearly enhances the VPF above the Poisson expectation. Consistent with previous works,

we find that an ongoing reionization process further enhances the VPF. Neutral gas in the

cosmic voids attenuates Lyα emission, making holes in the LAE distribution appear larger
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(cf. Figs. 2.2 and 2.3). A higher global neutral fraction enhances the probability of finding

empty circles on larger scales. At z=6.6 we find that the probability of finding larger empty

circles is enhanced significantly. (Note the different scales in the panels.) This owes to two

effects. First, there are simply fewer LAEs at z = 6.6, which results in larger random gaps

in the distribution (see [176] for a discussion). Second, the larger neutral fraction results in

more LAEs being obscured.

Even on the L ∼ 200 h−1 Mpc scales of our fields, large-scale power can lead

to substantial cosmic variance in our void statistics. Such variations can pose a challenge

for constraining reionization with voids. We quantify the cosmic variance by bootstrap

resampling our simulated FoV ensemble. If our mock survey contains N fields, we draw N

samples with replacement and calculate the VPF from these samples. The resulting VPF

constitutes one realization of a mock survey, and we generate 10, 000 of these. We have

checked that our results are well converged in the number of realizations. In what follows,

we consider two survey configurations; (1) The current SILVERRUSH size: N = 4 and 5

for z = 5.7 and 6.6, respectively; (2) A future SILVERRUSH-like survey covering twice the

area, N = 10. The error bars in Figure 2.6 show the 1σ dispersion from cosmic variance

in the VPF assuming the futuristic N = 10 field survey. From here on, all cosmic variance

error bars assume N = 10.

Can the VPF provide stronger constraints than the 2PCF on the tail end of reion-

ization, as we have argued above? We address this question with a simple χ2 analysis. We

gauge the significance at which a statistic can rule out our model with x̄HI = 0.3 (0.5) at

z = 5.7 (6.6), assuming that the true model is x̄HI = 0. To this end, we used our boot-
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strap samples of the x̄HI = 0 model to compute the covariance matrix6, taking into account

correlations between radial bins. We then calculated χ2 = P TC−1P , where C is the covari-

ance matrix and P is the difference vector between the 0.3(0.5) model and a mock survey

drawn from the x̄HI = 0 model. Finally, we calculated p-values to assess the rarity of the

obtained χ2. Given the non-Gaussianity exhibited in some of the radial bins, we integrated

the numerical χ2-distribution from the bootstrapping to compute the p-values.

A summary of our simple χ2 analysis is reported in Table 2.3. There we show

p-values for the 2PCF, VPF, as well as two of the peak-based statistics that we explore in

the next section. To ensure that our conclusions are not biased by a random fluctuation,

the p-values reported there are the average values over 1, 000 mock observations. Results

are given for current and “futuristic” (10-field) survey configurations. We note that our

analysis adopts cosmic variance error bars, ignoring all other observational uncertainties.

The numbers in parentheses correspond to cases in which we assume that a fraction of

the LAEs are actually misidentified foreground interlopers. (See discussion below.) Let us

consider first the ideal case with no contamination. We find that the VPF outperforms the

2PCF at testing late reionization models in which the tail end extends below z = 5.7. On the

other hand, for both survey configurations, the 2PCF and VPF provide similar constraining

power for a model with x̄HI = 0.5 at z = 6.6. These results have an intuitive interpretation.

The neutral gas is mostly in the voids at z = 5.7, leaving a stronger signature in the VPF

compared to the 2PCF.

In the absence of full spectroscopic confirmation, however, narrow band surveys

6We have checked that our calculation is well converged in number of realizations.
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p-value p-value
z Statistic (SILVERRUSH-like) (10 fields)

5.7 2PCF 0.26 0.18
10% contamination (0.28) (0.22)
30% contamination (0.34) (0.32)

VPF 0.18 0.07
10% contamination (0.23) (0.12)
30% contamination (0.31) (0.23)

PTF 0.42 0.30

PPF 0.63 0.51

6.6 2PCF 0.19 0.08
10% contamination (0.26) (0.12)
30% contamination (0.32) (0.21)

VPF 0.21 0.09
10% contamination (0.25) (0.14)
30% contamination (0.34) (0.23)

PTF 0.19 0.10

PPF 0.58 0.25

Table 2.3: Simple χ2 analysis to gauge the efficacy of void and peak statistics for testing
reionization models. The reference models have x̄HI = 0 and we compute the probabilities
of obtaining χ2 at least as extreme as those of the x̄HI = 0.3 and 0.5 models at z = 5.7 and
6.6, respectively, assuming cosmic variance uncertainties. These p-values are shown for two
survey configurations: (1) A SILVERRUSH-like survey with 4 and 5 fields at z = 5.7 and
z = 6.6, respectively; (2) An expanded SILVERRUSH-like survey with 10 fields (roughly
doubled in area). We consider the two-point correlation function (2PCF), Void Probability
Function (VPF; §2.4.2), Pixel Threshold Fraction (PTF; §2.4.3), and Peak Probability
Function (PPF; §2.4.3). The numbers shown in parentheses for the 2PCF and VPF assume
that 10% or 30% of the LAEs are misidentified foreground sources. All other numbers
assume no contamination. The VPF is particularly well-suited for probing the tail end of
reionization, where LAE surface densities are highest.
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are inevitably contaminated by misidentified lower redshift sources. The contamination

could be particularly problematic for the VPF, which is exponentially sensitive to inter-

lopers [533]. To gauge this effect, we selected a fraction of our LAEs and shuffled them

to random locations in the field. This procedure ignores the clustering of the interlopers,

which is likely to be a small effect for the low number densities that we assume here. Based

on spectroscopic followups, [619] estimated contamination rates of ≈ 8% and ≈ 14% in their

z = 5.7 and z = 6.6 samples, respectively. [619] also found that the contamination rate

depends on source brightness. They reported a higher rate of ≈ 33% for sources brighter

than 24 magnitudes in their z = 6.6 sample. In Table 2.3, the p-values in parentheses as-

sume contamination fractions of 10% and 30%. We find that the contamination significantly

degrades the sensitivities of both the VPF and 2PCF. However, for the 10-field configura-

tion, we find that the VPF maintains an advantage over the 2PCF at z = 5.7, even in the

presence of signficant contamination.

Our results suggest that the VPF can provide information on reionization that is

complementary to the 2PCF. We find that the former is a more sensitive test of the final

stages of reionization in which neutral gas is contained primarily in the voids, and LAE

surface densities are highest.

2.4.3 Peak Statistics

LAE peak statistics offer a complementary picture to the voids. When comparing

models with x̄HI = 0 and 0.3 at fixed ⟨Σ⟩, any LAEs that are obscured in the voids of the

latter model must be compensated by other LAEs unveiled elsewhere. Thus, we also expect

the statistics of LAE over-densities to be different between the two models (see §2.3). We
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quantify this effect here. We explore three different approaches, starting with the simplest

statistic based on thresholding the LAE field.

Pixel Threshold Fraction

We begin by counting the fraction of pixels exceeding an over-density threshold in

a smoothed map of the LAE distribution. The LAE distribution is first smoothed onto a

uniform 2-dimensional grid using a Gaussian filter with a smoothing scale of σ = 10 h−1Mpc.

We employ a grid with N = 5122, but our conclusions are broadly robust to the exact choice.

The size of the smoothing scale was adopted from previous studies of galaxy proto-clusters

at z = 5.7 and 6.6 [131, e.g.]. It is roughly the spatial extent of over-dense regions that later

collapse into clusters at z ∼ 0. We then count the fraction of pixels above a given surface

over-density Σ10(x)/⟨Σ⟩, where the subscript denotes that we have smoothed over a scale of

10 h−1Mpc. We set the minimum threshold to be the 95th percentile in the x̄HI = 0 models,

since we find that differences between the models are strongest at the largest over-densities.

For reference, this minimum threshold corresponds to 2⟨Σ⟩ and 2.5⟨Σ⟩ at z = 5.7 and 6.6,

respectively.7 We refer to this statistic, F (> Σ10/⟨Σ⟩), as the Pixel Threshold Fraction

(PTF).

We show our results for the PTF in Figure 2.7. Consistent with expectations,

the fraction of over-dense pixels increases with the neutral fraction for fixed ⟨Σ⟩. This is

particularly prominent amongst our models at z = 6.6. The differences in the PTF reflect

7Our thresholds are lower than those of previous studies which define clusters and proto-clusters with
surface-densities greater than 4− 5σ over the mean density [394, 354, e.g.]. In this section, we use the term
“LAE peak” to distinguish between our liberal definition of a high-density region and the more stringent
classification of proto-clusters used in those works [394, 354].
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Figure 2.7: The Pixel Threshold Fraction (PTF), or fraction of pixels with LAE surface
densities above Σ10/⟨Σ⟩. Here, Σ10 is the surface density smoothed over a scale of σ =
10 h−1Mpc with a Gaussian filter. The error bars show the 1σ dispersion from cosmic
variance in an expanded (10-field) SILVERRUSH-like survey. At a given redshift, all models
shown have a fixed ⟨Σ⟩ (see Table 2.1). In this case, a more neutral IGM leads to a larger
fraction of over-dense pixels, a consequence of conservation of LAE number. LAEs that are
obscured in voids are compensated by more LAEs being visible elsewhere, which leads to
an apparent enhancement in clustering.

37



an enhancement in the apparent clustering of LAEs due to patchy reionization, offering an

alternative to the 2PCF for quantifying this effect. The error bars in Figure 2.7 show the 1σ

cosmic variance obtained from the bootstrap method described in §2.4.2. The results of our

χ2 analysis on the PTF is also shown in Table 2.3. At z = 6.6, the PTF can discriminate

the x̄HI = 0.5 and x̄HI = 0.0 models at a similar level to the 2PCF and the VPF. However,

at z = 5.7, the PTF is significantly weaker. This behavior may owe to the fact that the

LAEs in our models are more highly biased at z = 6.6.

Peak Overdensity Function

Next we consider a more sophisticated approach that groups together high surface

density pixels (“peak pixels”). This approach has the added benefit that we can analyze

the effect of reionization on the morphology of LAE peaks. Peak pixels are identified in our

smoothed surface density maps using the same threshold as in the last section. They are

then grouped into connected sets that we call peaks. To avoid edge effects, we eliminate

peaks whose boundaries are one pixel from any edge of the field. We count the number

of LAEs contained within each peak and eliminate peaks with less than 8(5) LAEs at

z = 5.7(6.6), which, we find, reduces the effects of shot noise and grid resolution on our

results. This procedure yields catalogs of bounded regions of the highest intensity pixels.

In Figure 2.8, we show example applications of our peak finding algorithm to mock

fields at z = 5.7 (top row) and z = 6.6 (bottom row). The columns correspond to different

neutral fractions as denoted in the plot labels. In each panel, the dots show the LAE

distributions, while the color maps correspond to the smoothed surface density contrasts.
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xHI = 0.0 xHI = 0.1 xHI = 0.3

xHI = 0.0 xHI = 0.25 xHI = 0.5

Figure 2.8: Examples of our peak finding algorithm described in §2.4.3. The color maps
show the surface density contrast of the LAE field smoothed on a σ = 10 h−1Mpc scale with
a Gaussian filter. The top and bottom rows correspond to z = 5.7 and z = 6.6, respectively,
while the columns correspond to models with different global neutral fractions. The top
panels are 180×180 (h−1Mpc)2 while the bottom panels are 200×200 (h−1Mpc)2. The solid
black contours enclose regions identified as peaks in the LAE distribution. For reference,
the dashed contours show over-dense regions that did not fulfill our LAE occupancy cut
(see main text for details).

