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ABSTRACT

Limited constraints on the evolution of the Lyman Continuum (LyC) escape fraction represent one of the primary uncertainties in
the theoretical determination of the reionization history. Due to the intervening intergalactic medium, the possibility of observing
LyC photons directly in the epoch of reionization is highly unlikely. For this reason, multiple indirect probes of LyC escape
have been identified, some of which are used to identify low-redshift LyC leakers (e.g. O32), while others are primarily useful
at z > 6 (e.g. [Om)/[C 1] far-infrared emission). The flux ratio of the resonant Mg 11 doublet emission at 2796A and 2803A
as well as the Mg 11 optical depth have recently been proposed as ideal diagnostics of LyC leakage that can be employed at
z > 6 with JWST. Using state-of-the-art cosmological radiation hydrodynamics simulations post-processed with CLOUDY and
resonant-line radiative transfer, we test whether Mg 11 is indeed a useful probe of LyC leakage. Our simulations indicate that the
majority of bright, star-forming galaxies with high LyC escape fractions are expected to be Mg II emitters rather than absorbers
at z = 6. However, we find that the Mg1I doublet flux ratio is a more sensitive indicator of dust rather than neutral hydrogen,
limiting its use as a LyC leakage indicator to only galaxies in the optically thin regime. Given its resonant nature, we show that
Mg 11 will be an exciting probe of the complex kinematics in high-redshift galaxies in upcoming JWST observations.

Key words: ISM: kinematics and dynamics—ISM: lines and bands —galaxies: high-redshift—galaxies: ISM — galaxies: star

formation — dark ages, reionization, first stars.

1 INTRODUCTION

The Lyman continuum (LyC) escape fraction (f.s) represents one
of the fundamental uncertainties in constraining the history of
reionization. Due to the intervening intergalactic medium, direct
observations of escaping LyC photons are essentially impossible
at z > 6. For this reason, leaking LyC radiation is often studied either
via observations of lower redshift galaxies — e.g. at z ~ 2-3 (Siana
et al. 2015; Steidel et al. 2018; Fletcher et al. 2019; Nakajima et al.
2020) or at z < 1 (e.g. Borthakur et al. 2014; Izotov et al. 2016a,
2018b; Leitherer et al. 2016) — that are expected to be analogues of
similar systems at high-redshift, or via numerical simulations that
aim to model the physics that enables LyC photons to escape from
galaxies (e.g. Paardekooper, Khochfar & Dalla Vecchia 2015; Xu
et al. 2016; Rosdahl et al. 2018).

Although direct measurements of LyC radiation cannot be made
in the epoch of reionization, numerous proxies exist that can
be used to constrain f in individual high-redshift galaxies. For
example, Zackrisson, Inoue & Jensen (2013), Zackrisson et al. (2017)
showed that LyC leakers segregate from non-leakers on the H S
equivalent width (EW) and UV slope (B) plane. Katz et al. (2020b)
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demonstrated that LyC leakers could be identified based on high
ratios of [OTI]gg,,m/[C1IT] s58,.m (see also Inoue et al. 2016). Other
diagnostics such as high 032 (e.g. Nakajima & Ouchi 2014; Izotov
et al. 2016a, 2018b; Nakajima et al. 2020), S11 deficits (e.g. Wang
et al. 2019, 2021), and Ly @ peak separation (e.g. Verhamme et al.
2015, 2017; Izotov et al. 2020) and equivalent width (EW) (e.g.
Steidel et al. 2018) have all been successfully employed in the
low-redshift Universe. Furthermore, as an alternative to emission,
UV absorption lines can be used to either rule out LyC leakage
or select high-fs. galaxies (Mauerhofer et al. 2021). Similarly,
one can correlate the positions of Lyman break galaxies (LBGs)
and the Ly o spectra of background quasars to obtain a statistical
measure of f directly in the epoch of reionization (Kakiichi et al.
2018).

Recently, Mg11 emission has been suggested as a possible probe
of fese (Henry et al. 2018; Chisholm et al. 2020). Mg1I can exhibit
both emission and absorption lines at 2796.35A and 2803.53A due to
electrons transitioning from the first excited state to the ground state.
The ionization energies of Mg Iis ~7.6 eV, well below that of neutral
hydrogen, and for Mg1i it is ~15eV. Therefore, Mg1I is expected
to primarily trace neutral gas. As a resonant line, Mgl has many
analogous properties to Ly o emission. However, one key difference
is that Mg1I emission is not strongly affected by IGM absorption.
Thus, if MgII can be used as a proxy for f., with the upcoming
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launch of JWST, it represents a promising method that can be used
on galaxies at z > 6 (Chisholm et al. 2021).

Chisholm et al. (2020) demonstrated that Mg1I can be used to
constrain f.s in two ways. If one can measure the escape fraction of
Mg 11 emission, then the Mg 11 optical depth (zmgn) can be converted
into a neutral hydrogen optical depth based on the metallicity of the
galaxy, which can subsequently be combined with the estimated dust
properties of the system (e.g. from the Balmer decrement) to measure
the neutral hydrogen column density and the LyC escape fraction.
The first method follows Henry et al. (2018) who showed that the
intrinsic Mg 1I emission can be calculated using [O 1] 5007A and
[O11] 3727A doublet emission. The key to this calculation is measur-
ing T . For the second method, Chisholm et al. (2020) also demon-
strated that T ygy; can be calculated by using the ratio of the Mg 11 dou-
blet emission lines. Since the oscillator strength of the 2796A line
is twice that of the 2803A line, the absorption cross-section is twice
as large for the former compared to the latter. In a simple model
where the intrinsic strengths of the two lines are set by collisional
excitation, in the absence of dust, if one places a screen of Mg1I gas
in front of the source, the emergent ratio of the line fluxes will be
sensitive to Tyie; because photons of the shorter wavelength line are
expected to scatter more often out of the observer’s line of sight.
Thus Chisholm et al. (2020) show that the line ratio method can also
successfully predict the LyC f. in observed low-redshift galaxies.

While these methods involving Mgl have shown promise, there
are numerous factors that either make them difficult to use in practice
or that introduce systematic uncertainties.

(i) Henry etal. (2018) used 1D photoionization models to calculate
how the intrinsic Mg Il emission scales with various oxygen lines.
Whether the calibration based on these simple models applies to
galaxies that exhibit a wide range of ISM properties remains to be
determined.

(ii) The Chisholm et al. (2020) calculation hinges on the geometry
of a system being that of a screen of Mg1I in front of a source. The
ratio of the two emission lines only changes as a function of optical
depth precisely because photons are scattered out of the observer’s
line of sight. If one assumes a different geometry, for example a shell,
regardless of the optical depth, for pure Mg1I gas, the intrinsic line
ratio will be preserved. The presence of dust will further complicate
the calculation. Since the shorter wavelength line will scatter more
often than the longer wavelength line, in the optically thick regime
the probability of being absorbed by dust is higher. In this case, the
line ratio is sensitive to both the dust properties and the Mg 11 optical
depth, therefore making it more difficult to calculate the LyC fi.

(iii) Even if Mgl emission was the perfect tracer of escaping
LyC radiation, not all galaxies are Mg Il emitters. Feltre et al. (2018)
studied a sample of 381 galaxies at 0.7 < z < 2.34 and showed
that among the galaxies with a Mg1I detection, ~ 50 per cent were
emitters while the others were either absorbers or exhibited P-Cygni
profiles in their spectra. The fraction of galaxies at z > 6 that are
Mg 11 emitters versus absorbers is currently unknown. As such, any
biases in using f..c measurements from Mg II emitters at high redshift
as a representative value for the whole galaxy population must be
elucidated before it can be trusted as a diagnostic.

In this work, we study Mg1I in the epoch of reionization using
a state-of-the-art cosmological radiation hydrodynamics simulation,
SPHINX?® (Rosdahl et al., in preparation; Katz et al. 2022). Our
goals are

(i) to determine whether the Mg1I escape fraction is correlated
with the LyC escape fraction,

MNRAS 515, 4265-4286 (2022)

(ii) to test whether the Henry et al. (2018) method for measuring
the intrinsic Mg I emission applies to high-redshift galaxies,

(iii) to test whether the Chisholm et al. (2020) model of using the
line ratio of Mg 11 doublet emission provides an accurate estimate of
the LyC escape fraction in high-redshift galaxies, and

(iv) to determine the fraction of high-redshift galaxies that are
Mg 11 emitters, absorbers, or exhibit a P-Cygni profile.

This paper is organized as follows. In Section 2 we introduce
the SPHINX?® simulations and describe the methods for emission
line modelling and resonant line radiative transfer. In Section 3, we
compare the simulated galaxies with low-redshift green peas and
blueberries and discuss the utility of Mg I as a tracer of LyC escape.
Finally, in Sections 4 and 5 we present our caveats and conclusions.

2 NUMERICAL METHODS

2.1 Cosmological simulations

This work makes use of the SPHINX?, the largest of all simulations
in the SPHINX suite of cosmological radiation (Rosdahl et al.
2018; Katz et al. 2020a) and magnetoradiation (Katz et al. 2021)
hydrodynamics simulations that are part of the SPHINX project. The
details of SPHINX?® are well described in Rosdahl et al. (2018),
Katz et al. (2022), and Rosdahl et al. (in preparation).

Briefly, the simulations are run with RAMSES-RT (Rosdahl
et al. 2013; Rosdahl & Teyssier 2015), a radiation hydrodynamics
extension of the RAMSES code (Teyssier 2002). The simulation
volume has a comoving side length of 20 Mpc. Initial conditions
for 1024 dark matter particles and gas cells were generated with
MUSIC (Hahn & Abel 2011) assuming the following cosmology:
Q= 0.6825, Qn = 0.3175, @, = 0.049, h = 0.6711, and o3 =
0.83. The dark matter particle mass is 2.5 x 10> Mg, and gas cells are
allowed to adaptively refine up to a maximum physical resolution
of 7.3pch™! at z = 6. The initial composition of the gas is set to
be 76 percent H and 24 percent He by mass, with a small initial
metallicity of 3.2 x 1074Z,.

Star formation is modelled following a thermoturbulent prescrip-
tion (Kimm et al. 2017; Trebitsch et al. 2017; Rosdahl et al. 2018).
Star particles are allowed to form by drawing from a Poisson
distribution in multiples of 400 M. Star particles impact the gas
via gravity, supernova (SN) feedback (Kimm et al. 2015), and
LyC radiation feedback (photoionization, photoheating, radiation
pressure). Star particles inject ionizing photons into their host cells
as a function of their mass, age, and metallicity assuming the BPASS
(Eldridge, 1zzard & Tout 2008; Stanway, Eldridge & Becker 2016)
spectral energy distribution (SED) model.

Non-equilibrium chemistry is followed locally for H1, H11, ¢, He 1,
He 11, and He111. Gas cooling is calculated for primordial channels
(see the appendix of Rosdahl et al. 2013) as well as for metal lines
(Rosen & Bregman 1995; Ferland 1996).

Since SPHINX? only includes radiative transfer for photons with
energies >13.6 eV, the simulation is post-processed in the optically
thin limit at z = 10, 9, 8, 7, 6, 5, and 4.68 with RAMSES-RT
including two additional photon energy bins (5.6—11.2eV and 11.2—
13.6 eV). These radiation bins are not included in the main simulation
because the computational cost of the RT scales with the number of
radiation bins. This is necessary to be able to model the ionization
of metals with ionization energies below 13.6eV (e.g. the transition
from Mg Ito Mg).

SPHINX? is evolved to a final redshift of z = 4.64 and semire-
solves the detailed ISM and CGM structure of tens of thousands
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Table 1. Emission lines considered in this work. From left to right we list the element and ionization state or common name for the line, the rest-frame
wavelength of the line, if the intrinsic luminosity was computed with CLOUDY, if the intrinsic luminosity was computed with an analytic model, the
possible absorbers for photons at the wavelength of the line, whether the line is resonant, and the reason why the line was included in this work.

Line Rest frame CLOUDY Analytic Absorbers Resonant ~ Reason
wavelength (A)
Ly« 1215.67 X v H1, Dust 4 For comparison as an alternative fes. diagnostic
[C ] 1906.68 v X Dust X Alternative for O3 to calibrate intrinsic Mg IT emission.
Ci] 1908.73 v X Dust X Alternative for O3 to calibrate intrinsic Mg II emission.
Mg 2796.35 4 X Mg 11, Dust v -
Mg 2803.53 4 X Mg11, Dust v -
[O1] 3726.03 4 X Dust X For calibrating intrinsic Mg Il emission.
[O 1] 3728.81 4 X Dust X For calibrating intrinsic Mg I emission.
Hp 4861.32 X v Dust X Balmer decrement needed for dust measurement
[O 1] 495891 v X Dust X For calibrating intrinsic Mg I emission.
[O 1] 5006.84 4 X Dust X For calibrating intrinsic Mg II emission.
Ho 6562.80 X 4 Dust X Balmer decrement needed for dust measurement

of galaxies, making it an ideal tool for studying emission lines in
the epoch of reionization. In this work, we will focus only on the
more massive galaxies in the z = 6 snapshot. Haloes are found
using the ADAPTAHOP halo finder (Aubert, Pichon & Colombi
2004; Tweed et al. 2009) in the most massive submaxima (MSM)
mode (see Rosdahl et al. 2018 for more details). For this work,
we consider all gas and star particles inside the virial radius when
computing emission lines and continuum emission (see below) and
do not separate subhaloes.

2.2 Emission-line, stellar continuum, and escape fraction
modelling

In this work, we consider both resonant and non-resonant emission
lines, as well as continuum radiation from stars. The emergent lumi-
nosities of each emission line, the emergent stellar continuum, and the
escape fractions are computed by post-processing SPHINX?® with
the Monte Carlo radiative transfer code RASCAS (Michel-Dansac
et al. 2020). Intrinsic emission line luminosities are either computed
analytically or with CLOUDY (Ferland et al. 2017), while the
intrinsic stellar continuum is given by the BPASS SED used in the
cosmological simulation.

We consider 11 different emission lines in this work as listed
in order of increasing rest-frame wavelength in Table 1. Intrinsic
luminosities from each gas cell for primordial species (i.e. H and He)
are computed analytically while intrinsic metal-line luminosities are
numerically computed with the combination of CLOUDY and the
machine learning method described in Katz et al. (2019, 2022).

