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ABSTRACT

Quasar absorption spectra measurements suggest that reionization proceeded rapidly, ended late at z ~ 5.5, and was followed
by a flat ionizing background evolution. Simulations that reproduce this behaviour often rely on a fine-tuned galaxy ionizing
emissivity, which peaks at z ~ 67 and drops a factor of 1.5-2.5 by z ~ 5. This is puzzling since the abundance of galaxies is
observed to grow monotonically during this period. Explanations for this include effects such as dust obscuration of ionizing
photon escape and feedback from photoheating of the IGM. We explore the possibility that this drop in emissivity is instead an
artefact of one or more modelling deficiencies in reionization simulations. These include possibly incorrect assumptions about the
ionizing spectrum and/or inaccurate modelling of IGM clumping. Our results suggest that the need for a drop could be alleviated
if simulations are underestimating the IGM opacity from massive, star-forming haloes. Other potential modelling issues either
have a small effect or require a steeper drop when remedied. We construct an illustrative model in which the emissivity is nearly
flat at reionization’s end, evolving only ~0.05 dex at 5 < z < 7. More realistic scenarios, however, require a ~0.1-0.3 dex
drop. We also study the evolution of the Ly o effective optical depth distribution and compare to recent measurements. We find
that models that feature a hard ionizing spectrum and/or are driven by faint, low-bias sources most easily reproduce the mean
transmission and optical depth distribution of the forest simultaneously.

Key words: radiative transfer —galaxies: high-redshift — galaxies: intergalactic medium —cosmology: dark ages, reionization,

first stars.

1 INTRODUCTION

The past decade has seen great progress towards constraining
the timing of cosmic reionization. Measurements of the Thomson
scattering optical depth by Planck have localized the mid-point
of reionization to z &~ 7.5 & 0.8 (Planck Collaboration VI 2020).
QSO damping wing measurements have suggested that the IGM was
significantly neutral at z ~ 7-8 (Davies et al. 2018; Wang et al. 2020),
while Ly o emitter surveys have hinted at large ionized bubbles at
the same redshifts (Ouchi et al. 2018; Hu et al. 2019; Endsley &
Stark 2022). The tail end of reionization has been probed by the
Ly o forest of high-redshift QSOs (Fan et al. 2006; Becker et al.
2015; Bosman et al. 2018, 2022; Eilers, Davies & Hennawi 2018;
Zhu et al. 2022) and measurements of the ionizing photon mean free
path (MFP; Worseck et al. 2014; Becker et al. 2021; Zhu et al. 2023).
These observations support a relatively late end to reionization at z ~
5-5.5 (Kulkarni et al. 2019; Keating et al. 2020a; Nasir & D’ Aloisio
2020; Cain et al. 2021; Davies et al. 2021; Qin et al. 2021).

Despite our improving understanding of reionization’s timing,
relatively little is known about the properties of the sources that
drove it. Measurements of the high-redshift ultraviolet luminosity
function (UVLF; Bouwens et al. 2015, 2021; Finkelstein et al.
2019) and simulations (e.g. Ocvirk et al. 2020; Kannan et al. 2022)
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suggest that galaxies with physically reasonable ionizing properties
could have completed reionization. Conversely, measurements of
the quasar luminosity function (Willott et al. 2010; McGreer et al.
2013; Georgakakis et al. 2015; Matthee et al. 2024), simulations
(Trebitsch et al. 2021; Kannan et al. 2022), and constraints on the
temperature of the IGM (D’Aloisio et al. 2017) disfavour quasars
as the dominant sources. However, there remains ongoing debate
as to which galaxies were the dominant ionizing photon producers
(Robertson et al. 2015; Finkelstein et al. 2019; Naidu et al. 2020),
and how the ionizing properties of these galaxies evolved over time.

If galaxies drove reionization, the total ionizing photon emissivity
is given by

Ny = (fesc&ion) PUV, (D

where pyy is the integrated galaxy UVLE, &, is the ionizing
efficiency of galaxies, and f. is their ionizing photon escape fraction,
and the average of fs.&ion 1S Over the galaxy population and weighted
by the luminosity Lyy. The UVLF at Myy < —17 has been measured
out to z & 10 with Hubble Space Telescope (Finkelstein et al. 2019;
Bouwens et al. 2021) and at higher redshifts with JWST (e.g. Adams
et al. 2023), and most recently even fainter galaxies are being probed
using strong lensing up to z ~ 8 (Atek et al. 2024). Assuming
a constant log(§;on) = 25.2, Robertson et al. (2013) found that a
constant f.,. = 0.2 is sufficient for galaxies to reionize the universe by
z ~ 6 given reasonable assumptions about the faint end of the UVLF.
The grey curve in Fig. 1 shows Ny from Robertson et al. (2015).
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Figure 1. Ionizing emissivity versus redshift for several models and simula-
tions in the literature. The faded grey curve shows the emissivity computed
assuming fesc = 0.2 and log(€ion) = 25.2, as in Robertson et al. (2015). The
remaining curves come from simulations by Kulkarni et al. (2019), Keating
et al. (2020a), Cain et al. (2021), Ocvirk et al. (2021), Yeh et al. (2022), and
Gaikwad et al. (2023), which reproduce QSO observations at 5 < z < 6. With
the exception of THESAN-1 (Yeh et al. 2022), all the simulations find that
a drop in Ny starting at z ~ 6.5 is required to reproduce these observations.
Our goal is to determine whether this drop is likely to be real, or an artefact
of one or more modelling deficiencies in simulations.

It grows rapidly with cosmic time (decreasing redshift), tracing the
growth of the UVLF and the underlying halo mass function.

However, QSO observations at the tail end of reionization may be
telling a different story. Fig. 1 compares N, from Robertson et al.
(2015) to that from several recent simulations in the literature. All
these simulations reproduce reasonably well (or have been tuned
to reproduce) the 5 < z < 6 Ly o forest and/or MFP. All of these
models, except THESAN-1 (Kannan et al. 2022; Yeh et al. 2022),
display a drop in N, starting at z ~ 6-6.5. The drop is necessary
in these models to prevent the mean Ly « forest transmission from
overshooting the measurements at z < 6. Its magnitude ranges from
a factor of 1.5 to 2.5, and happens within 300 Myr or less. This
behaviour is only explainable by a factor of several evolution in
(fesc€ion) Over this relatively short time period.

There are several reasons why f.. and/or &;,, may decrease near
the end of reionization. If f... and/or &;,, depends strongly on galaxy
host halo mass (Finkelstein et al. 2019; Rosdahl et al. 2022; Yeh et al.
2022), the evolution of the halo mass function (HMF) could drive a
decrease in (fesc&ion) - The ionizing properties of galaxies (particularly
faint ones) may be affected by feedback from IGM photoheating
and/or supernovae (Shapiro, Giroux & Babul 1994; Kimm & Cen
2014; Wu et al. 2019a; Ocvirk et al. 2021). There may be evolution
and/or variation in the intrinsic ionizing properties of high-redshift
stellar populations (Maseda et al. 2020; Atek et al. 2022). Dust
may reduce the ionizing photon output of the most massive galaxies
(Kostyuk et al. 2023; Lewis et al. 2023).

For the most part, the studies referenced in Fig. 1 make little
attempt to explain the physical mechanism(s) underlying the drop in
NV .The N » evolution in Kulkarni et al. (2019), Keating et al. (2020a),
Cainetal. (2021), and Gaikwad et al. (2023) is not a prediction of any
underlying galaxy model, butis instead tuned to reproduce Ly « forest
and/or MFP observations. The fiducial simulation of Ocvirk et al.
(2021), which has a drop, does include star formation. In their case,
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the drop is driven by a combination of photoheating feedback, which
suppresses gas accretion on to galaxies, and supernova feedback,
which further disrupts star formation. However, they account for
these effects by assuming a sharp temperature threshold for star
formation, and it is unclear how much of the effect results from this
choice. In THESAN-1, which uses the IllustrisTNG galaxy formation
model (Vogelsberger et al. 2014; Weinberger et al. 2016; Pillepich
et al. 2017), the global escape fraction declines by a factor of 2-3
during reionization (Yeh et al. 2022), in part due to feedback effects
(Garaldi et al. 2022). However, this is not enough to produce a
decrease in N, nor do they find that one is necessary to reproduce
QSO observations. However, as we will see in Section 6.1, their
agreement with QSO observations may be in part due to their use of
the reduced speed of light.

Another possibility is that the drop in Ny is an artefact of
inaccurate or incomplete modelling of the IGM. Keating et al.
(2020a) speculated that it may result from an inaccurate treatment of
the IGM thermal history. Simulations may also be missing ionizing
photon absorbers that would otherwise regulate the growth of the UV
background (Cain et al. 2021). These absorbers could be missing
due to a lack of spatial resolution, which is a problem for most
reionization simulations in representative cosmological volumes
(Emberson, Thomas & Alvarez 2013). Absorption in and around
massive star-forming haloes may be sensitive to details of galaxy
dynamics and evolution (see appendix C of Wu et al. 2019b).
Simulations that model these details approximately (or not at all)
may also be underestimating this source of IGM opacity. These,
and several other potential IGM modelling considerations, including
the spectrum of the ionizing radiation and behaviour of ionizing
recombination radiation, affect the relationship between the Ly o
forest and N, . Our goal is to determine whether one or more of these
issues, if resolved, might alleviate the need for a drop in N, .

This work is organized as follows. In Section 2, we discuss
several physical and numerical modelling effects that influence the
relationship between N, and the Ly « forest. Section 3 describes our
numerical methods. In Section 4, we study each modelling effect
individually. We consider their combined effects, and implications
for the properties of ionizing sources, in Section 5. In Section 6, we
consider numerical (non-physical) modelling effects. We conclude
in Section 7. Throughout this work, we assume the following
cosmological parameters: 2, = 0.305, Q5 =1 — Qp, Qp, = 0.048,
h = 0.68, ny = 0.9667, and og = 0.82, consistent with Planck
Collaboration VI (2020) results. All distances are quoted in comoving
units unless otherwise specified.

2 RELEVANT MODELLING CONSIDERATIONS

In this section, we will discuss several physical effects that affect the
relationship between N, and the forest in simulations. We will also
discuss how each of these might affect the need for a drop.

2.1 Spectrum of the ionizing radiation

The ionizing photon spectrum emitted by galaxies is often
parametrized as a power law of the form

N,  J,
— X

dv hyv

o vl 2)

where J, is the galaxy’s spectral energy distribution above 1 Ryd,
hy, is Planck’s constant, v is frequency, and « is the spectral index.
Typical values for « range from 0.5 to 2.5, depending on assumptions
about the ionizing properties of stars (Bressan et al. 2012; Choi,
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Conroy & Byler 2017) and spectral hardening by the interstellar and
circumgalactic medium (ISM and CGM) (Madau 1995; Faucher-
Giguere et al. 2009a; Haardt & Madau 2012). Ionizing radiation may
be further hardened by the IGM after emerging from galaxies.