39



3.6 3.8 4.0 4.2 4.410 6

10 5

dN
/d

 [(
M

pc
/h

)
2 ]

z=5.7
xHI=0.0
xHI=0.1
xHI=0.3

5.0 5.2 5.4 5.6 5.8 6.0 6.2

10 6

10 5

dN
/d

 [(
M

pc
/h

)
2 ]

z=6.6
xHI=0.0
xHI=0.25
xHI=0.5

Figure 2.9: The Peak Overdensity Function (POF), dN/d∆Σ, or number of peaks per unit
area, per unit surface over-density, ∆Σ = Σ/⟨Σ⟩. For this statistic, peaks are identified as
connected sets of pixels satisfying a minimum over-density threshold, as well as a minimum
LAE occupancy (see main text for details). Error bars show the 1σ dispersion from cosmic
variance in an expanded (10-field) SILVERRUSH-like survey. At fixed ⟨Σ⟩, the over-dense
LAE peaks are more numerous in models with higher neutral fraction.
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The solid curves bound the LAE peaks selected by our algorithm while the dashed curves

show regions that did not make our final cut owing to low LAE occupancy (i.e. not satisfying

the minimum occupancy of 8(5) at z = 5.7 and 6.6).

We have quantified the shapes of LAE peaks by computing moments of their

surface density distributions. We found that the shapes (e.g. ellipticities) and sizes of the

peaks are statistically quite similar between our models, with variations ∼ 5%. We do not

consider these statistics further here. Instead we focus on the abundance and occupancy

of peaks, which do show significant differences. At fixed ⟨Σ⟩, a more neutral IGM leads

to more LAEs per peak. In particular, models with a higher neutral fraction contain more

peaks with high LAE occupancy. To demonstrate this, we consider the number of peaks

per unit area, per unit surface density, dN/d∆Σ, where ∆Σ is the surface density of a peak

in units of the global mean. We term dN/d∆Σ the Peak Overdensity Function (POF).

Figure 2.9 shows the POF for our models at z = 5.7 (top) and z = 6.6 (bottom).

We find that ∆Σ ranges from 3-5 at z = 5.7 and 4-7 at z = 6.6, generally reflecting

the stronger bias of LAEs at higher redshifts. The number of over-dense peaks clearly

increases with the neutral fraction, consistent with our arguments above. However, the

error bars show considerable cosmic variance in even a future 10-field SILVERRUSH-like

survey. Compared to the PTF, we find that the POF offers a much weaker discriminator

between our models owing to the rarity of peaks. Indeed, Figure 2.8 illustrates that only

2-3 peaks are identified per FoV. Thus we did not consider the POF in our χ2 comparison.
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Figure 2.10: The Peak Probabiliy Function (PPF), or probability of finding an LAE over-
density greater than some threshold within a circle of radius R. We adopt a threshold of
2(2.5)⟨Σ⟩ at z = 5.7(6.6) (see main text for details). Error bars show the 1σ dispersion from
cosmic variance in an expanded (10-field) SILVERRUSH-like survey. At fixed ⟨Σ⟩, higher
neutral fractions yield increased probabilities of finding LAE peaks.
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Peak Probability Function

The last statistic that we consider is an analogue to the VPF of §2.4.2. We define

the Peak Probability Function (PPF) to be the probability that a randomly placed circle

of radius R has an over-density of LAEs greater than or equal to some threshold. We

randomly place down circles of radius R, find the number of LAEs (N) contained within

the circle, and then calculate the surface density, ΣR = N/πR2. Using the same thresholds

from §2.4.3, we count only circles with ΣR > 2(2.5)⟨Σ⟩ at z = 5.7(6.6). We only consider

R, such that there is a minimum of 10 LAE contained within a circle. We then divide the

number of circles making the cut by the total number drawn to find the probability as a

function of R.

We show our results in Figure 2.10. Consistent with the previous statistics, we

find that the probability of obtaining a peak increases with the neutral fraction. This

further cements the conclusion that, at fixed ⟨Σ⟩, a higher neutral fraction yields a higher

abundance of over-dense peaks in the LAE distribution. The results of our χ2 analysis for

the PPF are given in Table in Table 2.3. Perhaps surprisingly, the PPF is not as strong of

a test of our models as the other statistics we considered, and is significantly weaker than

the 2PCF. We attribute this finding to strong correlations between the radial bins, which

are reflected in the highly off-diagonal structure of the covariance matrix for the PPF. The

physical picture for this is as follows. Owing to the bias of LAEs, if a peak of a given

radius R is found, then the probability of finding additional peaks with other values of R

is enhanced significantly. On other hand, the correlations between radial bins of the VPF

are weaker. Finding a random hole in the LAE distribution does not necessarily enhance
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the probability of finding a larger hole, for example.

2.5 Conclusion

In this Chapter we have explored the use of narrow band LAE surveys to constrain

late reionization scenarios, with an eye towards recently proposed models in which reioniza-

tion ends as late as z ≈ 5 [454, 589, 426]. During the tail end of reionization, with neutral

fractions ∼ 10%, the last remaining neutral islands in the Universe were likely relegated

to voids in the galaxy distribution. The neutral islands would have preferentially obscured

LAEs in under-dense regions, motivating us to explore LAE void statistics further in this .

When comparing reionization models at a fixed mean surface density, LAEs obscured in the

voids must be compensated by visible LAEs elsewhere in the spatial distribution. Thus, we

have also explored peak statistics as a complementary discriminator of reionization models.

For several reionization scenarios spanning global neutral fractions of x̄HI = 0−0.3

at z = 5.7, and x̄HI = 0 − 0.5 at z = 6.6, we have constructed mock LAE surveys using

one of the L = (1 h−1Gpc)3 Multi-Dark simulations as a basis. Our models were tuned to

match the LAE surface densities observed in the recently published SILVERRUSH survey,

as well as a number of other observational constraints. The enormous simulation volume of

Multi-Dark allowed us to capture the ∼ 10 − 100 Mpc characteristic scales of reionization,

and provided representative models for comparison against SILVERRUSH, which covers an

area of 14−21 deg2 (0.3−0.5 Gpc2). One of our primary focuses was to quantify the cosmic

variance expected in a SILVERRUSH-like survey. To this end we constructed a statistical

ensemble of 1, 000 mock fields of view.

44



The SILVERRUSH data exhibits significant field-to-field variation in surface den-

sity, and some fields have visual asymmetries in the LAE distribution over ∼ 200 Mpc

scales. We compared the SILVERRUSH data against our models and found that the sur-

face density variations as well as the large-scale asymmetries of the former are well within

expectations from large-scale structure formation alone. An exception to this conclusion

is the field D-ELAISN1, which has ≈ 20% fewer LAEs than the lowest surface density ob-

served in our ensemble. Interestingly, D-ELAISN1 also exhibits among the largest half-plane

asymmetries in its LAE distribution. However, [?] has attributed the exceptional features

of D-ELAISN1 to poor seeing, perhaps reconciling it with our models. We generally find

that patchy reionization contributes only slightly to the cosmic variance and large-scale

(∼ 200 Mpc) asymmetry of fields, and is an unlikely explanation for the characteristics of

D-ELAISN1.

Next we considered the void probability function (VPF) as a probe of reionization

models. A more neutral IGM yields a higher probability of finding large-scale empty regions

in the LAE distribution. We found with a simple χ2 calculation that the VPF is a more

sensitive test of models during the last stages of reionization than the widely used angular

two-point correlation function (2PCF). In spite of the VPF being exponentially sensitive

to interlopers, this conclusion holds even if we assume that 10 − 30% of the sources are

misidentified foreground objects.

We also explored three approaches to quantifying the statistics of peaks in the

LAE distribution. Using a method that groups over-dense pixels in surface density maps

smoothed over 10 h−1Mpc scales, we found that patchy reionization has little effect sta-
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tistically on the shapes of LAE peaks. When comparing models at fixed mean surface

density, the predominant effect of neutral gas is to increase the probability of finding LAE

over-densities. We found that this effect can be quantified straightforwardly by threshold-

ing smoothed LAE maps and counting the fraction of over-dense pixels. Our simplistic χ2

analysis showed that this peak statistic offers roughly the same sensitivity as the 2PCF

and VPF for discriminating between models with x̄HI = 0.0 and x̄HI = 0.5. However, it is

generally less sensitive during the last stages of reionization.

In this Chapter, we have focused on constraining the latter half of reionization with

a SILVERRUSH-like survey. However, SILVERRUSH and The Lyman Alpha Galaxies in

the Epoch of Reionization (LAGER; [863]) project will continue to expand the sample

of known LAEs at ≥ 7. Future work should address in further detail the efficacy for

z ∼ 7 LAEs to constrain reionization, as well as the trade-off between survey area and

depth (see [633]). We note that all of our calculations have assumed that reionization

proceeded in an inside-out manner, consistent with semi-numeric models and more detailed

radiative transfer simulations. Future studies might further explore whether a combination

of statistics could provide more fundamental insight into the connection between reionization

and the underlying density field.

In recent years, the sample of known LAEs at z ≥ 5.7 has grown to over 2,000, rais-

ing the prospects for detecting the last stages of reionization in the clustering of LAEs. Our

calculations suggest that the statistics of voids and peaks offer complimentary approaches

to the 2PCF, and may even be more optimal under some conditions.
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Chapter 3

Chapter 3: On the correlation

between Lyα forest opacity and

galaxy density in late reionization

models

3.1 Introduction

As mentioned in Chapter 1, quasar absorption spectra measurements have played

a prominent role in sharpening our understanding of the reionization process. A widely used

measurement is the large scatter in the Lyα forest effective optical depth, τ50eff , at z ≳ 5.3

[252, 52, 237, 79, 78, 842]. At these redshifts, the extended high-opacity tail of the τ50eff

distribution consists of long absorption troughs, epitomized by the extreme 110 h−1cMpc-
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long trough in the sight light of quasar ULAS J0148+0600 [52] (J0148 hereafter). The

scatter in τeff and the existence of such long troughs are inconsistent with standard models

of the low-redshift intergalactic medium (IGM), which adopt a uniform ionizing background

(as an approximation) and a relaxed temperature-density relation – characteristics expected

well after the end of reionization [78].

Early ideas to account for the τ50eff scatter included relic temperature fluctuations

from reionization [190] and large ionizing intensity fluctuations from a spatially fluctuating

mean free path [199] and/or rare sources such as active galactic nuclei [124]. In the relic

temperature fluctuation scenario, the most opaque regions of the z = 5 − 6 forest would

be the cosmological density peaks that were reionized at early times, which have had a

longer time to cool to lower temperatures. The most transmissive regions would be hot

voids that were ionized and heated at the end of reionization. On the other hand, the

intensity fluctuation scenarios generally predict the opposite; the density peaks would be

the most transmissive, since the ionizing sources are clustered there, while the source-poor

voids would be the most opaque.1

These opposing predictions led Ref. [198] to propose large-scale structure surveys

centered on Lyα forest sight lines as a test of the proposed models. They showed that the

models could be tested by measuring the correlation between the Lyα forest τ50eff and the

central galaxy surface density (within an impact parameter of 10 h−1cMpc). In what follows,

we will refer to this as the opacity-density relation. The first such survey was presented in

Ref. [57]. They mapped the distribution of strong Lyα emitting galaxies (LAEs) around the

1The degree of correlation between cosmological density and forest transmission depends on the clustering
of the sources. (Although, we will show here that the effect of clustering is degenerate with the reionization
history.) The shot noise dominated AGN scenario of Ref. [124] can result in less correlation between the
forest transmission and environmental density [198].
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extreme Lyα trough toward J0148 and showed that it intersects a large-scale void, therefore

disfavoring the possibility that the τ50eff scatter is driven by relic temperature fluctuations

alone. Subsequent studies confirmed this conclusion using Lyman Break Galaxies (LBGs)

[423], as well as a different field toward another long trough in the forest of quasar SDSS

J1250+3130 (J1250 hereafter) C21.