In order to test whether Mgl is a useful tracer of the LyC
escape fraction at high redshift, we must model the resonant line
radiation transfer of the 2796.35A and 2803.53A lines. This is a
crucial step because CLOUDY does not model the radiative transfer
of the Mg1I photons through the ISM and CGM of the galaxies.
CLOUDY only predicts the intrinsic emission from each gas cell
in the simulation. Regardless of the method used to measure the
intrinsic Mg IT emission, for the Chisholm et al. (2020) method, one
must also know the dust attenuation in order to measure f.s.. Hence
we also model H « and H 8, which can be used to measure the Balmer
decrement. Since the Henry et al. (2018) method for estimating the
intrinsic Mg 11 emission relies on the O32 diagnostic, we also model
the [0 11] 3726.03A, 3728.81A doublet as well as the [O 111] 5006.84A
and [O110] 4958.91A lines. Due to their longer wavelengths, the [O 111]
lines will drop out of the JWST filters at lower redshift compared to
the [O 11] and Mg 11 lines. For this reason, we also model C 111] 1908A

doublet emission to determine whether these lines can be used as
a replacement for [O111] at high-redshift to measure the intrinsic
Mg 11 emission. Finally, we also model Ly o emission and radiative
transfer to determine which of the two (Ly « or Mg I1) provides a more
faithful representation of f.i.. This is useful for deciding where to
spend telescope time, especially in the low-redshift Universe where
Ly « is less subject to IGM attenuation. Full details of our method for
computing intrinsic luminosities, and the nearby stellar continuum
are provided in Appendix A.

Once the intrinsic luminosities and stellar continuum have been
calculated for each cell and star particle in every halo, the emergent
luminosities are measured by using Monte Carlo radiative transfer.
We employ different approaches depending on the line.

For each line, we first generate a set of initial conditions consisting
of positions, initial directions, and frequencies. Initial positions are
sampled from a multinomial distribution across all cells or star
particles where the weights on each cell or star particle are computed
as the fraction of the total intrinsic luminosity that each individual cell
or star particle represents. Initial directions are randomized across an
isotropic sphere. For cells, frequencies are drawn from a Gaussian
profile with line-width dependent on the temperature of the cell and
the mass of the ion (Michel-Dansac et al. 2020) and further modulated
based on the bulk gas velocity of the cell.

When modelling the emission lines from gas cells we use 10°
photon packets for the entire galaxy (distributed by randomly
assigning photon packets to cells weighted by luminosity) while for
the continuum, resonant regions of the spectrum are sampled with
5 x 10° photon packets while non-resonant regions are sampled with
107 photon packets. These values were selected to be the maximum
number of photons feasible for the computational time and storage
space we had available for this project.

After the initial conditions are defined, we propagate the photon
packets through different media out to the virial radius of the halo. For
non-resonant lines (e.g. [0 1] 5007A), we ignore any self-absorption
and consider only intervening dust for absorption and scattering.
We employ the phenomenological dust model of Laursen, Sommer-
Larsen & Andersen (2009), normalized for the SMC such that the
dust absorption coefficient is given by (nu; + fion”t1u)0 dust(A)Z/Zp.
Here fi,, = 0.01 and Z, = 0.005. The albedo and dust asymmetry
parameters needed to compute the phase function for scattering off of
dust are calculated as a function of wavelength from Weingartner &
Draine (2001). We note that our choice of dust model is not unique
and can impact the results. For example, setting fi,, to a higher or
lower value is expected to decrease and increase the Mgl escape

MNRAS 515, 4265-4286 (2022)
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fraction, respectively. This scaling is non-linear since the escape is
proportional to the exponential of the optical depth. Likewise we
have assumed that the effective dust cross-section scales linearly
with metallicity where observations (e.g. Rémy-Ruyer et al. 2014)
show that this may not be the case. As we do not track dust self-
consistently in the simulation, we have adopted this commonly used
approximation.

For Ly «a, we propagate photon packets through a mixture of
hydrogen, deuterium, and dust. The neutral hydrogen density is taken
directly from our RAMSES-RT simulation and we assume a fixed
D/H abundance of 3 x 107>, Finally, for Mg I1, we propagate photon
packets through a mixture of Mg 1l and dust. In order to do this, we
must know the Mg1I fraction of each cell. The Mg abundance in
each cell is calculated assuming GASS solar ratios (Grevesse et al.
2010) and scaled by the metallicity of the cell. In other words, we
assume a fixed Mg/H abundance ratio as a function of metallicity
and we ignore depletion of Mg on to dust.! We then use CLOUDY
to calculate the fraction of Mg in each cell that is in the form of
Mgl as a function of density, temperature, metallicity, and local
radiation field. Unsurprisingly, the Mg1I fraction is most sensitive
to temperature. The relation is well fit by a logistic function such
that

1

- [179.04—43440 logo (’K)] '

ey

f Mg n =

1+e
We use this simple approximation to compute the Mg1I fraction for
each cell in our RASCAS simulations and assume that there is no
Mg 1 present due to photoionization. We note that this approximation
may fail in cells in the simulation that have low densities and
temperatures (such as in the neutral IGM); however, the cells we
consider in this work are all inside the virial radii of haloes and thus
the approximation suffices for our purposes.

Finally, we also compute the escape fraction for each line as well
as the LyC escape fraction at 912A. Compared to our previous work
(Rosdahl et al. 2018), rather than sampling 500 randomly directed
rays from each star particle in the halo, we use 107 photon packets
with initial positions sampled from a multinomial, based on the
locations and ionizing emissivities of each star particle. Note that
the LyC escape fractions in this work refer specifically to those at
912A, more akin to observational values, in contrast to the LyC
escape fractions quoted in Rosdahl et al. (2018) which represent a
luminosity-weighted sum across the ionizing spectrum.

For most of this work, the escape fractions and spectra discussed
will be the ‘angle-averaged’ (or global) quantities. However, since
observations are made along individual sightlines, we use a standard
peeling algorithm (Yusef-Zadeh, Morris & White 1984; Zheng &
Miralda-Escudé 2002; Dijkstra 2017) as implemented in RASCAS
to compute images and spectra along the three principal axes of the
cosmological simulation. Furthermore, we have also computed the
escape fractions along the same lines of sight. We will explicitly
indicate when the results along individual sightlines are used.

3 RESULTS

In this section, we will analyse whether MgIl can be used as
an indicator for f.. in the epoch of reionization by studying the

!Similar to our discussion on choice of dust model, adopting different
depletion fractions can impact the Mg1I escape fraction non-linearly. Since
the simulated galaxies are at low metallicity, the impact is expected to be
mild, especially for the lower stellar mass objects.

MNRAS 515, 4265-4286 (2022)

emission line properties of 694 galaxies with Mp,, > 3 X 10° Mg in
SPHINX? at z = 6. This mass selection corresponds to stellar masses
of ~10” Mg — 10'° Mg, and was implemented for numerous reasons.
Resonant line radiative transfer is sensitive to how well the gas
distribution of a galaxy is resolved. By limiting our analysis to higher
mass galaxies, the impact of resolution will be less severe compared
to lower mass systems. Furthermore, the higher mass galaxies are
much more metal enriched (see Katz et al. 2022) which means that
the likelihood of being observable scales with halo mass. However,
by placing a mass cut at Mpao > 3 X 10° Mg, we are excluding a
significant number of galaxies in SPHINX?® that contribute to the
reionization of the volume.

3.1 General properties

Before determining whether Mg 11 emission can be used as a probe
of the LyC escape fraction, it is first important to determine how the
properties of the simulated galaxies compare with the samples of
lower redshift objects that are thought to be analogues of galaxies
in the epoch of reionization. More specifically, we compare with
Green Peas, Blueberries, as well as with suspected analogues at
z ~ 3. Furthermore, we show specific comparisons with known LyC
leakers at low redshift.

We emphasize here that our goal is not to model low-redshift
analogues. Rather our simulations are designed to model z >
6 galaxies from first principles. This comparison only serves to
highlight any biases that may arise from attempting to apply empirical
indirect relations for the LyC escape fraction derived on low-redshift
galaxies to simulated z > 6 galaxies. Observed low-redshift galaxies
may not be perfect analogues of high-redshift systems and similarly
our simulated galaxies are unlikely to be perfect representations.
Nevertheless, by comparing these two complementary approaches
and understanding the differences, we aim to improve our ability
to elucidate the physics of reionization epoch galaxies from future
JWST observations.

3.1.1 Comparison of SPHINX® galaxies with green peas,
blueberries, z ~ 3 analogues, and z ~ 1 MUSE galaxies

In Fig. 1 we compare numerous properties of low-redshift Green Pea
galaxies as compiled by Yang et al. (2017a), Blueberry galaxies?
Yang et al. (2017b), z = 2.5-3.5 high-redshift analogues from
Amorin et al. (2017), and z ~ 1 MUSE galaxies (Feltre et al. 2018)
with SPHINX? galaxies at z = 6. We emphasize here that the goal
of this exercise is not to demonstrate that SPHINX?" galaxies are
direct analogues of Green Peas or Blueberries (or any other low-
redshift galaxy population) as there is no reason that they should be.
Rather, the purpose is to highlight and understand any differences
between the galaxy populations which should be kept in mind when
extrapolating our Mg II results to low-redshift.

In general, Green Pea galaxies exhibit SFRs towards the higher end
of the SPHINX?? sample at fixed stellar mass (i.e. higher specific star
formation rates, sSFRs). This is particularly true at stellar masses of
M, < 10° M. Similarly we find that in this same mass interval, Green
Pea galaxies fall towards the higher end of the metallicity distribution
of z = 6 SPHINX? galaxies. Blueberry galaxies have lower SFRs
than Green Peas at fixed stellar mass which are more comparable
to what we find in SPHINX?’. At the lowest stellar masses (i.e.
M, ~ 10" Mg,), the SFRs of Blueberry galaxies tend to be higher than

Blueberry galaxies are the z < 0.05 counterparts of Green Peas.
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Figure 1. Comparison of z = 6 SPHINX?" galaxies (red circles) with low-redshift Green Peas from Yang et al. (2017a) (green pentagons), z < 0.05 blueberry
galaxies from Yang et al. (2017b) (blue circles), z = 2.5-3.5 high-redshift analogues from Amorin et al. (2017) (downward black triangles), and z ~ | MUSE
galaxies (Feltre et al. 2018) (beige triangles). From the top left, we show SFR, metallicity (12 + log (O/H)) as calculated in the H It regions of SPHINX?? galaxies,
colour excess (E(B-V)), Ly o luminosity, Ly o escape fraction, H« luminosity, He equivalent width, H 8 luminosity, [O 111] 5007A luminosity, [O 11] 4959A
luminosity, [O11] 3727A doublet luminosity, and O32 versus the stellar mass of the galaxy. For all luminosities, we compare the dust attenuated (‘escaped’)
value with observations while for 032, we compare the intrinsic dust corrected value. Colour excess values have been computed in two ways, either assuming an
intrinsic ratio of 2.86 as is common in the literature (red) or using the true intrinsic H «/H g ratio in the simulation (beige). For additional comparison, we show
[O 1] 5007A luminosities for intense star-forming galaxies from the MOSEL sample at z ~ 34 (Tran et al. 2020). In general, Green Pea galaxies exhibit SFRs
at the higher end of the SPHINX? sample at fixed stellar mass (i.e. higher sSFR) and have significantly higher nebular oxygen emission. Blueberry galaxies
have more similar properties to z = 6 SPHINX?? galaxies in nearly all aspects considered. Note that observational data are only included on each panel when
available.
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SPHINX?’ galaxies. Furthermore, the Blueberry galaxy population
seems to follow the same stellar mass—metallicity trend as Green
Peas, which overlaps with SPHINX? galaxies at M,, > 107> M.

Dust content can be probed by measuring the colour excess
(E(B-V)). Green pea galaxies exhibit a significant amount of scatter
in this quantity, independent of stellar mass; however, most galaxies
have E(B-V) < 0.2. E(B-V) was computed for Green Pea galax-
ies assuming a Calzetti et al. (2000) dust extinction law and an
intrinsic Ha/H g ratio of 2.86 which is appropriate for Case B
recombination at a temperature of 10* K (Osterbrock 1989). Since
the temperatures in the ISM of SPHINX?® galaxies are not all 10*K
and similarly, since we also include the collisional contribution, we
compute E(B-V) in two ways to compare with observations. The
first method (denoted as ‘True’) uses the true intrinsic Ha/H B
ratio (shown in beige), while the second method ignores the true
intrinsic ratio and assumes it to be 2.86 (shown in red and denoted
as 2.86). The colour excess measurements using the true method
are generally lower than the 2.86 method because the intrinsic
values tend to be higher. Similar to Green Peas, SPHINX? galaxies
exhibit a large scatter in colour excess and many of the simulated
galaxies scatter to E(B—V) values that are nearly twice as high as
observations.

Green Pea galaxies are categorized by their extreme emission
line equivalent widths. Beginning with Ly, in Fig. 1 we see
that at stellar masses below 10° M, Green Peas tend to have
higher Ly & luminosities than SPHINX? galaxies. At higher stellar
masses, the less luminous Green Pea Ly « emitters are more similar
to the simulated systems. Although there is considerable scatter,
the Ly « escape fractions of SPHINX? galaxies tend to decrease
with increasing stellar mass. The same holds true for the sample
of ~40 galaxies in the Yang et al. (2017a) catalogue. However,
Green Peas at M, > 10° My exhibit Ly o escape fractions up to
~ 20 per cent while these values tend to be lower than ~ 10 per cent
in SPHINX?.

Similar to Ly «, the Ho and H 8 luminosities of Green Peas also
fall towards the higher end of the SPHINX? distribution. Blueberry
galaxies have lower H $ luminosities at fixed stellar mass compared
to Green Peas which is more consistent with the H 8 luminosities
of SPHINX? galaxies. In terms of equivalent widths (EWs), Green
Peas tend to have higher H @ EWs than SPHINX? galaxies at M, >
1083 Mg, while at lower stellar masses, the EWs are comparable.

