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ABSTRACT

The decline in abundance of Lyman-or (Ly«) emitting galaxies at z 2> 6 is a powerful and commonly used probe to constrain
the progress of cosmic reionization. We use the CoDAII simulation, which is a radiation hydrodynamic simulation featuring
a box of ~94 comoving Mpc side length, to compute the Ly transmission properties of the intergalactic medium (IGM) at
z ~ 5.8 to 7. Our results mainly confirm previous studies, i.e. we find a declining Ly transmission with redshift and a large
sightline-to-sightline variation. However, motivated by the recent discovery of blue Ly« peaks at high redshift, we also analyse
the IGM transmission on the blue side, which shows a rapid decline at z 2 6 of the blue transmission. This low transmission
can be attributed not only to the presence of neutral regions but also to the residual neutral hydrogen within ionized regions, for
which a density even as low as ny; ~ 107 cm ™ (sometimes combined with kinematic effects) leads to a significantly reduced
visibility. Still, we find that ~ 1 per cent of sightlines towards M epap ~ —21 galaxies at z ~ 7 are transparent enough to allow
a transmission of a blue Lya peak. We discuss our results in the context of the interpretation of observations.

Key words: dark ages, reionization, first stars —intergalactic medium — galaxies: formation.

1 INTRODUCTION

While baryonic astrophysics in today’s Universe is mainly governed
by effects which are small-scale — for cosmological standards —
this was not always the case. A few billion years ago, at z ~ 6
the ‘Epoch of Reionization’ (EoR) was nearly complete. During
this period, the vast majority of atoms in the Universe underwent
the same transition: from neutral to ionized (for reviews, see e.g.
Robertson et al. 2010; Mesinger 2016; Dayal & Ferrara 2018).
While this approximate picture stands on relatively firm grounds
— largely owing to the measurement of the Thompson optical depth
by cosmic microwave background (CMB) experiments (Hinshaw
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et al. 2013; Planck Collaboration 2020) — the details are yet unclear.
This is because the study of the EoR faces a number of challenges.
On the observational side, because this period is so far away, thus,
major obstacles do exist, for instance, for current and future 21cm
experiments.

But also on the theoretical side, the study of the EoR is fairly
challenging. Not only is it, as mentioned above, a baryonic process
and consequentially rather messy — but it also spans a wide range
of scales: the ionizing photons have to be produced (which can
involve elaborate stellar modelling; e.g. Eldridge & Stanway 2016),
then escape their birth cloud (e.g. Kakiichi & Gronke 2021; Kimm
et al. 2019), and eventually the galaxy as well as its immediate
surroundings (e.g. Dove & Shull 1994; Paardekooper, Khochfar &
Dalla Vecchia 2015; Lewis et al. 2020); each of these steps requires
in principle knowledge of sub-parsec baryonic physics. Afterwards,
the ionizing radiation might traverse ~Mpc sized already ionized
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regions in order to affect neutral atoms far away from the source.
Thus, requiring the consideration of truly cosmological scales.

Inrecent years, however, progress has been made on both frontiers.
The observational constraints of the EoR are improving continuously.
Apart from the previously mentioned integrated CMB constraints,
quasar (Fan et al. 2006; Becker, Bolton & Lidz 2015; Bosman et al.
2018; Davies et al. 2018), and gamma-ray bursts (Chornock et al.
2013) spectra yield tighter, and tighter constraints. Measurements
of galactic emission help to constrain the evolution of the ionized
fraction better — mainly thanks to the Lyman-« (Lya) line (for
a review, see Dijkstra 2014). The change in the Ly« equivalent
width distribution, and the change in the clustering statistics of
Lyo emitters are nowadays commonly used as astrophysical EoR
constraints (Furlanetto, Zaldarriaga & Hernquist 2006; McQuinn
et al. 2007; Kakiichi et al. 2016; Mason et al. 2018a; Ouchi et al.
2018).

This progress is built upon arduous observational work. While
for decades, the detection of extra-galactic Lyo radiation was only
conjectured (Partridge & Peebles 1967; Koo & Kron 1980) later
hundreds of Ly« emitting galaxies (LAEs) were detected (e.g.
Mgller & Warren 1993; Hu, Cowie & McMahon 1998; Rhoads
et al. 2000). Now this field is pushed towards higher redshift, and a
continuously increasing amount and quality of Ly« data is available
to the community (e.g. Fontana et al. 2010; Jung et al. 2018; Sobral
et al. 2018; Hoag et al. 2019).

One particularly interesting development driven by new instru-
ments and telescopes is the availability of high-resolution high-
signal-to-noise Ly« spectra at z 2 5 — unthinkable even just a decade
ago. Thanks to this progress, it is now possible to study Ly« spectral
properties even at these highest redshifts which lead to the somewhat
surprising detection of blue Lya peaks at z 2 6 (Hu et al. 2016;
Matthee et al. 2018; Songaila et al. 2018; Bosman et al. 2020).
Surprising, because prior to that it was commonly assumed (e.g. in
models constraining the progress of the EoR) that all flux blueward
of the Ly line is absorbed at this high-z due to the high neutral
fraction of the IGM. Studying the detectability of blue peaks is one
of the main focus of this work.

Not just on the observational front but also computationally
the EoR community is making steady progress due to the ever
increasing power of supercomputers. Several groups manage now
to run hydrodynamical cosmological volume boxes with radiative
transfer to follow the evolution of the ionizing regions closely (e.g.
on the fly in Gnedin 2014; Rosdahl et al. 2018, or in post-processing
in Kulkarni et al. 2019). This allows the community now to predict
the evolution of observables as well as to estimate the scatter around
these trends. One recent example of such simulations is the CoDAI T
(Ocvirk et al. 2020) simulation which uses the RAMSES - CUDATON
code (Ocvirk et al. 2016).

In this work, we use the CoDAIT simulation in order to study the
evolution of Lyw observables at 6 < z < 7. This simulation features
full coupled ionizing radiative transfer as well as a representative
volume to study the Ly« observables at hand. In particular, we
focus on the disappearance of Lyman-« emitting galaxies (Lyman-
« emitters; LAEs) at z 2 6 due to the increasing neutral IGM,
and how this intergalactic absorption affects the Ly« line shape. In
contrast to earlier studies, we focus in particular on the detectability
of blue peaks at these redshifts — motivated by the recent observations
mentioned above.

This paper is structured as follows: in Section 2 we lay out
our method, that is, we provide technical background of the Co-
DAIT simulation (Section 2.1), and explain how we generate the
transmission curves (Section 2.2). In Section 3, we present our
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results, which we discuss in some context in Section 4, before we
conclude in Section 5.