Soon after the measurement of B18, it was realized that the large scatter in τ50eff , as

well as the connection between highly opaque forest segments and cosmic under-densities,

could be explained more naturally by a model in which reionization ends at z < 6 [454,

426, 589]. As pointed out by Ref. [454], extending the tail end of reionization below z = 6

appears necessary for models to latch onto the observed evolution of the Lyα forest mean

transmission. The model has also received support from measurements of dark gap statistics

in the coeval Lyα and Lyβ forests [866, 867], and the mean free path of ionizing photons

between z = 5− 6 [56, 77, 868]. In the late reionization scenario, the voids contain isolated

patches of neutral gas where reionization was still ongoing, which generate the long forest

troughs [504]. Recently, Ref. [55] reported strong evidence for damping wing absorption

at the boundary of the long trough toward J0148. Refs. [865, 743] also found evidence for

damping wings in stacks of long dark gaps at z ≳ 5.5. These findings add significantly to

the evidence that the long opaque segments of the forest at these redshifts are caused by

neutral islands.

As a consensus was forming around the late reionization model, Ref. C23 con-

ducted large-scale structure surveys around 2 of the most transmissive (low τ50eff ) forest sight

lines toward quasars SDSS J1306+0356 and PSO J359-06 (J1306 and J359), and an addi-
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tional 3 quasar sight lines were surveyed in Ref. [397]. With the acquisition of these surveys,

it is now possible to make a rudimentary comparison between models and measurements of

the opacity-density relation. Interestingly, C23 found that the fields toward J1306 and J359

are both under-dense in LAEs within a radius of 10 h−1 cMpc of their respective forest sight

lines. At face value, this finding is in tension with the intensity fluctuation model of Ref.

[199] as well as the late reionization models of Ref. [589], which predict similarly strong

anti-correlations between τ50eff and galaxy density.

That the models of Refs. [589] and [199] yield similar predictions should not come

as a surprise, however. In Ref. [589], the ionizing backgrounds in their late reionization

simulations are modeled using similar techniques and approximations to radiative transfer

as those in [199]. A chief goal of this Chapter is to examine in more detail whether the

C23 results are in tension with the late reionization scenario using full radiative transfer

simulations of reionization. To this end, we will use several models for the sources of

reionization. This allows us to address the question of whether assumptions about the

sources are responsible for the tension in C23. More broadly, the opacity-density relation

links the galaxies to the Lyα transmission properties of their environments. Another natural

question, then, is whether the relation could tell us which galaxies sourced the high-z

ionizing background. For instance, it has been recently proposed that the observed UV-

bright LAEs were the sources of reionization, since, it is argued, they should have been

prodigious leakers of ionizing radiation [?, e.g.]]Naidu19, Mathee2022v1 (see however [144]).

Could a measurement of the LAE opacity-density relation test this proposal? Lastly, we

will use our simulations to interpret the fields of J1306 and J359 within the context of late
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reionization models. We will discuss the physical conditions of the IGM that could give rise

to these fields.

The remainder of Chapter 3 is outlined as follows. In §3.2 we summarize our

simulation methods. In §3.3 we describe our reionization models. In §3.4 and §3.5 we

present our main results. In §3.6 we conclude.

3.2 Methodology

3.2.1 Radiative transfer simulations of reionization

We ran multi-frequency radiative transfer (RT) simulations of reionization using

the FlexRT code of Ref. [104] (see also[105, 106, 107]). Here we summarize the essential

details for this Chapter. FlexRT is run in post-processing on density fields extracted

from a cosmological simulation. The density fields used here are from the hydrodynamics

simulation of [187], with a box size of L = 200 h−1cMpc. The original simulation was run

with the Eulerian hydrodynamics code of Ref. [777] using N = 2 × 20483 dark matter

particles and gas resolution elements. A key improvement in this Chapter is that we ran a

higher resolution N-body-only simulation using the same initial conditions with N = 36003

particles, allowing us to resolve halos of smaller masses. Hence, we no longer use the sub-

resolution halo algorithm use in [105, 106].2 As stated in Ref. [107], our new simulation is

complete down to a mass limit of Mmin = 3 × 109 h−1M⊙ at z = 5.7 . (Here we define our

simulated mass function to be complete if it agrees to within 10% with the mass function

of Ref. [776], which was constructed from a suite of higher resolution simulations.) The

2Their sub-resolution halo algorithm was adapted from the non-linear bias method of Ref. [11].
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schemes that we explore for assigning ionizing photon emissivities to halos are described in

§3.3.

The RT is performed on a uniform grid with Nrt = 2003 cells. We adopt a source

spectrum of Jν ∝ ν−1.5 between 1 and 4 Ry, discretized in 5 frequency bins centered on

[14.48,16.70,20.03,25.78,39.23] eV. The bins are chosen to contain an initially equal fraction

of photons for the assumed source spectrum. FlexRT is based on the adaptive ray tracing

method of Ref. [2] (see also Ref. [775]). Rays are cast from the centers of source cells

and can adaptively split and merge to maintain a user-specified angular resolution in the

radiation field. For the simulations in this Chapter, rays were cast and merged at HealPix

level l = 0, corresponding to 12 directions per source cell. Merging begins for rays above a

minimum number of 16 rays per cell. Generally speaking, a lower number of rays yields a

noisier radiation field. In Appendix 3.7, we compare the ionizing background in our fiducial

simulation to a simulation with higher angular resolution run at HealPix level l = 1 (48

directions). We also compare to an averaging procedure that smooths over the noise. We

demonstrate that our main results are not significantly affected by ray noise.

The coarse-grained cosmological density fields for the RT are obtained by averaging

with equal weights over the hydrodynamic simulation cells within a given RT cell. The RT

cells are ∆x = 1 h−1cMpc wide; too large to resolve directly the small-scale gas structures

that set the LyC opacity. To remedy this, we apply the sub-grid model of Ref. [105] for

the IGM opacity. This model is based on an extended suite of the high-resolution radiative

hydrodynamics simulations of Refs. [192, 588], which track the evolution of the LyC opacity

as the IGM responds to photoheating from reionization. The simulations upon which the
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sub-grid model is constructed have boxes sizes with Lbox = 1 h−1Mpc, equal to an RT

cell size. The suite spans a range of environmental parameters –local photo-ionization rate

(ΓHI), box-scale density, and reionization redshift (zreion) – to capture variations in the

opacity owing to the patchiness of reionization. For each RT cell, these quantities are

mapped to an opacity evolution in a way that accounts for the photoionization history of

the cell (see Refs. [105, 106] for more details).

We use the full speed of light because the photoionization rate of the IGM near the

end of reionization is highly sensitive to the reduced speed of light approximation [603, 107]

(see also Cain in prep.). FlexRT tracks the photoionization and thermal states of each

RT cell. For the latter, we use the fitting function of Ref. [188] for the peak temperatures

achieved behind ionization fronts (Treion), which was calibrated to a suite of high-resolution

one-dimensional RT simulations. The equilibrium photoheating in the highly ionized IGM

includes spectral filtering as described in Ref. [107].

3.2.2 The Lyα Forest

To model the Lyα forest, we trace 4,000 skewers in random directions and starting

at random locations in the periodic box of our hydrodynamic simulation. We compute the

Lyα transmission along the skewers using the approximation to the Voigt profile of Ref.

[766]. Applying the hydrogen photoionization rates (ΓHI) and temperatures (T ) from the

RT grid, the neutral hydrogen densities in reionized regions along the hydro skewers are

rescaled under the assumption of photoionization equilibrium with the case-A recombination
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coefficient.3 RT cells with ionized fraction xion < 0.5 are taken to be fully neutral, but we

find that the τ50eff values of our mock Lyα forest are not sensitive to the particular choice of

the xion threshold.

We note that the resolution of our hydro simulation (Ngas = 20483) is much higher

than that of our RT grid (NRT = 2003). One issue with the approach outlined so far is that

is misses the effects of temperature variations on scales smaller than our coarse-grained RT

cells of ∆x = 1 h−1cMpc. This is less of a problem shortly after a cell has been reionized,

when it is approximately isothermal with temperature ≈ Treion. Well afterwards, however,

hydro cells with lower (higher) densities than the local RT-cell-averaged mean should have

lower (higher) temperatures than the value assigned to the RT cell. This leads to an over-

estimate of the temperatures in small-scale under-densities which, in turn, over-estimates

the forest transmission by ≈ 10 − 15%.

We correct for this effect by assigning a local temperature-density relation to each

RT cell as in [107]. Using the analytic solution of the temperature evolution equation from

Ref. [538], we evaluate the IGM temperature on a grid of (z, zreion, ∆) values, where ∆

is gas density in units of the cosmic mean. For each z and zreion, we evaluate γ by fitting

densities with ∆ < 1 (the regime that sets the forest transmission) to a power law. We then

assign a local value of γ to each RT cell by interpolating in z and zreion. The temperature

of each hydro cell is then given by

Thydro = TRT

(
∆hydro

∆RT

)γ(z,zreion)−1

, (3.1)

where TRT and ∆RT are the temperature and density of the coarse-grained RT cell, ∆hydro

3Photoionization equilibrium and the case-A recombination coefficient are good approximations in the
highly ionized ∆ ≲ 1 regions that set the forest transmission at these redshifts.
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is the density along the hydro skewer intesecting the RT cell, and γ(z, zreion) represents the

slope of the local temperature-density relation. We refer the reader to Appendix E of Ref.

[107] for a more detailed discussion and testing of this procedure.

Lastly, it is well known that achieving numerical convergence in simulations of

the high-z Lyα forest is difficult [?, see e.g.]]2009MNRAS.398L..26B, DAloisio2018. The

appendix of Ref. [187] describes a convergence test for the same hydrodynamic simulation

used in this chapter. We apply the correction factors provided in their Table A1 to the

neutral hydrogen densities in reionized regions to correct for resolution in our Lyα forest

fluxes. The correction increases the transmitted flux in our simulated forest, accounting

for the fact that small-scale voids are deeper in more highly resolved simulations. For a

fixed mean Lyα forest flux, this requires our simulations to end reionization somewhat later

compared to a simulation without the correction (see §6.2 of [107]). We will return to point

below when we discuss how the timing of reionization affects the opacity-density relation.

3.2.3 Lyα Emitters

To populate our halos with LAEs, we follow the approach outlined in Refs. [817,

304]. In summary, we first assign rest-frame UV magnitudes to the halos by abundance

matching to the luminosity function of Ref. [273]. For a given UV magnitude, we then

draw a Lyα rest-frame equivalent width from the empirically calibrated distribution of Ref.

[227].

We generate mock LAE surveys as described in Ref. [589]. We first select LAEs

within cylinders of radii 100 h−1cMpc and depths 60 h−1cMpc, centered on each of the

4,000 Lyα forest sight lines traced through our box. (In the end, LAEs are selected by
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magnitude and color cuts as described below; here the depth of 60 h−1cMpc ensures that

the preliminary selection spans the width of the filter.) Following Refs. [426, 589], we model

the continuum as a power law, Fλ ∝ λ−2, and the Lyα line as two Gaussian peaks blue-ward

and red-ward of systemic, with the former completely attenuated. The red-ward peak is

characterized by two parameters: the velocity offset (voff) and the line width (σv). We map

the UV magnitude of a galaxy to a voff value using the scaling relation in Equation 3 of Ref.

[515]. For simplicity, we follow Ref. [515] in setting σv = voff , reflecting the expectation that

a line’s width is correlated with its offset. Skewers are then traced along the line of sight

from each LAE. The spectrum of a given LAE is attenuated according to the gas properties

along the corresponding skewer, derived from the hydro and FlexRT simulations, with

the rest-frame defined as the halo’s frame.4 We note that our hydro simulation does not

include prescriptions for star-formation and feedback processes, and the resolution is not

high enough to model the interstellar and circumgalactic gases which shape the emerging

Lyα line. Instead, the approach taken here is to roll their effects into our parameterization

of the line profile assigned to each halo, i.e. we assume that the red-side Gaussian is the

emerging line profile. To avoid “double counting” attenuation from the gas close to the halo,

we skip the first 3 hydro cells of each skewer, which corresponds to a comoving distance of

0.3 h−1cMpc.

After attenuation, we calculate the NB816 and i2 magnitudes of the LAEs using

publicly available transmission curves of these filters on the Subaru Hyper Suprime-Cam.