The ‘green’ aspect of Green Peas is due to intense oxygen
emission lines that appear in the r band of SDSS images. In Fig. 1,
we compare the line luminosities of [O1II] 5007A, [O 1] 49594,
and [O1] 3727A doublet with SPHINX? galaxies. We see a
general trend that the oxygen emission lines from these galaxies
are nearly an order of magnitude brighter in Green Peas than in
the simulated galaxies. Such extreme oxygen line luminosities are
also characteristic of z ~ 3—4 galaxies that sit well above the star
formation main sequence (e.g. Tran et al. 2020). Blueberry galaxies
have also been selected to have intense oxygen emission lines;
however, similar to H 8, Blueberries, have lower oxygen emission
line luminosities at fixed stellar mass compared to Green Peas.
The oxygen line luminosities still fall towards the upper end or
even above the emission line luminosities found in SPHINX?’;
however, we highlight that the oxygen abundance ratios used in
this work are Solar (Grevesse et al. 2010) values scaled by the
metallicity of the gas and deviations from non-solar ratios, such
as those described in Katz et al. (2022) may enhance the oxygen
emission line luminosities. We note that both Green Pea and
Blueberry galaxies are star bursting systems, while this is not
necessarily the case for all SPHINX?® galaxies. Hence many of

MNRAS 515, 4265-4286 (2022)

the SPHINX?® galaxies exhibit SFRs that are multiple orders of
magnitude lower than what is measured for the Green Pea and
Blueberry populations.

Despite the weaker oxygen emission line luminosities, the 032
ratios for Green Pea and Blueberry galaxies are very similar to those
of SPHINX? galaxies. At M, > 10° Mg, Green Pea galaxies seem
to have significantly lower O32 ratios compared to the simulated
galaxies. The observed trend points towards mildly decreasing 032
with increasing stellar mass while SPHINX? galaxies exhibit a flat
or slightly increasing trend of O32 with stellar mass. We note that
there are only a few galaxies in SPHINX?® with M, > 10° Mg
so a larger sample of galaxies at higher stellar masses will be
needed to confirm this trend. Nevertheless, the O32 ratios of Green
Peas, Blueberries, and SPHINX? galaxies are all indicative of high
ionization parameters compared to more typical galaxies at lower
redshift.

In summary, Green Peas and our high-redshift simulated galaxies
are not perfect analogues of each other. Green Peas tend to exhibit
higher sSFRs as well as brighter hydrogen and oxygen emission line
luminosities. The SPHINX? galaxies are more akin to Blueberries,
the z < 0.05 counterparts of Green Pea galaxies, in almost all metrics
considered.

3.1.2 Comparison with known low-redshift LyC leakers

As our primary aim is to understand the utility of MgII as a probe
of LyC escape, we continue our comparison by showing properties
of the simulated high-redshift galaxies with a sample known low-
redshift LyC leakers that have Mgl detections. Data for these
galaxies was compiled from Izotov et al. (2016a,b, 2018a,b, 2021),
Guseva et al. (2020).

In Fig. 2 we show stellar mass, SFR, sSFR, metallicity (12 +
log (O/H)) as calculated in the H 11 regions of SPHINX?® galaxies, H «
luminosity, H # luminosity, [O11] 3727A doublet luminosity, [O 111]
5007A luminosity, and 032 versus fi. for SPHINX? galaxies and
local LyC leakers. A detailed study on how many of these properties
correlate with f., will be presented in Rosdahl et al. (in preparation)
and here we aim to highlight the similarities and differences between
simulated z = 6 galaxies and low-redshift leakers.

While low-redshift leakers overlap in stellar mass (albeit on
the higher end) of our simulated galaxy population, low-redshift
leakers tend to exhibit higher metallicities as well as significantly
higher SFRs and sSFRs. Compared to the bulk of the low-
redshift galaxy population, candidate leakers are often selected
based on extreme emission line properties (possibly driven by the
high sSFRs) and these galaxies are also more extreme than the
simulated galaxy population. This can be observed in the plots
in Fig. 2 that show the luminosities of Ho, H B, [O 1] 3727A
and [O 1] 5007A against the LyC escape fraction. Local leakers
exhibit significantly higher emission line strengths compared to
the simulated z = 6 leakers. Interestingly, the O32 emission line
ratios are similar (although perhaps slightly higher) for low-redshift
leakers compared to the simulated galaxies. This will be important
later as this ratio has been used to predict the intrinsic Mgl
luminosity.

We emphasize again that the SPHINX? simulations were designed
to predict the properties of z = 6 galaxies (both LyC leakers and
non-leakers) rather than low-redshift LyC leakers. However, since
indirect probes of LyC leakage are often developed empirically from
observations, as is the case for Mg 11, it is important to understand the
differences between the two galaxy populations. With these caveats
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Figure 2. Comparison of z = 6 SPHINX? galaxies (red circles) with low-redshift LyC leakers that have Mg II detections (dark blue circles) from Izotov et al.
(2016a,b, 2018a,b, 2021), Guseva et al. (2020). Local galaxies with only upper limits on fs are indicated by left-pointing triangles. From the top left, we show
stellar mass, SFR, sSFR, metallicity (12 4 log (O/H)) as calculated in the H1I regions of SPHINX?0 galaxies, Ho luminosity, H 8 luminosity, [O11] 3727A

doublet luminosity, [O 111] 5007A luminosity, and O32 versus fesc-

in mind, we consider how SPHINX?® galaxies compare with the
low-redshift Mg IT emitters.

3.1.3 Comparison of Mg 11 emission

In Fig. 3 we plot the MgIl luminosity (i.e. sum of the doublet
emission) as a function of stellar mass for SPHINX?® galaxies
at z = 6 compared with observations (Rubin et al. 2011; Martin
et al. 2013; Izotov et al. 2016a,b, 2018a,b, 2021; Feltre et al. 2018;
Henry et al. 2018; Guseva et al. 2020; Zabl et al. 2021) as well
as other cosmological simulations (Nelson et al. 2021). We show
both the intrinsic emission (red) as well as the escaped flux (green).
Consistent with our earlier results, we find that the Mg Il emission
from low-redshift Green Pea galaxies and low-redshift LyC leakers
is significantly higher at fixed stellar mass compared to the predicted
Mg 11 luminosities of z = 6 galaxies from SPHINX?’. The Green
Peas/local leakers exhibit higher Mg1l luminosities compared to
other observed low-redshift galaxies that have significantly higher
stellar masses. These other observations exist at higher stellar masses

than are probed by SPHINX?’; however, they seem to follow the
general trend of Mg II luminosity with stellar mass that we see in our
simulation.

The z ~ 1 galaxy sample from MUSE (Feltre et al. 2018) tends to
have Mg Il luminosities closer to SPHINX? galaxies than do Green
Peas. At higher stellar masses, SPHINX?® galaxies tend to exhibit
higher Mg1I luminosities however the lowest stellar mass MUSE
Mg 1 emitter has an Mg1I luminosity at the upper end of what is
exhibited by SPHINX? galaxies. This is likely due to the fact that
the low stellar mass galaxies from MUSE tend to have high SFRs
compared to the galaxy main sequence while the higher stellar mass
galaxies fall either on or below the z ~ 1-2 galaxy main sequence
(Whitaker et al. 2014).

Compared with IlustrisTNG galaxies at z = 2 (Nelson et al.
2021), SPHINX? galaxies at z = 6 exhibit approximately an order
of magnitude higher Mg 1l luminosity. We emphasize that there is
no reason that galaxies at fixed stellar mass should have the same
Mg 11 luminosities due to the different redshift probed. Furthermore,
simulation differences such as mass and spatial resolution, feedback
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Figure 3. Stellar mass versus Mgl luminosity for SPHINX?? galaxies
compared to observations at z < 1. We show both the intrinsic (red) and
escaped (light green) Mg I luminosity for our z = 6 galaxies. The solid lines
of the same colours represent the running medians. The blue band represents
the z = 2 simulation results from Nelson et al. (2021). Mg1I emission from
Green Pea galaxies from Henry et al. (2018) are plotted as green pentagons,
for low-redshift LyC leakers from Izotov et al. (2016a,b, 2018a,b, 2021),
Guseva et al. (2020) as black pentagons, for MUSE galaxies at z ~ 1 from
Feltre et al. (2018) are shown as beige triangles, and various other low-
redshift observations (Rubin et al. 2011; Martin et al. 2013; Zabl et al. 2021)
are shown in black. Empty symbols show observations where only one of the
two Mg I lines was detected.

models, and metal enrichment strategies are expected to cause
differences in the Mg 1I luminosity and a more systematic study is
needed to understand this effect. Note that the luminosities reported
in Nelson et al. (2021) represent the intrinsic luminosities and thus
should be compared with the red data points in Fig. 3. Interestingly,
Nelson et al. (2021) finds very little evolution in the relation between
Mg 11 luminosity and stellar mass between z = 2 and z = 0 and their
predictions are in reasonable agreement with MUSE galaxies. If
SPHINX? and IlustrisTNG are consistent, we would expect certain
ISM physics to change between z = 6 and z = 2 that would drive
this difference. This may include an evolution in the galaxy main
sequence as well as other physics such as depletion of Mg on to
dust.

3.1.4 Observability of Mg i at z > 6 with JWST

In the left-hand panel of Fig. 4 we show the Mg 2796A and
Mg 11 2803A luminosity functions at z = 6 for SPHINX? galaxies
with halo masses >3 x 10° Mg. The intrinsic luminosities reach
values >10*"ergs™!. A 100 detection of the brightest Mg II emitters
in SPHINX? at z = 6 would require O(10%s) integration times with
JWST NIRSpec.

One important question is whether SPHINX?® galaxies are rep-
resentative of the high-redshift galaxy population. In the centre
panel of Fig. 4 we compare the Ly « luminosity function at z =
6 with observational constraints from Konno et al. (2018), Drake
et al. (2017) at a similar redshift. We show both the intrinsic
Ly o« luminosity for SPHINX?® galaxies (dashed green line) as well
as the values after attenuation by the ISM and CGM. Note that we
do not consider attenuation by the IGM (see e.g. Garel et al. 2021

MNRAS 515, 4265-4286 (2022)

for the importance of this effect in SPHINX). While the volume
of SPHINX? is not large enough to capture the bright end of the
luminosity function where the majority of the observations probe,
we find that at luminosities of ~10*ergs~!, the predictions from
SPHINX?? are in good agreement with observations.

The 1500A UV luminosity function (UVLF) has significantly
better constraints at faint magnitude at z = 6 compared to the
Ly« luminosity function. In the right-hand panel of Fig. 4 we
compare the results from SPHINX? to observations. Similar to Ly «,
we find that the intrinsic UVLF (i.e. not accounting for attenuation)
overpredicts the number of bright galaxies compared to observations;
however, when dust attenuation is accounted for, the simulations
are in much better agreement with the observational data (see also
Garel et al. 2021). Note that the turnover at faint UV magnitudes
is due to only considering haloes with My, > 3 x 10° Mg, in the
computation of the UVLFE. While these results do not guarantee that
our Mgl predictions are correct, they provide confidence that the
model employed in SPHINX?® can produce certain realistic aspects
of galaxy populations at high-redshift.

3.2 Mg1I emitters versus absorbers

The spectral profiles of Mg Il emission can provide significant insight
into various galaxy properties. In general, pure emission would
represent a relatively optically thin line of sight, pure absorption
indicates a high column density medium, and a P-Cygni or inverse
P-Cygni profile can signify outflows and inflows as well as other
complex kinematics.

Feltre et al. (2018) demonstrated that among a sample of 123
galaxies with MgII detections at 0.7 < z < 2.34, about 50 per cent
were emitters while the others either exhibited P-Cygni profiles or
were Mg 11 absorbers. No particular redshift dependence was found
for the fraction of emitters versus absorbers in Feltre et al. (2018). In
order to determine whether Mg Il emission is a useful probe of the
LyC escape fraction, we must first determine whether high-redshift
galaxies are Mg I emitters and if there are any biases in the galaxy
population of emitters versus non-emitters.

3.2.1 Angle-averaged spectra

For all SPHINX? galaxies at z = 6, we have combined the emission
spectra from the gas with the processed continuum radiation from star
particles and manually classified the spectra as either a Mg II emitter,
a Mg1I absorber, as having a P-Cygni profile, or as either having
flat or arbitrarily complex spectra. We stress that this classification is
qualitative and there is subjectivity in the classification. We further
emphasize that we do not consider whether the galaxy is likely to
be detected (or the significance of the detection as some emitters or
absorbers may be very weak).

We first consider the angle-averaged spectra. In Table 2 we list the
number of SPHINX?® galaxies at z = 6 as well as the percentage of
the total sample that fall into each of the four different classifications.
Most of the SPHINX?® galaxies (64 per cent) are emitters, consistent
with low-redshift observations (Feltre et al. 2018). In contrast to the
Feltre et al. (2018) sample, we find twice the number of P-Cygni
galaxies and half the number of absorbers. Our P-Cygni galaxies
often have weaker emission and absorption compared to either the

3Note that there are spectral resolution differences between the simulations
and observations that can also determine which spectral features are observ-
able. For the simulations we have computed the spectra at 1A resolution.
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Bouwens et al. (2017).

Table 2. Class distribution of the angle-averaged and line of sight spectra
for SPHINX? galaxies at z = 6. Galaxies are classified as being either
emitters, absorbers, having a P-Cygni profile, or as N/A when the spectrum
is either flat or arbitrarily complicated. The final column lists the distribution
seen at z ~ 1 with MUSE (both the number of galaxies and the percentage
of the total) from Feltre et al. (2018) where N/A here corresponds to non-
detections.

Per cent of
Class # of Galaxies sample MUSE
Angle averaged
Emitters 446 64 per cent 63 (16 per cent)
P-Cygni 207 30 per cent 19 (5 per cent)
Absorbers 10 1 per cent 41 (11 per cent)
N/A 31 5 per cent 258 (68 per cent)
Line of sight
Emitters 823 40 per cent 63 (16 per cent)
P-Cygni 1175 56 per cent 19 (5 per cent)
Absorbers 83 4 per cent 41 (11 per cent)
N/A 1 0 per cent 258 (68 per cent)

emitters or absorbers which may make it hard to achieve a significant
detection without long integration times. We once again highlight the
subjectivity in the classification as we find that many of the emitters
and absorbers exhibit very weak signatures of P-Cygni profiles as
well. Furthermore, we note that our mass selection of haloes to
analyse is completely different for how galaxies were selected in
Feltre et al. (2018) which is likely responsible for the differences in
Mg 11 characteristics.