2 METHOD

2.1 The CoDAII simulation

The CoDaII simulation is a fully coupled radiation-hydrodynamical
simulation of galaxy formation during the EoR. It was performed on
Titan, at Oak Ridge National Laboratory, with RAMSES - CUDATON
(Ocvirk et al. 2016). It is fully presented in Ocvirk et al. (2020)
and therefore we recall here only the main points relevant to this
study. The simulation describes the evolution of a box of ~94.5
comoving Mpc (cMpc) on a side, i.e. large enough to model global
reionization, from z = 150 down to z = 5.8 (see, however, Iliev et al.
2014, for a discussion of the required boxsize in order to capture EoR
fluctuations). The simulation grid is 4096°, allowing us to resolve
haloes down to 103Mg, (with a dark matter particle resolution of
~4 x 10°My,) and therefore providing a good sampling of the various
halo masses contributing to cosmic reionization, as shown in Lewis
et al. (2020). Another advantage of the CoDAITI simulation is that it
contains a statistically representative population of massive haloes,
up to 10'2M, at z = 6, owing to its very large volume. Since the mass
of dark matter haloes in which objects with blue Ly peak mentioned
above reside is unknown, it is crucial that our methodology allows
us to investigate such a broad range of masses.

Also, CoDAITI reproduces a number of observables of the high
redshift Universe, in particular its reionization history (i.e. the evo-
lution of xyy with redshift), and the UV luminosity functions at z =
6 and above, which are particularly important for the investigations
presented in this paper. Finally, the spatial resolution (better than
3.3kpc physical) is well suited to computing Ly transmission
spectra. However, such a cell size may seem to allow resolving
self-shielded systems only marginally. Indeed, Rahmati & Schaye
(2018) showed that such systems are typically 1-10pkpc at z =
6—7. It is therefore possible that we are missing a contribution to
opacity from those self-shielded systems below our resolution limit.
While we cannot offer a clear way of quantifying such potential
missing opacity from the simulation, we can try to gain some insight
into this aspect from the resolution study of Ocvirk et al. (2019),
fig. 7 and table 1. The latter quantifies the increase of residual
neutral fraction after overlap in simulations with twice and four
times the spatial resolution of CoDAII, i.e. with 8§ and 64 times
higher mass resolution. The most resolved simulation in that study
has 0.92 pkpc cell size, i.e. marginally resolving the minimum size
quoted by Rahmati & Schaye (2018). If self-shielded systems are
very sensitive to resolution and hold a large amount of the global
HI, we should see a significant increase in the residual xy; when
increasing resolution. Instead, the increase found is rather limited
(about a factor of 2), despite increasing the mass resolution by a
factor of 64. Following this argument, the amount of HI to account
for unresolved self-shielded systems in CoDAII could also be an
order unity effect. Generally, combining large volumes with spatial
resolution high enough to capture self-shielded systems remains a
challenge, and thus also a limitation of our methodology. Cosmic
Dawn III will provide interesting insight into this aspect, with a
factor of two increase in resolution and an improved calibration
(Lewis et al., in preparation).

CoDAITI performs explicit radiative transfer of ionizing radiation
from one cell to another, across the simulation volume. However, the
amount of ionizing radiation released by each star particle into the
cell in which it forms was assumed to be reduced from the intrinsic
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photon luminosity of its stars by the bound—free Lyman continuum
opacity of the unresolved, subgrid-scale interstellar birth-cloud of the
stars. To account for this extra opacity, we adopted a fixed birth-cloud
escape fraction of fi yc = 0.42 which the intrinsic stellar luminosity of
each star was reduced when assigning an ionizing photon luminosity
to the stars in each star particle. This value was tuned to reproduce
a range of observables of the global ionization history, although it
somewhat underpredicts the neutral fraction at the tail end of the EoR
(see Ocvirk et al. 2020, for a full discussion). Notably, CoDAIT does
use the full speed of light in its ionizing radiative transfer routines,
and, thus, does not suffer from problems stemming from the usage
of the ‘reduced speed of light approximation’ (in combination with
the M1 closure relation; Deparis et al. 2019; Ocvirk et al. 2019).

For the generation of the UV magnitudes cited (Mie00as) the
BPASS Z = 1073 binary population and spectral synthesis model
was used (Eldridge et al. 2017), assuming no dust extinction.

2.2 Generation of transmission curves

We analysed the simulation snapshots at z ~ {5.8, 6, 6.26, 6.55, 7}
(with average neutral fractions of log,o((xpr)) ~
{—5.15, —4.92, —1.41, —0.64, —0.30}). At each of these
snapshots, we randomly selected 50 haloes for each 0.5 magnitude
bin with Myy < —18. For each halo, we drew random lines of
sight for which we generated transmission curves around the
Lyo wavelength. In particular,

(i) we cut out a spherical region <1.5R, (i.e. set all the cells
within that radius to be fully ionized) around the halo position
(as given by the halo finder), where Ryqo is the radius in which
the average density is 200 times the mean matter density at that
redshift (as defined in Ocvirk et al. 2020, equation 2). We chose the
cutout of 1.5Ry for a number of (connected) reasons. The main
reason is that the circumgalactic medium (CGM) is believed to span
1—2 virial radii around each galaxy (e.g. Tumlinson, Peeples &
Werk 2017) and current cosmological simulations are not able to
resolve the cold neutral gas within it (Fielding et al. 2016; Liang,
Kravtsov & Agertz 2016); in fact, it has been shown that the
HI content of such simulations in the CGM is non-converged (Suresh
et al. 2019; Hummels et al. 2019; Peeples et al. 2019; van de Voort
et al. 2019). Since Lyw radiative transfer is dependent on small-
scale structure within the HI (e.g. Neufeld 1991; Gronke et al. 2017)
this non-convergence as well as underresolving these structures is
highly problematic when performing a full Ly« radiative transfer.
We, thus, treat the radiative transfer processes within the interstellar
and circumgalactic medium as a ‘black box’, and concentrate on
the impact of the IGM. The second reason for the cutout is a more
technical reason. Even if we could resolve all the HI structure within
in the ISM and CGM perfectly, photons scattered within < 1.5Ry0
have a non-negligible probability to scatter back into the line of sight
(Laursen, Sommer-Larsen & Razoumov 2011; Jensen et al. 2014),
i.e. we could not treat the scattering process as absorption.

(i) we compute the gas mass weighted mean velocity within
<Ryp0 which we use as systemic redshift for each halo, that is,
effectively shifting all velocities with respect to this one.