4In computing the transmitted fraction for each LAE spectrum, we use a bin size of ∆v = 3.5 km/s,
linearly interpolating between our hydro cells (which have a native ∆v = 14 km/s). We find that the
interpolation to higher resolution is necessary to avoid spurious transmission spikes in regions with large
velocity gradients, owing to the lower native resolution of our hydro skewers. We have tested for convergence
of the transmitted fraction with respect to ∆v.
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Finally, we apply magnitude and color cuts of NB816 ≤ 25.5 and i2−NB816 ≥ 1.2, the same

as those applied in C23. C23 defined the mean surface density of a given LAE field, ⟨ΣLAE⟩,

to be the surface density measured within an annulus of inner and outer radii 15 and 40

arcminutes, respectively. We will do the same here. The mean value of ⟨ΣLAE⟩ among the

4 fields in C23 is 0.022 (h−1cMpc)−2. (We emphasize that the ⟨. . .⟩ denotes the average

value in one field as defined above.) The LAE fields in all of our models are calibrated to

match approximately this mean value. To achieve this, we perturb voff by a constant value

for all fields in a given model. After these adjustments, the average values of ⟨ΣLAE⟩ are in

the range 0.021 − 0.022 (h−1 Mpc)−2 in all of the models presented below.

3.3 Reionization Models

In this section we describe our source models (§3.3.1) and how they are calibrated

to satisfy the empirical boundary conditions for reionization provided by quasar absorption

spectra measurements (§3.3.2).

3.3.1 Source models

In what follows we will compare results from the following source models.

• Ṅion ∝ LUV (green): This model adopts the standard assumption that the rate of

ionizing photon production of a galaxy is proportional to its UV luminosity, Ṅion ∝

LUV. The constant of proportionality relating LUV to ṅion is a redshift-dependent

free parameter that we tune to achieve agreement with quasar absorption spectra

measurements at z = 4.8 − 6 (primarily the mean Lyα forest flux), as we show in the
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Figure 3.1: Ionizing photon output at z = 5.7 in our four source models. Left: Contribu-
tion to the ionizing emissivity per unit UV magnitude. Right: product of effective ionizing
photon production efficiency and LyC escape fraction, ξionfesc, defined to be the ratio of
the ionizing emissivity to the UV luminosity density. The models span a wide range of pos-
sibilities for the sources of reionization. For instance, in the bright-LAE-driven model,
the observed UV-bright LAEs are the sole leakers of ionizing radiation. In the demo-
cratic model, the sources are predominantly the faintest galaxies in the UV luminosity
function, well below current detection limits. We use these models to explore how different
assumptions about reionization’s sources affect the opacity-density relation.
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next section. The left panel of Figure 3.1 shows how the ionizing emissivity varies

across the source population for all of our models at z = 5.7, as a function of absolute

UV magnitude, MUV. The right panel shows the ratio of the emissivity to the UV

luminosity density, which we defined to be ξionfesc, the product of the effective ionizing

photon production efficiency and escape fraction for the model. Notably, ξionfesc is

independent of the UV magnitude for this model. (We emphasize that ξionfesc does

evolve with redshift.)

• bright-LAE-driven (purple): This model assumes that the LyC leakers are the ob-

served UV-bright LAEs. In contrast to the Ṅion ∝ LUV model, the ionizing emissivity

of a galaxy is assumed proportional to its Lyα luminosity, Ṅion ∝ LLyα. Following

Ref. [519], we assume that only LAEs with LLyα ≥ 1042.2 erg/s contribute, and we

randomly exclude 50% of the galaxies in this subset. The latter exclusion is moti-

vated by the findings of Ref. [583] that roughly half of their sample from the z ≈ 2

X-SHOOTER survey have a median LyC escape fraction of fLyC
esc ≈ 50%, with the

other half being non-leakers. Again, the proportionality between Ṅion and LLyα is a

redshift-dependent free parameter that we tune to achieve agreement with z = 4.8−6

quasar absorption spectra measurements.

• low-v-offset (blue): This model also assumes Ṅion ∝ LLyα. The distinguishing

feature is the assumption that the LyC escape fraction is anti-correlated with the Lyα

line velocity offset, voff . Again, we use the empirically calibrated MUV − voff relation

given by equation (3) from Ref. [515], which assigns larger voff to more UV luminous

galaxies. We then map the voff to a LyC escape fraction using equation (2) from
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Ref. [398].5 This prescription associates high LyC leakage with strong Lyα emission

at low velocity offsets from systematic. Figure 3.1 shows that this model contrasts

with the bright-LAE-driven model in that many of the ionizing photons come from

UV-fainter LAEs.

• democratic (red): In this model, we assume that every galaxy contributes the same

emissivity, i.e. Ṅion is independent of LUV and LLyα. The main purpose of this

simplistic model is to provide an extreme example where the faintest galaxies dominate

the ionizing photon budget (see Figure 3.1), contrasting against the models above.

The above models are used to test how different assumptions about the sources

affect the opacity-density relation.

3.3.2 Model Calibration

To ensure that each reionization model satisfies the empirical boundary conditions

provided by quasar absorption spectra measurements, we have calibrated the ionizing emis-

sivity history, Ṅion(z), for each source model to match the measured evolution of the mean

Lyα forest flux from z = 5 − 6 [78]. Figure 3.2 shows the results of these calibrations.

Starting in the upper left corner, and moving clockwise, we show the: 1) ionizing emissiv-

ity; 2) reionization history; 3) mean fraction of transmitted flux in the Lyα forest; 4) IGM

temperature at mean density; 5) mean free path at wavelength 912 Å; and 6) CMB electron

scattering optical depth, τes. We find that by calibrating our models to match the mean

5As noted in Ref. [398], their relation results in fesc > 1 for voff ≲ 140km/s, so we impose the limit
fesc = [0, 1].
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Figure 3.2: Calibration of our reionization models to match the boundary conditions pro-
vided by the Lyα forest. Starting in the upper left and moving clockwise, we show the:
1) ionizing emissivity; 2) reionization history [335, 336, 201, 811, 515, 512, 842]; 3) mean
fraction of transmitted flux in the Lyα forest [59, 78]; 4) IGM temperature at mean density
[54, 806, 68, 298, 822] ; 5) mean free path at wavelength 912 Å[827, 56, 297, 868]; 6) CMB
electron scattering optical depth [640]. The ionizing emissivity (top-left) is adjusted as a
function of redshift to match the Lyα forest mean flux evolution. Matching the mean flux
yields reasonable agreement with the other observables.
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Figure 3.3: Opacity fluctuations in the Lyα forest. The panels show the CDFs of the
effective optical depth, τ50eff , at redshifts annotated at the top of each panel. The cyan and
gray shading shows the observational measurements of Refs. [237] and [78]. The model
CDFs were obtained by bootstrap sampling using the number of sight lines in each redshift
bin from [78], so are most directly comparable to the gray observational results. For each
model, the colored shading encompasses 80% of the simulated CDFs.
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Lyα forest flux, we consequentially recover reasonably well the other observables as well.

Notably, in all models the calibration requires a steep drop in the ionizing emissivity below

z = 6. This is qualitatively consistent with almost all other RT simulations in the litera-

ture that similarly latch onto the forest boundary conditions (see Ref. [107] for a detailed

discussion).

In Figure 3.3, we compare the cumulative distribution functions (CDFs) of τ50eff in

our calibrated models against the measured distributions at z = 5.4 − 6 from Ref. [78],

which are shown as the gray shading. For reference, we also show the measurements of Ref.

[237] in cyan. The model CDFs were obtained by sampling with replacement N forest lines

from our initial set of 4,000 sightlines, 500 times, where N is the number of sight lines in

a given redshift bin from the measurements of Ref. [78]. The model CDFs are therefore

most directly comparable to the gray observational results. The shaded regions in Figure

3.3 for the models encompass 80% of the simulated CDFs. Models in which the emissivity is

sourced by brighter/rarer galaxies generally exhibit more scatter in τ50eff . This owes largely to

the higher neutral fraction in those models. (For reference, the Ṅion ∝ LUV, Bright-LAE-

driven, Low-v-offset, and Democratic models have z = 5.7 global neutral fractions of

xHI = 0.13, 0.17, 0.13, and 0.1, respectively.) We note that the model CDFs are somewhat

wider than the measurements of Ref. [78] across redshift. This may result from reionization

ending slightly later in our simulations than the data suggests. We will return to this

possibility in §3.5.
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3.4 Results

3.4.1 Opacity-Density Relation

Figure 3.4 shows the LAE surface density as a function of radius from the opaque

quasar sight lines with τ50eff ≥ 7. This cut, which yields 200 − 400 fields (depending on the

model), was chosen to select analogues of the fields toward J0148 and J1250. Following C23,

the surface densities for each field are normalized by their respective values of ⟨ΣLAE⟩. The

curves show the median surface density profiles, while the dark and light shadings represent

the 68% and 98% regions. The filled circles and open triangles show the measurements from

J0148 and J1250, respectively, from C23. As expected, all models exhibit a strong under-

density of LAEs toward the center of the field. This owes to the voids at z = 5.7 containing

neutral islands in all of our reionization models; the most opaque segments of the Lyα

forest are those that intersect the voids. The results are highly similar between the models,

despite their very different ionizing source populations, highlighting the insensitivity of this

statistic to the characteristics of the reionization sources.

In Figure 3.5 we show the surface density profiles around the most transmissive

sight lines, which we define to be those with 2.42 ≤ τ50eff ≤ 2.92. These bounds were chosen

to have a central value of τ50eff = 2.67, similar to the mean value between J1306 and J359.

The selected sample contains ∼ 600 fields. In all models, the fields toward transmissive sight

lines typically exhibit mild over-densities, although the scatter is large. The bright-LAE-

driven model tends to exhibit stronger LAE over-densities around highly transmissive sight

lines. Otherwise, the results are strikingly similar considering the large differences in the
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Figure 3.4: LAE surface density as a function of radius, R, from the opaque quasar sight
lines (τ50eff ≥ 7) in our simulated samples. The surface densities for each field are normalized
by their respective values of ⟨ΣLAE⟩. The curves show the median profile, while the dark and
light shaded regions represent the 68% and 98% ranges. The observational measurements
of C23 are shown as filled circles (J0148) and open triangles (J1250). The model results are
similar despite their very different assumptions about the ionizing source population. The
strong under-density of LAEs near highly opaque forest segments reflects the fact that the
voids contain neutral islands, which suppress the forest transmission.
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Figure 3.5: Similar to Figure 3.4, except for highly transmissive sight lines (2.42 ≤ τeff ≤
2.92). Again, the model results are similar despite their very different assumptions about
the ionizing source population.
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source modeling. For instance, in the bright-LAE-driven model, it is the observed LAEs

that provide all of the ionizing photons, whereas in the democratic model the photons

come from galaxies well below current detection limits.

The large scatter in central LAE surface density reflects the fact that the physi-

cal conditions leading to high transmission in the forest are varied. On the one hand, the

intense ionizing radiation around galaxy over-densities can lead to enhanced forest trans-

mission. On the other hand, hot, recently reionized regions inside of the voids can be highly

transmissive. More typically the transmission in average regions of the IGM is enhanced

by some combination of these physical effects. Both J1306 and J359 are statistically com-

patible with the models given the large scatter. Notably, however, fields with the central

under-density of J359 are rare in our simulations. (More about the rarity of J359 below.)

Figure 3.6 compares the opacity-density relations in our models to the four fields

in C23. The surface densities are measured within a circular aperture of radius 10 cMpc/h.

Again, for each field in the sample, ΣLAE is normalized by its corresponding value of ⟨ΣLAE⟩.