In Fig. 5 we show five example spectra that fall into each of
the four classes. While many emitters exhibit spectra that have
nearly Gaussian profiles (as was seen in Chisholm et al. 2020),
the second emitter in Fig. 5 shows a double peaked profile while
the third exhibits a very weak P-Cygni profile. Mg II absorbers also
have very diverse spectra. The first absorber in Fig. 5 has very deep
and broad absorption in the continuum and the emission from the
gas fills in the absorption to some extent, while the last absorber
is much weaker. The third absorber exhibits a complicated profile
with very weak emission. Among the five P-Cygni spectra, we show
three examples of classic P-Cygni profiles where the absorption

is blueshifted compared to the emission, usually interpreted as a
signature of outflows, as well as two inverse P-Cygni spectra where
the absorption is redshifted, potentially a signature of inflows. P-
Cygni galaxies are often dominated by the continuum; however, we
do find examples where the collisional emission from gas is also a
significant component of the spectra.

In Fig. 6 we show examples of flux maps for the line emission
and continuum for a Mgl emitter, absorber, and P-Cygni galaxy.
The three galaxies correspond to those in the top row of Fig. 5.
Here one can see that the different galaxies have extremely different
morphologies. The Mg1I emitter exhibits very extended emission
(see Burchett et al. 2021; Zabl et al. 2021 for examples of extended
Mg 1l emission in observations) whereas the flux from the absorber
is very centrally concentrated. Flux from the P-Cygni galaxy is
dominated by the continuum and has a very clumpy morphology,
consistent with the locations of star forming regions and satellite
galaxies. The spectral shape results from the complex kinematics of
these different components.

In the top row of Fig. 7, we analyse the differences between
the galaxy populations that are Mg Il emitters versus absorbers. As
stellar mass, SFR, and LyC escape fraction increases, so does the
percentage of galaxies that are Mg I emitters. In contrast, the fraction
of MgIl absorbers and P-Cygni galaxies decrease as these other
quantities increase. At M, > 108 Mg, SFR > 0.1 Mgyr~!, and Sese, LyC
> (.01, more than 60 per cent of galaxies are emitters. Because the
emitter fraction increases with stellar mass and also with feg 1yc,
this may give the impression that f.. 1yc increases with increasing
stellar mass. However, the total number of galaxies in SPHINX? is
dominated by low stellar mass objects. We find that at fixed stellar
mass, galaxies with higher escape fractions tend to be biased towards
being Mgl emitters, while low mass galaxies tend to exhibit the
highest fesc, Lyc-

Interestingly, our trend differs from that of Feltre et al. (2018)
who found that Mg 11 absorbers tend to have higher stellar masses
than P-Cygni galaxies, which, in turn, have higher stellar masses
than Mg1I emitters. The same holds true for SFR. The underlying
cause of this difference is not entirely clear as we find that many
of the low stellar mass galaxies in our simulations are dominated
by the continuum. It is important to consider that the vast majority
of galaxies in the Feltre et al. (2018) sample are non-detections.
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Figure 5. Example spectra of Mg1I emitters (first column), Mg 11 absorbers (second column), P-Cygni galaxies (third column), and either flat or arbitrarily
complicated galaxies (fourth column). All spectra have been normalized to 1.1/, max. Green, beige, and magenta lines show the processed spectra for the gas,
stellar continuum radiation, and the total.
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Figure 6. Flux maps of an example Mg I emitter (left-hand panel), absorber (centre), and P-Cygni galaxy (right-hand panel). The top row shows the flux from
the line emission while the bottom row shows the continuum. The galaxies in each column correspond to the spectra in the first row of Fig. 5. The width of each
image spans the virial diameter of each halo and a 1 physical kpc scale-bar is plotted for each halo.
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Figure7. Fraction of SPHINX?" galaxies at a given stellar mass (left-hand panel), SR (centre), and LyC escape fraction (right-hand panel) that are Mg It emitters,
absorbers, or P-Cygni galaxies for both the angle averaged spectra (top row) as well as line of sight spectra (bottom row). The window size for all quantities
is set to 0.4 dex. The shaded region represents the 1o scatter about the relation. Note that the crossover between P-Cygni and emitters at the highest escape
fractions in the angle average plot is due to only one galaxy in the highest escape fraction bin being a P-Cygni galaxy.

Furthermore, at lower stellar masses, many of the galaxies populate
the regime above the star formation main-sequence, while this
is less true for the higher stellar mass galaxies. However, if our
simulations are an adequate representation of the high-redshift
Universe, selecting galaxies based on their location with respect
to the star formation main sequence may not produce a bias in terms
of the number of each class of galaxy. This is because in Fig. 8, we
show that all different spectral types populate the stellar mass-SFR
plane approximately equally. We also note that the stellar masses of
SPHINX? galaxies tend to be at the lower end of the Feltre et al.
(2018) galaxy sample. In the stellar mass regime where the two
samples overlap, Mg II emitters represent the dominant population.
Thus, it is possible that if we simulated a larger volume and probed
more massive haloes, the simulated trend may reverse and decrease at
higher stellar masses to be more consistent with Feltre et al. (2018).

3.2.2 1D Spectra

We have performed a similar exercise on the 1D, line of sight
Mg 11 spectra and manually classified three different directions (i.e.
2,082 spectra) as either emitters, absorbers, as containing both strong
emission and absorption features, or as having a rather flat spectrum,
for each SPHINX?® halo with My;; > 3 x 10° M, at z = 6. For this
experiment, we have switched the third class from P-Cygni as many
of the 1D spectra have both strong emission and absorption that are
not typical of the standard P-Cygni profile.
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Figure 8. Star formation main sequence (i.e. SFR versus stellar mass) for
SPHINX? galaxies (circles) at z = 6 coloured by their spectral class.
Observational results at z = 6 from Pearson et al. (2018) and at z = 5.5
from ALPINE (Schaerer et al. 2020) are shown as the black and pink dashed
lines while lower redshift galaxies from Feltre et al. (2018) are shown as stars.
Solid lines show the running median SFRs as a function of stellar mass for
each spectral class. The colours of stars have the same meaning as the solid
coloured lines. We find no difference in the star formation main sequence for
the different spectral classes.
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Figure 9. Example spectra for the same galaxy along three different sight-
lines. Depending on the viewing angle, Mg II may be observed in emission,
absorption, or in both emission and absorption.
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Figure 10. Images of Mgl emission for the three spectra shown in Fig. 9.
The top row shows the emission from the gas while the bottom row shows
the stellar continuum.

In contrast to the angle-averaged spectra, we find that for the
1D spectra, 56 per cent exhibit both strong emission and absorption
features, including P-Cygni profiles. 40 percent of the spectra are
Mg 11 emitters and 4 percent are Mg1I absorbers. This reflects the
fact that the structure of the ISM and CGM gas in our simulations
is complex and it is not uncommon to have both optically thin and
thick channels along the same line of sight.

In Fig. 9 we show an example galaxy where depending on the
sightline, the galaxy may be observed as an Mg Il emitter, absorber, or
as having both emission and absorption. Images of the Mg I emission
corresponding to the spectra are shown in Fig. 10. This complicates
the use of Mg1I as a diagnostic or constraint for individual galaxy
properties, such as the LyC escape fraction which is also known to
have a significant directional dependence (e.g Cen & Kimm 2015).
Large samples of Mg Il emitters will be necessary to make inferences
about the galaxy population in aggregate.

In the bottom row of Fig. 7 we show the class fraction distribution
of the line of sight spectra as a function of stellar mass, SFR, and
line of sight LyC escape fraction. The trends along the line of sight
are very similar to those seen in the angle averaged spectra. There
is a particularly strong dependence of the emitter fraction with the
line of sight LyC escape fraction. Interestingly, the emitter fraction
peaks at a stellar mass of 103> Mg, before dropping at higher stellar

MNRAS 515, 4265-4286 (2022)

mass. This may help reconcile our data with the observations from
Feltre et al. (2018). This peak also corresponds to the stellar mass
of maximum angle averaged LyC escape fraction in SPHINX? (see
Rosdahl et al., in preparation).

One of the interesting features that we find in our simulations is
that in certain cases, the continuum radiation from star particles can
be reprocessed to appear like a Mg 1T emission line along a particular
line of sight. This can be observed in the top row of Fig. 9 as bumps
in the continuum near the line centres of the emission lines (note that
more extreme examples exist). A simple example of how this might
happen would be to envision a screen of pure MgIl gas behind a
source. Photons that are emitted in a direction opposite from the line
of sight that are not close to either of the resonances will pass through
the screen unaffected. However, photons near the resonance will be
scattered/reflected with some probability back into the direction of
the observer. Hence in this simple setup, depending on the optical
depth of the screen, we would expect an enhancement in the number
of photons an observer sees near the wavelength of the resonance.
Such a feature would not appear in the angle-averaged spectra. The
strongest emission lines that we see in our 1D data set are still
dominated by emission from gas. However, we find examples where
reflected continuum emission can both contribute to the strength of
an observed emission line for strong emission, or dominate the entire
observed emission line for the weaker Mg 11 emitters.

In summary, according to the angle averaged spectra, we predict
that a significant fraction (i.e. 64 percent) of z = 6 galaxies with
halo masses >3 x 10° Mg, are Mg Il emitters, which is a promising
result in the context of using MgIl emission as a probe of LyC
escape. Along individual sightlines, we expect that this value drops
to 40 per cent. However, it is important to consider that Mg I emitters
are predicted to have higher stellar masses, SFRs, and LyC escape
fractions than non-emitters and thus Mg1I emitters are unlikely to
be completely representative of the high-redshift galaxy population.
When analysing the 1D line of sight spectra, we find that the
majority of spectra exhibit both significant absorption and emission
features. Furthermore, depending on sightline, the same galaxy
may exhibit both emission and absorption which may complicate
the interpretation of Mgl for individual galaxies at high-redshift.
Finally, we find that along individual sightlines, reflected/scattered
continuum radiation can contribute to, and in some cases dominate
the strength of emission lines.

3.3 Predicting the Mg 11 escape fraction

The idea behind using Mg1I as a probe of the LyC escape fraction
is that since Mg1I likely traces neutral gas, if one can measure the
Mg 11 escape fraction, then this can be used as a proxy to measure
the neutral hydrogen optical depth. In the following subsections, we
test whether different methods used in the literature to measure the
Mg 11 escape fraction adequately capture the physics of Mg I escape
in our simulated, high-redshift galaxies.

3.3.1 The Chisholm model

Chisholm et al. (2020) consider three models to describe the escape
of Mg 11 photons from a galaxy. We briefly summarize them here.

(1) Model 1 - optically thin slab: In their optically thin model,
they consider a slab of dust-free MgIl gas in front of a source.
Photons that interact with the slab are preferentially scattered out
of the line of sight of the observer. Because there is a factor of two
difference in the oscillator strength between the 2796A and 2803A
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Figure 11. (Left-hand panel) The global, or angle-averaged Mg IT escape fraction versus the line-of-sight escape fraction for SPHINX?C galaxies at z = 6. For
each galaxy, we measure the line-of-sight escape fraction along three different directions. We show the escape fractions for the Mg 11 2796A and Mg 11 2803A
lines in green and beige, respectively. The dashed black line shows the one-to-one relation. The absolute scatter increases significantly at high global escape
fractions. (Centre) Effective line of sight or (Right-hand panel) global/angle-averaged Mg 11 escape fraction versus the ratio of the 2796A and 2803A lines for
SPHINX? galaxies at z = 6. In the centre panel, the ratio is computed as the ratio of the observed flux along the line of sight while in the right-hand panel, the
ratio is computed as the sum of the flux leaking along all directions. We highlight the Mg Il emitters from non-emitters using green and beige points, respectively.
The red line represents the running median of all the Mg 11 emitters. Because we compute the line of sight values along three sightlines, the centre panel has

three times the number of data points as the right-hand panel.

lines, for the same slab of Mg I gas, the optical depth is twice as large
for the 2796A line as it is for the 2803A line. Thus the observed
ratio, R = F,y964/ Fog03a» 0f Mg1l emission should decrease with
increasing optical depth such that R = 2¢ 772803,

(ii) Model 2 - picket fence: In their second model, they consider
Mg 1 escape through a clumpy geometry that consists of optically
thin channels (with zero column density) and optically thick (i.e. 7 >
1) clouds with some covering fraction. Escape along the optically
thin channels preserves the intrinsic ratio whereas Mg Il photons that
interact with the optically thick clouds are either scattered out of
the line of sight or are destroyed and thus do not contribute to the
observed flux ratio. Hence in this model R = 2.

(iii) Model 3 - optically thick slab with optically thin holes: Finally,
in their third model, they consider a setup of low column density
clouds surrounded by high density regions. In this case, the emerging
ratio is R = 2e¢~™803.chan - where the optical depth here represents the
optical depth in the low column density channels.

In the latter two scenarios, one must use another method (see
Section 3.3.2) to measure the escape fraction rather than the ratio
as the optically thick regions do not impact the observed ratio but
remove some of the flux, thus lowering the overall escape fraction.
If one only uses the ratio for these latter two models the true optical
depth will be underestimated. Note that in optically thick slabs, it
does not matter if the Mg Il photons are absorbed by dust or scattered
out of the line of sight by Mg1I gas.

For the galaxy analysed in Chisholm et al. (2020), the spectral
shape does not show any strong features of scattering or absorption
as it appears very Gaussian. This is interpreted to mean that there is
a near zero covering fraction of optically thick gas in their galaxy.
Hence, the first model should apply and we begin by analysing this
model in the current section. For this reason, in the remainder of
this section, R values will be computed as if the Mg Il emission lines
can be perfectly separated from the continuum, thus providing the
strongest test of the three models.

It is first important to understand how the line-of-sight escape
fraction for Mg 11 emission relates to the global, angle-averaged value
as this will give a sense for how accurately the observed Mg II escape
fraction can translate to the global value. In the left-hand panel
of Fig. 11 we compare the line-of-sight Mg1I escape fraction for

three different viewing angles with the global, angle-averaged value
for both Mg 11 emission lines. In general, galaxies with high angle-
averaged Mg 11 escape fractions also exhibit high line-of-sight escape
fractions. However, the absolute scatter increases significantly from
nearly zero at low global escape fractions to nearly a factor of 2 at
high values while the relative scatter remains approximately constant.
Note that the line-of-sight escape fraction can be >1, in contrast to
what is usually the case for the LyC escape fraction. This is because
photons that were emitted out of an observers line of sight can be
scattered into it. In such a scenario, the measured R value from
observations for the two Mg I lines would actually be >2. Since the
ISM in our simulations has a very complex structure, we may expect
that all models considered above and various R values less than and
greater than 2 might be possible along different lines of sight.