(iii) we drew 100 random sightlines around each halo not inter-
cepting any domain boundary. Along each, we calculate the trans-
mission curve using trident (Hummels, Smith & Silvia 2017)
taking the neutral hydrogen number density ny;, the temperature 7,
and the gas velocity v for each cell into account. We integrate from
the halo position to a distance of 5000 km s~ /H(z) away from the
source which is sufficient to have converged transmission curve (see

Lya transmission in CoDall 3699

e.g. figure 1 of Mason & Gronke 2020). We tested this assumption
by finding that a subset of the transmission curves were unchanged
if we lowered this threshold to ~ 2000 kms~!.

In summary, this procedure allows us to be agnostic about the
intrinsic line shape emergent from the Ly« emitting galaxy.

3 RESULT

3.1 Illustrative example sightlines

Fig. 1 shows some arbitrary transmission curves originating from a
randomly chosen halo (left column) and in corresponding colour in
the right column the neutral hydrogen number density as a function
of distance from the source. This illustrates how Lyo photons are
absorbed in the IGM. At z ~ 7 (lower row in Fig. 1), for instance,
one notices the characteristic wing of the absorbing Voigt profile
at v > 200kms~!. Furthermore, though, the transmission curves
clearly exhibit some resonant absorption closer to v ~ 0. This is in
spite of the fact that the edge of the ionized bubble is in this example
for most sightlines at d ~ 6¢Mpc ~ 640kms~! /H(z), i.e. too far
shifted to be responsible for the resonant absorption. However, as
can be seen in the right panel, inside this ionized region, patches
of ny; 2 1078 cm™3 exist which are responsible for the resonant
absorption. These patches can be fairly close to the emitting galaxy,
and thus, likely infalling causing absorption even on the red side of
the spectrum (Dijkstra, Lidz & Wyithe 2007; Iliev et al. 2008).

These patches with a ‘large’” HInumber density of ny 2
108 cm™ can cause resonant absorption also at lower redshifts
which can be seen in the upper panels of Fig. 1. In these examples,
the patches lead to a rather noisy Ly« transmission curve on the blue
side.

Apart for the neutral region, and neutral patches inside the
ionized region, also the residual neutral fraction inside the ionized
bubbles can cause significant absorption. We illustrate this in the
lower row of Fig. 1 where we modified one sightline by setting
nyr (< ScMpe) = 0. The solid and dashed purple curve in Fig. 1
shows the unmodified and altered sightline, respectively. Clearly the
region of wing absorption (= 200kms~") is unchanged. However,
due to the residual neutral part inside this region the spectrum
blueward of ~ 200 kms~! shows zero transmission.

That even a small neutral hydrogen number density is sufficient
in order to cause significant resonant absorption can be seen by this
simple estimate:

T H(z)

ngr ~ —— "~ T
dGO 00 Vcore

(1

where o and v are the Ly cross-section at line center and the
width of the core region which take values of ~ 5 x 10~'* cm? and
~ 80kms~! at T ~ 10* K, respectively (e.g. Dijkstra 2017). For z ~
6 (z ~ 7) this yields ny; ~ 2 x 107%7cm™ (~ 4 x 107%7 cm™3).
Equation (3) in Weinberg et al. (1997) is a more precise estimate
which yields similar values. In Appendix A we investigate this
numerically.

Fig. 2 illustrates the three different absorption causes. It shows
a slice around a halo at z ~ 7. Clearly, the large remaining neutral
regions are visible. Furthermore, also the remaining neutral absorbers
inside the ionized regions can be seen. Most importantly, though, the
neutral hydrogen number density even inside the ionized regions
shows a lot of structure with only small patches exhibiting ny; <
10~ cm 3 required for a non-absorption at this redshift.

MNRAS 508, 3697-3709 (2021)
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Figure 1. Examples of transmission curves (left-hand panels) and the corresponding neutral hydrogen number densities (right-hand panels) of an arbitrary
halo at z ~ 6 (top row) and z ~ 7 (bottom row) with Rypp ~ 0.3cMpc (M ~ 2 x 101 Mg h™1, Migooag ~ —22 at z ~ 6). The purple dashed lines in
the lower row show an example where we set npy (< 5cMpc) = 0 for illustration purposes. The blue and red shaded region in the left column mark the
50 < |v]/(kms~!) < 400 region which we use as ‘blue’ and ‘red’ side in the further analysis. In the right-hand panels, we mark the velocity corresponding to

the Hubble flow of ~ 2 cMpc at that redshift.

3.2 Ly« transmission statistics

Fig. 3 shows the median and difference to the 16th and 84th
percentile of the maximum transmission Tpaxpne Within v e
[—400, —50]kms~! which we define as the ‘blue side’. The lower
panel of Fig. 3 shows the integrated transmission in this wavelength
range Tincple = f T(v)dv/Avppe. Several points are clear from
Fig. 3: (i) at z 2 7 essentially all Lyo transmission emergent on
the blue side of the spectrum is absorbed by the IGM in the
CoDAIT simulation with some rare peaks being transmitted, (i) at z
~ 6 some transmission on the blue side is allowed, (iii) but even at
this later times there is a strong sightline-to-sightline variation for all
the haloes, and (iv) overall, there seems to be no clear dependence
on the UV magnitude.

Fig. 4 shows the same statistics but for the red side (v €
[50, 400]kms~!) of the Ly« transmission curve. As expected, the
overall transmission is much larger with a Ty rea ~ 1 for z < 6, and
even the integrated transmission reaching mostly = 80 per cent of
its maximum value at z ~ 6. Also at higher redshifts a large fraction
of the redward flux is transmitted reaching ~ 0 — 80 per cent at z ~
7. As for the blue side, we found a rather large sightline-to-sightline
variation.

MNRAS 508, 3697-3709 (2021)

Note that in both Figs 3 and 4 we show only 100 randomly
selected haloes for visualization purposes. Fig. 5 shows instead the
full distribution for all the analysed haloes of these transmission
statistics. Apart from the confirmation of the main findings stated
above, the evolution in the transmission properties is clearly visible.
In addition, there seems to be a slight brightness dependence of
Tin. rea With the more massive haloes having a larger probability
that their Ly is not transmitted on the red-side. We attribute this
effect to the larger cosmological infall velocity (with respect to the
(Lyw) emitting regions) for these haloes which leads to an increased
absorption on the red side (see Section 3.1). Though, note that Lya
from these massive haloes may be emitted anyway with a larger
velocity offset due to more scattering in the ISM (Shibuya et al.
2014, Stark et al. 2017; Mason et al. 2018a).