As expected from the previous discussion, there are only modest differences in the opacity-

density relations between the models. (We note that the somewhat stronger association

between low-τ50eff sight lines and over-densities in the Bright-LAE-Driven model is evi-

dent in the top-right panel). These results lead us to conclude that, for models that have

been calibrated to have the same Lyα forest mean transmission, the opacity-density rela-

tion is broadly insensitive to assumptions about which galaxies sourced the high-z ionizing

background. We emphasize, however, that much of this insensitivity owes to: (1) a de-

generacy between the morphology of neutral islands (which is set by the source clustering)
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Figure 3.6: Opacity-density relation in four empirically calibrated reionization models. The
curves represents the median central LAE surface density (measured within a circle of radius
10 cMpc/h) versus the τ50eff value of the forest sight line. Dark and light shaded regions
represent the 68% and 98% ranges, respectively. In the Bright-LAE-Driven model, the
highly clustered nature of the sources strengthens the association between low τ50eff sight
lines and galaxy over-densities. Otherwise, the opacity-density relations are quite similar.
Strongly under-dense but highly transmissive fields such as the one toward J359 are rare in
all of the models, but their probability increases substantially if reionization ends slightly
earlier (see §3.5).
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and the global neutral fraction; (2) the models being calibrated to have the same Lyα

forest mean transmission. As mentioned above, this calibration forces the Ṅion ∝ LUV,

Bright-LAE-driven, Low-v-offset, and Democratic models to have z = 5.7 global

neutral fractions of xHI = 0.13, 0.17, 0.13, and 0.1, respectively. But these differences in

xHI largely cancel differences that would otherwise arise from the different morphologies

of neutral islands in the models. We demonstrate this in Appendix 3.8, by comparing the

Democratic and Bright-LAE-driven models at fixed xHI. We find that the neutral is-

lands are more clustered in the latter such that, at fixed xHI, there are significant differences

in the opacity-density relation at the low-τ50eff end. This highlights the strong degeneracy

between the effects of source clustering and the global neutral fraction. It would be difficult

to constrain the source clustering from the opacity-density relation alone, without tight

(better than a few percent in xHI) constraints on the global neutral fraction.

We return to the question of the rarity of J359 (square data point), whose central

LAE surface density falls near the lower boundaries of the expected ranges from our models.

C23 report 1 LAE within a circle of radius of 10 cMpc/h, although there is another LAE just

outside of this circle (see their Figure 6). To quantify how rare this sight line is, we compute

the probabilities of finding ≤ 1 (2) LAEs within a circle of this radius in our models. We

find probabilities of ≈ 4 (9)% in all of our models. These probabilities are likely to be

sensitive to the reionization history. For instance, if reionization ended somewhat earlier

than in our models, there would be fewer neutral islands in the voids and more patches

of hot, recently reionized gas there. In this case, we would expect a higher probablity of

observing a field like the one toward J359. We will demonstrate this point explicitly in §3.5.
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Figure 3.7: Opacity-density relation compared to an expanded set of measurements includ-
ing the fields observed in Ref. [397]. For this comparison, we apply the limiting magnitude
of NB816 ≤ 25.2 from Ref. [397] for all simulated and observed fields. (All other compar-
isons in this Chapter use NB816 ≤ 25.5 from C23.) For the fields of Ref. [397], we use the
τ50eff reported in C23. For brevity we show only our our Ṅion ∝ LUV model. The results are
broadly similar in the other models.

70



So far we have restricted our comparisons to the fields observed in C23. Figure 3.7

adds the three fields observed by Ref. [397]. For this comparison, we apply their shallower

magnitude cut of NB816 ≤ 25.2 to both our model fields and to the C23 observations. We

use the τ50eff values reported in C23 for the sight lines of Ref. [397]. Since the results are

so similar across our source models, Figure 3.7 shows only our Ṅion ∝ LUV model. The

figure further demonstrates consistency between the measured sample and the model, but

also highlights how deeper imaging of the fields toward transmissive sight lines in particular

could help expose possible tension. For instance, the observation of more fields like that of

J359 would put tension on the models.

Lastly, we note that the opacity-density relations in Figure 3.6 are markedly differ-

ent from the models of Refs. [199] and [589], which are shown in C23 (see their Figure 10).

In those models, the low τ50eff sight lines are more strongly associated with over-densities.

Their median ΣLAE(R < 10 cMpc/h)/⟨ΣLAE⟩ reach values around 2 for τeff ∼ 2, and the

field toward J359 falls well outside of their 98% regions. The discrepancy likely arises from

differences in the structure of the ionizing radiation backgrounds in those models. Indeed,

compared to our simulations, the ionizing backgrounds from the models of Ref. [589] exhibit

larger fluctuations; the photoionization rate tends to be significantly higher in over-dense

regions, accounting for their stronger association with low τ50eff sight lines. In this case, the

ionizing intensity fluctuations always dominate over the temperature and density fluctua-

tions in setting the Lyα forest opacity. Fields like those of J359 and J1306, however, suggest

that reionization temperature fluctuations may also play an important role. We will discuss

this further in §3.4.3.

71



Figure 3.8: Testing how sensitive the opacity-density relation is to assumptions about the
Lyα emission lines of narrow-band-selected LAEs. As in Figure 3.6, the green curve and
shaded regions correspond to the median and 68/98% regions for our fiducial Ṅion ∝ LUV

model. We overlay two variations of this model. The blue curves correspond to a varia-
tion that adds scatter to the line offset (voff ) and width (σv) according to an empirically
calibrated distribution of Ref. [515]. The yellow curves show a variation in which we hold
voff = 160 km/s and σv = 100 km/s fixed. The opacity-density relation as measured in
narrow band LAE surveys is largely insensitive to the highly uncertain modelling of the
Lyα line.

3.4.2 Effect of Lyα Line Properties

In this section, we address the question of how the Lyα emission line properties

affect the opacity-density relation. For instance, could scatter in the line properties increase

the scatter in the opacity-density relation, perhaps making sight lines like J359 less rare?

Recall that all of the models considered in the last section assume that a galaxy’s

rest-frame UV magnitude uniquely determines both the offset and width of its Lyα emis-

sion line (see §3.2). Here we construct two test models varying this relationship. The first

variation adds scatter to the relationship. For a given MUV, we draw voff from the distri-
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bution in equation (1) of Ref. [515], which is motivated by a collection of observational

measurements of voff from the literature (see their Fig. 2). Since we set σv = voff , this

procedure also implements scatter in the line width. In the second test model, we keep

voff (and therefore also σv) constant for all galaxies to draw an extreme contrast with the

first test model. Note that the different assumptions about the line affects the visibilities

of the LAEs. LAEs for which the line offset is scattered to lower values become less likely

to be visible because of IGM attenuation and inflows in the neighborhoods of galaxies. We

emphasize that the physical properties of the IGM (neutral island distribution, ΓHI and T

fields) in these tests remain the same as before.

Figure 3.8 shows the opacity-density relations in these variations. For brevity we

consider only the Ṅion ∝ LUV reionization model. As in Figure 3.6, the green curve and

contours correspond to the median and 68/98% regions for our fiducial Ṅion ∝ LUV model.

The blue and yellow solid, dashed, and dotted curves show the median and 68/98% regions

for the two model variations, as indicated in the plot legend. The opacity-density relations

are remarkably similar between the variations despite very different assumptions about the

line properties. Indeed, introducing significant scatter to the line offset and width does not

substantially add to the scatter in the relation, and under-densities around transmissive

sight lines such as the one toward J359 do not become more likely.6 In the model with

line scatter we find that the probability of observing ≤ 1 (2) LAEs within a circle of radius

10 cMpc/h is 3 (8) %, compared to 4 (9) % in the fiducial model. We conclude that the

opacity-density relation as measured from narrow band LAE surveys is broadly insensitive

6We have tested this conclusion with a model implementing more extreme scatter in the line properties
as well.
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τ50eff,min, τ
50
eff,max ΣR<10

LAE,min,Σ
R<10
LAE,max NR<10

LAE,min, N
R<10
LAE,min Nsample

High-τeff , Low-Σ 7, ∞ 0, 0.007 0, 2 212
Low-τeff , Low-Σ 2.42, 2.92 0, 0.007 0, 2 50
Low-τeff , Mean-Σ 2.42, 2.92 0.018, 0.024 6, 8 89
Low-τeff , High-Σ 2.42, 2.92 0.06, ∞ 20, ∞ 42

Table 3.1: Summary of categories for Lyα forest sight lines used in §3.4.3. The 2nd and 3rd
columns give the ranges of Lyα forest effective optical depths, τ50eff , and central LAE surface
densities, ΣLAE(R < 10 cMpc/h), in units of (cMpc/h)−2, defining the categories. The 4th
column provides the corresponding range in number of LAEs within R < 10 cMpc/h. The
last column gives the number of sight lines in the corresponding category for the Ṅion ∝ LUV

model.

to the details of how the Lyα emission line is modeled. On the one hand, it is reassuring

that the simulation predictions are so insensitive to what we assume about the sources and

the Lyα emission lines. On the other hand, these results again support the conclusion that

it would be difficult to use the opacity-density relation alone to learn about reionization’s

sources.

3.4.3 Cosmological environments of Lyα forest sight lines

We turn our attention to the physical conditions that give rise to the low and high

τ50eff sight lines in our simulations. To this end, we find it useful to define four categories

detailed in Table 3.1. The field toward J0148 fits into the High-τeff , Low-Σ category, while

J359 fits into the Low-τeff , Low-Σ category. We also introduce the Low-τeff , Mean-Σ

and Low-τeff , High-Σ categories to span the variation in low-τ50eff sight lines. The 2nd

and 3rd columns give the ranges of τ50eff and ΣLAE(R < 10 cMpc/h) used to define the

categories. For reference, the 4th column gives the corresponding number of LAEs within

R < 10 cMpc/h, and the last column gives the number of fields in each category. In this

section we show results from the Ṅion ∝ LUV model, but the qualitative discussion applies
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to all of the models.

Let us begin with Figure 3.9, which visualizes a High-τeff , Low-Σ field. Starting

at the top left and moving clockwise, we show the gas temperature, redshift of reionization

(zreion), ionized fraction (xion), and hydrogen photoionization rate (ΓHI). The slices are

80 × 80 (cMpc/h)2 and are averaged over a depth of 12 cMpc/h. All maps are taken at

z = 5.7. The concentric circles represent radial increments of 10 cMpc/h. In each panel, the

smaller dots show galaxies/ionizing sources while the larger stars show “observed” LAEs in

the field, i.e. those that make the magnitude and color cuts described in §3.2. The large

“X” denotes the centers of the fields. This field is characterized by a dearth of galaxies and

LAEs within a radius of ∼ 20 cMpc/h, and neutral island structure covering much of the

inner field, depicted in black in the xion map, as well as in white in the ΓHI map. Indeed,

in general we find that High-τeff , Low-Σ sight lines are almost always centered near large

neutral structures. Note that much of the ΓHI field adjacent to the neutral islands reaches

values as low as ∼ 10−14 s−1 owing to the lack of sources and the effects of shadowing by

the islands (see Ref. [589] for more discussion on this shadowing effect). The gas at the

boundaries of the neutral islands have T ∼ 20, 000 K, consistent with the hot temperatures

behind ionization fronts [188].

Next we examine the Low-τeff , Low-Σ field shown in Figure 3.10. This field

contains more LAEs than the one in Figure 3.9, but the center of the field is also under-

dense in sources/LAEs. Together, the maps reveal what gives rise to the high Lyα forest

transmission at the center of the map. The center intersects a cosmological under-density

that was recently reionized, as indicated by the adjacent neutral island and the hot ∼
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Figure 3.9: Physical environment of a High-τeff , Low-Σ field, such as the one toward
J0148. All plots in this section use the Ṅion ∝ LUV model, but the qualitative discussion
applies to all of the models. Starting in the upper left and moving clockwise, the maps
show temperature (T ), redshift of reionization (zreion), ionized fraction (xion), and hydrogen
photoionization rate (ΓHI). Distances on the axes are in cMpc/h and slices have been
averaged over a depth of 12 cMpc/h. The small dots show galaxies (ionizing sources), while
the stars show “observed” LAEs in our mock surveys, i.e. those passing the magnitude and
color cuts. The large “X” denotes the centers of the fields. Concentric circles correspond to
radial increments of 10 cMpc/h. High-τeff , Low-Σ fields are characterized by large neutral
structures near the center of the field and low ΓHIvalues.
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Figure 3.10: Same as in Figure 3.9, but for a Low-τeff , Low-Σ field. The field around
J359 fits into this category. These fields are characterized by hot (T ∼ 20, 000 K), recently
reionized, under-dense gas in their centers. Another important characteristic is that there
are clear lines of sight from the center to over-densities of sources, such that ΓHI is not
suppressed there.