In the centre panel of Fig. 11 we plot R as a function of the effective
line of sight escape fraction® ( fesc,los), defined as

2fesc,]os,2796 + fesc,los,2803
3 .

AS fese 105 tends towards zero, R approaches 1.9 and for fige 05 > 1,
R > 2, consistent with the behaviour expected from the optically thin
Chisholm et al. (2020) model. Assuming that this model is correct,
we can then derive 7,503 and 7,796 as described above using R and
then estimate the Mg II escape fractions for each line as e™".

In the top panel of Fig. 12 we show the predicted (i.e. that
derived from the Chisholm et al. 2020 model) fu. 105 versus the value
calculated from the Monte Carlo radiative transfer simulations. It is
immediately obvious that the optically thin model does not predict
the correct escape fractions for our simulated galaxies as the trend
does not align with the one-to-one relation. Similar to the simple slab
model, the ‘picket fence’ is also not a good representation of the data
because the R values are not all 2.

The third Chisholm et al. (2020) model is a potential solution in
that the R value is set by the optically thin channels while the total

2

fesc, los =

4We have chosen to use this effective value as it incorporates information
from both lines and it represents an intrinsic flux-weighted average of the
escape fractions of the two lines. Our results are not significantly different if
we choose to use the escape fraction of one of the two Mg I lines.

MNRAS 515, 4265-4286 (2022)

€202 U2JBIN B U0 15NB Aq 611 2659/SIZY/E/S L G/OI0IME/SEIUW WO dNO"DlWapED.//:SA)Y WOy PAPEOjuMOQ


art/stac1437_f11.eps

4278  H. Katz et al.

Number of Galaxies

0 5 10 15 20
Y ————
o 1
:& 1.2 - I'
5 ]
S I}
2 1.1 7 /
& ]
& I}
z
o
210 - :
= ]
[0
z I
S 0.9 /
& 1
& ]
2 1
£ 0.8 1 /
5 1
& /]
& ]
0.7 4 T L T T
0.0 0.5 1.0 15 2.0
Effective Line of Sight MgII fesc
Number of Galaxies
0 10 20 30 40 50
e ——
1.00 4
g 0.75 4
g
g
£ 0.50
a0
£ 0925 -
2 o
Qo
© 0.00 A
0
= _0.25 -
el
2
g —0.50 A
£
M _0.75 -
—1.00 =+ T T T T
0.0 0.5 1.0 15 2.0 2.5

Effective Line of Sight MglI fesc

Figure 12. (Top) Effective line-of-sight Mg 11 escape fraction as measured
in our simulation versus the predicted value from the optically thin Chisholm
et al. (2020) model. The black dashed line shows the one-to-one relation.
(Bottom) Estimated MgII covering fraction assuming the third model of
Chisholm et al. (2020).

Mg1l emission is substantially reduced by optically thick clouds
with some covering fraction <1. Assuming that the optical depth
in the thick clouds is >>1, the covering fraction can be estimated
as 1 — %,5 where feqc, pred 1 the value predicted by the optically
thin model and fi e is the value from the simulation. Note that in
real observations, fesc, rue 15 Unknown and one would need another
method to derive this before the covering fraction can be calculated.
In the bottom panel of Fig. 12 we show what the covering fractions as
a function of the effective line-of-sight Mg I escape fraction would
have to be (in the context of the Chisholm et al. 2020 models) in
order to recover the correct intrinsic R and Mg1I escape fraction.

SThis can be derived from equation (18) in Chisholm et al. (2020). Fobs/Fint
is the true escape fraction while e~ %han is the predicted escape fraction one
obtains from the R value in the optically thin limit.
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For the lowest feSCJOS, the covering fractions approach 1 which is
needed to reconcile the differences between the fi 105 predicted by
the optically thin model and the true values from the simulation. We
note that the covering fractions go below 0 for fij0s > 1 which
is, once again, indicative of photons being scattered into the line of
sight.

In summary, our experiments show evidence against the first and
second models presented in Chisholm et al. (2020) because the
optically thin model does not predict the correct line-of-sight escape
fractions, nor are our R values all 2. The question remains whether the
third model is an accurate representation of the ISM of real galaxies.

We argue that the third model is also likely inadequate for
a few reasons. First, because the model is a slab or screen of
low column density channels surrounded by high column density
regions, it clearly cannot accurately model the galaxies where
fescdos > 1. If we simply modify the geometry by considering,
for example, a shell of low column density channels surrounded
by high column density regions, this issue can be remedied.
However, for this modified geometry, if we look at the global
or angle-averaged value of the MgIl escape fraction, we would
expect the value to be one. Since we are considering resonant
lines, for a pure Mgl gas, the photons will never be destroyed,
rather for optically thick media, they will scatter into the wings
of the line profile. Hence, in this case, any MgIl photon that is
input into the simulation should escape the galaxy with a dif-
ferent frequency. We also highlight that for any 3D symmetric
distribution of matter, as long as the holes in the distribution are
small compared to the field of view, the line of sight Mgl escape
fraction will also be 1. Thus as long as this condition holds, our
arguments above apply to both global and line of sight escape
fractions.

In the left-hand panel of Fig. 11, it is clear that the global
Mg 11 escape fractions are not all 1. This is because our simulation is
not pure Mgl gas, rather the simulation also contains dust which
can both scatter and more importantly absorb the photons, thus
reducing the escape fraction. The presence of dust can impact the R
value because the shorter wavelength Mg 1 photons spend more time
scattering, thus increasing the probability that they are absorbed by
dust.

This effect is further explored in the right-hand panel of Fig. 11
where we plot the angle-averaged effective Mg1I escape fraction
versus the angle-averaged R value. The galaxies that have high fu.
nearly all exhibit R ~ 2 while galaxies that have low f. have a
range in R from ~1.7-2. In the context of our interpretation, the
galaxies with low fs must have ISMs where enough scatterings
occur that the cumulative probability of being absorbed by dust is
not insignificant, whereas for the galaxies that have R ~ 2, dust has
a far less significant role.

We highlight the fact that there is a bias in R values between
Mg 11 emitters and non-emitters. In the right-hand panel of Fig. 11 we
have separated Mg Il emitters from non-emitters as green and beige
points, respectively. Most of the galaxies at low fu,. are non-emitters
and all but two emitters in our galaxy sample at z = 6 have R > 1.9.
The same holds true when analysing the spectra along individual
lines of sight where we find a mean value of R = 2.0 for emitters and
R = 1.95 for non-emitters. The spectra with the lowest R values are
preferentially non-emitters. Since there is even less diversity among
the Mg II emitters than the general galaxy population, this must be
kept in mind when interpreting future observational results at high
redshift.

Chisholm et al. (2020) has successfully applied their model to a
set of observed galaxies and have shown that they can reproduce
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Figure 13. Example spectra of three galaxies where the Chisholm et al.
(2020) model accurately predicts the MgIl escape fraction along three
different sightlines. In most cases, the galaxies are MgII emitters however,
the emission may include significant contributions from the continuum.

escape fractions estimated from other methods. While in general,
the Chisholm et al. (2020) models fail to reproduce the true
effective line of sight MgII escape fractions in our experiments,
there are some galaxies that fall along the one-to-one relation in
the top panel of Fig. 12 and we aim to explore these further.
For each SPHINX?® galaxy, we measure the sum of the squares
of the distance between the true effective line of sight escape
fraction and the value predicted from the Chisholm et al. (2020)
models.

Unsurprisingly, we find that the galaxies where the model works
best are the most metal poor (and thus less dusty). These galaxies
also tend to be emitters or have complex spectra along the sightline.
In general, we find that simulated galaxies that are emitters along
the line of sight also tend to have higher Mgl escape fractions
along the same sightline. The median line of sight MgII escape
fraction is 91 percent for emitters while only 63 per cent for non-
emitters. In Fig. 13 we show the spectra along three sightlines for
three example galaxies where the model works well. In many cases,
the line emission from gas dominates the spectrum; however, it is
often the case that the continuum is non-negligible (see the bottom
row). Thus if the Chisholm et al. (2020) models are to be applied,
we recommend selecting particularly low metallicity galaxies where
there is confidence that the observed emission line profiles are
dominated by emission from gas and there is little evidence of
radiative transfer effects.

3.3.2 The Henry model

For the ‘picket fence’ model and the optically thick clouds sur-
rounded by optically thin channels model presented in Chisholm
et al. (2020), the R value alone is not enough to constrain the
Mg 11 optical depth and Mg 11 escape fraction. Rather, another method
is needed to constrain the intrinsic Mgl luminosity. Henry et al.
(2018) demonstrated using idealized 1D CLOUDY models that
there exists a correlation between [O11]/[O1] and Mg1/[O 1.
If one can obtain an intrinsic (dust corrected) measurement of

Mg i in the JWST era 4279
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Figure 14. Mgu 2796A/[0m] 5007A versus 032 for galaxies in
SPHINX?" at z = 6 (scatter points) compared to the predicted relationship
from Henry et al. (2018) (dashed black line). The black dotted lines represent
the 0.1 dex scatter around the Henry et al. (2018) relationship. Beige
data points represent all haloes in our sample while pink points highlight
Mg emitters with 7.8 < 12 4 log;((O/H) < 8.3 which is the metallicity
regime where the Henry et al. (2018) relation was derived. The underlaid
2D histogram shows Mg 2796A/[0 1] 5007A versus 032 for individual
CLOUDY models used in our training data set at z = 6. The Henry et al.
(2018) relation follows the same trend as our CLOUDY models and entire
simulated galaxies; however, the scatter in the simulated galaxies is much
larger than that predicted by simple 1D photoionization models.

032 = log,,([O 111] 5007A/[O 1] 3727A) then the intrinsic Mgl lu-
minosity can be calculated. While this method works in idealized
models (Henry et al. 2018), here we test whether the calibrated
relation applies to entire galaxies in the epoch of reionization.

In Fig. 14, we show Mgn 2796A/[0111] 5007A versus 032 for
individual SPHINX?® galaxies (data points) as well as the CLOUDY
models that were used to predict the luminosity (2D histogram)
compared with the predictions from Henry et al. (2018). First, it is
clear that the relation presented in Henry et al. (2018) is a relatively
good match to many of the CLOUDY models in our simulation.
This is indeed a very good consistency check because although the
cells in our simulation exhibit a wide range in metallicity, density,
and ionization parameter, many should overlap with the parameter
choices in Henry et al. (2018). Gas cells in our simulation exhibit
significantly more scatter and at high 032, our CLOUDY models
predict somewhat higher Mg 11 2796A/[0111] 5007A compared to
Henry et al. (2018). Note that the CLOUDY models used in Henry
et al. (2018) were at a fixed density and spanned a smaller range of
metallicity and ionization parameter than is represented by gas cells
in our simulation so it is not surprising that the scatter is large in
comparison.

More importantly, in Fig. 14 we see how SPHINX?® galaxies
compare with the Henry et al. (2018) relation. We have differentiated
galaxies that are both Mg It emitters and within the metallicity range
of Henry et al. (2018) in magenta, versus all others in beige. While
the Henry et al. (2018) relation captures the general behaviour
of the trend exhibited by SPHINX? galaxies, consistent with the
CLOUDY models, we see that the scatter is significant and that most
SPHINX? galaxies tend to fall above the relation. We speculate
that this is because simple CLOUDY models cannot account for

MNRAS 515, 4265-4286 (2022)

€202 UIBIN B U0 159NB Aq 61126G9/S9ZH/E/S L G/aI01E/SEIUW/WO0Y dNODILSPED.//:SA)lY WO} POPEOjUMOQ


art/stac1437_f13.eps
art/stac1437_f14.eps

4280  H. Katz et al.

the complexity of the ISM seen in simulations. In some cases, the
galaxies fall ~1 dex above the published model. This is potentially
very problematic because it would mean that individual predictions
for the Mg 11 escape fraction may be uncertain by a factor of 10.

We empbhasize that the O32 and Mg 11 2796A/[O 1] 5007A ratios
of individual CLOUDY models are often not very good representa-
tions of entire galaxies. This is primarily due to the fact that [O11]
and Mg 1I are emitted from different regions of temperature—density
phase space compared to [O 111]. For example Mg1II can be emitted
from neutral gas while this is less likely for [O11]. Our CLOUDY
models have been computed at fixed density and temperature and, for
example, the cells that are brightest in Mg It and [O 11I] may be weaker
in [O 11]. This was also demonstrated to be the case for the [C 111] and
[O 111] infrared emission lines presented in Katz et al. (2022). Thus we
conclude that the scatter in the Henry et al. (2018) relation between
both Mg 11 2796A/[0 11] 5007A and Mg 11 2803A/[O 1m1] 5007A and
032 is likely significantly larger than the ~0.1 dex indicated in Henry
et al. (2018). Measuring this value directly from the SPHINX? 7 =
6 galaxy population, we find a scatter of ~0.2 dex at a typical 032
of 0.5.

Although we argue that the scatter in the Henry et al. (2018)
relation is perhaps too large to be useful, it is possible that another
relation using the same emission lines may result in better intrinsic
Mg 11 2796A luminosity predictions. Rather than using the traditional
032 diagnostic, we fit a generalized linear model to SPHINX? galax-
ies at 7 = 6 using the same three oxygen emission lines.® To calculate
the intrinsic Mg 11 2796A luminosity from the three oxygen emission
lines, the following equation can be used:

IOglo(L[Mgn].zmeA) = 3.22+8.49 logIO(L[OII],3726A)
—7.86 lOglo(L[om,snsA)
+0.3210g,o(Lou.50074)> €)]

where luminosities are in units of erg s~". The intrinsic Mg 11 2803A
luminosity can also be easily calculated from equation (3) by simply
halving the Mg 11 2796A luminosity.