Another representation of the integrated transmission is shown in
Fig. 6 — which, assuming an intrinsic Lya equivalent width (EW)
distribution and respective Ly« escape fraction — could be translated
to an observed EW distribution of Lyman break galaxies. On the red
side, the evolution from a bimodal distribution at z ~ 7 to a unimodal
distribution with most sightlines yielding iy rea ~ 1 at z ~ 6 can be
observed. The integrated blue transmission shows a non-negligible
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Figure 2. Slice through the simulation around one M ~ 7 x 10" Mg
(M16004a ~ —21.1) halo at z ~ 7 (marked with a white circled indicating
2R»00)- The upper and lower panel shows the neutral hydrogen number density
and the neutral fraction, respectively. The plots illustrate the different ways
of absorption discussed in Section 3.1: (i) wing absorption by the large,
remaining neutral regions; (i) absorption through the neutral patches; or (iii)
resonant absorption by the residual neutral hydrogen in the otherwise ionized
regions.

tail with Tine e > 0 which becomes more prominent at later times.
As we discuss in Section 3.3 this tail is important for observed blue
peaks at high-z.

Focusing on the red side (right column) of Fig. 6, it is interesting
that at earlier times (z ~ 6.5), the transmission statistics are more
bimodal (see also Mesinger et al. 2015). L.e., the transmission is either
very large or close to zero. This makes sense since at such high-z the
T(v) is essentially a step function due to the large HI cross-section,
and the fact that 7 o e~ *. Specifically, one can write 7(v) ~ 0 for
VU < Vcuoft Where veyross 1S commonly set by the infall velocity;
as discussed in Section 3.1. This distribution might be relevant for
searches of Ly emitting galaxies which optimally should target as
many sources as possible assuming a unity IGM transmission. At z

Lya transmission in CoDall ~ 3701

1.0 .
¢ 6.0
7.0
0.8 A
® oo |®
2 0.6
= ® (e
£
~ 0.4 A
0.2 A
0.0 A l ® ()
1.0 1 z
¢ 6.0
7.0
0.8 1 M
2 0.6 1
2
£
~ 0.4
0.2 1
0.0 A e o «
23 -2 -21 -20 -19  -18

Mi600nB

Figure 3. IGM transmission on the blue side of 100 randomly selected
haloes. Each point and error bars represent the median, 16th and 84th
percentile drawn from 100 sightlines for each halo.

2 7, on the other hand, we find the integrated transmission peaks
at 0.

Fig. 7 summarizes the redshift evolution of these statistics. Here,
we show the percentiles of the medians for every halo as a function
of redshift. We show both the maximum and normalized integrated
transmission. Fig. 7 shows that the decline on the blue side is rather
rapid with no flux transmitted at > 6.5. The decline on the red side,
on the other hand, is offset by Az ~ 0.6 towards higher redshifts.

In Fig. 8, we show the evolution of the fraction of sight-
lines with a fotal integrated (total) transmission >0.2 (within
50 < |v|/(kms™!) < 400). Since this observed equivalent width
is a product of the intrinsic equivalent width, the galactic
Lyo escape fraction, and the integrated intergalactic transmis-
sion, this can be understood as the impact of the IGM on the
‘Lya emitter fraction’.! Between z ~ 6.5 and z ~ 7 we see a
rapid decline for all halo sizes. The most UV luminous haloes
show a slightly larger integrated transmission which is likely
due to their larger virial radius, i.e. whether or not this sig-
nature holds will heavily depend on the CGM evolution (see
the discussion Section 4.2 on that matter) — but could also be
due to them residing in more ionized regions (Mason et al.
2018b).

The ‘Lya emitter fraction’ is defined as the fraction of Lyman break galaxies
with an Lya EW above some threshold — usually 20 A. Our choice of 0.2
as a cutoff is motivated by this, and a ‘common’ intrinsic Lyad EW of ~
100 A(Schaerer 2003).
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Figure 4. IGM transmission on the red side of the 100 randomly selected
haloes. Each point and error bar s represents the median, 16th and 84th
percentile drawn from 100 sightlines for each halo.

3.3 Comparison to observed blue peaks at high-z

Recently, several Ly spectra at z 2 6 with a prominent blue peak
have been observed (Songaila et al. 2018). Specifically, ‘Aerith B’
(Bosman et al. 2020), ‘COLA1’ (Hu et al. 2016; Matthee et al. 2018),
and ‘NEPLA4’ (Songaila et al. 2018) are well-studied examples
which we want to compare to our findings.

‘COLALY’ is a luminous Lyo emitter at z = 6.59 located in the
well-studied COSMOS field. Besides being exceptionally bright in
Lyo (Liye =4 x 10% erg s™') it appears reasonably bright in the UV
continuum with Myy = —21.6 4 0.3. Contrarily to other galaxies
with similar UV luminosity, COLA1 appears particularly compact
(Matthee et al. 2018).

‘NEPLA4’ is a Lyaemitter at z ~ 6.54 with a line shape
resembling that of ‘COLA1’. Since its location is in the currently
less-studied NEP field the rest-frame UV magnitude is, unfortunately,
unknown.

Lastly, ‘Aerith B’ is a bright (Map = —21.0f83) Lyman-break
galaxy at z ~ 5.79 displaying strong Ly« emission (E Wy =
64739A). Aerith B is situated within the ionization cone of a
neighbourhing bright quasar at a distance d ~ 750 proper kpc, with an
estimated resulting UV intensity at its location of J;; =406 £ 40: a
factor ~100 higher than the cosmic peak of the UVB. Unlike COLA1
and NEPLA4, the velocity separation between the red and blue
peak of the Lya line is large in Aerith B (Av = (580 £ 80)kms™'),
indicating the galaxy is unlikely a significant Lyman continuum
leaker (Dijkstra, Gronke & Venkatesan 2016; Izotov et al. 2016).

MNRAS 508, 3697-3709 (2021)

Fig. 9 shows the spectra of these three objects (specifically from
Songaila et al. 2018; Matthee et al. 2018; Bosman et al. 2020,
from left to right) alongside with transmission curves of ‘similar’
haloes, i.e. within +0.25 UV magnitude of the Myy ~ —21.6
and Myy ~ —21.0 ‘COLA1’ and ‘Aerith B’, respectively, have
been associated with. In Fig. 9 we show the median transmission
curve as well as the 16th and 84th percentile of the distribution
stemming of 100 sightlines for the 25 [184] haloes falling in the
right Myy range for ‘COLA1’ [‘Aerith B’]. It is clear that finding
an object such as ‘COLA1’ or ‘Nepla4’ in the CoDaITI simulation
is extremely unlikely. On the other hand, while a Ly« spectrum
such as shown by ‘Aerith B’ is still far from common, it seems
at least not entirely unlikely from Fig. 9. However, the median
transmission curve can be misleading, and one should directly
compare the impact of the IGM on the Lyw spectral properties
(for a detailed discussion of this effect, see Byrohl & Gronke
2020).