The Ly « forest is sensitive to « through the latter’s effect on the
photoionization rate I'y; and temperature 7. In optically thin gas,

4vg
Ty :/ dvdﬂcom(V) = N, c{om), 3)
Vo dv
where N,, is the local ionizing photon number density, ¢ is the speed
of light, (oy,) is the spectrum-averaged HT cross-section, and A,
= 13.6¢eV is the ionization energy of H1.! For a = 2.5 (0.5), (o)
=3.11 x 1078 cm? (1.93 x 10~'8 cm?), a factor of 1.6 difference.
The temperature is sensitive to « through the photoheating rate,

4vg dNy
H = dV?CO’H[(V)(hPV — hpvo) ¢ Ny (Eion H1), 4)
Vo

where (Eion 1) 1s the average energy injection per ionization per H1
atom. Since harder photons carry more energy, smaller o will lead to
larger (Eion ;) and a hotter IGM. For « = 2.5 (0.5), (Eionu1) = 3.16
(5.38) eV, a factor of 1.7 difference in heating rate.? The temperature
the gas is heated to initially by reionization, 7yejon, also depends on «,
although D’ Aloisio et al. (2019) found that sensitivity to be modest.

The opacity of the IGM to Ly « photons scales with I'y; and T as

aa(T)

Hi

Ty O MH; O o 7707y, 3)
where o 4 is the case A recombination coefficient of HII. Because 'y,
and T scale oppositely with «, the effect of changing o will partially
cancel in equation (5). The fact that 7y, scales more strongly with
I'y; than with 7 suggests that it should increase for harder spectra
(smaller o), resulting in less Ly o transmission at fixed N, . This
would allow N, to be higher at fixed Ly« transmission, possibly
alleviating the need for a drop in N,.

2.2 Ionizing recombination radiation

Tonizing recombination photons (IRPs) — produced by H1 recombi-
nations to the ground state — also affect the relationship between Ny
and the Ly « forest. These photons are produced mainly within dense
gas clumps with high recombination rates, the same structures that act
as sinks (see next section). Modelling IRPs self-consistently requires
resolving the structures that create them, a challenging computational
task. Thus, IRPs are often treated approximately assuming one of two
limiting cases (although some codes include the full treatment, e.g.
Rosdahl et al. 2013; Kannan et al. 2019). They are assumed to (1)
have no effect on the local IGM or (2) get re-absorbed immediately
by neighbouring HT after being emitted (the so-called on-the-spot
approximation). These approximations are referred to as case A and
B, respectively. Case A (B) is most accurate in low (high) density
gas where the local MFP to IRPs is long (short).

Transmission in the 5 < z < 6 Ly o forest is set by underdense
gas, where it is safe to assume that the case A approximation is

The cut-off at 4 Ryd owes to absorption of Hell ionizing photons within
galaxies.

2To get these values, we first assume that the ionizing photon number spectrum
is given by equation (2), with a sharp cut-off at 4 Ryd (the He II ionization
threshold). To get the average energy injection per ionization over the whole
o B o2 (v—13.6¢V)

R T -
Jop® dv 5o,

spectrum, we evaluate (Ejop H1) = , which assumes

the optically thin limit for absorption.

Galactic ionizing output 1953

valid locally. However, the fate of IRPs produced in dense gas
clumps is less clear. The fraction of IRPs escaping these clumps,
and their effect on the IGM opacity, are sensitive to the IGM column
density distribution (Faucher-Giguere et al. 2009b; Altay et al. 2011;
McQuinn, Oh & Faucher-Giguere 2011). If a significant fraction
of IRPs escape, they may affect the properties of the sinks and the
ionizing background. It is possible that they could affect the Ny—
forest relationship and the need for a drop in N,.

2.3 Ionizing photon sinks

Ionizing photon sinks — dense gas clumps with high recombination
rates — set the ionizing photon MFP and the reionization photon
budget. They also regulate the ionizing background at the end of
reionization. In Cain et al. (2021), we demonstrated that sinks could
prevent the MFP from over-shooting the measurements at z ~ 5
without a drop in N,.

It is possible that the smallest, most abundant sinks are missing
from simulations. These occupy non-star-forming ‘mini-haloes’ with
dark matter (DM) masses of 10*~10% M. They are photoevaporated
over a ~100 Myr time-scale after the IGM surrounding them is
reionized (Shapiro, Iliev & Raga 2004; Iliev, Shapiro & Raga 2005;
Chan et al. 2024). Despite being short-lived, mini-haloes contribute
significantly to the IGM opacity and significantly increase the photon
budget (Park et al. 2016; D’ Aloisio et al. 2020; Nasir et al. 2021;
Chan et al. 2024). Mini-haloes are difficult to resolve in simulations
because they can be as small as the pre-reionization baryon Jeans
scale, which can be a kpc or less depending on the uncertain IGM
thermal history. Their response to reionization is sensitive to the
interplay between self-shielding and hydrodynamics, requiring fully
coupled RT/hydro to model accurately. Another possibility is that
simulations are underestimating the opacity from the most massive
sinks, which occupy haloes massive enough (>10° M) to self-
shield long after reionization ends. The opacity after reionization
is dominated by these objects (Prochaska, O’Meara & Worseck
2010), and they may be important during reionization (Mufioz et al.
2016). Since haloes this massive usually host star-forming galaxies
(Okamoto, Gao & Theuns 2008; Finlator et al. 2017), their opacity
may be sensitive to how galaxies form and evolve. For example,
Wau et al. (2019a) found that how they modelled feedback in their
galaxies significantly affected clumpiness of the surrounding IGM
(their Appendix C). While several reionization simulations include
galaxy formation models (e.g. Ocvirk et al. 2016; Rosdahl et al. 2018;
Kannan et al. 2022), these differ in how they handle processes like
AGN feedback and star formation. Many reionization simulations
do not include galaxy physics (e.g. Keating et al. 2020a; Cain et al.
2021).

2.4 Clustering of the ionizing sources

The sources of reionization (galaxies) are clustered on spatial scales
of 10s—100s of Mpc. If reionization was driven by the brightest
galaxies (Naidu et al. 2020; Matthee et al. 2022), the sources would
be more highly biased/clustered than if faint galaxies dominated
(Finkelstein et al. 2019; Atek et al. 2024). Several recent studies,
observational and theoretical, suggest fainter galaxies may have
higher average f... and/or &;,, (Begley et al. 2022; Rosdahl et al.
2022; Saldana-Lopez et al. 2023; Atek et al. 2024). However, Matthee
etal. (2022) and Naidu et al. (2022) recently argued that the brightest
Lyman o emitters (LAEs) may have been the primary drivers.
Their model may be supported by observations of bright LAEs at
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z > 7, which hint at the presence of large, highly ionized regions
surrounding them (Mason et al. 2018; Endsley & Stark 2022).

The clustering properties of the sources can affect the Ly « forest.
The more biased the sources are, the more the ionizing background
will fluctuate on large scales during reionization, resulting in regions
with enhanced Ly o transmission near the brightest sources. This
effect should be important as long as the MFP is less than or
comparable to the clustering scale of the sources, which may be true
even after reionization (Davies & Furlanetto 2016). The ionizing
background surrounding the brightest sources may also affect the
response of the sinks to reionization (Park et al. 2016; D’ Aloisio
et al. 2020; Chan et al. 2024).

3 NUMERICAL METHODOLOGY

In this section, we describe the numerical methods used in this work.
Sections 3.1-3.3 review the methodology discussed in Cain et al.
(2023), and the remaining sections introduce new features in our
framework.

3.1 Large-scale radiative transfer

We ran radiative transfer (RT) simulations of reionization using the
ray-tracing RT code first introduced in Cain et al. (2021) and further
described in Cain et al. (2023), which we refer to as FlexRT (flexible
radiative transfer) hereafter.

FlexRT solves the RT equation in post-processing on a time-series
of cosmological density fields and with a uniform RT grid. Ionizing
sources (see next section) are binned to their nearest RT cells and
rays are cast from the centres of source cells. As rays travel, the
optical depth through each intersected cell is computed, and photons
are deposited accordingly. Rays can adaptively split and merge using
the HealPix formalism (Gorski et al. 1999; Abel & Wandelt 2002;
Trac & Cen 2007) to maintain a desired angular resolution. In this
work we track 12 directions in the radiation field, with a maximum
number of rays per cell of 28. Rays are deleted when their photon
count is attenuated by a factor of 10'°.

Instead of solving for the HI number density (ny;) in each cell,
FlexRT adopts a more general approach to compute ionizing photon
opacities. The optical depth at frequency v encountered by ray j
intersecting cell i is’

1
,5:ﬁ%%;, ©)
where As? is the distance travelled by ray j through cell i, A
is the MFP at frequency v, and x/
photoionization rate is given by

v
i
is the ionized fraction. The

Nra) ys Nfreq

Z >N —exp(=t)], ©)

j=1 v=1

i (UH 1 l

Hi1
10n Vclell
where N;,’ o is the number of photons initially in frequency bin v of
ray j, (ou;)! and (A)! are the HI cross-section and MFP averaged
over the ionizing spectrum incident on cell i, and Njq is the number

3To get this relationship between t and xjon, we assume that I-fronts travel
along one cell axis and that rays travel along this direction and enter at the
ionized side of the cell opposite the I-front. In this limit, the fraction of the cell
traversed by the ray before reaching the I-front is x;on. We note that our results
are not very sensitive to this choice, since xjon cancels out in equation (7) in
the limit that 7 < 1.
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of frequency bins. The inclusion of multifrequency RT is a new
feature in FlexRT, and is further discussed in Section 3.4. The other
quantities have the same meaning as in equation 1 of Cain et al.
(2023). We will describe in Sections 3.3 and 3.4 how we calculate
(A),. Appendix A gives the complete derivation of equation (7).

We model the propagation of sub-resolved I-fronts in the ‘moving
screen’ approximation, which assumes a sharp boundary between
ionized and neutral gas. The I-front speed is given by

F}l/nC

S om” ®
where F;,“C is the ionizing flux incident on the neutral part of the cell
(after absorption by the intervening ionized part) and the factor of 1 +
x = 1.082 accounts for single ionization of He. The gas temperature
behind the I-front, Tieiopn, is estimated using the flux-based method
prescribed in D’ Aloisio et al. (2019), and the temperature evolution
thereafter is calculated using their equation (6).

3.2 Sources and density fields

Our sources are haloes taken from a DM-only simulations run with
the N-body code used in Trac, Cen & Mansfield (2015) with a box
size of 200 A~! Mpc. We used Ny, = 3600° particles, resulting
in a complete halo mass function (to within 10 per cent) down to
a minimum halo mass of 3 x 10°4~!' Mg (2200 DM particles).
Haloes were saved every 10 Myr from z = 12 to 4.8. We assigned
UV luminosities to haloes by abundance-matching to the UVLF of
Finkelstein et al. (2019). The global (integrated) ionizing emissivity,
N, , is a free function of redshift that we tune to match observations
— we describe how we do this in Section 4. Ionizing photons are
distributed between haloes according to

AL X {Lﬁv Mhalo > Mmin
Y

0 Mhalo < Mmin ’ (9)

where 7, is the emissivity of a given halo, Lyy is its UV luminosity,
M, is the minimum mass of haloes that produce ionizing photons,
and B parametrizes how the emissivity is distributed between bright
and faint sources. We will use M, = 3 x 10° h~! Mg and B =1as
our fiducial values, and will vary both in Section 5.2. Density fields
are taken from an Eulerian hydro-dynamical simulation with N =
10243 gas cells run with the code of Trac & Pen (2004), with the
same box size and large-scale initial conditions used in the N-body
run. We re-binned the density fields to a coarse-grained resolution of
Ny = 2003 for our FlexRT runs.