In Fig. 15 we compare the true intrinsic Mg 11 2796A luminosity
with the value predicted by our generalized linear model. The plot
demonstrates that the model provides a non-biased estimator whereas
the Henry et al. (2018) prediction (shown as beige points) generally
falls below the one-to-one relation, indicating that Mg 2796A
luminosities are consistently underpredicted. Our generalized linear
model is still not perfect as we find a median absolute error of
0.071 dex. However, this is far better than the 0.385 dex found for the
Henry et al. (2018) relation. We have attempted to fit a generalized
linear model using higher order polynomial combinations of the
three oxygen emission lines and found that increasing to degree two
or three decreases the median absolute error to 0.054 and 0.044 dex,
respectively. We advocate for the lower order polynomial given its
simplicity and reduced chance of overfitting.

In the case where the [O11] doublet cannot be separated, the
following equation can be used:

IOgIO(L[Mgn],zweA) = —2.39+0.85 10g1o(L[0n].3726.3728A)
+0.2110g,o(Lou.50074)- 4

In this case, the median absolute error increases to 0.12 dex.

%Because the intrinsic [O111] 4959A luminosity is a constant fraction of
[O1m] 5007A, the use of this additional line will not improve predictive
power.
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Figure 15. (Top) True, intrinsic Mg 1I 2796A luminosity of SPHINX?" galax-
ies as predicted by our CLOUDY models compared to the predicted value
from various models. Our generalized linear models using [O111] and C 111]
as given in equations (3) and (5) are shown in green and red, respectively.
Mg 11 line luminosities predicted from the Henry et al. (2018) model are shown
in beige. The dashed black line shows the one-to-one relation. In general our
models provide a non-biased estimate of the intrinsic Mg I 2796A luminosity
of a galaxy with significantly less scatter than that presented in Henry et al.
(2018). We provide the median absolute errors (MAE) for each model in the
legend. (Bottom) Probability distribution function (PDF) of the log difference
between the predicted and intrinsic luminosities for each model. The colours
are consistent with the top panel.

‘We note that the scaling in our relations is considerably different
from Henry et al. (2018).” In our equation, Mg 11 2796A luminosity
scales with both [O111] and [O 11]. In contrast, the Henry et al. (2018)
relation has almost no scaling with [O 1] and weakly scales as
[O1]?.

3.3.3 Cui] as an alternative to [O 1]

Due to its longer wavelength, [O111] 5007A will drop out at a lower
redshift than [O 11] or Mg 11. For this reason, we consider an alternative
set of lines that may be more practical at high redshifts. C111] has
already been detected at z > 6 (Stark et al. 2017) and because it
originates from gas in a high ionization state, we test whether C I11]
emission can be used as a possible replacement for [O 111] when it is
not available.

"They find logjg (Lygm 27064) = 0-079 x 032% — 1.04 x 032 — 0.54 +

10g10 (Lo 50074)-
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In Fig. 15, we show the intrinsic Mg 11 2796A predicted from C 111]
versus the true Mg 11 2796A luminosity as pink points. Compared to
using [O 111], the median absolute error is almost identical, marginally
increasing from 0.071 to 0.073 dex. Similar to [O111], we also find
that C1i1] can be used as a non-biased estimator of the intrinsic
Mg 11 2796A luminosity.

10g10(L[Mgu],2796A) = 2.46+9.09 10g10(L[0u],3726A)
—8.44 10g|0(L[01|],3728A)
+0.3210g,(L ), 1906,19084)- ©)

Note once again that the intrinsic Mg 11 2803A luminosity can also
be calculated by halving the intrinsic Mg 11 2796A luminosity.

3.3.4 Predicting the Mg 11 escape fraction with UV and optical
emission lines

The final question we aim to address in this section is how well can
our newly calibrated relations constrain the Mg 1I escape fraction in
the epoch of reionization? To do this, we assume that the intrinsic
UV and optical emission line luminosities can be dust-corrected
and are thus known. We then use these lines to measure the intrinsic
Mg 112796A and Mg 11 2803 A luminosities and compute the effective
escape fraction from the observed Mg 2796A and Mg 2803A
luminosities.

In the left-hand panel of Fig. 16 we show the predicted values for
the effective Mg 11 escape fraction using the [O 111] and C 111] relations
derived in this work as well as the relation from Henry et al. (2018).
While our predictions tend to scatter around the one-to-one line, we
find two clear biases. At escape fractions of ~ 50 per cent we tend
to overpredict the true value while at fi, = 80 per cent we under
predict the true values. Nevertheless, the median absolute error for
both of our models is only 0.11. In other words, we expect the typical
galaxy will have an absolute error of ~ 11 per cent in the escape
fraction prediction. The Henry et al. (2018) relation significantly
overpredicts the escape fractions for nearly all simulated galaxies
due to the underprediction of the intrinsic Mg Il luminosities as noted
in Fig. 15.

The left-hand panel of Fig. 16 shows all galaxies, rather than only
the Mg 1l emitters. However, when isolating only the emitters, we find
the exact same biases and trend in the escape fraction predictions as
the non-emitters.

Observations, of course, can only measure the Mg1l flux along
a single line of sight. In the centre panel of Fig. 16, we apply our
relations to predict the effective line-of-sight Mg1I escape fraction
for three viewing angles for each SPHINX? galaxy at z = 6.
Surprisingly, the median absolute error of our predictions remains the
same compared to the angle-averaged predictions, despite the large
scatter between the line of sight and angle-averaged MgII escape
fractions for the same galaxy. Furthermore, it seems that some of the
bias in the predictions is reduced at intermediate escape fractions;
although, our relations still tend to underpredict higher values of
fesc,los. As expected, the Henry et al. (2018) relation once again
drastically overpredicts the line-of-sight Mg1I escape fractions for
all galaxies.

There exists a small sample of galaxies at low redshift that we can
apply our relations too and try to directly predict the Mg1I escape
fraction. In the right-hand panel of Fig. 16 we show the observed R
values versus the predicted Mgl escape fractions for a subsample
of galaxies from Feltre et al. (2018) and Henry et al. (2018).
Galaxies were selected based on whether there were observations
of the emission lines required to apply equation (3) or (4) and dust
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corrections were applied to the oxygen emission line luminosities
when necessary. In general, we find that the observed galaxies tend
to exhibit Mg 1I escape fractions below ~ 30 per cent. While this is
not inconsistent with our simulated z = 6 galaxies, where escape
fractions along individual sightlines approach 0 per cent, if the ob-
served galaxies were representative of the high-redshift population,
we might have expected to observe a few with higher Mg 11 escape
fractions. We have shown that there exist important differences
between the Green Pea galaxy population and our simulated z =
6 galaxies so this must be kept in mind when interpreting the results.
Furthermore, depletion of Mg on to dust may be more important for
lower redshift galaxies.

In summary, we predict that our newly calibrated models are
able to constrain both the global/angle-averaged and line-of-sight
Mg escape fractions with an absolute accuracy of ~ 11 per cent
for the typical galaxy in the epoch of reionization.

3.4 LyC fes from Mg

Having demonstrated a model that adequately predicts the Mg1I es-
cape fraction for high-redshift galaxies, in this section we test
whether Mg 1 can be used to constrain the LyC escape fraction.

3.4.1 The Chisholm model

Chisholm et al. (2020) show that once the Mg1I optical depth is
determined, this can be converted into a neutral hydrogen column
density as long as the metallicity is known. While Chisholm et al.
(2020) compute the optical depth from the Mg 11 doublet flux ratio,
which we have shown is likely an inadequate representation of the
physics in our simulated galaxies, an effective optical depth can also
be computed if the Mg 1I escape fraction is known, for example, by
using the calibrated relations in the previous section. Here, we test
the accuracy of this approach.

First, in the top left-hand panel of Fig. 17, we compare the angle-
averaged LyC escape fractions of SPHINX? galaxies at z = 6 with
both their Ly « escape fractions and their Mg I escape fractions. We
find a stronger trend between the LyC escape fraction and that of
Ly o compared to Mg 11. While LyC leakers in SPHINX?® also tend
to have higher Mg1I escape fractions, there is a significant amount
of scatter which questions whether the Mgl escape fraction has
predictive power for the global LyC escape fraction. Interestingly,
the situation is slightly different along individual sightlines. In this
case, we find correlations amongst all three quantities as shown in
the bottom row of Fig. 17, albeit with considerable scatter.

As we have demonstrated earlier, the angle-averaged Mg 11 escape
fraction is not a probe of the neutral hydrogen column density, but
rather a probe of dust. However, this is not necessarily the case
for the Mgl escape fraction along individual sightlines. Thus, we
test the Chisholm et al. (2020) approach using our simulated line
of sight escape fractions. As discussed earlier, the models have the
best chance of working when the Mg 1I spectra appears optically thin
along the line of sight. For all 2,082 sightlines, we have manually
classified the Mg1I spectra as appearing optically thin or not. This
subjective determination is made by selecting only galaxies with
strong emission peaks in their total spectra where the emission
line profiles look relatively Gaussian. 19 percent of all sightlines
are given this classification. We note that this determination is
made on the total spectra (gas emission plus stellar continuum),
but we continue to assume that the gas emission can be perfectly
separated from the continuum, even if the continuum contributes to
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Figure 16. Predicted versus true angle-averaged (left-hand panel) or line of sight (centre) effective Mg I escape fraction for SPHINX?? galaxies at z = 6. The
green and pink points show the predictions when using our [O11I] and C 11] relations as given in equations (3) and (5), respectively. The beige points show
the predictions when applying the relation from Henry et al. (2018). (Right-hand panel) Predicted Mg 11 escape fractions versus observed R for a subsample of
low-redshift galaxies from Feltre et al. (2018), Henry et al. (2018), Izotov et al. (2016a,b, 2018a,b, 2020), Guseva et al. (2020). Galaxies were selected based on
whether emission line observations existed such that equation (3) or (4) could be applied.
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Figure 17. (Top left-hand panel) Angle-averaged LyC escape fraction versus the angle-averaged Mgl (green) or Ly« (beige) escape fraction for
SPHINX? galaxies at z = 6. We find a much stronger trend between the LyC escape fraction and the Ly o escape fraction compared to LyC and MgIr.
(Top Centre) Predicted line of sight LyC escape fraction from the Chisholm et al. (2020) relation either assuming a pure hydrogen gas (green) or a gas and dust
mixture (beige) for SPHINX? galaxies at z = 6. Darker points represent galaxies that have been identified as having spectra that appear optically thin along
the line of sight while lighter points represent galaxies impacted by significant radiative transfer effects. The dashed black line shows the one-to-one relation.
We use the method presented in Chisholm et al. (2020) to compute the neutral hydrogen column density from the MgII optical depth and the dust content
from the Balmer decrement. Models without dust significantly overpredict the LyC escape fraction. (Top right-hand panel) Predicted line-of-sight LyC escape
fraction from the Chisholm et al. (2020) relation assuming a gas and dust mixture using a SMC bar extinction law (Gordon et al. 2003) instead of a Reddy
et al. (2016) extinction law as well as the true intrinsic H «/H g ratio for calculating E(B-V) rather than 2.86. (Bottom left-hand panel) Line-of-sight LyC escape
fraction versus the line-of-sight Ly « escape fraction. (Bottom centre) Line-of-sight LyC escape fraction versus the line-of-sight Mg II escape fraction. (Bottom
right-hand panel) Line-of-sight Mg 11 escape fraction versus the line-of-sight Ly « escape fraction. Note that escape fractions can be greater than one, especially
for resonant lines, due to radiative transfer effects.
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the emission line via back scattering. This may be more difficult
observationally and will change the perceived R value.

Following the methodology in Chisholm et al. (2020), we compute
the Mg 11 column density as

A 12803
N, =38 x 10— =2
Mg1 cm? fA

(6)
where ) = 2803.53A, f=10.303 is the oscillator strength and 7,503 =
—1In (fesc, 2803), With fisc, 2803 computed using the UV/optical emission
line method presented above assuming the intrinsic luminosities are
known. The neutral hydrogen column density is then estimated as
Ny, = 46%NMgII assuming solar abundances from Asplund et al.
(2009). Note that this scaling implicitly assumes that all Mg 11 gas is
found in neutral regions. Since Mg 11 can also exist in ionized regions,
there may be additional unaccounted for scatter in this relation. In
a dust-free scenario, the LyC escape fraction can then be computed
as fuselyc = ¢ V9, where 0 = 6.3 x 10718cm™ is the hydrogen
photoionization cross-section at 912A. However, in the case where
dust is present, the escape fraction is further modulated by a factor
of 10704EB-VKO12) where k(912) is the dust extinction at 912A.

In the top centre panel of Fig. 17 we show the predicted line of
sight LyC escape fraction estimated with (beige) and without (green)
dust versus the true LyC escape fraction for three different sightlines
for each SPHINX?® galaxy. We find that the pure hydrogen model
significantly over-predicts the true LyC escape fraction while the
hydrogen and dust model follows the one-to-one relation, albeit with
a significant amount of scatter. For the model with dust, we find a
median absolute error of the optically thin galaxies is 0.8 dex. This
value is slightly smaller (0.67 dex) for galaxies that have a predicted
LyC escape fraction > 1 per cent.

Because the true extinction law at high-redshift is unknown as is
the intrinsic H o/H B ratio, we have followed Chisholm et al. (2020)
and adopted a Reddy et al. (2016) attenuation curve and a value of
2.86 (Osterbrock 1989) for the intrinsic H «/H B ratio. These assump-
tions will introduce systematic uncertainties into the calculation as
in our simulations, dust is modelled using the synthetic extinction
curve for the SMC bar (Gordon & Clayton 1998; Weingartner &
Draine 2001; Gordon et al. 2003) and the intrinsic Ha/H 8 ratios
deviate from 2.86 (due to e.g. contributions from collisional emission
and temperature deviations from 10* K). Nevertheless, our goal is to
follow as closely as possible to the methods used in the literature.
Note that these two assumptions only impact the predictions for the
hydrogen and dust mixture.

To better understand how these assumptions impact our predic-
tions, in the top right-hand panel of Fig. 17 we show the predicted
LyC escape fractions versus the true values when using the SMC
bar extinction law as well as the true intrinsic H o/H f ratios. In this
case, the scatter is as significant as the previous method and we see
a systematic shift towards higher predicted escape fractions. This is
because E(B-V) x k(912) tends to be higher for the Reddy et al.
(2016) extinction law assuming an intrinsic Ha/H 8 of 2.86 than it
is for the SMC bar using the true intrinsic Ha/H g ratio.