In Figs 10 and 11 we show the distribution of all the integrated flux
on the blue side Fin, biwe and the maximum width of a transmitted blue
peak Whie, max. (T > 0.5) (defined as an uninterrupted transmission 7
> (.5), respectively. Specifically, we show the inverted cumulative
distribution functions of the sightlines originating from similar
haloes as ‘COLA1’, ‘Aerith B’, and ‘NEPLA4’. Since, as described
above, for the latter the UV magnitude is unknown, we use our full
distribution at that redshift.

Figs 10 and 11 quantify the statement of ‘extremely unlikely’
made above better. Given the blue peak height observed and making
the — quite optimistic — assumption of an intrinsically symmetric
spectrum, one requires 7 = 0.5 on the blue so in order to explain
the observations. Fig. 10 shows that for such haloes this occurs
in ~ 1 — 10 per cent of all the sightlines. Maybe more revealing is
Fig. 11 where we show the distribution of the maximum blue peak
width transmitted at least 50 per cent by the IGM. In this figure,
we also show as vertical lines the approximate blue peak width
of the three observed objects studied. Due to the wide peak of
‘Aerith B’ the probability of finding an ‘Aerith B’ like object in
CoDalIlis ~ 1 per cent. Inversely, since ‘NEPLA4’ shows a blue
peak width of only ~ 80kms~!, the probability of transmitting
such a blue peak at this redshift is ~ 10 per cent. Note, again,
however, that due to the lack of UV information we show the
full Whe, max. (T > 0.5) distribution at z ~ 6. We also caution
that firstly the assumption made of the intrinsic spectrum might
be unlikely itself since most Lya emitters at lower redshift possess
a mostly Lyo spectrum asymmetric towards the red side (e.g. Yang
et al. 2016; Erb et al. 2014), and secondly the systemic redshift
of the sources is unknown yielding the possibility of two red
peaks being detected. We discuss these caveats and the likelihood
of observing more blue peaks (or two red peaks) at high-z in
Section 4.3.

Unlike COLA1 and NEPLA4, Aerith B is known a priori to
be located in a very biased environment — an ionized quasar
proximity zone — which is not captured by CoDaIIdue to the
non-inclusion of quasars as ionizing sources. It is then interesting
that the simulation predicts LAEs similar to Aerith B have a
non-zero probability of being detected ‘in the field” at z = 5.8.
This may be related to the fact that CoDa II could overpredict
J21 after overlap by a factor ~10, and similarly underpredicts
the neutral fraction by the same factor (see Ocvirk et al. 2020,
figure 3). Despite observations of LAEs being more extensive
at z ~ 6 than at z ~ 6.5, no other such objects are currently
known.
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Figure 5. Distributions of the transmission properties. Shown are the maximum transmission on the blue and red sides (first and second column, respectively),
and the normalized integrated transmission on both sides (third and forth column). Each row represents a redshift as denoted on the left side. For representation
purposes, each 2D histogram is normalized and the colour coding is logarithmically scaled.

4 DISCUSSION

4.1 Implications of core-scatterings in an ionized IGM

As we showed in Section 3, absorption in the core of the line due
to neutral hydrogen atoms in the ionized regions of the IGM is
responsible for a large fraction of the absorbed flux. They lead
to essentially zero transmission on the blue side, and — due to
cosmological infall — can also heavily affect the red side. This means
that there is no simple relation anymore between the size of the
ionized region, and the absorption pattern, and has, thus, several
implications for the study of the EoR, which we want to discuss
here.

The simple picture of the size of the ionized bubbles, and the
cut-off of the Ly line linked to the edge of the bubble often
put forward in the literature is not valid anymore if there is a
significant (ny; = 107! cm™?) neutral hydrogen component present.
This is the case in the CoDaIT simulation at z > 6.5.> Instead,
the visibility is mainly set by the (size of the) highly ionized
regions around Ly emitting sources with ny; < 107'%cm™3, and
the kinematics of the gas surrounding these galaxies. Due to the lack
of quasars or other high-energy sources in CoDAII, the presence
of these regions is mainly set by the redshift. This can be seen
by the rapid development of the transmission on the blue side (cf.
Section 3.2).

2The abundance of sinks of ionizing photons such as Lyman limit systems
and the boxsize do affect these low neutral fractions (Iliev et al. 2014).

This affects all the Lya observables commonly used to constrain
the EoR, that is, the Lyx equivalent width distribution, LAE fraction,
Lyo luminosity function, and the clustering statistics of LAEs.

4.2 Caveat: the omission of galactic and circumgalactic
radiative transfer

The main caveat of this work is the focus on the transmission of
the intergalactic medium, i.e. leaving out the Ly« radiative transfer
processes in the ISM and CGM. Evolution of galactic and circum-
galactic properties can change the Lyo escape fraction, and thus
lower the observed Ly« luminosity. In particular, a lower Ly« escape
fraction might mimic a lower IGM transmission, that is, a higher
IGM neutral fraction / redshift.

Since Lyo photons are primarily destroyed by dust, two compo-
nents can theoretically lower the Ly escape fraction: (a) a larger
dust content, and (b) a longer path-length of Ly« photons (through
this dusty medium). While on an average larger dust content towards
higher redshift seems unlikely, the latter option might be feasible.
For instance, a lower ionization background leads to a larger HI
column density in the CGM, thus increasing the path-length of
Lya photons. This scenario was discussed in Sadoun, Zheng &
Miralda-Escudé (2017), who manage to reproduce the observed drop
in the Ly emitter fraction (e.g. Stark, Ellis & Ouchi 2011; Treu et al.
2013; Schenker et al. 2014).