3.3 Sub-grid models for A,

Our prescription for A, in equation (7) follows the formalism outlined
in (Cain et al. 2023), with the improvement that we now account for
the frequency dependence of X, (see next section). We use a suite
of high-resolution hydro/RT simulations in 1 2~! Mpc volumes [like
those in D’Aloisio et al. (2020)] run with a modified version of
the code of Trac & Cen (2007). These simulations sample a range of
box-scale overdensities (using DC modes, Gnedin, Kravtsov & Rudd
2011), 'y, and reionization redshifts (zjon) to calibrate a sub-grid
model for A,, which evolves in our simulations according to

d}w _ a)“v a}w dFHI )Vv - )\'UO

= — —, 10
dr ot Iry, + oIy, lr dr Irelax (19)

4Appendix A of Cain et al. (2023) derives only the monochromatic version
of equation (7) (their equation 1).
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The first term on the RHS gives the time evolution of A, at fixed
'y, and the second gives the instantaneous dependence on I'y;. We
interpolate the first term from our simulation suite and assume A, &
Fﬁ/ 13 to calculate the second (motivated by theoretic expectations for
an ionized IGM, e.g. Furlanetto & Oh 2005). The last term accounts
for the evolution of A, towards its constant-I'y, limit,’ A0, which we
also interpolate from our simulations. We assume fe,x = 100 Myr
for the timescale over which the IGM loses memory of its previous
'y, history. Further details can be found in the text and appendices
of Cain et al. (2023).

In this work, we use two versions of our sub-grid model, both of
which are described in Cain et al. (2023):

(i) Full sinks: This model uses the full, self-consistent evolution
of A, predicted by the our small-volume simulations suite combined
with equation (7) and (10). It accounts for the pressure smoothing of
the IGM after ionization and the effect of un-resolved self-shielded
systems.

(ii) Relaxed limit: For this model, we extrapolate the low-redshift
Ay IN OUT Zgejon = 12 sub-grid simulations to lower redshift assuming
a power law. This treats the IGM as if it has been ionized for a
long time, and is in a pressure smoothed equilibrium, at all times. In
this model, the effects of small, short-lived sinks that are sensitive
to pressure smoothing and photoevaporation (see Section 2.3) are
neglected.

3.4 Multifrequency RT

We have extended our sub-grid formalism to allow for a multifre-
quency RT treatment. Unfortunately, our sub-grid simulations only
saved the MFP averaged over the ionizing spectrum, and the Lyman
Continuum (LyC, 912 A) MFP. To approximate the full frequency
dependence, we assume

An—1
om(v)
0 = K12 (%) (1n

Hi

where «, = 1/A, is the absorption coefficient at frequency v and kg1,
is the LyC absorption coefficient. This form follows from equation (5)
of Nasir et al. (2021) (see also Prochaska, Worseck & O’Meara 2009)
assuming that the HT column density distribution is a power law of
the form f(Nu;) o Ny, Iﬂ N. Our sub-grid simulations assume a power
law ionizing spectrum of the form J, ocv™ with « = 1.5. We can
then find By using

(Kv)a=1.5 _ all — 470‘72'75(ﬁN*1)]

ko2 [ +2.75(Bn — DI(1 — 4-)°

where (k)4 = 15 is the frequency-averaged absorption coefficient in
the sub-grid simulations. Then we calculate «, in each frequency bin
in FlexRT using equation (11). Note that (oy,)’ and (1) in equation
(7) are averaged over the spectrum incident on cell i in FlexRT, not
the o = 1.5 spectrum used in the sub-grid simulations. This assumes
that A, can be estimated for any incident spectrum using results from
an o = 1.5 simulation. In FlexRT, we use five frequency bins with
energies 14.44, 16.64, 19.91, 25.47, and 37.6 eV, each containing
the same number of photons.® We test this procedure and give more
details in Appendix B. We find that our approach is accurate to within
20 per cent even for negative values of «.

12)

SThat is, the limit in which T'y; has not changed for a long time.

OThis particular binning is chosen to give approximately the correct average
H1 cross-section for an & = 1.5 spectrum. The are also approximately the
same frequency bins used in the high-resolution simulations.
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3.5 Recombination radiation

We have added an approximate treatment of recombination radiation
to FlexRT. We assume that a fraction f= of IRPs escape from the

dense clumps that produce them, and the rest are absorbed locally.
The effective recombination coefficient can be written as

a(T) = focaa(T) + (1 — foas(T), (13)

where T is temperature and os and op are the case A and B
recombination coefficients, respectively. We assume equation (13)
holds when modelling the ionizing photon opacity. For Ly « forest
calculations (described in Section 3.7), we use a5 for the reasons
explained in Section 2.2.

We assume that the ionized gas in each cell is in photoionization
equilibrium.7 Then, we can write the recombination rate as a function
of the ionizing absorption coefficient (Emberson et al. 2013), with
k xa(T) at fixed density and I'y;. Our small-volume simulations
assume the case B recombination coefficient, so we can re-scale the
absorption coefficient from those simulations like

e
(K)v - <KB>UKT)7

where (kg), is the sub-grid model prediction.
Under these approximations, the emissivity of IRPs in cell i is

(14)

preed — i prec r%‘“ ((Ki> — (Ki> ) a4+ x) (15)
V4 monJ esc (O_,Hl)lv Alv B ’

where (/cj'\)v is equation (14) evaluated for f.sc = 1, and the factor of
1 4 x crudely accounts for ground state recombinations from He 1.2
These photons are added to the emissivity from haloes in each cell.
The energy of IRPs is

1
Ewe = 13.6eV + Emevz, (16)

where mj, is the electron mass and v is the relative velocity between
the recombining electron and proton. The average kinetic energy is
~ %kT, where T'is the gas temperature. For 10* K gas, this is 1.3 eV,
yielding E\.. = 14.9 ¢V and an average H I cross-section of (o), =
4.93 x 107'® cm?, a factor of 2 larger than the (o), =2.55 x 10713
cm? for an @ = 1.5 spectrum. In our multifrequency FlexRT runs,
we assign IRPs to our lowest energy bin (14.44 eV). We provide a
complete derivation of equations (13)—(15) in Appendix C.

3.6 Modelling haloes as absorbers

Lastly, we added a simple prescription for the opacity from haloes
hosting ionizing sources. This allows us to assess how missing
opacity from massive haloes would affect the drop in Ny (see
Section 2.3). We treat haloes as spherically symmetric, optically
thick absorbers with cross-section

Ohato(Mhatos 2, Trir) = 7 Riio (Mhatos 2, Tin), a7

where Ry, is the radius to which the halo is opaque. We write this
as

Rhato(Mhato» 2> TH1) = f200(Mhato» 2> Tr1) Ra00(Mhato» 2), (18)

TThis is not true in our small volume simulations, which include non-
equilibrium effects such as photoevaporation of self-shielded systems. How-
ever, it is likely a good approximation in the relaxed limit sub-grid model,
since such processes are largely neglected there.

8This is appropriate because the recombination coefficients for H It and He 11
are very similar in the relevant temperature range.
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where Ry is the radius within which the mean density is 200 x the
cosmic mean, and f>oo parametrizes the opacity of the halo (including
its sensitivity to 'y ). Halo masses in our N-body simulation are given
by the mass enclosed within Ryy, which is approximately the halo
virial radius (Trac et al. 2015). We will describe momentarily how
we estimate f>o.

The total opacity from haloes in cell i is given by

Nhalo

Klialoziizahalo(Misz)v (19)

cell ;-1

where the sum runs over all haloes occupying cell i. In what follows,
we assume that all haloes resolved by our N-body simulations (with
My > 3 x 10° h~! M) contribute extra opacity. The total opacity
in cell i is given by adding k), to equation 6)°:

. (1 .
T = X AsY (F + K];al(,) . (20)

Finally, we need a prescription for f5p9, for which we use an
analytical model similar to that described in section 2 of Muiioz
et al. (2016) (see also Theuns 2021; Theuns & Chan 2024). We
assume all haloes have a spherically symmetric power-law density
profile

Paas(r) O €. 21)

The radius r.s to which the halo is opaque to ionizing photons can
be approximated by the condition

Tion ~ nHI(rabs)(JHI)rabs =1, (22)

where T;,, is approximately the optical depth encountered by a
sightline intersecting the edge of the halo.'® We show in Appendix D
that, assuming photoionization equilibrium, fo9 scales like

_ 1 N
faoo o< T T MG D (14 2)%T, (23)

where I'y; is the photoionization rate in the IGM surrounding the
halo. The positive scaling with redshift reflects the fact that haloes
collapsing at higher z have larger physical densities at their virial
radii. More details are given in Appendix D.

3.7 Modelling the Ly o forest

We compute Ly o forest statistics on a N = 2048? version of the same
hydro run used to get our density fields. We traced 4000 sightlines
through the box and mapped on the I'y;, 7, and neutral fraction
from FlexRT. In ionized RT cells (defined as those with xy; < 0.5),
we compute the residual neutral fraction assuming photoionization
equilibrium. The spatial resolution of our hydro simulation is 97.7
h~' kpc, which D’ Aloisio et al. (2018) found to be un-converged in

Note that the extra opacity from haloes does not contribute to (1), in the
numerator of equation (7). This is because the expression (A), (o'Hp)y in the
numerator of that equation is equal to the inverse of the residual H1 number
density in the ionized IGM, but the haloes are treated here as if they are
completely self-shielding (neutral). Also, note that k10 is also multiplied by
Xion because not doing so would spuriously count opacity from haloes still
within the neutral part of the cell.

10The analogous derivation in section 2 of Mufioz et al. (2016) identified the
absorber radius as the distance at which the opacity approaching the centre
of the halo from infinity reaches 1. This condition yields the same scaling
relations found here, but gives an absorber radius about 70 per cent of that
given by equation (22). This is an acceptable difference given the highly
approximate nature of the model.
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the mean Ly o transmission at the 50 per cent level. We correct for
this using the approach outlined in Appendix A of D’Aloisio et al.
(2018), and the correction factors from their table Al. With their
correction, our effective spatial resolution for the forest calculation
is 12.2 h~'kpc, close to the convergence criteria found by Doughty
et al. (2023).