77



20, 000K temperatures of the gas. In fact, as we will demonstrate below, most sight lines

in the Low-τeff , Low-Σ category exhibit enhanced central temperatures from recently

reionized gas. Another important characteristic is that there are clear lines of sight from

the center to over-densities of sources (in this case to the upper and lower left), such that ΓHI

is not suppressed by shadowing effects. The combination of these factors leads to enhanced

forest transmission at the center of the field.

The majority of fields around low-τ50eff sight lines have ΣLAE(R < 10 cMpc/h) close

to the mean value (see Fig. 3.6). Figure 3.11 visualizes an example of a Low-τeff , Mean-Σ

field. The most distinct feature is the large over-density of sources 20 cMpc/h northwest of

the center. Compared to the Low-τeff , Low-Σ field in Figure 3.10, ΓHI plays a larger role

in enhancing the Lyα forest transmission. The central region is situated between the source

over-density and the reionizing neutral island in the southwest quadrant. Examining other

fields in our Low-τeff , Mean-Σ category, we find some like the one in Figure 3.11, but

others in which the hotter temperatures from recently reionized gas has a more prominent

effect. The diversity of this category highlights that both ΓHI and T can play important

roles.

Lastly, we consider a Low-τeff , High-Σ field in Figure 3.12. The center of the

field exhibits a strong over-density of sources and correspondingly enhanced ΓHI ∼ 10−12

s−1. The zreion field indicates that the center was one of the first regions to be reionized

in the simulation at around z = 10 − 12. As such, this region has cooled to temperatures

of T ∼ 8, 000 K by z = 5.7. However, the high ΓHI values overcome the cosmological

over-density and colder temperatures to produce enhanced Lyα forest transmission at the
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Figure 3.11: Same as in Figure 3.9, but for a Low-τeff , Mean-Σ field. The fields in this
category are more mixed in the effects of ΓHI versus T . In some fields, the proximity to an
over-density of sources (and hence higher values of ΓHI) is the larger effect for enhancing
the forest transmission. In other cases, the hotter temperatures from recently reionized gas
is the larger effect. In this figure we show an example of the former.
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Figure 3.12: Same as in Figure 3.9, but for a Low-τeff , High-Σ field. The intense ionizing
radiation in an over-density of sources is what drives the forest transmission in these fields.
Such over-densities were reionized earlier, and therefor exhibit cooler gas temperatures.
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Figure 3.13: Physical properties at the centers of fields in our four categories (defined in
Table 3.1). We average the temperature (T ), redshift of reionization (zreion), and hydrogen
photoionization rate (ΓHI) in fully ionized cells within a cylinder of radius 10 cMpc/h and
depth of 30cMpc/h, centered on the simulated Lyα forest sight line. The depth roughly
corresponds to the narrow band filter NB816 width. Each data point corresponds to a single
field. The left panel displays the zreion-T plane and the right panel displays the ΓHI-T plane.
Fields from the different categories occupy different regions of these planes, depending on
the physical conditions giving rise to the Lyα forest transmission or absorption.

center of the map. We note that these types of fields dominate the transmissive end of the

opacity-density relation in the strong intensity fluctuation models of Refs. [199, 589].

Figure 3.13 attempts to show more quantitatively the physical conditions giving

rise to the fields in our four categories. Here we consider the central values of T , zreion, and

ΓHI. We average these quantities in fully ionized cells within a cylinder of radius 10 cMpc/h

and depth of 30cMpc/h, centered on the simulated Lyα forest sight line. The depth was

chosen to span roughly the full width at half maximum (FWHM) of the narrow band filter,

NB816. The data points in Figure 3.13 show each field within the four categories in the

zreion − T and ΓHI − T planes.

Consider first the High-τeff , Low-Σ fields shown as the purple circles in Figure
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3.13. As expected from our previous discussion, their central regions contain gas that was

reionized more recently, with average values zreion ≲ 8. Naturally the average central T is

on the hotter side of the range. (Recall that our averaging procedure excludes the neutral

islands.) On the other hand, the right panel shows that the average ΓHI in this gas is

lower than in the other categories. These characteristics are consistent with our previous

discussion that the High-τeff , Low-Σ fields contain neutral islands. The gas bordering the

neutral islands are recently reionized and hot, but the ΓHI is suppressed in regions between

the neutral islands because of shadowing effects. Next, consider the Low-τeff , Low-Σ

fields (red triangles). These are also among the hot, more recently reionized regions. Note,

however, that the average central ΓHI values are on the higher side of the range. Again, this

is consistent with our previous discussion on how the low densities, hot temperatures, and

higher values of ΓHI combine to produce enhanced Lyα forest transmission. Similar remarks

apply to the Low-τeff , Mean-Σ fields (blue diamonds), although ΓHI is likely to play a larger

role in producing the forest transmission for these sight lines. Lastly, the Low-τeff , High-Σ

fields (green triangles) clearly correspond to the colder regions with enhanced ΓHI that were

reionized earliest. The ionizing background in those regions is strong enough to overcome

the local over-density and colder temperatures to produce enhanced transmission. These

results shed light into the physical conditions giving rise to the fields in our samples.

3.5 Sensitivity to the Reionization History

In §3.4.1, we alluded to the idea that the opacity-density relation could be sensitive

to the reionization history. We demonstrate this here. For this task we use three additional
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Figure 3.14: Effect of the reionization history on the opacity-density relation. The top-left
panel shows the reionization histories for the three additional simulations considered in §3.5,
as annotated in the legend. All three models have been calibrated to match measurements
of the mean Lyα forest transmission at z ≤ 6, but they have very different reionization
histories overall. At z = 5.7, the Late Start, Early Start, and Very Early Start
models have global neutral fractions of xHI = 17, 10, and 6 %, respectively. When the
neutral fraction is lower, the larger physical cross section of hot, recently reionized gas
in the voids increases the likelihood that the most transmissive forest sight lines intersect
galaxy under-densities. Hence the low-τ50eff end of the opacity-density relation is particularly
sensitive to the timing of reionization’s ending phases.
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reionization simulations with varied reionization histories. To save computational time, the

simulations used in this section were run with monochromatic RT. Photons were assigned

an energy of Eγ = 19 eV to match the frequency-averaged H photoionization cross section

of a power-law spectrum with Jν ∝ ν−1.5 between 1 and 4 Ry. We adopt a source model

similar to the Ṅion ∝ LUV used in previous sections.7 The top-left panel of Figure 3.14

shows the reionization histories of the three simulations. As before, the simulations have

been calibrated to agree with the observed mean Lyα forest transmission at z < 6. (We

do not show a plot here for brevity.) Note that the reionization histories differ significantly

between the models, particularly in the earlier phases at z > 7. From here on we adopt the

following names for the models shown with the green/dotted, cyan/dashed, and purple/solid

curves: Late Start, Early Start, and Very Early Start, respectively. Importantly

for this discussion, the variations in the z > 7 reionization histories result in different

neutral fractions at z = 5.7 at roughly fixed Lyα forest transmission. The Late Start,

Early Start, and Very Early Start models have global neutral fractions at z = 5.7 of

xHI = 17, 10, and 6 %, respectively. We emphasize that these models have a fixed source

clustering since they all adopt the Ṅion ∝ LUV model.

The remaining panels in Figure 3.14 compare the opacity-density relations between

the three models. As anticipated, there are significant differences in the opacity-density

relations at the low-τ50eff end. Under-densities around highly transmissive sight lines at

z = 5.7 (such as in J1306 and J359) become significantly more likely if the global neutral

7There is one significant difference in the source modeling. Here we will explore models in which reioniza-
tion begins significantly earlier than in our fidicial simulations. To maximize the number of halos in the box
at these high redshifts (z > 15), we use halos down to a minimum halo mass of Mmin = 1× 109 h−1 M⊙ in
this section. Our halo mass function is only 50% complete at this lower minimum mass. We note, however,
that in reality the drop-off in star formation efficiency cannot be perfectly sharp in halo mass anyways.
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fraction is lower, in better agreement with the data. For instance, in the Late Start

model, we find a probability of just 3% for observing ≤ 1 LAE within a circle of radius

R = 10 cMpc/h (such as in J359). This probability increases to 9% in the Early Start

model, and to 15% in the Very Early Start model. The increase in probability occurs

because the likelihood of intersecting hot, recently reionized gas in the voids increases if the

neutral islands are smaller, i.e. when the global neutral fraction is lower. It follows from

our discussion in §3.4.3 that the likelihood of observing sight lines like J359 increases under

these conditions.

Aside from the poor statistics of the current opacity-density measurements, some

significant caveats prevent us from drawing the conclusion that the Very Early Start

model is favored. There are other things besides the early ionization in this model that could

also result in a lower neutral fraction at z = 5.7 for a fixed Lyα forest flux. For instance, one

effect likely at play is the numerical convergence of the Lyα forest in our simulations. As

mentioned in §3.2, we have applied the convergence correction factors in Table A1 of Ref.

[187] to our simulated Lyα forests. As shown in Ref. [107], for a fixed Lyα forest flux, this

procedure has the effect of requiring a larger neutral fraction; reionization has to end later

than a simulation without the correction procedure. While it is clear that some correction

for resolution is needed, it is possible that we have over-corrected our simulations. Table

A1 of Ref. [187] suggests that, if anything, our correction factors may not be large enough.

But those factors were obtained from a suite of convergence tests in smaller boxes with

L = 25 cMpc/h, and it is unclear how the correction factors would change in a larger box.

Other effects that could lower the z = 5.7 neutral fraction at fixed Lyα forest flux include
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the spectra and clustering of the ionizing sources. Ref. [107] found that, for a fixed Lyα

forest flux evolution, reionization can end by as much as ∆zend ∼ 0.5 earlier in models with

a harder ionizing spectrum and less biased sources. It is possible that some combination

of these effects would remove the requirement of significant ionization at z > 10 that our

models suggest. This discussion highlights some of the key uncertainties and degeneracies

that would need to be addressed before one could draw robust inferences on reionization.

In summary, we have shown that the frequency of sight lines like J359 is sensitive

to the global neutral fraction at z = 5.7. Indeed, if more under-dense fields are observed

around the most transmissive Lyα forest sight lines, the frequency of these sight lines could

be used to put model-dependent upper limits on the neutral fraction.

3.6 Conclusion

Observations of quasar absorption spectra provide strong evidence that the end-

ing phases of reionization extended below z = 6. The opacity-density relation is a key

observational test of this scenario. Using narrow-band surveys of z ≈ 5.7 LAEs centered

on quasar sight lines, C23 found that two of the most transmissive forest segments at this

redshift intersect under-densities in the galaxy distribution. For example, the field of quasar

J359 has just one LAE within a radius of 10 cMpc/h. These findings appear to be tension

with the late reionization models of Ref. [589], which predict that the vast majority of the

most transmissive forest segments should intersect galaxy over-densities, where the ionizing

background is strongest. In this Chapter, we have used RT simulations to explore in more

detail the opacity-density relation predicted by late reionization models.
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We found that the opacity-density relation’s transmissive end is sensitive to the

amount of neutral gas in the voids, as well as its morphology, where the latter is set by the

clustering of reionization sources. These effects are, however, largely degenerate with each

other. We demonstrated this with four models that make very different assumptions about

reionization’s sources. For instance, in one model, the observed LAEs are the sole leakers

of ionizing radiation. In another model, the sources are predominantly the faintest galaxies

in the UV luminosity function, well below current detection limits. We found that the four

models yield very similar opacity-density relations when their reionization histories have

been calibrated to match Lyα forest mean flux measurements at z < 6. At fixed mean flux,

the models have different neutral fractions, which largely offsets the differences in neutral

island morphologies caused by source clustering.