However, while this scenario lowers the Lya escape fraction, and
consequently, the observed equivalent widths in agreement with
observations, it also changes the other Ly« observables. In particular,
a larger optical depth / path-length leads to an increased frequency

MNRAS 508, 3697-3709 (2021)

€202 Iudy | g uo Jasn SYND Ad #215/€9/.69€/€/80G/0I01HE/SEIUW/WO0D"dNO"DlWapede//:Sd]Y WOy papeojumoq



3704 M. Gronke et al.

- MUV < =22 Muv< =22

41 z 4
3160 [165
1| =63 =70 |
— T T T T T
1= —22 <Myy<-20]T —22 < Myy < =20
1 —20 < Myy < —18| 1 —20<Myy < -—18
0.0 0.5 1.0 0.0 0.5 1.0
Tint. , blue Tint. ,red

Figure 6. Normalized sightline distribution of integrated transmission split
by UV magnitude and red / blue side. The colour coding corresponds to
different redshifts.

l0g10{XHilv
-492 -1.88 -0.90 -0.58 -0.41 -0.30

1.01 .* hd ® Maximum
+ B Integrated
S 0.81
)
O
©
“ 0.6 - +
kel
Q
]
‘€ 0.44
(%]
c
E O 2 m
" E
0.0 = l- on
6.0 6.2 6.4 6.6 6.8 7.0

z

Figure 7. Evolution of transmitted maximum and integrated flux (circles
and squares, respectively) on the red and blue side (in the corresponding
colour) of all the selected haloes. Each point and error bars show the 16th,
50th and 84th percentile of the medians, i.e. represent the scatter between the
sightlines. The secondary x-axis on top of the plot shows the volume averaged
neutral fraction of the CoDaII simulation at the respective redshifts.

MNRAS 508, 3697-3709 (2021)

1.0 eo- e —— ————1¢
0.9 1
N
o
A 0.8 1 ._”\‘\'
0.7
s
.§ 0'6.
c
© 0.51
e
o 044 —— 6.0
7 e 63
03] 65 »\\.—/—.
- 7.0

225 —22.0 —21.5 —21.0 —20.5 —20.0 —19.5 —19.0 —18.5
Mi600a8
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400kms~!). Shown are only the Myy bins with at least 10 haloes.

diffusion, and hence, wider Ly« lines (e.g. Neufeld 1990). This seems
in tension with observed Ly« spectra at high-z (Hu et al. 2010; Ouchi
et al. 2010; Pentericci et al. 2018; Matthee et al. 2020), but further
study is required to come to a firm conclusion.

While one solution to the caveat might seem the inclusion
of the ISM & CGM into the radiative transfer calculations, we
deliberately chose not to do so in this study. As preluded in
Section 2.2, this is mainly due to three reasons: (i) Ly« radiative
transfer is sensitive to sub-parsec structure inside the neutral hy-
drogen, such as its clumpiness (e.g. Neufeld 1991; Gronke et al.
2017), (ii) this structure exists (e.g. in the CGM Rauch, Sar-
gent & Barlow 1999; Lan & Fukugita 2017) and (iii) CoDAII (as
similar simulations) cannot resolve these scales in the ISM or
CGM. In summary, while the ISM or CGM do have an effect
on the Lywo line we do not resolve the relevant scales here, so
we only consider the IGM effects. In fact, the inability to re-
produce Ly« spectra of radiative transfer simulations using high-
resolution galactic simulations might be due to this issue (see
discussion in Gronke et al. 2017). Instead, we chose to follow
a ‘Russian doll’ approach to tackle the multiscale problem of
modelling Lyo observables, and focus on the intergalactic part in
this study.

4.3 Allez les bleus: the curious cases of blue Ly« peaks at high-z

In Section 3.3 we compared our findings to observations of blue Ly«
peaks at z 2> 6. Specifically, we analysed the observed spectra of
‘Aerith B’ (Bosman et al. 2020), ‘COLA1’ (Hu et al. 2016; Matthee
et al. 2018), and ‘NEPLA4’ (Songaila et al. 2018; cf. Fig. 9). Other
authors did claim a detection of a blue Ly peak at high redshift,
such as the ~ 450 kms~! blueshifted peak at z ~ 9.1 described in
Hashimoto et al. (2018). However, due to a lack of a (dominant)
red peak, this is less certainly Lye compared to the three objects
we focused on here. Similarly, Songaila et al. (2018) present more
‘complex’” Lyo profiles with a blue wing — but not necessarily a
clear blue peak. Better spectral resolution and sensitivity will help to
clearly show which of these are blended peaks.

In the analysis presented in Section 3.3, we concluded that an IGM
transmission required in order to observe these cases occurs in only
a few percent of the sightlines in CoDAII (mostly where motions
allow for a blueward transmission). The crucial assumption leading
to this number is the intrinsic symmetry of the Lya spectrum. For
lower redshift Lyo emitting galaxies, we know that in fact most Ly«
lines are asymmetric towards the red side. At z ~ 0.3 high-resolution
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spectroscopy of high-redshift analogues suggests that less than half
of the flux is emerging on the blue side.? At higher redshifts, lower
spectral resolution makes clear distinction in a statistically significant
sample harder. Erb et al. (2014) found in their sample of 36 LAEs
and 122 LBGs at z ~ 2—3 that only 6 possess a dominant blue side.
Trainor et al. (2015) later quantified this number to be ~ 10 per cent
in their extended sample of 350 LAEs and 65 LBGs at the same
redshift. They also measured in ~ 45 per cent of the galaxies any
blue peak with both fractions being same for their LAE and LBG
sample. Similarly, Herenz et al. (2017) report that ~ 35 per cent
of the 237 from the MUSE Wide survey show a blue peak, and
Yamada et al. (2012) find that approximately half their sample of 91
Lyo emitting galaxies at z ~ 3.1 possess a double peak.

Following this evolution, at higher redshift this ratio might become
tilted even more towards the blue. In fact due to a larger gas infall
at these early epochs some Lyo radiative transfer studies using
cosmological simulations find spectra with all or most of the flux
emerging on the blue side (e.g. Laursen, Razoumov & Sommer-
Larsen 2009; Zheng et al. 2010). However, since simulations like
these fail thus far to reproduce the Lyo spectral properties at lower
redshift mentioned above (see comparison by Gronke et al. 2018), it
is yet unclear whether this holds. Also, other observational quantities
such as the large Ly equivalent widths of LAEs at z = 6 are hard
to reconcile with the picture that a majority of the flux (on the blue)
is absorbed by the IGM (Matthee et al. 2017). Nevertheless, the
degeneracy between radiative transfer processes on galactic scales,
and the IGM do exist (also see discussion in Section 4.2). Recently,
Byrohl & Gronke (2020) have suggested a probe to break this
degeneracy by the detection of multiple blue peaks, which might
be feasible in the near future.