One problem with mapping the FlexRT fields directly to the hydro
density grids is that correlations with density on scales smaller
than the RT cell size (1 h~! Mpc) are missed. This is a problem
for temperature, which correlates strongly with density on small
scales. Hydro cells less dense than the coarse-grained RT cells they
occupy contribute most of the Ly« transmission, and in general
these have temperatures lower than that of their host RT cell. The
IGM temperature is usually assumed to follow a power law in density
of the form

T(A) = TyAY™! (24)

where A is gas density in units of the mean, 7 is the temperature
at mean density, and the power law index y is mainly a function
of how recently the gas was ionized. Recently ionized gas (z =~
Zreion) 18 nearly isothermal (y = 1), while for z < <Zyejon, ¥ — 5/3.
We estimate y(z, Zreion) Using the analytical solution for the IGM
temperature given by McQuinn & Upton Sanderbeck (2016). Then
we re-scale the temperatures in each hydro cell according to

; ¥ (2 Heion) 1

. A

7 hydro

Thlydro - TRT ( j ) s (25)
ART

where Tl{'T is the temperature in RT cell j that contains hydro cell
i, A{lydm is the density in hydro cell i, Ag; is the coarse-grained

density in RT cell j, and z/; , is the reionization redshift of cell j.
We find that this procedure results in a ~ 10 per cent correction to
the forest mean flux. We test this procedure and give more details in

Appendix E.

4 EFFECT OF INDIVIDUAL MODELLING
CONSIDERATIONS

4.1 Reference model

In the following sections, we will study the IGM modelling effects
described in Section 2. Starting from a reference model (described
below), we will vary each modelling choice one at a time and assess
how this changes the evolution of N,, required by the forest. In all
our FlexRT simulations, Ny is a non-parametric function of redshift
tuned such that the mean Ly « transmission, (F1y,), agrees as closely
as possible with recent measurements by Bosman et al. (2022) using
the new XQR-30 QSO sample (D’Odorico et al. 2023). This is similar
to the approach adopted in (Keating et al. 2020a, b). Our reference
model has the following features:

(i) A monochromatic spectrum with a oy; = 2.55 x 10713 cm?,

as in Cain et al. (2021, 2023). This oy, is the average value for a
power law spectrum with o = 1.5.

(ii) The relaxed limit sub-grid model, described in Section 3.3. We
chose this model so that our reference case would be representative
of simulations that do not resolve the small, abundant sinks that are
sensitive to photoevaporation and pressure smoothing. We do not
include any extra opacity from haloes.

(iii) We use the case B assumption for the ionizing opacity that is

native to our sub-grid simulations (i.e. fls = 0 in equation 13).
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Figure 2. Top two rows, in clockwise order from top left: ionized fraction xjon, LyC MFP A;fg , ionizing emissivity Ny, IGM temperature at mean density

To, mean Ly o forest transmission (FLy.), and electron scattering optical depth to the CMB (z.s). We compare our reference model (black solid curve) to
observations from (Becker et al. 2011; Becker & Bolton 2013; Worseck et al. 2014; McGreer et al. 2015; Greig et al. 2016; Bosman et al. 2018; Davies et al.
2018; Eilers et al. 2018; Mason et al. 2018, 2019; Boera et al. 2019; Greig, Mesinger & Bafados 2019; Walther et al. 2019; Gaikwad et al. 2020; Planck
Collaboration VI 2020; Wang et al. 2020; Yang et al. 2020a, b; Becker et al. 2021; Bosman et al. 2022; Zhu et al. 2022; Gaikwad et al. 2023; Jin et al. 2023; Zhu
et al. 2023). The upper right panel displays the same models shown in Fig. 1 for reference (faded curves). All the simulations in this work have their emissivity
histories calibrated to match the (Fpy,) measurements from Bosman et al. (2022) as closely as possible over 4.8 < z < 6. The bottom two rows show the CDF
of er, computed over 50 ! Mpc segments of the Ly o forest, compared to the measurements of Bosman et al. (2018, 2022) and Eilers et al. (2018). See text
for details.
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Fig. 2 compares our reference model with a wide range of obser-
vations and other simulations. The top two rows show, clockwise
from the top left, the ionized fraction xi,,, LyC MFP A;“lf; , N,.
IGM temperature at mean density 7, mean Ly « forest transmission
(FLya), and electron scattering optical depth to the CMB, 7.;. We
estimate Aglg by stacking mock spectra calculated from random
starting points and fitting to the model of Prochaska et al. (2009), as in
Cain etal. (2021).!! The upper right panel shows N, for the reference
model (black solid) and the same curves from Fig. 1. The other
panels show a collection of recent observational measurements from
the literature, referenced in the figure caption. The red points in the
second-from-top middle panel show the most recent measurements
of (Fiyo) by Bosman et al. (2022) at 4.8 < z < 6, against which we
calibrate our models.

The bottom two rows show the cumulative distribution function
(CDF) of effective Ly o optical depth, 7., measured over 50 2~ Mpc
segments of the forest. Each panel shows a different redshift between
z = 5 and 6. We compare to measurements by Bosman et al.
(2022) (red), Bosman et al. (2018) (green), and Eilers et al. (2018)
(blue). For observations, shaded regions denote limiting assumptions
about the value of 7.4 for null detections.'? In each redshift bin,
we randomly draw a number of 50 ™! Mpc segments from our
simulation sightlines equal to the corresponding number in the
Bosman et al. (2022) data set, and compute the CDF 500 times.
The shaded grey curves show the 10-90 per cent range from this
procedure.

Our reference model is in broad agreement with the observations
in Fig. 2. Our reionization history ends slightly too late for the dark
pixel constraints from McGreer, Mesinger & D’Odorico (2015), but
is in agreement with updated limits from Jin et al. (2023) and recent
dark gap constraints from Zhu et al. (2022). The MFP is in reasonable
agreement with measurements of Worseck et al. (2014) and Gaikwad
et al. (2023), but is slightly too high for those of Becker et al. (2021)
and Zhu et al. (2023). This could owe to the relaxed limit model
having too few sinks, and/or to our use of the case B approximation
for recombination radiation. Our Ny is qualitatively similar to those
discussed in Section 1, with a factor of ~2 decline between z = 6
and the end of the simulation at z = 4.8. Our thermal history is in
agreement with the recent measurements of Gaikwad et al. (2020),
but is slightly too high for measurements at 7 < 5.

Our 7 distributions are also in broad agreement with measure-
ments. Note that our simulations are not explicitly calibrated to match
the 7. distribution of Bosman et al. (2022), only (Fiy,). So, to
some extent, our models can be judged by their agreement with T.g
measurements. We see that at 5.2 < z < 5.8, our 7. distributions are
slightly wider than the Bosman et al. (2022) measurements. Bosman
et al. (2022) found that their 7. distributions are in good agreement
with simulations in which reionization is completely over by z =
5.3. The fact that our reference model ends reionization slightly later
than this (~5.1) is likely the reason for this disagreement.

4.2 Ionizing spectrum

We start by varying the properties of the ionizing spectrum. Our first
model, which we label ‘fiducial (Fid.) multifrequency’, adopts the

TRoth et al. (2023) find that this estimator for the MFP agrees well with the
measurements using QSOs, even at z = 6 when reionization is ongoing (see
also Satyavolu et al. 2023).

12The Jower bound assumes Teff = 00, while the upper bound assumes Teff
= —In(20), where o is the uncertainty of the mean transmission.
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Figure 3. Comparison of our Fid. Multifrequency (orange dashed) and hard
multifrequency (blue dotted) models to our reference model (solid black).
From top to bottom, the panels show NV, (FLy«), and To. All models are
calibrated to match the measurements of (FLy,) by Bosman et al. (2022).
Harder spectra work in the direction of making the drop in N, shallower,
but the effect is small compared to the size of the drop itself. The hard
multifrequency model is also in significant tension with most recent IGM
temperature measurements.

multifrequency treatment described in Section 3.4, still assuming o« =
1.5 for sources. Comparing this model to the reference model (which
employs the monochromatic approximation) isolates the effects of
IGM filtering.'> Our second model, labelled ‘hard multifrequency’,
also uses multifrequency RT but assumes o = 0.5, on the low end
for reasonable stellar population models (see Section 2.1).

Fig. 3 shows NV (top), {(FLy«) (middle), and Ty (bottom) for these
models (orange dashed and blue dotted, respectively) compared to the
reference model (black solid). By construction, all three models have
nearly identical (F1y,), in agreement with Bosman et al. (2022). All
three have fairly similar N, at z < 6, with the Fid. Multifrequency
and hard multifrequency models having a slightly shallower drop
than the reference case. The effects of multifrequency RT, including
a harder spectrum, on Ny are about 0.05 dex, much smaller than the
~0.3 dex drop in the reference model. The smallness of the effect
likely owes to the partial cancellation of I'y; and T effects in the
(FLy«), discussed in Section 2.1. Recall that a harder spectrum leads
to lower 'y, and higher temperatures, which have opposite effects
on the forest transmission.

13To maximize the effect of filtering, we assume By = 2 in equation (11)
instead of calculating it self-constantly using equation (12) in this section.
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Figure 4. Effect of IRPs on the drop in NV. Top: NV for our recombination
model (orange dashed) and reference model (black solid). Bottom: (FLyq)
compared to Bosman et al. (2022) measurements. Ionizing recombination
radiation has a small effect on the drop, even for parameters that maximize
its effect. See text for details.

We see from the bottom panel that these models also have
significantly higher IGM temperatures. 7 is ~ 10 per cent (20
per cent) higher in the Fid. Multifrequency (hard multifrequency)
model than in the reference case. The hard multifrequency case is
in ~20 tension with the Gaikwad et al. (2023) measurements at z
= 5.4 and 5.6, and in ~30 tension with the Boera et al. (2019)
measurement at z = 5. Even harder spectra, which may allow for a
shallower drop, would only worsen this disagreement. We conclude
that although a harder ionizing spectrum works in the direction of
making the drop shallower, on its own it is an unlikely explanation.

4.3 Ionizing recombination radiation

Next, we study the effect of ionizing recombination radiation. Our
‘recombination radiation’ model assumes fI = 1, which corre-
sponds to the case A limit and maximally contrasts the reference
model. To facilitate a fair comparison with our monochromatic
reference model, here we only include two frequency bins: h,v
= 19.0 eV for sources (which gives the same oy, assumed in the
reference model) and 13.6 eV for IRPs. The choice of 13.6 eV
maximizes the ‘softening’ effect of IRPs on the ionizing spectrum.'*
Fig. 4 shows Ny (top) and (Fpy,) (bottom) for our Recombination
Radiation model (orange dashed) and our reference model (black
solid). As in Fig. 3, the differences in N , between models are modest.
The recombination radiation model has a slightly flatter N, at z =
6, with a slightly steeper drop between z = 5.5 and 4.8. Given that
the model in Fig. 4 likely overestimates the effect of recombination
radiation, we conclude that TRPs probably have a small effect on N,
at fixed (Fryq).

However, IRPs do have an appreciable effect on the reionization
history and the t.g distribution. Fig. 5 shows the z < 6 reionization

I4IRPs do not have a net heating or cooling effect, so this choice does not
affect the IGM temperature.

Galactic ionizing output 1959
history (left) and t. CDFs at z = 5.2 and 5.4 (middle and right,
respectively). We also show our hard multifrequency model (blue
dotted curve and shaded regions) from the previous section. The
recombination radiation (hard multifrequency) model ends reioniza-
tion later (earlier) than the reference case, and displays worse (better)
agreement with 7. measurements. The former is in mild tension with
the z = 5.5 neutral fraction constraint of Zhu et al. (2022). In the hard
multifrequency model, at fixed (Fiyq), NV is higher and reionization
ends earlier, while the opposite is true in the recombination radiation
model.