We examined the ionization and thermal states of intergalactic gas in the fields

of the most transmissive and opaque forest segments in our simulations. As anticipated,

the fields of highly opaque segments with τeff ≥ 7 are likely to be centered on a cluster of

neutral islands. Highly transmissive forest segments that intersect galaxy under-densities

(like J359) are typically associated with regions that were recently reionized. In this case,

the Lyα forest transmission is boosted by the low cosmological density and hot temperature

of the recently reionized gas. On the other hand, highly transmissive forest segments that

intersect galaxy over-densities are typically associated with the earliest regions to re-ionize.

There, the forest transmission owes to the strong ionizing radiation background from the

over-density of sources. Lastly, highly transmissive sight lines that intersect average galaxy

densities (the majority of transmissive sight lines in our simulations) originate from a range
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of environments. Sometimes the hot temperatures of recently reionized gas boost the trans-

mission; other times, it is the enhanced ΓHI from proximity to an over-density of ionizing

sources.

Highly transmissive z ≈ 5.7 forest segments that intersect galaxy under-densities

are more common in our RT simulations than in the models of Ref. [589]. To quantify

the prevalence of such fields, we calculated the probability of observing a sight line like

that of J359. We found that the probability of observing ≤ 1 (2) LAEs within a radius of

10 cMpc/h from a forest segment with τ50eff ≈ 2.67 is ≈ 4 (9)% in the four source models

mentioned above. (Again, that the probabilities are the same for these models owes to the

degeneracy between neutral fraction and neutral island morphology, and the calibration to

the observed mean forest flux.) We conclude that fields like the one toward J359 are rare

in our late reionization simulations, but nonetheless compatible with them. Interestingly,

we found that the frequency of such fields is sensitive to the exact timing of reionization

for fixed source clustering. For instance, we constructed two models with different neutral

fractions at z = 5.7, but adopting the same source clustering model. Both models have

nearly identical Lyα forest mean flux evolutions at z < 6, in agreement with measurements.

The probability of observing a field like J359 is 15% in one model with neutral fraction

xHI = 5% at z = 5.7, three times more likely than in the other model with xHI = 15%.

The frequency of fields like J359 could in principle be a useful complementary probe of the

global neutral fraction in the tail of reionization.

Lastly, we tested whether the opacity-density relation measured in narrow-band

LAE surveys depends on assumptions about the Lyα emission lines of the LAEs (e.g. scatter
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in the line offsets and widths). We found that the relation is insensitive to wide variations

in the line properties. This demonstrates that the predicted narrow-band opacity-density

relations from simulations are robust to some of the most uncertain modeling choices.

3.7 Appendix: Insensitivity to Ray Tracing Noise

In this appendix we demonstrate that ray tracing discreteness noise does not affect

our main conclusions on the opacity-density relation. For the simulations in this paper,

FlexRT has been configured to merge rays at HealPix level l = 0, which corresponds to

tracking the radiation field with 12 unique directions in each cell. The finite number of

rays leads inevitably to discreteness noise which can be seen as the graininess in the left

panel of Figure 3.15. (The random rotations of the unit sphere performed at each time step

translates into noise what would otherwise be spurious patterns in the RT fields.) There

we show a cross section of the z = 5.7 ΓHI field in our Ṅion ∝ LUV model. The cross section

is RT cell thick (∆x = 1 cMpc/h), and spans the entire box in width. In FlexRT, the

level of this noise depends on the HealPix level of the ray merging, as well as the number

of rays per cell that are “exempt” from merging. In our runs, the latter is 16, such that the

maximum number of rays per cell is 12 + 16 = 28.

To test the effect of ray tracing noise on our main results, we construct two other

versions of the ΓHI field: 1) we average ΓHI from multiple RT steps over a time window

shorter than the typical cell-crossing time of ionization fronts. Specifically, we average over

16 RT time steps corresponding to δz ≈ 0.05 around z = 5.7. Note that in this case we

still merge at HealPix level l = 0 (12 directions); 2) We have run version of the Ṅion ∝ LUV
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Figure 3.15: Ray tracing noise in RT simulations of reionization. Left : cross section
through the z = 5.7 ΓHI field in our Ṅion ∝ LUV model. The cross section is one RT
cell thick (∆x = 1 Mpc/h), and spans the width of the box. The RT simulation used
here was run at HealPix level l = 0 for ray merging, corresponding to 12 independent
directions per cell. Ray noise can be seen as the graininess in this panel. Middle: The
ΓHI field from the same simulation used in the left panel, but averaged over 16 adjacent RT
snapshots corresponding to a δz ≈ 0.05 around z = 5.7. Right: A version of the Ṅion ∝ LUV

simulation run at HealPix level l = 1, corresponding to 48 directions per cell. Compared
to the left panel, the ray noise is reduced in the middle and right panels, but large-scale
features, e.g. peaks in the ΓHI field and neutral island morphology, are broadly the same.

simulation that merges rays at HealPix level l = 1, corresponding to 48 directions per cell.

These ΓHI fields are shown in the middle and right panels of Figure 3.15, respectively. In

both cases, the graininess in the map is clearly reduced, but the large-scale features, e.g.

intensity peaks and the morphology of neutral regions, remain largely the same.

Figure 3.16 compares the derived opacity-density relations for the three variations

depicted in Figure 3.15. The green curves and contours correspond to the fiducial Ṅion ∝

LUV simulation. As before, the curve shows the median ΣLAE/⟨ΣLAE⟩ versus τ50eff , while

the dark and light shadings give the 68% and 98% regions, respectively. The blue and red

sets of curves show the same for two variations introduced above. We find that the fiducial

simulation may under estimate the 68% and 98% upper limits by ≈ 5 %, but the opacity-

density relations are otherwise quite similar. Importantly for the discussion in the main
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Figure 3.16: Effect of ray noise on the opacity-density relation. The opacity-density relation
of the fiducial Ṅion ∝ LUV simulation (12 directions) is represented by the green curve and
shaded regions, which show the median ΣLAE/⟨ΣLAE⟩ versus τ50eff and 68/98% regions (c.f.
Figure 3.6). The blue and red sets of curves show the same for the two variations of the ΓHI

field in Figure 3.15. The opacity-density relation is robust to our choice of merging rays at
HealPix level l = 0, which saves a significant amount of computational time.

text, the probability of observing under-dense fields toward highly transmissive sight lines

is not significantly affected by the ray noise. We conclude that our main results are robust

to our choice of merging rays at level l = 0. It is worth noting that this choice (rather than

l = 1) greatly reduced the computational cost of the RT simulations run for this paper.

3.8 Appendix: Effect of neutral island morphology on the

opacity-density relation

In this section we show that the insensitivity of the opacity-density relation to the

source model that we found in §3.4.1 owes largely to the fact that all of our models have

been calibrated to have the same mean Lyα forest transmission at z ≤ 6. For models with a

fixed neutral fraction at z = 5.7, the morphology of neutral islands – their sizes, shapes, and

clustering properties – has an important effect on the opacity-density relation. Generally

speaking, neutral islands tend to be larger and more clustered when the ionizing photon
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Figure 3.17: Effect of neutral island morphology on the opacity-density relation at fixed
global neutral fraction of xHI = 0.1. The red solid, dashed, and dotted curves show the
median and 68/98% regions from our fidicucial Democratic model. The turquoise curve
and shaded regions corresponds to a variation of our bright-LAE-driven model that has
been re-scaled to have xHI = 0.1 at z = 5.7 (see text for details). Owing to the more
clustered sources, the neutral islands in this model are more clustered at the centers of
the voids compared to the Democratic model at fixed neutral fraction. This increases
the physical cross section of hot, recently reionized gas in the voids, thereby increasing the
likelihood that highly transmissive sight lines are associated with galaxy under-densities.
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budget is dominated by more biased sources [107], and this can have a particularly strong

affect on the low-τ50eff end of the opacity-density relation.

To illustrate this, we compare two models with the same global neutral fraction at

z = 5.7, but with very different source populations. For one case we use our Democratic

model from §3.4.1, which has xHI(z = 5.7) = 0.1. For the other model, we re-scale the

z = 5.4 snapshot from the Bright-LAE-driven simulation, which also has xHI = 0.1.

Specifically, we apply the neutral island, temperature, and ΓHI fields from this later snapshot

to construct our mock Lyα forest segments, re-scaling ΓHI in ionized regions to match the

mean forest transmission at z = 5.7. This approximates a simulation in which the tail end

of reionization proceeds more rapidly than in our fiducial Bright-LAE-driven model,

such that the xHI is lower at z = 5.7.

Figure 3.17 compares the opacity-density relations between these two test models.

The red curves show the median and 68/98% limits from the Democratic model, while

the turquoise curve and shaded regions correspond to the re-scaled Bright-LAE-driven

model. We emphasize that this comparison is at fixed xHI = 0.1. Here we see important

differences on the low-τ50eff end of the relation. Under-densities around highly transmissive

sight lines are more likely in the Bright-LAE-driven model. Indeed, the probability of

observing ≤ 1 LAE within a radius of R = 10 cMpc/h is 10% in that model, compared to the

4% probability in the Democratic model. The increased probability in the former occurs

because the neutral islands are more clustered, i.e. they are less spread out throughout the

voids compared to the Democratic model. Hence, even at fixed global neutral fraction, the

likelihood of intersecting hot, recently reionized gas in the voids is higher in the Bright-
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LAE-driven model. This highlights the role that neutral island morphology plays in

setting the frequency of sight lines like J359.
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Chapter 4

Conclusions

In this dissertation, I have examined multiple large-scale statistics that quantify

the impact of neutral gas from the end stages of reionization on the large-scale distribution

of LAEs. I have also shown how correlating Lyα forest opacities with the surrounding LAE

surface densities, obtained from targeted narrowband surveys, can further provide evidence

for the reionization process.

In Chapter 1, I analyzed different spatial statistics of narrowband LAE surveys to

detect the presence of neutral gas in late-ending reionization models. This work included

simulating the reionizing IGM with neutral fractions of xion = 0 − 0.3 at z = 5.7 and

xion = 0 − 0.5 at z = 6.6. Our examination of LAE clustering statistics was motivated by

the significant large-scale fluctuations and visual asymmetries seen on ∼ 200 Mpc scales in

the LAE surface densities observed in the SILVERRUSH fields. After modeling the IGM

using numerical methods, we observed that neutral islands remaining during the tail-end

of reionization were relegated to the voids of the large-scale structure. The obscuration of
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LAEs in under-dense regions consequentially increased the sizes of the large-scale under-

densities, and motivated the exploration of LAE void statistics, like the void probability

functions. Furthermore, since our models were calibrated to maintain the observed mean

LAE surface densities found in the SILVERRUSH fields, the over-dense and biased regions

consequentially became more transmissive to Lyα photons, increasing the LAE surface

densities in these regions. This motivated the exploration of LAE clustering and peak

statistics, including the TPCF, pixel threshold fraction, and peak probability functions, all

of which were aimed at quantifying the expected enhancement of the LAE surface density

fluctuations and clustering.

We found that the presence of neutral islands from an ongoing reionization process

increases the probability of observing large-scale field asymmetries in the spatial distribu-

tions of LAEs. However, the observed asymmetries observed in some of the SILVERRUSH

fields are consistent with those expected from cosmic variance and large-structure evolution

alone, and do not require neutral islands for their explanation. With an eye toward future

surveys, we found that the VPF is better-suited than the TPCF in detecting neutral gas

left at the tail end of the reionization process at z ≈ 5.7. Hence, the prospects for detecting

the last stages of reionization with the spatial distribution of LAEs are promising in futur-

istic surveys, and measurements of the statistics of voids and peaks offer complementary

approaches to the TPCF.

In Chapter 2, we discussed another powerful large-scale statistic synergizing quasar

absorption spectra with the LAE spatial distribution through the opacity-density relation.