In conclusion, it is most likely that our assumption of a symmetric
intrinsic spectrum is an oversimplification, and in reality the red peak
in z 2 6 galaxies is dominant. This would decrease the number of
observable blue peaks in CoDAITI even further. For instance, if the

3For instance, the 12 ‘Green peas’ (Henry et al. 2015; Yang et al. 2016) with
Lya spectrum taken show in ~ half the galaxies a clear blue peak with always
a dominant red size, and the 13 ‘LARS’ galaxies (Ost]in et al. 2014; Hayes
et al. 2014; Rivera-Thorsen et al. 2015) with Lyx emission suggest have only
~ one clearly detectable blue peak — which has still more flux on the red side.
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average asymmetries of Lyo emitters with a blue peak of 2 2/3 of the
flux being emitted on the red side (approximately consistent with the
lower z studies mentioned above) holds, we would require Tine. blue
close to unity to explain the observations.

In this study, we compared out findings to three individual galaxies
with significant blue flux. Due to a lack of high-resolution Ly«
spectra it is too early too say how common such objects are; however,
Songaila et al. (2018) state that ‘roughly a quarter (two out of eight)
of the LAEs have complex profiles with apparent blue wings’ (note,
however, that observations carried out using the ‘Hyper-suprime
cam’ on the Subaru telescope suggest a lower blue peak fraction at
high-z, although, no thorough analysis has been performed; Shibuya
et al. 2014; Harikane et al. 2019). While this number is almost an
order of magnitude larger than what we find here, there might be
other reasons behind some of the detections.

As mentioned in Matthee et al. (2018), it is also thinkable that
the observations of a double peak at high-z is not a red and a
blue peak but instead two red peaks. This could be due to either
two intrinsically emitted red peaks, or a wide red peak plus an
absorption feature. While double backscattering causes nominally
two red peaks,* the separation of these peaks is too small to yield
two distinctive peaks; instead, they are blended causing merely an
additional ‘bump’ towards the red (as e.g. in Matthee et al. 2020). In
addition, in such a scenario the peak towards the blue is expected to
be stronger.

However, the second case, i.e. the wide emission plus an ab-
sorption, might be more feasible and is in fact the case discussed
extensively in Matthee et al. (2018). While at lower redshift a similar
spectrum has not been observed® the increasing number density
of absorbing systems towards higher redshift (Songaila & Cowie
2010; Noterdaeme et al. 2012; Crighton et al. 2015) might account
for this. In Fig. 12 (as squares and dashed lines), we show the
likelihood of such an event occurring leading to the observation
of a ‘blue’ peak. Specifically, we demand that the red (blue) side is
at least 150kms™! (100kms~!) wide with a transmission of T(v)
> 0.7 (>0.3) and separated by at least 30kms~! and a maximum
of 300kms~!.% Clearly, given the number of parameters involved
in such a scenario, this is merely an example, and we chose the
parameters to be conservative, i.e. demanding more realistic (wider)
peaks or a larger peak separation will lower the number of ‘fake’
blue peaks. However, Fig. 12 shows that even with this choice of
parameters such an event occurring is quite unlikely at all redshifts
considered, especially towards higher z. Nevertheless, for z < 6
the probability is non-negligible highlighting the importance of
systemic redshift measurements which can distinguish between these
scenarios (see discussion in Matthee et al. 2018).

Fig. 12 also shows the probability of observing a ‘real’ blue peak,
i.e. at v < 0 with the same parameters as above. As discussed before,

“This is due to the fact that in a ‘backscattering’ event a Ly photon’s
frequency is boosted by ~2v where v is the bulk velocity of the scattering
medium.

SDetections of indisputably triple peaked spectra are very rare. The ‘Sunburst
Arc’ (Rivera-Thorsen et al. 2019) and ‘Ion2’ (Vanzella et al. 2019) are two
recent examples from z ~ 2 — 3 (also see Vanzella et al. 2018; Izotov et al.
2018, for two more examples at different z). Both exhibit a peak at line-center,
though, and thus are of different nature than the double peaked detections at z
2 6 but the at least spectrum of ‘Ton 2’ could likely be altered by intervening
absorbers.

©Note that the separation here is not exactly between the peaks but the distance
in velocity space between the points where the transmission falls below and
raises above the 0.7 and 0.3 thresholds, respectively.
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Figure 12. Fraction of blue peaks detectable. The circles and solid lines show
the fraction of ‘real’ blue peaks, i.e. in the range v € [—50, —400] km s,
the squares connected by dashed lines show ‘fake’ blue peaks, i.e. when an
intervening absorber could have caused a double peaked detection — even
with two red peaks. See Section 4.3 for details.

at z 2 6.5 the likelihood is in the per cent-level. Noteworthy is the
dependence on UV magnitude with a higher probability to see a blue
peak in larger haloes. After the study of several individual skewers,
we attribute this to the fact that a larger surrounding is cut-out around
these objects due to a larger virial radius; implying whether or not
this effect is real is linked to the CGM problematic discussed in
Section 4.2. Furthermore, we note that in all the cases where a blue
peak would be visible, the transmission curve is still a step function
as discussed previously but with vy < O due to relative motions
between the emitting regions and the gas at larger radii. Whether this
is realistic, e.g. due to large-scale outflows, or infalling galaxies into
a potential well, depends highly on (i) what the emitting regions are,
and (ii) how much radiative transfer processes act altering the surface
brightness. While we do not address this in detail in this study (see
Section 4.2), this is an interesting direction for future studies.

4.4 Comparison to previous work

Previous work on the impact of the IGM on the Ly« line shape can
be grouped into three categories:

(1) (Semi-)Analytical work which uses a simplified model of the
IGM to compute the transmission spectrum. Notable examples of
this category are, e.g. Santos (2004) or Dijkstra et al. (2007), which
found the importance of cosmological infall leading to absorption on
the red part of the spectrum. They also highlight the impact of the
size of the ionized region around Ly« emitters — which they usually
assume to be fully ionized.

(i1) Work which extends on the first category by not assuming cer-
tain ‘bubble sizes’ but using the input of seminumerical simulations
based on an excursion set method such as 21cmFAST (Mesinger,
Furlanetto & Cen 2011) in order to map halo masses and redshift
to bubble sizes. This approach is very powerful as it is relatively
fast, and can, thus, be used to map observations of Ly« observables
such as the EW distribution to different reionization histories and
eventually constrain the global ionization fraction as, e.g. done in
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Mason et al. (2018a); Mason et al. (2019b, 2019a). One can combine
dark-matter only or hydrodynamic cosmological simulations with
ionizing radiative transfer in post-processing or using the semi-
analytical ionization techniques (as recently done in, e.g. Weinberger
et al. 2018). Importantly, in these later, seminumerical models the
ionized regions are set to a constant ionized fraction (usually set by
photoionization equilibrium Meiksin 2009).