The main reason for later reionization history in the recombination
radiation model is the soft ionizing spectrum of the IRPs. Since the
spectrum is softer in that model than the reference case, I'y, and
(FLyq) are higher at fixed NV, and so reionization ends later at fixed
(FLya). We have checked that if the IRPs are assigned the same
frequency as the sources, the differences with the reference model
largely disappear. A key takeaway from Fig. 5 is that harder (softer)
ionizing spectra can lead to earlier (later) reionization and better
(worse) agreement with measurements of the 7. distribution at fixed
(F Lyoc)-

4.4 Missing sinks

Ionizing photon sinks regulate the ionizing background, making them
promising candidates to explain the drop in N,. In this section,
we consider whether a population of sinks that are missing from
simulations could explain the drop.

4.4.1 Missing unresolved sinks

One reason for sinks to be missing in a simulation is that they
are unresolved. A natural way for us to assess the effect of the
smallest sinks is to compare our relaxed limit and full sinks sub-grid
models, described in Section 3.3. The latter includes the effects of
these objects on the IGM opacity, while the former is designed to
neglect them. The orange dashed curve in Fig. 6 shows x;,, (left),
Ny (middle), and (Fyy,) for a simulation that uses the full sinks
treatment, but is otherwise the same as our reference case (black
solid curve). We emphasize again that this comparison is made at
fixed (Fiy«), as the right panel shows.

A surprising result is that including the smallest sinks does not
alleviate the need for a drop — in fact, the drop is ~0.05 dex
steeper than in the reference case. This is because the smallest sinks
are destroyed by photoevaporation and pressures smoothing effects
within a few hundred Myr, and only patches of the IGM that ionized
recently still have them. So, although they increase the photon budget
(reflected by a later end to reionization and higher Ny), they do not
survive long enough to help regulate 'y, after reionization ends. The
result is that an even steeper drop in Ny is required. For this reason,
attempts to correct the LyC opacity in simulations for missing small-
scale power are unlikely to eliminate the need for a drop.

4.4.2 Missing massive sinks

It is also possible that simulations are underpredicting the opacity
from massive haloes. We have run a simulation that uses the halo
absorber model described in Section 3.6, with all else the same as in
the reference case. We assume fairly shallow density profiles for our
haloes, with € = 1.5 (compared to 2 for isothermal profiles). This
choice is motivated by the possibility that feedback drives significant
outflows (e.g. Weldon et al. 2022), possibly resulting in significant
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Figure 5. Sensitivity of the reionization history and 7 distribution to the ionizing spectrum and recombination radiation. From left to right, the panels show
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Figure 6. Effect of sinks on the drop in Ny. We show xjon, Ny, and (FLy ) (left to right). We compare our reference model (black solid) to a model that includes
the smallest, hardest-to-resolve sinks (orange dashed) and a model with extra opacity from massive, star-forming haloes (blue dotted). The former requires a
higher photon budget and ends reionization later, but has an ~0.05 dex steeper drop than the reference case. This is because the smallest sinks do not survive
very long and cannot help regulate the ionizing background at reionization’s end. Sinks in massive haloes are not destroyed by photoevaporation and pressure
smoothing, and rapidly grow in abundance at lower redshifts. These sinks effectively regulate I'y;, reducing the drop to only ~0.05 dex.

opacity outside the halo virial radius (f>0o > 1). The blue dotted curve
in Fig. 6 shows results for our ‘massive sinks’ model. Unlike our full
sinks model, our halo absorber model does make the drop in N,
shallower. Moreover, Ny steadily rises between z = 6 and 8 instead
of staying flat. This is because the abundance of M > 3 x 10° A~ Mg
haloes grows rapidly throughout reionization, increasing by a factor
of 2.6 (3.7) from z = 8 to 6 (5)."> Because these sinks become more
abundant rapidly, they can effectively regulate the growth of 'y,
and avoid the need for a drop in N, . Moreover, these sinks are not
evaporated by reionization, so they survive long enough to regulate
the post-reionization ionizing background.

There are a few caveats worth mentioning. First, our treatment
of haloes as spherically symmetric, ‘billiard-ball’ absorbers with a
single density profile is overly simplistic. Real galaxies have much
more complex geometries and dynamics, and as such our model may
not capture their opacity very well. Secondly, the choice of including
extra opacity for My, > 3 x 10° h~! M, is arbitrary, being set by
the completeness limit of our N-body simulation. Lower mass cutoffs

15The mass contained in these haloes grows by a factor of 4.1 (7.8) between
z=28and 6 (5).
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would result in more opacity from haloes, but would also cause & pyio
to grow less quickly (or perhaps decline) with cosmic time (see
Fig. D1 and surrounding discussion). This would also increase the
budget of ionizing photons required to complete reionization. Finally,
our choice of € = 1.5 may not be realistic — a smaller value for €
results in less opacity from haloes, all else being the same. A key
‘performance test’ for models like this will be to see if their MFP is
consistent with measurements at 5 < z < 6 (Gaikwad et al. 2023; Zhu
et al. 2023; Davies et al. 2024). We provide such a test in Section 5.1
and will further address this point in a forthcoming paper.

5 IMPLICATIONS FOR THE PROPERTIES OF
SOURCES

5.1 Realistic and optimistic scenarios

In this section, we combine the effects studied in Section 4. Table 1
lists the physical effects we studied and describes how each changes
the drop in Ny and the reionization history when (FLy) is held fixed.
Green text denotes a shallower drop in N, or an earlier reionization
history, and red the opposite. We consider two models in this section:
a ‘realistic’ model and an ‘optimistic’, shown in Fig. 7 by the orange
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Table 1. Summary of the modelling considerations studied in Section 4 and
their effects on NV and the reionization history. The second and third columns
describe their effect on the drop in Ny and the reionization history.

Physical effect Emissivity drop End of reionization
Harder ionizing spectrum < 10 per cent difference Earlier
Recombination radiation < 10 per cent difference Later
Missing small sinks Steeper Later
Missing massive sinks Shallower Az <0.1

dashed and blue dotted curves, respectively. The top row has the
same format as Fig. 6, while the bottom row shows the 7. CDF at z
=5.2,54,and 5.6.

The optimistic model is a combination of our massive sinks and
hard multifrequency model, and ignores the effect of un-resolved
sinks and recombination radiation. This model has almost no drop
and an early end to reionization, the latter of which results in good
agreement with the measured g distribution. However, even this
model would require some decline in the ionizing output of galaxies
during reionization. The Robertson et al. (2015) emissivity, which
assumes constant fos. and &,,, increases by ~0.4 dex between z =
8 and 5 (Fig. 1). So, (fesc&ion) Would have to fall by a similar factor
over this redshift range to produce the Optimistic N,. We note that
the Optimistic model has a higher ionizing budget — 3.2 photons per
H atom — than the reference model (2.2 photons/H atom).

Our realistic model includes reasonable prescriptions for all
the effects in 1. We include multifrequency RT as described in
Section 3.4, but keep our fiducial « = 1.5 spectrum. We assume

o = 0.5 for recombination radiation, in between case A and B. We
use our full sinks sub-grid model to account for the smallest sinks, and
include our halo absorber model, but with € = 2 (isothermal density
profiles). The last choice reduces the extra opacity from haloes (see
Fig. D1 of Appendix D). This model has an N, between those of the
reference and optimistic models — flat until z = 5.5, then dropping
~0.15 dex by z = 4.8, suggesting that realistic IGM models will
likely require a drop. However, the details of the drop are sensitive to
IGM modelling effects. This model also ends reionization later than
the reference model and displays worse agreement with the 7. CDF
(similar to that of the recombination radiation model in Section 4.3).
This owes to the inclusion of recombination radiation and small sinks
(see Figs 4 and 6). This may hint that recombination radiation and/or
small sinks play a smaller role in reality than they do in our Realistic
model — although see the next section for an alternative solution.

As mentioned in Section 4.4.2, an important check for models that
resolve the drop with extra sinks is that they agree with measurements
of the MFP. Fig. 8 shows the MFP for our reference, optimistic, and
realistic models. We see that the optimistic model has a lower MFP
than the reference case, but that it actually agrees better with z
< 5.5 measurements. This shows that it is possible to alleviate the
emissivity drop with massive sinks without undershooting MFP mea-
surements. However, the realistic model undershoots measurements
at z < 5.1, due to its inclusion of recombination radiation and the
smallest sinks.'¢ This result highlights the fact that the relationship
between the MFP and the forest is sensitive to the effects studied in
this work.

An important caveat is that we have not exhaustively treated
everything that could affect the NV —forest relationship. For example,

16The former increases the opacity of the gas by a factor of ~ £ e+
(equation 14), but does so without affecting the ionizing photon budget, since

IRPs compensate for the extra absorption (equation 15)
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the slope of the HI column density distribution, Sn (equation 12),
is not a free parameter in our model, being inferred from our sub-
grid simulations. Treating this as a free parameter would widen the
range of possible sinks models. We also have not fully explored
the parameter space of our IGM prescriptions. For example, our
halo density profile parameter € could have time-dependence, and so
could fI<° or the spectral index . We will study these points in more

Jesc

detail in a forthcoming paper.

5.2 Clustering of the ionizing sources

The last physical effect we will study is that of the clustering of
ionizing sources (see Section 2.4). We will consider three sources
models (all assuming our realistic IGM model):

(i) Fiducial sources: This model, which we have assumed so far,
has B = 1 (that is, 71, o< Lyy), and includes haloes down to the
completeness limit of our N-body simulation, Mp,, > 3 X 10°
h ' Mg.

(i) Democratic sources: We assume S = 0, which assigns all
haloes the same ionizing emissivity, independent of Lyy. We also
include all the haloes in the N-body simulation even below the
completeness limit.!” This model maximizes the contribution of the
faintest, least clustered ionizing sources to the ionizing budget.

(iii) Oligarchic sources: Our last model assumes 8 = 1 and that
only My, > 2 x 10'© h~' Mg haloes host ionizing sources, such
that only the rarest and most clustered sources contribute to the
ionizing budget. This model is motivated by the bright-galaxy driven
models proposed by Naidu et al. (2020) and Matthee et al. (2022)
and contrasts the democratic model.

Fig. 9 shows our source models in the same format as Fig. 11.
These models have significantly different reionization histories, with
the democratic (oligarchic) sources model ending reionization Az ~
0.2 earlier (Az ~ 0.15 later) than the fiducial case. The democratic
sources model agrees much better with the 7. CDF than the fiducial
or oligarchic models. This is because during reionization, this model
is less transmissive in biased regions close to sources than the other
models at fixed neutral fraction. So, reionization is allowed to end
sooner without overshooting measurements. However, this model
has a larger drop in N, than the fiducial sources case (~0.25 versus
~0.15 dex). The earlier end to reionization in this case leads to a
faster buildup of photons in the IGM by z ~ 5, and compensating for
this requires a larger drop in N,,.