Our initial motivation was to address the findings in C23, where two of the most opaque, as
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well as two of the most transmissive, sight lines intersect under-densities in the LAE distri-

bution. The association of highly opaque sight lines with under-densities is consistent with

models in which large-scale fluctuations in the ionizing radiation background, and/or the

presence of neutral islands, drive the observed scatter in τeff . On the other hand, the asso-

ciation between highly-transmissive sight lines and under-densities is more consistent with

models in which relic temperature fluctuations from reionization drive the observed scatter

in τeff . We found that both sets of observations can be explained by an ongoing reionization

process in which there are large fluctuations in the ionizing radiation background and in

the IGM temperature, as well as neutral islands in the cosmological voids. This owes to the

fact that Lyα forest transmission in the voids can be both enhanced by hot, low-density,

recently reionized gas, as well as suppressed by the presence of neutral islands. Our findings

suggest a more nuanced interpretation of the observed spatial fluctuations in τeff than has

been applied in previous studies.

We found that the opacity-density relation is insensitive to the exact nature of the

source and emission line modeling at fixed mean Lyα forest transmission, demonstrating

the robustness of the models to some of the most uncertain modeling choices. We also

found that the transmissive end of the opacity-density relation is sensitive ultimately to the

volume of hot, recently reionized gas contained in the voids, making it a possible probe of the

exact timing of reionization’s end. In models where reionization ends earlier, the increased

volume of such recently reionized gas significantly increases the correlation between highly

transmissive Lyα forest sight lines and under-densities in the galaxy distribution. At the

time of writing this dissertation, ongoing spectroscopic surveys with JWST by the EIGER
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[422] and ASPIRE [813] collaborations are mapping the large-scale structure around a

combined total of 31 high-z quasar sight lines. This will provide an unprecedented view

into the relationship between the galaxy population and IGM transmission near the epoch

of reionization. Our work informs their analyses by exploring how the interplay between

the ionizing radiation background, IGM temperature, cosmological densities, and neutral

islands, all work in concert to set the relationship between the galaxy distribution and Lyα

forest transmission.
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[261] C. Fedeli, M. Meneghetti, S. Gottlöber, and G. Yepes. Strong lensing in the
MARENOSTRUM UNIVERSE. II. Scaling relations and optical depths. Astronomy
and Astrophysics, 519:A91+, September 2010.

[262] C. Fedeli and L. Moscardini. Cosmic shear statistics in cosmologies with non-Gaussian
initial conditions. Monthly Notices of the RAS, 405:681–694, June 2010.

[263] C. Fedeli, L. Moscardini, and S. Matarrese. The clustering of galaxy clusters in cos-
mological models with non-Gaussian initial conditions: predictions for future surveys.
Monthly Notices of the RAS, 397:1125–1137, August 2009.

[264] G. J. Ferland, R. L. Porter, P. A. M. van Hoof, R. J. R. Williams, N. P. Abel, M. L.
Lykins, G. Shaw, W. J. Henney, and P. C. Stancil. The 2013 Release of Cloudy.
Revista Mexicana de Astronomia y Astrofisica, 49:137–163, Apr 2013.

[265] E. R. Fernandez, I. T. Iliev, E. Komatsu, and P. R. Shapiro. The Cosmic near Infrared
Background. III. Fluctuations, Reionization, and the Effects of Minimum Mass and
Self-regulation. Astrophysical Journal, 750:20, May 2012.

[266] E. R. Fernandez and E. Komatsu. The Cosmic Near-Infrared Background: Remnant
Light from Early Stars. Astrophysical Journal, 646:703–718, August 2006.

[267] E. R. Fernandez, E. Komatsu, I. T. Iliev, and P. R. Shapiro. The Cosmic Near-Infrared
Background. II. Fluctuations. Astrophysical Journal, 710:1089–1110, February 2010.

[268] A. Fernández-Soto, K. M. Lanzetta, and A. Yahil. A New Catalog of Photometric
Redshifts in the Hubble Deep Field. Astrophysical Journal, 513:34–50, March 1999.

[269] Anastasia Fialkov, Rennan Barkana, and Eli Visbal. The observable signature of late
heating of the Universe during cosmic reionization. Nature, 506(7487):197–199, Feb
2014.

[270] S. L. Finkelstein, C. Papovich, M. Dickinson, M. Song, V. Tilvi, A. M. Koekemoer,
K. D. Finkelstein, B. Mobasher, H. C. Ferguson, M. Giavalisco, N. Reddy, M. L. N.
Ashby, A. Dekel, G. G. Fazio, A. Fontana, N. A. Grogin, J. S. Huang, D. Kocevski,
M. Rafelski, B. J. Weiner, and S. P. Willner. A galaxy rapidly forming stars 700
million years after the Big Bang at redshift 7.51. Nature, 502(7472):524–527, October
2013.

121



[271] S. L. Finkelstein, C. Papovich, R. E. Ryan, A. H. Pawlik, M. Dickinson, H. C. Fer-
guson, K. Finlator, A. M. Koekemoer, M. Giavalisco, A. Cooray, J. S. Dunlop, S. M.
Faber, N. A. Grogin, D. D. Kocevski, and J. A. Newman. CANDELS: The Con-
tribution of the Observed Galaxy Population to Cosmic Reionization. Astrophysical
Journal, 758:93, October 2012.

[272] Steven L. Finkelstein, Micaela Bagley, Mimi Song, Rebecca Larson, Casey Papovich,
Mark Dickinson, Keely Finkelstein, Anton M. Koekemoer, Norbert Pirzkal, Rachel S.
Somerville, L. Y. Aaron Yung, Peter Behroozi, Harry Ferguson, Mauro Giavalisco,
Norman Grogin, Nimish Hathi, Taylor Hutchison, Intae Jung, Dale Kocevski, Lal-
itwadee Kawinwanichakij, Sofia Rojas-Ruiz, Jr. Ryan, Russell, Gregory F. Snyder,
and Sandro Tacchella. A Census of the Bright z=8.5-11 Universe with the Hub-
ble and Spitzer Space Telescopes in the CANDELS Fields. arXiv e-prints, page
arXiv:2106.13813, June 2021.

[273] Steven L. Finkelstein, Anson D’Aloisio, Jan-Pieter Paardekooper, Jr. Ryan, Russell,
Peter Behroozi, Kristian Finlator, Rachael Livermore, Phoebe R. Upton Sanderbeck,
Claudio Dalla Vecchia, and Sadegh Khochfar. Conditions for Reionizing the Universe
with a Low Galaxy Ionizing Photon Escape Fraction. Astrophysical Journal, 879(1):36,
July 2019.

[274] Steven L. Finkelstein, Anson D’Aloisio, Jan-Pieter Paardekooper, Jr. Ryan, Russell,
Peter Behroozi, Kristian Finlator, Rachael Livermore, Phoebe R. Upton Sanderbeck,
Claudio Dalla Vecchia, and Sadegh Khochfar. Conditions for Reionizing the Universe
with a Low Galaxy Ionizing Photon Escape Fraction. Astrophysical Journal, 879(1):36,
Jul 2019.

[275] Steven L. Finkelstein, Jr. Ryan, Russell E., Casey Papovich, Mark Dickinson, Mimi
Song, Rachel S. Somerville, Henry C. Ferguson, Brett Salmon, Mauro Giavalisco, An-
ton M. Koekemoer, Matthew L. N. Ashby, Peter Behroozi, Marco Castellano, James S.
Dunlop, Sandy M. Faber, Giovanni G. Fazio, Adriano Fontana, Norman A. Grogin,
Nimish Hathi, Jason Jaacks, Dale D. Kocevski, Rachael Livermore, Ross J. McLure,
Emiliano Merlin, Bahram Mobasher, Jeffrey A. Newman, Marc Rafelski, Vithal Tilvi,
and S. P. Willner. The Evolution of the Galaxy Rest-frame Ultraviolet Luminosity
Function over the First Two Billion Years. Astrophysical Journal, 810(1):71, Septem-
ber 2015.

[276] Steven L. Finkelstein, Russell E. Ryan, Jr., Casey Papovich, Mark Dickinson, Mimi
Song, Rachel S. Somerville, Henry C. Ferguson, Brett Salmon, Mauro Giavalisco, An-
ton M. Koekemoer, Matthew L. N. Ashby, Peter Behroozi, Marco Castellano, James S.
Dunlop, Sandy M. Faber, Giovanni G. Fazio, Adriano Fontana, Norman A. Grogin,
Nimish Hathi, Jason Jaacks, Dale D. Kocevski, Rachael Livermore, Ross J. McLure,
Emiliano Merlin, Bahram Mobasher, Jeffrey A. Newman, Marc Rafelski, Vithal Tilvi,
and S. P. Willner. The Evolution of the Galaxy Rest-frame Ultraviolet Luminosity
Function over the First Two Billion Years. Astrophysical Journal, 810(1):71, Septem-
ber 2015.

122
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hon, C. Simpson, T. Theuns, E. A. Gonzáles-Solares, A. Adamson, S. Dye, N. C.
Hambly, P. Hirst, M. J. Irwin, E. Kuiper, A. Lawrence, and H. J. A. Röttgering. A
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Górski, S. Gratton, A. Gruppuso, J. E. Gudmundsson, J. Hamann, W. Handley,
F. K. Hansen, D. Herranz, S. R. Hildebrandt, E. Hivon, Z. Huang, A. H. Jaffe,
W. C. Jones, A. Karakci, E. Keihänen, R. Keskitalo, K. Kiiveri, J. Kim, T. S. Kisner,
L. Knox, N. Krachmalnicoff, M. Kunz, H. Kurki-Suonio, G. Lagache, J. M. Lamarre,
A. Lasenby, M. Lattanzi, C. R. Lawrence, M. Le Jeune, P. Lemos, J. Lesgourgues,
F. Levrier, A. Lewis, M. Liguori, P. B. Lilje, M. Lilley, V. Lindholm, M. López-
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[642] M. Postman, D. Coe, N. Beńıtez, L. Bradley, T. Broadhurst, M. Donahue, H. Ford,
O. Graur, and et. al. The Cluster Lensing and Supernova Survey with Hubble: An
Overview. Astrophysical Journals, 199:25, April 2012.

[643] F. Prada, A. A. Klypin, A. J. Cuesta, J. E. Betancort-Rijo, and J. Primack. Halo
concentrations in the standard Λ cold dark matter cosmology. Monthly Notices of the
RAS, 423:3018–3030, July 2012.

[644] W. H. Press and P. Schechter. Formation of Galaxies and Clusters of Galaxies by Self-
Similar Gravitational Condensation. Astrophysical Journal, 187:425–438, February
1974.

[645] J. X. Prochaska, G. Worseck, and J. M. O’Meara. A Direct Measurement of the Inter-
galactic Medium Opacity to H I Ionizing Photons. Astrophysical Journal, 705:L113–
L117, November 2009.
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Stéphane Charlot. JWST/NIRSpec Spectroscopy of z = 7− 9 Star Forming Galaxies
with CEERS: New Insight into Bright Lyα Emitters in Ionized Bubbles. arXiv e-
prints, page arXiv:2301.07072, January 2023.

[761] Mengtao Tang, Daniel P. Stark, Michael W. Topping, Charlotte Mason, and
Richard S. Ellis. JWST/NIRSpec Observations of Lyα Emission in Star Forming
Galaxies at 6.5 ≲ z ≲ 13. arXiv e-prints, page arXiv:2408.01507, August 2024.

[762] H. Tashiro and S. Ho. Constraining primordial non-Gaussianity with CMB-21cm
cross-correlations? ArXiv e-prints, May 2012.

[763] H. Tashiro and N. Sugiyama. Ionized bubble number count as a probe of non-
Gaussianity. Monthly Notices of the RAS, 420:441–446, February 2012.

[764] J. Taylor and A. Lidz. What do observations of the Lyman α fraction tell us about
reionization? Monthly Notices of the RAS, 437:2542–2553, January 2014.

[765] J. E. Taylor and A. Babul. The evolution of substructure in galaxy, group and cluster
haloes - II. Global properties. Monthly Notices of the RAS, 364:515–534, December
2005.
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