(iii) There has also been an approach which simulated the EoR
by post-processing large cosmological N-body simulations (e.g.
McQuinn et al. 2007; Iliev et al. 2008; Jensen et al. 2013) or
hydrodynamical simulations (e.g. Laursen et al. 2011; Laursen et al.
2019). Commonly, ionizing luminosities are assigned to each N-body
halo and ray-traced across the density field of the intergalactic gas
outside haloes. Iliev et al. (2008), e.g. used this approach to analyse
the effect of intergalactic Ly« transmission on LAE observations in
a simulation box more than ~100 Mpc on a side, confirming the
effect of intergalactic infall surrounding massive galaxies mentioned
above. They also found that HII regions surrounding bright LAEs
were filled with lower mass haloes clustered around the central
galaxy which were also important ionization sources. They note that
these ‘proximity zones’ can lead to transmission on the blue side by
zs .

(iv) Lastly, there is the approach using a full radiation-
hydrodynamics simulation as input, as done in this study (also see e.g.
recent work by Garel et al. 2021; Park et al. 2021). Naturally, other
studies employed this approach before us (e.g. Gnedin & Prada 2004)
using different simulations as input. An advantage of these studies
is a more realistic ionization morphology on small-scales affected
by hydrodynamical backreaction, and better resolved fluctuations
inside the ionized regions. A disadvantage of these earlier studies
is that they come from much smaller simulation domains, too small
to model the large-scale patchiness of reionization realistically, and
with resolution too limited to resolve the smaller mass haloes that can
contribute significantly to reionization, even in the neighbourhood
of bright LAEs.

Overall, the findings of these previous studies are fairly consistent
(e.g. in pointing out the large sightline-to-sightline variation, or the
effect of infall) with differences owing to the specific choice of
parameters. Previous work did not, to our knowledge, discuss the
effect the IGM transmission on the blue side has on the observable
Ly« line properties and, thus the associated importance of the residual
neutral fraction — and its fluctuations — of the ionized regions
in observing objects like COLA1 — but instead focused more on
the global observables such as the LAE clustering, Ly luminosity
function, and EW distributions, and the effect the intrinsic line shape
has on these statistical measures (see, in particular, Jensen et al. 2013,
who used Gaussian as well as double peaked profiles as intrinsic
spectrum).

Clearly, all of the approaches have their own advantages and
disadvantages and bring progress in different ways. For instance,
recently Mason & Gronke (2020) analysed the importance of the
residual neutral fraction, and its impact on the blue side of the
Lya spectrum, in a simplified model [category (i) or (ii) above] and
demonstrate under which conditions a blue peak is observable.

As we argue in Section 4.3, the occurrence of blue peaks at high-z
is an interesting new way of testing simulations of the EoR against
observations. Current full radiation-hydrodynamics simulations with
focus on reionization, include large boxes — to the sacrifice of
spatial resolution — such as CoDAII, and smaller (S 10cMpc)
boxes focusing on a selected number of haloes with higher spatial
resolution (e.g. Rosdahl et al. 2018; Wu et al. 2019). In principle,

Lya transmission in CoDall 3707

all these simulations can be tested against Ly« observables, and in
particular the occurrence of blue peaks. We see, however, three main
obstacles which we want to caution against: (i) although some of the
simulations have better resolution, as already discussed above, this
is thus far still not enough to achieve convergence in HI (circum-
)galactic properties, and hence to resolve structures likely relevant
for full Ly« radiative transfer, (ii) naturally, in order to compare with
observations of galaxies residing in more massive haloes such as
‘Colal’ (i.e. Myy < —21 at z 2 6), a statistical relevant sample
of such haloes is required setting a minimum boxsize, and (iii) as
we found the Ly transmission (in particular on the blue side) is
sensitive to the fiducial neutral fraction which, hence, needs to be
captured correctly by simulations in order to use this observable as
a probe of the EoR. This raises a potential issue with the commonly
used ‘reduced speed of light approximation,” which is a numerical
ingenuity to decrease the computational cost of radiative transfer in
simulations but affecting the residual neutral fraction after overlap,
as shown in Ocvirk et al. (2019).

In this wide landscape of theoretical realizations, CoODAII ’s main
advantages are its size and the use of the full speed of light. What
is striking, though, is that CoDAITI is too transparent as compared
to the Fan et al. (2006) measurements (as shown and discussed in
Ocvirk et al. 2020), but still not transparent enough to yield a large
abundance of blue-peaked LAEs. Reproducing both of these aspects
has never been done, and seems difficult, as we can judge from this
study. It will certainly be an interesting challenge for future numerical
simulations of the EoR.

5 CONCLUSION

We analysed the Ly transmission properties of the Co-
DAITI simulation which is a modern cosmological radiation-
hydrodynamics simulation. Our findings can be summarized as
follows:

(1) The transmission of blue Ly« flux rapidly declines with in-
creasing redshift, due to residual neutral gas inside ionized bubbles
which can lead to complete absorption for ny; > 107 cm ™ at 7 >
7,

(ii) There is large sightline variation in blue flux transmission,
but no clear Myy dependence. This is mainly due to kinematic
effects, i.e. outflows and/or a relative motion of the emitting galaxy
to the surrounding IGM gas. Whether this holds in reality depends
strongly on the circumgalactic gas, which we ignore in our analysis,
as discussed in Section 4.2.

(iii) The transmission on the red side is greater than the blue side,
but also has high sightline variation, in particular at 7 2 6.5 when
the transmission can vary from zero to unity for a given galaxy.

(iv) Te observed prevalence of blue peaks can provide an ad-
ditional test for reionization simulations, but better observational
statistic are required in order to do so. In CoDAI T , we find for M 600a8
~ —21 galaxies, the opacity of the IGM allows the transmission of
blue peaks through ~ 20 per cent (~ 1 per cent) of lines of sight at
z~6(z~17).
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APPENDIX A: CHANGING THE FIDUCIAL
NEUTRAL FRACTION

Fig. Al shows transmission curves for homogeneous neutral hy-
drogen number densities, and no peculiar motion at z ~ 7 (but an
unchanged temperature). The estimate of ny; ~ 2 x 107'%7 cm™3
(cf. Section 3) fits this result fairly well.
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Figure Al. Transmission curves for an homogeneous IGM at z ~ 7.
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