The oligarchic model is in significant tension with the t.i CDF and
some of the neutral fraction constraints from dark gaps/pixels. Up to
z=6.5, N, is flat, then increases by 0.1 dex between z = 6.5 and 5.5
and then rapidly decreases by 0.2 dex after 5.5. This odd behaviour
is necessary to match (F,) measurements. Taken together with the
very high neutral fraction, this ‘artificial’ behaviour of N, seems
to suggest that the forest disfavours the oligarchic sources scenario.
However, we caution there is at least partial degeneracy between the
effects of the source model and the assumed IGM parameters.

"The smallest halo identified in our N-body simulation has Mpao =
7 x 108 A~ Mg. Haloes below the completeness limit sometimes appear
and disappear in subsequent snapshots. This behaviour is unphysical, though
it may mimic to some extent the bursty nature of star formation and associated
ionizing photon production in low-mass haloes (Emami et al. 2019; Dome
et al. 2024). Since our goal is to qualitatively assess the effect of including
fainter sources, so this is not a significant concern.
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distribution at z = 5.2, 5.4, and 5.6. The former includes only effects that make the drop in Ny smaller and/or the reionization history end earlier. The realistic
model includes ‘intermediate’ treatments of the effects discussed in Section 4.2—4.4. The Optimistic model has almost no drop in Ny and ends reionization early
enough to agree well with the measured 7. CDF. However, even a flat Ny implies significant evolution of source properties. Our realistic model requires some

drop and ends reionization later than suggested by the . CDF.
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Figure 8. Ionizing photon MFP for the reference, optimistic, and realistic
models. The optimistic model has a shorter MFP than the reference case,
and is actually in slightly better agreement with measurements at z < 5.5.
The MFP in the realistic model is too short for measurements, mainly due to
recombination radiation and the inclusion of the smallest sinks.

6 NUMERICAL EFFECTS

In this section, we will briefly study two numerical effects that affect
the Ny —forest relationship — the reduced speed of light approximation
(RSLA) and the numerical convergence of the Ly « forest itself.
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6.1 Reduced speed of light approximation

A self-consistent numerical treatment of reionization requires solving
the RT equation. The maximum time-step required to resolve the
transport of ionizing radiation in the Eulerian frame is the light-
crossing time of the spatial resolution element, Ax.ej/c, where Axce
is the RT cell size and c is the speed of light. This time-scale is usually
much shorter than any other time-scales in the problem. Because of
this, a commonly used time-saving approach is to decrease the speed
of light in the simulation, which increases the time-step without
compromising the accuracy. This is called the RSLA, and it has
been used in a number of reionization studies (e.g. Katz et al. 2017;
D’Aloisio et al. 2020; Kannan et al. 2022). However, the RSLA
can cause inaccuracies in large-scale reionization simulations. Using
moment-based M1 RT,'® Ocvirk et al. (2019) demonstrated that
the RSLA can lead to a significant underestimate of the ionizing
background near the end of reionization, even if the reionization
history is converged'®

Fig. 10 compares two models to the reference case (in the same
format as Fig. 4). The first (the ‘RSLA’ model, orange dashed) uses
¢ = 0.2 (as in the recent THESAN simulations; Kannan et al. 2022)
and has N,, re-calibrated to match (F,,) measurements. The RSLA

8Wu, McQuinn & Eisenstein (2021) showed that moment-based RT may
itself lead to inaccuracies in the post-reionization ionizing background.
However, based on the arguments in this section, we believe that their result
should hold for all RT methods.

19A related effect is that the RSLA leads to underestimates of the speed of
I-fronts. This is studied in Deparis et al. (2019).
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Figure 10. Effect of the RSLA on the Ny—(FLya) relationship. The orange
dashed curve shows a model calibrated to match the forest, but with ¢ = 0.2¢.
This model requires no drop in Ny. The blue dotted curve assumes the same
Ny but sets ¢ = 1, causing (FLyq) to overshoot measurements considerably.

model has a similar reionization history, thermal history, and MFP
as the reference case. Strikingly, it has no drop in N,. The blue
dotted curve shows what happens when we use the Ny from the
RSLA model, but set ¢ = 1. This case recovers the expected result
—an overshoot of (F1y,) by a factor of 2.5-6. We see that using the
RSLA can spuriously lead to the conclusion that no drop is needed.

The reason for this is as follows. Early in reionization, 'y, in
ionized bubbles is independent of . When the IGM is still a collection
of isolated ionized bubbles, the photon density N,, in these bubbles is
overestimated by a factor of ¢/¢. Since I'yy; oc N, ¢ inionized gas, 'y,
isindependent of ¢. Later on, as ionized bubbles overlap, N, becomes
similar for simulations with different ¢, and 'y, is underestimated
by a factor of & &/c. This behaviour is illustrated in fig. 3 of Ocvirk
et al. (2019). The transition between these regimes happens in the
last half of reionization, when I'y is increasing, such that the RSLA
artificially slows down the growth of I'y;.

In our RSLA model, the slower growth of I'y; demands a larger N. y
to reproduce the same Ly « forest properties as the reference case. As
aresult, instead of declining at z < 6.5, NV continues to increase. This
is a possible explanation for why the THESAN simulations were able
to reproduce forest observations reasonably well without any drop
in Ny. However, it is also possible that their treatment of galaxies
played a role in reducing the drop, as illustrated in Sections 4.4.2 and
5.1. They also use a different RT method than ours (moment-based
versus ray tracing). It is therefore difficult to assess exactly how large
this effect is in THESAN, although Fig. 10 suggests that it is likely
significant.
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6.2 Numerical convergence of the Ly o forest

Convergence of the forest itself could also affect the N,—forest
relationship. At 5 < z < 6, even the mean density IGM is mostly
opaque to Ly o photons, so the mean transmission is set underdense
gas. Capturing the distribution of underdensities to which the forest
is sensitive requires high spatial resolution. It also requires a fairly
large volume to include a representative distribution of large-scale
voids, where underdense gas is more common. Simulations that fail
to meet one or both of these requirements underestimate the mean
transmission of the forest. Recently, Doughty et al. (2023) showed
that box sizes of >20 A~! Mpc and spatial resolution of <10 #~! kpc
are necessary to converge on the mean transmission of the forest in
uniform grid simulations. The requirements are likely more stringent
for smoothed particle hydrodynamics/adaptive mesh simulations,
which have worse resolution in underdensities (Bolton & Becker
2009).

To assess the effect of forest convergence, we calibrated a
model like our reference case, but without the spatial resolu-
tion correction for the Ly o forest described in Section 3.7. This
reduced our effective cell size in the forest calculation to the
hydro resolution, Ax = 97.6 h~'kpc. Fig. 11 compares this
‘unconverged forest” model to our reference case, in the same
format as Fig. 7. At fixed (FLy.), the unconverged model ends
reionization Az ~ 0.2 earlier than the reference case, displays
better overall agreement with 7. measurements, and has a slightly
steeper drop in NV (by ~0.05 dex). This is because (Fiy,) is
underestimated in this model, allowing for a larger I'y; at fixed
(FLyq). This in turn allows Ny to be higher and reionization to end
sooner.
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This result, like the previous one, is a cautionary tale for mod-
elling the Ly« forest. Simulations that are calibrated to match
measurements of the mean forest transmission may come to incorrect
conclusions if they are under-resolved in the forest. In our case,
this caused accidentally good agreement with 7. measurements
because the reionization history was allowed to end earlier than it
did when the forest was converged. We caution that this is only
an issue for simulations that self-consistently model the interplay
between Ny, the reionization history, and (F,.). We emphasize that
these differences arise primarily because the neutral fractions in the
models are different. At fixed neutral fraction and (Fiy.), we find
little difference in the shape of the 7.4 distribution between models.

7 CONCLUSIONS

In this work, we have studied the implications of Ly« forest
measurements at 5 < z < 6 for the evolution of the ionizing emissivity
at the end of reionization. Several recent works have found that
matching these measurements requires a drop in emissivity in this
redshift range, requiring strong evolution in the ionizing properties
of galaxies. This work investigated the possibility that this drop is
an artefact of inadequate modelling of the IGM in reionization sim-
ulations. We have done this by comparing reionization simulations
run with our radiative transfer code, FlexRT (Cain et al. 2021, 2023),
with different IGM modelling assumptions. Our main conclusions
can be summarized as follows:

(i) At fixed forest transmission, N,, is fairly insensitive to the
hardness of the ionizing spectrum. Models with hard ionizing
spectra (¢ < 0.5) result in slightly shallower (by ~0.05 dex)
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drops and earlier reionization histories, the latter yielding better
agreement with the distribution of Ly o opacities (t.¢). However,
such models also yield higher IGM temperatures than suggested by
measurements.

(ii) Accounting for ionizing recombination radiation also has a
small effect on the behaviour of Ny . However, the ‘spectral softening’
of the radiation field by recombination photons requires a later
reionization history to match the forest transmission, resulting in
worse agreement with the t.g distribution.

(iii) Accounting for the effect of the small, hard-to-resolve ioniz-
ing photon sinks on the IGM opacity requires a slightly steeper drop
in N, and pushes the end of reionization later. These sinks increase
the reionization photon budget significantly, but they are destroyed
on a time-scale of a few hundred Myr after ionization. Because these
sinks do not survive long after reionization, they do not alleviate the
need for a drop in Ny.

(iv) Unlike the small sinks, missing opacity from massive sinks
may be able to explain the drop. These structures are large enough
to self-shield against the ionizing background, allowing them to
survive past the end of reionization. They also become much more
numerous at lower redshifts. So, they are able to regulate the
ionizing background and in some scenarios eliminate the need for a
drop.

(v) Under optimistic assumptions about the properties of the IGM,
agreement with the forest transmission can be achieved without a
drop in Ny. In this scenario, massive sinks contribute significantly to
the IGM opacity, the ionizing spectrum is very hard, and the smallest
sinks play a minimal role. However, even models like this require
N, to grow less steeply than the UVLE, suggesting some evolution
in underlying source properties. Models that include both small and
massive sinks and a more reasonable ionizing spectrum still require
some drop.

(vi) Scenarios where reionization is driven by lower-mass, less
clustered ionizing sources yield earlier reionization histories (in
better agreement with 7.4) but also a steeper drop in NV‘ In
models driven by bright sources, reionization may have to end
later than recent measurements suggest to match forest transmission
measurements.

(vii) The RSLA artificially blunts the growth of the ionizing
background at the end of reionization. This can erroneously lead
to the conclusion that a drop in Ny is not required to match forest
observations.

(viii) Insufficient spatial resolution in numerical simula-
tions can lead to an underestimation of the Lyoa for-
est mean transmission. This can result in reionization end-
ing earlier than it would otherwise. In some cases, this
can cause spuriously good agreement with the measured T
distribution.