Computing a precise value for the LyC escape fraction using
indirect proxies is certainly a difficult problem. The concerning
aspect in this section is that the escape fractions are drastically
overpredicted when dust is not included in the calculation. Low-mass
high-redshift galaxies are expected to have little dust, so in principle,
the escape fraction should be predominantly dictated by the neutral
hydrogen content (see e.g. fig. 5 of Kimm et al. 2019). The median
line-of-sight neutral hydrogen column density computed from the
Mg 1 method is only 2.3 x 107¢cm~2 which would correspond to
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an escape fraction of 23 per cent. This is much higher than even the
luminosity-weighted escape fraction of SPHINX?® galaxies, which
is ~ 3 per cent at z = 6 (Rosdahl et al., in preparation).

To demonstrate that high-redshift LyC escape fractions are
dominated by neutral hydrogen rather than dust, we have re-
peated our escape fraction calculation but have removed dust.
We find a maximum fractional difference (i.e. |fesc, Lyc, wiodust —
JSese, Lyc, wrdustl/fese, Lyc, wiaust) Of 3 per cent along any given sightline or
angle average. This in itself does not prove that the escape fraction is
dominated by neutral hydrogen. If photons primarily escape via very
optically thin channels and the optically thick regions are thick to
both neutral hydrogen and dust, then the escape fraction should not
change with the removal of either neutral hydrogen or dust. However,
repeating the calculation a third time without neutral hydrogen results
in substantially increased LyC escape fractions, thereby confirming
our hypothesis.

Unfortunately, our calculations show that the line-of-sight
Mg 11 escape fractions are like the angle-averaged values and probes
of dust rather than neutral hydrogen. Thus the Mg 11 escape fraction is
not an ideal probe of LyC escape at high redshift. Perhaps the shape
of the spectra, the peak separation, or deviation from line-centre can
provide a more robust diagnostic of the Mg 1I and neutral hydrogen
optical depth as it does for Ly « (e.g. Verhamme et al. 2015, 2017);
however, this is beyond the scope of this work.

4 CAVEATS

There are numerous caveats that arise when modelling emission
lines from cosmological radiation hydrodynamics simulations. In the
context of the simulations used in this work, many are discussed in
Katz et al. (2022). Here, we focus on a few issues that are particularly
important for resonant lines and Mg.

The emergent luminosities and spectral profiles of resonant lines
are very sensitive to the small scale distribution of gas and dust as
well as the velocity and turbulent structure of the medium. Like all
simulations, SPHINX?® has a finite spatial resolution of ~10pc at
z = 6 which is not enough to fully resolve the detailed structure of
the ISM or giant molecular clouds (e.g. Kimm et al. 2022). Both the
spectral profiles and emergent luminosities are expected to change
for a simulation of both lower and higher resolution (e.g. Camps et al.
2021). Correctly modelling the ISM is key for accurately modelling
emission lines and thus it is important to consider that any issues
with the ISM model in SPHINX will lead us to systematic biases in
our results.

We have adopted solar abundance ratios that are scaled by metal-
licity throughout this work whereas it is well-known that different
chemical enrichment pathways can result in non-solar abundance
patterns that in many cases vary with metallicity (e.g. Maiolino &
Mannucci 2019). Being an o element, there is a trend of higher
[Mg/Fe] alow metallicity; however, Mg can also be produced in other
phenomena besides core—collapse supernova that cause a decrease
in [O/Mg] with increasing metallicity (e.g. Nomoto, Kobayashi &
Tominaga 2013). Such effects can only be captured in simulations
that specifically model the yields from different types of SNe, stellar
winds, and other enrichment phenomena. Because high-redshift
galaxies are more likely to be enriched by core—collapse SN, not
modelling the varying abundance patterns may under predict the
Mg 11 luminosities.

We have not accounted for the depletion of Mg on to dust. In
certain models, Mg can be heavily depleted by up to 0.7-1.0 dex (e.g.
Dopita et al. 2000; Jenkins 2009). Although this effect is expected
to be weaker at low metallicity (Guseva et al. 2019) and it has
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been shown that Mg is less depleted in the SMC than it is for
the Milky Way (Jenkins & Wallerstein 2017), it is unlikely to be
completely negligible. Neglecting Mg depletion would likely result
in an overprediction of MgIl luminosities, opposite to impact of
varying abundances so it is likely that these two effects partially
cancel each other out. Taking values from Jenkins & Wallerstein
(2017), intrinsic Mg 11 luminosities may be overpredicted by a factor
of ~2.5; however, this is unlikely to impact the intrinsic or emergent
flux ratios of the Mg1I doublet. A reduction in gas phase Mg Il may
lead to increased line-of-sight escape fractions in galaxies where the
escape fraction is not set by dust.

The dust model used in this work (Laursen et al. 2009) is not a
prediction by the simulation but rather a phenomenological model
where the dust scales with the neutral hydrogen content of each
gas cell. Constraints on both the dust properties and masses of
high-redshift galaxies are limited and our results will be sensitive
to the choice of model. For example, if we assumed that the gas
was completely dust-free, the emergent Mg 1I line ratios would only
be sensitive to the geometry of the gas along the observed sightline
which would have the effect of generally increasing the Mg II escape
fractions.

As discussed in Mauerhofer et al. (2021), the Doppler parameter
which enters the computation of optical depth is sensitive to both
the thermal and turbulent velocity of the gas. The simulation self-
consistently models the temperature of the gas and thus the thermal
velocity is, in principle, calculated accurately. However, there is no
unique model for subgrid turbulence. Turbulence is less important
for Ly « than it is for Mg Il because the thermal velocity is inversely
proportional to the atomic mass (which is 24 x higher for Mg than itis
for H). Since our fiducial model does not include subgrid turbulence
and only considers the thermal and bulk velocity of the gas cells
(which already incorporates the turbulence on the scales that we
resolve), it is possible that we may be overestimating the optical
depth at line centre and underestimating it further away from the
line. If we instead assume the microturbulence model following
observations from Larson (1981) where vy, = 1.1Ax%3® kms~! and
Ax is the physical size of the gas cell in pc, we find that the turbulent
velocity is approximately equal to the thermal velocity for the most
refined gas cells in our simulation at a temperature of 10*K. At
temperatures below this value, the turbulent velocity will dominate.
We demonstrate the impact of our fiducial assumption compared to
this alternative microturbulence model in Appendix B.

We have not included the impact of the nebular continuum on the
spectra. While this does not impact our work on the Mgl escape
fraction, the flux ratios, or their use as a probe of LyC escape, it
may impact the fraction of galaxies that are seen as emitters versus
absorbers.

5 CONCLUSIONS

In this work, we have used SPHINX?, a state-of-the-art cosmological
radiation hydrodynamics simulation of galaxy formation in the epoch
of reionization to study the Mg1I emission line properties of high-
redshift galaxies at z = 6. The resonant line MgIl doublet has
recently been proposed as an indicator of the LyC escape fraction
(Henry et al. 2018; Chisholm et al. 2020) and will be targeted in
Cycle 1 JWST observations (e.g. Chisholm et al. 2021). Our primary
goals were to determine the fraction of high-redshift galaxies that are
Mg 1T emitters, to determine whether Mg 11 can be used as a probe of
LyC escape, and to test the Henry et al. (2018) and Chisholm et al.
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(2020) models for estimating the Mg1i and LyC escape fractions
from Mg1I observations. Our main conclusions can be summarized
as follows:

(1) When compared with Green Peas and Blueberry galaxies
(which are thought to be low-redshift analogues of reionization-
epoch galaxies), SPHINX? galaxies at z = 6 are less extreme in
terms of their emission line luminosities (e.g. Balmer and nebular
oxygen lines) despite exhibiting similar stellar masses, star formation
rates, and metallicities. This disagreement is exacerbated when
comparing to only low-redshift LyC leakers that exhibit significantly
higher sSFRs compared to SPHINX?’. We highlight that low-redshift
galaxies are often selected based on their extreme emission line
properties and there is no guarantee that this selection provides direct
analogues of the bulk of the z = 6 galaxy population that we simulate
with SPHINX?. Likewise, as we discuss in the Section 4, due to
various numerical effects and assumptions, SPHINX?® galaxies may
not be perfect replicas of z = 6 galaxies. These differences should be
kept in mind when developing indirect probes of LyC leakage from
both simulations and observations.

(i1) High-redshift galaxies are predicted to exhibit a diversity of
Mg 11 spectral shapes including emission, absorption, and P-Cygni
profiles. However, the majority of z > 6 galaxies are predicted to
be Mgl emitters or have complex spectra with both emission and
absorption features. There is a tendency for galaxies with higher
stellar masses, SFRs, and LyC escape fractions to be Mg II emitters.

(iii) We find that the model proposed by Chisholm et al. (2020) that
uses the Mg 11 doublet ratio, R, as an indicator of the Mg Il escape frac-
tion does not sufficiently capture the physics that dictates Mg Il escape
in our simulations except for some of the lowest metallicity systems
where emission from gas dominates the spectra. This is due to both
the importance of dust in our simulation as well as the geometry
of SPHINX?" galaxies not being well represented as a Mg Il source
behind a screen of Mg 1I gas.

(iv) The model proposed by Henry et al. (2018) to compute the
intrinsic Mg 11 emission from [O11] and [O 111] emission lines tends
to underpredict the intrinsic Mg1I luminosities in our simulation.
We attribute this to the fact that the Henry et al. (2018) model
was calibrated on CLOUDY models that do not fully capture the
diversity of ISM properties in our simulated galaxies. We provide
newly calibrated relations in equations (3), (4), and (5).

(v) The model proposed by Chisholm et al. (2020) to convert a
Mg 11 escape fraction to a LyC escape fraction has a typical error
of 1.14 dex. Moreover, when applied to our galaxies, the model
predicts that dust plays a stronger role in setting the LyC escape
fraction compared to neutral hydrogen. This is opposite what we find
in our simulations as removing dust results in a maximum fractional
difference of 3 per cent in the LyC escape fraction.

We have shown that the complex physics that governs resonant
line emission from high-redshift galaxies can make its interpretation
difficult, especially since the same galaxy can exhibit numerous,
different spectral profiles along different lines of sight. However, if a
large sample of galaxies can be obtained, using the relations derived
in this work, there is a prospect of utilizing MgIl emission as an
aggregate probe LyC escape at z > 6 for optically thin systems. This
method will be complementary to those in other wavebands, such as
the IR, and thus provide an orthogonal measure of LyC leakage in
the epoch of reionization. Future work aimed at studying the spectral
profiles of Mg Il emission may reveal correlations with LyC escape
as has been shown for Ly «.

€202 U2JBIN B U0 15NB Aq 611 2659/SIZY/E/S L G/OI0IME/SEIUW WO dNO"DlWapED.//:SA)Y WOy PAPEOjuMOQ



ACKNOWLEDGEMENTS

TG is supported by the ERC Starting grant 757258 ‘TRIPLE’.
Computing time for this work was provided by the Partnership for
Advanced Computing in Europe (PRACE) as part of the ‘First lumi-
nous objects and reionization with SPHINX (cont.)’ (2016153539,
2018184362,2019215124) project. We thank Philipp Otte and Filipe
Guimaraes for helpful support throughout the project and for the
extra storage they provided us. We also thank GENCI for providing
additional computing resources under GENCI grant A0070410560.
TK was supported by the National Research Foundation of Ko-
rea (NRF) grant funded by the Korea government (MSIT) (No.
2020R1C1C1007079). This project has received funding from the
European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation programme (grant agreement
No 693024).

DATA AVAILABILITY

The data underlying this article will be shared on reasonable request
to the corresponding author.

REFERENCES

Amorin R. et al., 2017, Nat. Astron., 1, 0052

Asplund M., Grevesse N., Sauval A. J., Scott P, 2009, ARA&A, 47,
481

Atek H., Richard J., Kneib J.-P., Schaerer D., 2018, MNRAS, 479,
5184

Aubert D., Pichon C., Colombi S., 2004, MNRAS, 352, 376

Borthakur S., Heckman T. M., Leitherer C., Overzier R. A., 2014, Science,
346, 216

Bouwens R. J., Oesch P. A., Illingworth G. D., Ellis R. S., Stefanon M., 2017,
Apl, 843,129

Burchett J. N., Rubin K. H. R., Prochaska J. X., Coil A. L., Vaught R. R.,
Hennawi J. E,, 2021, ApJ, 909, 151

Calzetti D., Armus L., Bohlin R. C., Kinney A. L., Koornneef J., Storchi-
Bergmann T., 2000, ApJ, 533, 682

Camps P., Behrens C., Baes M., Kapoor A. U., Grand R., 2021, ApJ, 916,
39

Cen R., Kimm T., 2015, ApJ, 801, L25

Chisholm J., Prochaska J. X., Schaerer D., Gazagnes S., Henry A., 2020,
MNRAS, 498, 2554

Chisholm J. et al., 2021, The First Observations of the Ionizing Luminosity
of Galaxies within the Epoch of Reionization, JWST Proposal. Cycle 1

Dijkstra M., 2017, preprint (arXiv:1704.03416)

Dopita M. A., Kewley L. J., Heisler C. A., Sutherland R. S., 2000, ApJ, 542,
224

Drake A. B. et al., 2017, A&A, 608, A6

Eldridge J. J., Izzard R. G., Tout C. A., 2008, MNRAS, 384, 1109

Feltre A. et al., 2018, A&A, 617, A62

Ferland G. J., 1996, Internal Report: Hazy, A Brief Introduction to Cloudy
90. University of Kentucky, Lexington

Ferland G. J. et al., 2017, Rev. Mex. Astron. Astrofis., 53, 385

Finkelstein S. L. et al., 2015, ApJ, 810, 71

Fletcher T. J., Tang M., Robertson B. E., Nakajima K., Ellis R. S., Stark D.
P, Inoue A., 2019, ApJ, 878, 87

Garel T., Blaizot J., Rosdahl J., Michel-Dansac L., Haehnelt M. G., Katz H.,
Kimm T., Verhamme A., 2021, MNRAS, 504, 1902

Gordon K. D., Clayton G. C., 1998, AplJ, 500, 816

Gordon K. D., Clayton G. C., Misselt K. A., Landolt A. U., Wolff M. J., 2003,
ApJ, 594, 279

Grevesse N., Asplund M., Sauval A. J., Scott P, 2010, Ap&SS, 328,
179

Guseva N. G., Izotov Y. 1., Fricke K. J., Henkel C., 2019, A&A, 624,
A21

Mg i1 in the JWST era 4285

Guseva N. G. et al., 2020, MNRAS, 497, 4293

Hahn O., Abel T., 2011, MNRAS, 415, 2101

Henry A., Berg D. A., Scarlata C., Verhamme A., Erb D., 2018, ApJ, 855,
96

Inoue A. K. et al., 2016, Science, 352, 1559

Izotov Y. 1., Schaerer D., Thuan T. X., Worseck G., Guseva N. G., Orlitova
1., Verhamme A., 2016a, MNRAS, 461, 3683

Izotov Y. 1., Orlitova 1., Schaerer D., Thuan T. X., Verhamme A., Guseva N.
G., Worseck G., 2016b, Nature, 529, 178

Izotov Y. 1., Schaerer D., Worseck G., Guseva N. G., Thuan T. X., Verhamme
A., Orlitova I., Fricke K. J., 2018a, MNRAS, 474, 4514

Izotov Y. 1., Worseck G., Schaerer D., Guseva N. G., Thuan T. X., Fricke
Verhamme A., Orlitova I., 2018b, MNRAS, 478, 4851

Izotov Y. I., Schaerer D., Worseck G., Verhamme A., Guseva N. G., Thuan
T. X., Orlitova 1., Fricke K. J., 2020, MNRAS, 491, 468

Izotov Y. 1., Worseck G., Schaerer D., Guseva N. G., Chisholm J., Thuan T.
X., Fricke K. J., Verhamme A., 2021, MNRAS, 503, 1734

Jenkins E. B., 2009, ApJ, 700, 1299

Jenkins E. B., Wallerstein G., 2017, ApJ, 838, 85

Kakiichi K. et al., 2018, MNRAS, 479, 43

Katz H., Laporte N., Ellis R. S., Devriendt J., Slyz A., 2019, MNRAS, 484,
4054

Katz H. et al., 2020a, MNRAS, 494, 2200

Katz H. et al., 2020b, MNRAS, 498, 164

Katz H. et al., 2021, MNRAS, 507, 1254

Katz H. et al., 2022, MNRAS, 510, 5603

Kimm T., Cen R., Devriendt J., Dubois Y., Slyz A., 2015, MNRAS, 451,
2900

Kimm T., Katz H., Haehnelt M., Rosdahl J., Devriendt J., Slyz A., 2017,
MNRAS, 466, 4826

Kimm T., Blaizot J., Garel T., Michel-Dansac L., Katz H., Rosdahl J.,
Verhamme A., Haehnelt M., 2019, MNRAS, 486, 2215

Kimm T., Bieri R., Geen S., Rosdahl J., Blaizot J., Michel-Dansac L., Garel
T., 2022, ApJS, 259, 21

Konno A. et al., 2018, PASJ, 70, S16

Larson R. B., 1981, MNRAS, 194, 809

Laursen P., Sommer-Larsen J., Andersen A. C., 2009, ApJ, 704, 1640

Leitherer C., Hernandez S., Lee J. C., Oey M. S., 2016, ApJ, 823, 64

Livermore R. C., Finkelstein S. L., Lotz J. M., 2017, ApJ, 835, 113

Maiolino R., Mannucci F., 2019, A&AR, 27, 3

Martin C. L., Shapley A. E., Coil A. L., Kornei K. A., Murray N., Pancoast
A., 2013, ApJ, 770, 41

Mauerhofer V., Verhamme A., Blaizot J., Garel T., Kimm T., Michel-Dansac
L., Rosdahl J., 2021, A&A, 646, A80

Michel-Dansac L., Blaizot J., Garel T., Verhamme A., Kimm T., Trebitsch
M., 2020, A&A, 635, A154

Nakajima K., Ouchi M., 2014, MNRAS, 442, 900

Nakajima K., Ellis R. S., Robertson B. E., Tang M., Stark D. P., 2020, ApJ,
889, 161

Nelson D., Byrohl C., Peroux C., Rubin K. H. R., Burchett J. N., 2021,
MNRAS, 507, 4445

Nomoto K., Kobayashi C., Tominaga N., 2013, ARA&A, 51, 457

Osterbrock D. E., 1989, Astrophysics of Gaseous Nebulae and Active Galactic
Nuclei. University Science Books, New York

Paardekooper J.-P., Khochfar S., Dalla Vecchia C., 2015, MNRAS, 451,
2544

Pearson W. J. et al., 2018, A&A, 615, A146

Reddy N. A., Steidel C. C., Pettini M., Bogosavljevi¢ M., 2016, ApJ, 828,
107

Rémy-Ruyer A. et al., 2014, A&A, 563, A31

Rosdahl J., Teyssier R., 2015, MNRAS, 449, 4380

Rosdahl J., Blaizot J., Aubert D., Stranex T., Teyssier R., 2013, MNRAS,
436, 2188

Rosdahl J. et al., 2018, MNRAS, 479, 994

Rosen A., Bregman J. N., 1995, AplJ, 440, 634

Rubin K. H. R., Prochaska J. X., Ménard B., Murray N., Kasen D., Koo D.
C., Phillips A. C., 2011, ApJ, 728, 55

Schaerer D. et al., 2020, A&A, 643, A3

MNRAS 515, 4265-4286 (2022)

€202 UIBIN B U0 159NB Aq 61126G9/S9ZH/E/S L G/aI01E/SEIUW/WO0Y dNODILSPED.//:SA)lY WO} POPEOjUMOQ


http://dx.doi.org/10.1038/s41550-017-0052
http://dx.doi.org/10.1146/annurev.astro.46.060407.145222
http://dx.doi.org/10.1093/mnras/sty1820
http://dx.doi.org/10.1111/j.1365-2966.2004.07883.x
http://dx.doi.org/10.1126/science.1254214
http://dx.doi.org/10.3847/1538-4357/aa70a4
http://dx.doi.org/10.3847/1538-4357/abd4e0
http://dx.doi.org/10.1086/308692
http://dx.doi.org/10.3847/1538-4357/ac06cb
http://dx.doi.org/10.1088/2041-8205/801/2/L25
http://dx.doi.org/10.1093/mnras/staa2470
http://arxiv.org/abs/1704.03416
http://dx.doi.org/10.1086/309538
http://dx.doi.org/10.1051/0004-6361/201731431
http://dx.doi.org/10.1111/j.1365-2966.2007.12738.x
http://dx.doi.org/10.1051/0004-6361/201833281
http://dx.doi.org/10.1088/0004-637X/810/1/71
http://dx.doi.org/10.3847/1538-4357/ab2045
http://dx.doi.org/10.1093/mnras/stab990
http://dx.doi.org/10.1086/305774
http://dx.doi.org/10.1086/376774
http://dx.doi.org/10.1007/s10509-010-0288-z
http://dx.doi.org/10.1051/0004-6361/201834935
http://dx.doi.org/10.1093/mnras/staa2197
http://dx.doi.org/10.1111/j.1365-2966.2011.18820.x
http://dx.doi.org/10.3847/1538-4357/aab099
http://dx.doi.org/10.1126/science.aaf0714
http://dx.doi.org/10.1093/mnras/stw1205
http://dx.doi.org/10.1038/nature16456
http://dx.doi.org/10.1093/mnras/stx3115
http://dx.doi.org/10.1093/mnras/sty1378
http://dx.doi.org/10.1093/mnras/stz3041
http://dx.doi.org/10.1093/mnras/stab612
http://dx.doi.org/10.1088/0004-637X/700/2/1299
http://dx.doi.org/10.3847/1538-4357/aa64d4
http://dx.doi.org/10.1093/mnras/sty1318
http://dx.doi.org/10.1093/mnras/stz281
http://dx.doi.org/10.1093/mnras/staa639
http://dx.doi.org/10.1093/mnras/staa2355
http://dx.doi.org/10.1093/mnras/stab2148
http://dx.doi.org/10.1093/mnras/stac028
http://dx.doi.org/10.1093/mnras/stv1211
http://dx.doi.org/10.1093/mnras/stx052
http://dx.doi.org/10.1093/mnras/stz989
http://dx.doi.org/10.3847/1538-4365/ac426d
http://dx.doi.org/10.1093/pasj/psx131
http://dx.doi.org/10.1093/mnras/194.4.809
http://dx.doi.org/10.1088/0004-637X/704/2/1640
http://dx.doi.org/10.3847/0004-637X/823/1/64
http://dx.doi.org/10.3847/1538-4357/835/2/113
http://dx.doi.org/10.1007/s00159-018-0112-2
http://dx.doi.org/10.1088/0004-637X/770/1/41
http://dx.doi.org/10.1051/0004-6361/202039449
http://dx.doi.org/10.1051/0004-6361/201834961
http://dx.doi.org/10.1093/mnras/stu902
http://dx.doi.org/10.3847/1538-4357/ab6604
http://dx.doi.org/10.1093/mnras/stab2177
http://dx.doi.org/10.1146/annurev-astro-082812-140956
http://dx.doi.org/10.1093/mnras/stv1114
http://dx.doi.org/10.1051/0004-6361/201832821
http://dx.doi.org/10.3847/0004-637X/828/2/107
http://dx.doi.org/10.1051/0004-6361/201322803
http://dx.doi.org/10.1093/mnras/stv567
http://dx.doi.org/10.1093/mnras/stt1722
http://dx.doi.org/10.1093/mnras/sty1655
http://dx.doi.org/10.1086/175303
http://dx.doi.org/10.1088/0004-637X/728/1/55
http://dx.doi.org/10.1051/0004-6361/202037617

4286  H. Katz et al.

Siana B. et al., 2015, ApJ, 804, 17

Stanway E. R., Eldridge J. J., Becker G. D., 2016, MNRAS, 456, 485

Stark D. P. et al., 2017, MNRAS, 464, 469

Steidel C. C., Bogosavljevi¢ M., Shapley A. E., Reddy N. A., Rudie G. C.,
Pettini M., Trainor R. F.,, Strom A. L., 2018, ApJ, 869, 123

Teyssier R., 2002, A&A, 385, 337

Tran K.-V. H. et al., 2020, ApJ, 898, 45

Trebitsch M., Blaizot J., Rosdahl J., Devriendt J., Slyz A., 2017, MNRAS,
470, 224

Tweed D., Devriendt J., Blaizot J., Colombi S., Slyz A., 2009, A&A, 506,
647

Verhamme A., Orlitovd 1., Schaerer D., Hayes M., 2015, A&A, 578,
A7

Verhamme A., Orlitova 1., Schaerer D., Izotov Y., Worseck G., Thuan T. X.,
Guseva N., 2017, A&A, 597, A13

Wang B., Heckman T. M., Leitherer C., Alexandroff R., Borthakur S.,
Overzier R. A., 2019, ApJ, 885, 57

Wang B. et al., 2021, AplJ, 916, 3

Weingartner J. C., Draine B. T., 2001, ApJ, 548, 296

Whitaker K. E. et al., 2014, ApJ, 795, 104

Xu H., Wise J. H., Norman M. L., Ahn K., O’Shea B. W., 2016, ApJ, 833,
84

Yang H. et al., 2017a, ApJ, 844, 171

Yang H., Malhotra S., Rhoads J. E., Wang J., 2017b, ApJ, 847, 38

Yusef-Zadeh F., Morris M., White R. L., 1984, ApJ, 278, 186

Zabl J. et al., 2021, MNRAS, 507, 4294

Zackrisson E., Inoue A. K., Jensen H., 2013, ApJ, 777, 39

MNRAS 515, 4265-4286 (2022)

Zackrisson E. et al., 2017, ApJ, 836, 78
Zheng Z., Miralda-Escudé J., 2002, ApJ, 578, 33

SUPPORTING INFORMATION
Supplementary data are available at MNRAS online.

Figure S1. Emissivity of Lya, He, HB, and He1l as a function of
electron temperature.

Figure S2. Comparison of the collisional emissivities used in this
work (dark green) versus others in the literature for Lya (left),
Ha (centre), and Hp (right).

Figure S3. Comparison of Mgl spectra along three different lines
of sight for simulations with (solid lines) and without (dotted lines)
subgrid turbulence.

Table S1. Fitting parameters for collisional emissivities given by
equation A3.

Please note: Oxford University Press is not responsible for the content
or functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.

This paper has been typeset from a TEX/IATEX file prepared by the author.

€202 UIBIN B U0 159NB Aq 61126G9/S9ZH/E/S L G/aI01E/SEIUW/WO0Y dNODILSPED.//:SA)lY WO} POPEOjUMOQ


http://dx.doi.org/10.1088/0004-637X/804/1/17
http://dx.doi.org/10.1093/mnras/stv2661
http://dx.doi.org/10.1093/mnras/stw2233
http://dx.doi.org/10.3847/1538-4357/aaed28
http://dx.doi.org/10.1051/0004-6361:20011817
http://dx.doi.org/10.3847/1538-4357/ab8cba
http://dx.doi.org/10.1093/mnras/stx1060
http://dx.doi.org/10.1051/0004-6361/200911787
http://dx.doi.org/10.1051/0004-6361/201423978
http://dx.doi.org/10.1051/0004-6361/201629264
http://dx.doi.org/10.3847/1538-4357/ab418f
http://dx.doi.org/10.3847/1538-4357/ac0434
http://dx.doi.org/10.1086/318651
http://dx.doi.org/10.1088/0004-637X/795/2/104
http://dx.doi.org/10.3847/1538-4357/833/1/84
http://dx.doi.org/10.3847/1538-4357/aa7d4d
http://dx.doi.org/10.3847/1538-4357/aa8809
http://dx.doi.org/10.1086/161780
http://dx.doi.org/10.1093/mnras/stab2165
http://dx.doi.org/10.1088/0004-637X/777/1/39
http://dx.doi.org/10.3847/1538-4357/836/1/78
http://dx.doi.org/10.1086/342400
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stac1437#supplementary-data
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stac1437#supplementary-data

	1 INTRODUCTION
	2 NUMERICAL METHODS
	3 RESULTS
	4 CAVEATS
	5 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES
	SUPPORTING INFORMATION