We are led to conclude that either (1) the forest demands at
least some evolution in the ionizing properties of sources near
reionization’s end or (2) there are other effects setting the relationship
between N, and the forest transmission that we have not considered
here. The first possibility would have important implications for
models of the high-z galaxy population. JWST has already begun
to discover galaxies at z > 6 that may have exceptionally high
ionizing efficiency (Atek et al. 2024; Cameron et al. 2023), hinting
at such evolution. Improved modelling of the IGM will be key to
helping to understand the implications of observations like these
over the next few years. Further work should also explore in more
detail the possible mechanisms that may drive an evolution in source
properties, which we do not address directly in this work.
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APPENDIX A: MULTIFREQUENCY
GENERALIZATION FOR Ty, (EQUATION 7)

Consider an infinitely sharp I-front traveling along one axis of cell
i. Then ray j intersecting cell i will travel a distance x{  As (recall

¥20Z 8unf Gz uo 1sanb Aq 6290£92/1L561/L/LES/PI0IME/SEIULY/WOO"dNO"dlWapede//:Sdny WOy papeojumoq


http://dx.doi.org/10.1051/0004-6361/201832889
http://dx.doi.org/10.1093/mnras/stad3239
https://ui.adsabs.harvard.edu/abs/2024MNRAS.527.2139D
http://dx.doi.org/10.48550/arXiv.2305.16200
https://ui.adsabs.harvard.edu/abs/2023MNRAS.525.3790D
http://dx.doi.org/10.3847/1538-4357/aad4fd
http://dx.doi.org/10.3847/1538-4357/ab211a
http://dx.doi.org/10.1088/0004-637x/763/2/146
http://dx.doi.org/10.1093/mnras/stac524
http://dx.doi.org/10.1086/504836
http://dx.doi.org/10.1088/0004-637X/703/2/1416
http://dx.doi.org/10.1088/0004-637X/703/2/1416
http://dx.doi.org/10.3847/1538-4357/ab1ea8
http://dx.doi.org/10.1093/mnras/stw2433
http://dx.doi.org/10.1111/j.1365-2966.2005.09505.x
http://dx.doi.org/10.1093/mnras/staa907
http://dx.doi.org/10.1093/mnras/stad2566
https://ui.adsabs.harvard.edu/abs/2023MNRAS.525.4093G
http://dx.doi.org/10.1093/mnras/stac257
https://ui.adsabs.harvard.edu/abs/2022MNRAS.512.4909G
http://dx.doi.org/10.1093/mnras/stv1703
http://dx.doi.org/10.1088/0067-0049/194/2/46
http://dx.doi.org/10.1093/mnras/stw3351
http://dx.doi.org/10.1093/mnras/stz230
http://dx.doi.org/10.1088/0004-637X/746/2/125
http://dx.doi.org/10.3847/1538-4357/ab4cf4
http://dx.doi.org/10.1111/j.1365-2966.2005.09155.x
http://dx.doi.org/10.3847/1538-4357/aca678
http://dx.doi.org/10.1093/mnras/stz287
http://dx.doi.org/10.1093/mnras/stab3710
http://dx.doi.org/10.1093/mnras/stx608
http://dx.doi.org/10.1093/mnras/stz3083
http://dx.doi.org/10.1093/mnras/staa1909
http://dx.doi.org/10.1088/0004-637X/788/2/121
http://dx.doi.org/10.1093/mnras/stad677
http://dx.doi.org/10.1093/mnrasl/slz025
http://dx.doi.org/10.1093/mnras/stad081
http://dx.doi.org/10.1086/175332
http://dx.doi.org/10.1093/mnras/staa622
http://dx.doi.org/10.3847/2041-8213/aabbab
http://dx.doi.org/10.1093/mnras/stz632
http://dx.doi.org/10.1093/mnras/stac801
http://dx.doi.org/10.48550/arXiv.2306.05448
https://ui.adsabs.harvard.edu/abs/2024ApJ...963..129M
http://dx.doi.org/10.1088/0004-637X/768/2/105
http://dx.doi.org/10.1093/mnras/stu2449
http://dx.doi.org/10.1093/mnras/stv2675
http://dx.doi.org/10.1088/0004-637x/743/1/82
http://dx.doi.org/10.1093/mnras/stv2355
http://dx.doi.org/10.3847/1538-4357/ab7cc9
http://dx.doi.org/10.1093/mnras/stab3601
http://dx.doi.org/10.1093/mnras/staa894
http://dx.doi.org/10.3847/1538-4357/ac2eb9
http://dx.doi.org/10.1093/mnras/stw2036
http://dx.doi.org/10.1051/0004-6361/201832923
http://dx.doi.org/10.1093/mnras/staa1266
http://dx.doi.org/10.1093/mnras/stab2502
http://dx.doi.org/10.1111/j.1365-2966.2008.13830.x
http://dx.doi.org/10.1093/pasj/psx074
http://dx.doi.org/10.3847/0004-637X/831/1/86
http://dx.doi.org/10.1093/mnras/stx2656
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1088/0004-637X/705/2/L113
http://dx.doi.org/10.1088/0004-637X/718/1/392
http://dx.doi.org/10.1093/mnras/stab1833
http://dx.doi.org/10.1088/0004-637X/768/1/71
http://dx.doi.org/10.1088/2041-8205/802/2/L19
http://dx.doi.org/10.1093/mnras/stt1722
http://dx.doi.org/10.1093/mnras/sty1655
http://dx.doi.org/10.1093/mnras/stac1942
http://dx.doi.org/10.1093/mnras/stae1194
https://ui.adsabs.harvard.edu/abs/2024MNRAS.530.5209R
http://dx.doi.org/10.1093/mnras/stad1283
http://arxiv.org/abs/2311.06344
http://dx.doi.org/10.1086/174120
http://dx.doi.org/10.1111/j.1365-2966.2004.07364.x
http://dx.doi.org/10.1093/mnras/staa3412
http://dx.doi.org/10.1093/mnras/stad3176
http://dx.doi.org/10.1086/522566
http://dx.doi.org/10.1016/j.newast.2004.02.002
http://dx.doi.org/10.1088/0004-637X/813/1/54
http://dx.doi.org/10.1051/0004-6361/202037698
http://dx.doi.org/10.1093/mnras/stu1536
http://dx.doi.org/10.3847/1538-4357/aafad1
http://dx.doi.org/10.3847/1538-4357/ab8c45
http://dx.doi.org/10.1093/mnras/stw2944
http://dx.doi.org/10.1093/mnras/stac1822
http://dx.doi.org/10.1088/0004-6256/139/3/906
http://dx.doi.org/10.1093/mnras/stu1827
http://dx.doi.org/10.1093/mnras/stz1726
http://dx.doi.org/10.1093/mnras/stz2807
http://dx.doi.org/10.1088/1475-7516/2021/02/042
http://dx.doi.org/10.3847/2041-8213/ab9c26
http://dx.doi.org/10.3847/1538-4357/abbc1b
http://dx.doi.org/10.1093/mnras/stad210
https://ui.adsabs.harvard.edu/abs/2023MNRAS.520.2757Y
http://dx.doi.org/10.3847/1538-4357/ac6e60
http://dx.doi.org/10.3847/1538-4357/aceef4
https://ui.adsabs.harvard.edu/abs/2023ApJ...955..115Z
http://dx.doi.org/10.3847/1538-4357/ad1d5d
https://ui.adsabs.harvard.edu/abs/2024ApJ...965..134D

As is the total path length of ray j through cell i) before reaching
neutral gas. The number of photons absorbed over this distance is

Nrays i Agii
M= 3 (1o [ ). @
v v

where the outer sum runs over all rays j intersecting cell i and the
inner sum runs over all frequency bins of ray j. Here, N(’){U is the
number of photons in ray j entering cell i at frequency v and A is
the frequency-dependent MFP. During a time step Az, I'y, in ionized
gas behind the I-front is

# of photons absorbed per time abg AL (A2)

# of HI atoms in ionized gas - nHlx Vel

i
1_‘HI_

on

where xm Veen is the ionized volume of cell i and

r
"11:11 = (Cninmidv (A3)
(Pi)v
is the I'y,-weighted H1 number density (the V subscript denotes a
volume average). In appendix C of Cain et al. (2023), we showed that
the frequency-averaged MFP in our sub-grid simulations is given by
(nHIFHI

4oy
ahl = 2 = 7/ dv fr (A4)

where /, and FV are the specific intensity and ionizing photon flux
at the source planes in the sub-grid simulations, respectively. Using
this result, we can write

nfll;vli _ 1 /4VH1 ULL S <)"\Tl>i;

F, (Tu)v Juy, F, hv'" (Tuv’
where (A71) is the opacity averaged over the spectrum incident on
celli. Equation (A5) ignores IGM filtering over distances smaller than

the cell size, but this approximation holds as long as x;",f;’ >> AXeell-
Combining equation (A1)—(AS5) yields

, ZNWS >, Ny, (1 — exp [Jm,.AWD
1
B T (OO F, (T xt, Ve AL

(A5)

(A6)

The ratio F,,/(I"u;)v can be simplified as long as F), (aHI)f) ~ (T'yi)v,
where (oy,)’ is the HI cross-section averaged over the spectrum
incident on cell i. Under this approximation,

ol 1T .9 (1 - np [2522])

<)‘;1> X} VccllAt

vorion

If we define (A,), = (A, 1)}, then equation (A8) can be written in a
form similar to equation (1) of Cain et al. (2021),

b ol 07 5, N, (11— exp [ )
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on

i
FHI_
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(A8)
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APPENDIX B: TESTING THE
MULTIFREQUENCY MODEL AND EFFECT IGM
FILTERING

In this appendix, we validate our multifrequency RT treatment
described in Section 3.4. We tested this procedure using a set of small-
volume hydro/RT simulations similar to the ones used to calibrate
our sub-grid model. We have run three simulations in 0.512 h* Mpc
boxes with N = 5123 gas/RT cells, each with I'y; =3 x 107! 3 Zreion
= 8, and with the box-scale mean density equal to the cosmic mean.
Our simulations have different power law spectra with indices & =
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Figure B1. Direct test of our multifrequency procedure described in Sec-
tion 3.4. We have run small-scale simulations with « = 1.5, 0.5, and —0.5,
and used the procedure in that section to compute (Av)spec, Which is the
frequency-averaged MFP estimated using only information from the o =
1.5 simulation. Here, we show the ratio between (Av)spec and the true value
extracted from each simulation (A)gm. The agreement is within 1 per cent
for « = 1.5 and always within 20 per cent for the others.

1.5 (as used in our sub-grid simulations), 0.5, and —0.5, each with
five frequency bins spanning 1-4 Ryd.

For each «, we use the result of the « = 1.5 simulation to estimate
the frequency-averaged MFP, which we call (A, )spec, following the
procedure described in Section 3.4. Next, we calculate the actual
average MFP in each simulation, (X,)sm. Fig. B1 shows the ratio
of these quantities for each value of «. As expected, we find very
close agreement for @ = 1.5. For & = 0.5 (—0.5), the re-constructed
(Av)spec differs from the truth by at most 10 per cent (20 per cent),
with the agreement improving to better than 5 per cent Az = 1 after
the gas is ionized. This disagreement likely owes to differences in
the self-shielding properties of the gas in simulations with different
«, which are unable to account for with our current approach. Given
that (A,)sim for the @ = 1.5 and —0.5 simulations are different by
almost a factor of 3, this level of agreement is acceptable for our
purposes.

Next, we illustrate the importance of including multifrequency RT
in our FlexRT simulations for the Ly « forest. To show this, we have
run an illustrative simulation with the same box size and fiducial
source prescription as the simulations presented in this paper. The
simulation includes multifrequency RT with @ = 1.5 and uses our
full sinks sub-grid model for the IGM. In the left panel of In Fig.
B2, we show a slice through the column density distribution slope
Bn at z = 6, computed using equation (12). We find Sy ~ 1.6-1.9
in highly ionized gas, with the lowest values in the most overdense
cells, consistent with the findings of McQuinn et al. (2011).2° We find
lower values (8n ~ 1.4-1.5) in the most recently ionized gas close
to I-fronts. This is consistent with the results of Nasir et al. (2021) —
they found that recently ionized gas has a shallower column density
slope owing to abundant tiny sinks that have not yet photoevaporated.
These values are somewhat higher than those typically assumed for

20They found B = 1.8 for optically thin systems.
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Figure B2. Visualization of the effect of IGM filtering at z = 6 in our multifrequency treatment described in Section 3.4. This simulation assumes o = 1.5
for sources and uses our full sinks sub-grid model. Left: SN estimated using equation (12). We find Sn &~ 1.6-1.9 in most ionized gas, with smaller values
(~1.4-1.5) close to I-fronts. Middle: ratio of the IGM heating rate with the value expected for an « = 1.5 spectrum. IGM heating rates are enhanced by as much
as a factor of 1.5 close to ionization fronts, where the effect of IGM filtering is greatest. Right: spectral index (a.fr) that would reproduce the heating rates shown
in the middle panel. We see that aer can be as small as 0 close to ionization fronts.

the IGM at z ~ 6 (e.g. Becker et al. (2021) assumes By = 1.3).
Larger values of Sy result in a stronger frequency dependence of the
ionizing opacity (equation 11) and more IGM filtering.

The middle panel of Fig. B2 shows the ratio of the photoheating
rate H in our simulation with that expected for an &« = 1.5 spectrum
(equation 4). We see that near the centres of ionized bubbles where
the sources are clustered, this ratio is close to 1. This is because the
radiation spectrum in those regions is on average close to that emitted
by the sources, since most of the radiation has not yet been filtered by
the IGM. Near the edges of the ionized bubbles, where the radiation
has traveled several MFPs on average, this ratio gets as large as 1.5,
demonstrating that it has been hardened significantly by the IGM.
The right panel converts this enhanced heating rate into an effective
spectral index «.g, defined such that H(w.gr) = H for each cell. We
see that a.g declines from ~21.5 at the centre of ionized bubbles to
~( near their edges. These illustrations highlight the importance of
IGM filtering effects for both the averages and spatial fluctuations
of the heating rate and photoionization rate in the IGM, which are
crucial for accurately modelling the Ly o forest.

APPENDIX C: DERIVATION AND TESTS OF
THE RECOMBINATION RADIATION MODEL
(EQUATIONS 13-15)

Here, we will derive and test our model for recombination radiation
(equations 13-15). We start with equation (13), which describes
the effective recombination coefficient if a fraction f[5 of IRPs
escape the dense clumps where they are produced. Assuming

photoionization equilibrium,
(TCumm)v = (@(T)nenun)v, (ChH

where the average is over volume. In appendix B of Cain et al. (2022),
we showed that the left hand size of this equation can be expressed
in terms of the frequency-averaged MFP (1., !)7!,

<FHI>V

r =— C2
(Chinmn)v )= (orm), (C2)
Combining these equations yields

r
Ay = A (C3)

(GHI)u(a(T)nanH)V.

MNRAS 531, 1951-1970 (2024)

Let the MFP extracted from our sub-grid simulations, which
assume the case B recombination approximation, be denoted

<x;_g>;1 = (kp),. Since equation (C3) also holds in this case, we
have
e {(a(T)nenun)v a(T)
A = (k) = (k) A (KB)y s (C4)
P (Dnenyn)y o an(T)

which is equation (14). In the final step, we have assumed that the
ratio of the recombination rates in the sub-grid simulations can be
approximated by the ratio of the recombination coefficients evaluated
at the temperature computed in FlexRT.

Lastly, we derive equation (15). The production rate of IRPs that
are not immediately re-absorbed is given by

1~ Xion((e(T)nenyn)v — (s (Tnenun)v)(1 + X)), (C5)

where the factor of 1 + x approximately accounts for ground state
recombinations from HeIl. Applying equation (C3) on both terms
inside parentheses yields

rec FH[ FHI
ny = Xijon —1\—1 - —1\—1
(oA (UHI)VOLV,B)V
Cmn

= Xion ———— (&) — {kB)u)(1 + ).
(GHi)17

)(1+X) (Co)

Combining with equation (13) and (14) yields
iy

= Xion——— (fese (ka)y + (1 = [ kn)y — (ks )u)(1 + )
<UHI>V

(€7

which simplifies to equation (15).

APPENDIX D: DERIVATION OF THE HALO
ABSORBER MODEL

In this appendix, we provide a more complete derivation of our halo
absorber model described in Section 3.6, and explore some of its key
features. First, we can approximately write M»y as a function of the
gas density profile of the halo,
_ Qn R200 N _ Q[ K200 5 nu(r)my
Moo ~ be/o dr(4mr?) pgas(r) = be/o dr(4rnr )THY,
(D1)

where we have assumed that the gas in the halo traces the dark matter
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Figure D1. Features of the halo absorber model described in Section 3.6.
The black solid curve in the top panel shows fagp for a halo with I'_j5 =
0.3, Mo = 1010 o1 Mg, and € = 2. The other curves show the effects of
varying these parameters one at a time. The bottom panel shows the total
opacity from haloes, integrated over the HMF, for € = 2 and 1.5 (and ',
= 0.3). See text for details.

with fraction ,/Q2,, and that the halo is spherically symmetric.
In the second equality, mj, is the proton mass and Xy, is the
hydrogen fraction. Combining equation (D1) with equation (21) and
the definition of R,y and integrating yields a solution for ny(r):

Q X 200pe -
() = o123 - e)%@ (RL) . (D2)
m p 200

Putting this result into equation (22) and assuming photoionizational
equilibrium gives

|:((7H1)OCB(T0)(1 + X):| s
Faps = | ————

(D3)
r
Hi Ey
20092 X1y (3 — O)parie(2) ] 7 25
3Qmmp 200

where fyo9 is the right-hand side divided by Ryy (equation 18). We
assume Ty = 10* K for ionized gas in and around haloes. The scaling
relations in equation (23) follow from equation (D3).

The top panel of Fig. D1 shows how fyp responds to each of
the parameters in our model as a function of redshift. The black
solid curve shows a halo with T'_, = 0.3, M, = 100 1! Mg,
and € = 2 (isothermal density profile). The blue dotted, red dashed,
and magenta dot—dashed curves show the effect of changing I'_,,,
€, and My,,, respectively, one at a time (see legend). Higher I'_;,
(Mpalo) results in lower (higher) f200, but does not affect the shape of
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Figure D2. Power-law index of the TDR, y(z, zr), used to correct TDR
when mapping our coarse-grained RT temperatures onto the high-resolution
density grid for our Ly o forest calculations. y approaches its limiting value
of 5/3 when z < <Zrejon, While when z = Zyejon, ¥ = 1 (for isothermal gas).
These values are calculated by fitting the solution of the McQuinn & Upton
Sanderbeck (2016) IGM temperature model to a power law at A < 1.

its redshift evolution. Smaller € leads to both larger f>o0 and much
steeper redshift evolution.

The bottom panel shows the total Lyman limit opacity from haloes,
integrated over the HMF, for the black and red curves in the top panel.
We see that the model with € = 1.5 (our Optimistic model) results in
2.5-5 x more opacity from haloes than € = 2 (our realistic model).
However, the opacity from haloes begins to turn over at z = 7 in
the former, as effect of f,o0 decreasing outpaces that of the rapidly
growing HMF. This turnover is steeper in the actual simulations
because 'y, increases rapidly at z < 6. This decline in halo opacity at
the end of reionization may be one reason why our optimistic models
allows for only a flat ionizing emissivity rather than the rapidly rising
one predicted by Robertson et al. (2015). In a forthcoming paper, we
will explore the parameter space of this halo absorber model in more
detail, and determine whether models that do allow for a rapidly
rising emissivity are physically reasonable.

APPENDIX E: CORRECTING THE IGM
TEMPERATURE-DENSITY RELATION

In this appendix, we describe in more detail our procedure for
correction the IGM temperature—density relation (TDR) in our Ly «
forest calculation, described in Section 3.7. We describe the expected
TDR in each FlexRT cell using the power-law index y(z, Zreion) (S€€
equation 24). We estimate y(z, Zreion) by fitting the solution of the
McQuinn & Upton Sanderbeck (2016) analytic temperature model
to a power law at A < 1 (the density range that sets high-z forest
transmission). We then assign y values to each cell using the FlexRT
estimate of z;jon, defined as the redshift at which the neutral fraction
crosses 0.5. Fig. D2 shows y versus z Versus Zyejon for 5 < z, Zrejon <
12. Freshly ionized gas (z = Zyejon) 1S isothermal (y = 1), while for
7 < <Zreion, ¥ —> 5/3.

In Fig. D3, we show the effect of applying this correction to
the TDR in our high-resolution simulation used to calculate forest
statistics. The left panel shows the TDR in FlexRT, which shows
a clear power law with a population of lower low density cells
at higher temperatures. These hotter underdense cells are those
most recently reionized. Mapping these temperatures onto the high-
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¥20Z 8unf Gz uo 1sanb Aq 6290£92/1L561/L/LES/PI0IME/SEIULY/WOO"dNO"dlWapede//:Sdny WOy papeojumoq



1970  C. Cain et al.

- Coarse-grajned RT

Hydro w/o T-D Correction Hydro with T:D Correction,

4.6 — 46 4.6
i i o

44 E 44—
42 4 B 42
£4.0 - £ 4.0—
=3 ] L K
o ] E o
3.8 - = 3.8
3.6 3 = 3.6
] F

34— 55 0.0 0.5 1.0 A= 0s 0.0 0.5 1.0 34— 95 0.0 0.5 1.0

log(a) log(A) log(n)

Figure D3. The TDR in our in our Ly « forest calculation before and after the correction described in this section. Left: the TDR in FlexRT at z = 5.6 in one
of our simulations. Middle: TDR on the high-resolution density grid using a straight mapping of the FlexRT temperatures. Right: TDR on the high-resolution
density grid after applying our correction. We see that this procedure approximately restores the qualitative features seen in the TDR in FlexRT: a tight power
law with a population of recently ionized, underdense cells at much higher temperatures.

resolution hydro grid used for the forest almost completely erases since the lowest-density cells with the highest transmission end up
these features, as the middle panel shows. The right panel shows the colder than they would be otherwise.

TDR on the hydro grid after applying our procedure, which recovers

the qualitative behaviour seen in the left panel. The correction also

reduces the total forest transmission by 10-20 per centat 5 <z <6, This paper has been typeset from a TX/IATgX file prepared by the author.
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