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ABSTRACT

The ionizing photon escape fraction (LyC f..) of star-forming galaxies is the single greatest
unknown in the reionization budget. Stochastic sightline effects prohibit the direct separation
of LyC leakers from non-leakers at significant redshifts. Here we circumvent this uncertainty
by inferring f.sc using resolved (R > 4000) Ly« profiles from the X-SHOOTER Ly« survey
at z = 2 (XLS-z2). With empirically motivated criteria, we use Lya profiles to select leakers
(fese> 20%) and non-leakers (fesc< 5%) from a representative sample of > 0.2L* Lyman-
a emitters (LAEs). We use median stacked spectra of these subsets over Adws = 1000 —
8000A to investigate the conditions for LyC fue. Our stacks show similar mass, metallicity,
Myy, and Byy. We find the following differences between leakers vs. non-leakers: (i) strong
nebular CIV and Hell emission vs. non-detections, (ii) [O1n]/[O1]~ 8.5 vs. = 3, (iii) Ha/HB
indicating no dust vs. E(B — V) =~ 0.3, (iv) Mgll emission close to the systemic velocity
vs. redshifted, optically thick Mgll, (v) Lya fese of & 50% vs. = 10%. The extreme EWs
in leakers ([Om]+HB ~ 1100 A rest-frame) constrain the characteristic timescale of LyC
escape to * 3 — 10 Myr bursts when short-lived stars with the hardest ionizing spectra
shine. The defining traits of leakers — extremely ionizing stellar populations, low column
densities, a dust-free, high ionization state ISM — occur simultaneously in the fese> 20%
stack, suggesting they are causally connected, and motivating why indicators like [O111]/[O11]
may suffice to constrain fec at z > 6 with JWST. The leakers comprise half our sample, have a
median LyC fes .= 50% (conservative range: 20 — 55%), and an ionising production efficiency
log(&ion/Hz erg™!) ~ 25.9 (conservative range: 25.7 — 25.9). These results show LAEs — the
type of galaxies rare at z ~ 2, but that become the norm at higher redshift — are highly efficient
ionizers, with extreme &jo, and prolific fes occurring in sync.
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galaxies: high-redshift — intergalactic medium — ultraviolet: galaxies
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1 INTRODUCTION

The Epoch of Reionization (EoR) was the last major phase transition
of the Universe, when the first stars and galaxies announced their
presence by ionizing the vast oceans of neutral Hydrogen (HI) they
were born within (e.g, Loeb & Furlanetto 2013). While the timeline
of reionization is increasingly well-constrained (z ~ 6 -9, e.g., Fan
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et al. 2006; Planck Collaboration et al. 2018; Mason et al. 2019),
the protagonists of reionization remain elusive. Quasars, due to
their rapidly fading numbers with increasing redshift, are unlikely
to have played a significantrole (e.g., Matsuoka et al. 2018; Kulkarni
et al. 2019; Shen et al. 2020). Star-forming galaxies are the likeliest
candidates, but whether the ionizing photon budget arose from a
multitude of ultra-faint galaxies (“democratic reionization", e.g.,
Finkelstein et al. 2019) or a rarer set of bright galaxies (“reionization
by oligarchs", e.g., Naidu et al. 2020) is a key open question with
wide-ranging physical (e.g., reionization topology) and practical
(e.g., survey design) implications (Hutter et al. 2021).
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The ionizing photon budget is typically parametrized as a prod-
uct of three quantities (e.g., Madau et al. 1999; Robertson et al.
2013; Duncan & Conselice 2015) — the UV star-formation density
(pyuv). a conversion factor between the UV luminosity and num-
ber of ionizing photons (&jo,), and the fraction of these photons
that make it to the intergalactic medium (IGM) to ionize it (fesc)-
puv is well-constrained down to Myy ~ —15 during the EoR (e.g.,
Bouwens et al. 2021) with a clear path to fainter magnitudes with
JWST (e.g., Labbe et al. 2021). Prospects of constraining &j,, are
also bright (e.g., Chevallard et al. 2018). On the other hand, due
to the opacity of the intervening intergalactic medium (IGM), fesc
may never be directly observed at z % 4 (e.g., Inoue et al. 2014).
Progress must therefore rely on measuring and understanding fesc
at lower redshifts.

In recent years, direct fugc studies have largely concentrated on
two redshift windows set by available UV instrumentation — one at
z = 0.3 where Lyman continuum (LyC) is accessible to HST/COS
(e.g., Izotov et al. 2016a, 2018b, 2021a; Wang et al. 2019, 2021),
and another at z = 2 — 4 accessible to ground-based facilities and
HST/WFC3 UVIS (e.g., Jones et al. 2018; Smith et al. 2020; Ji
et al. 2020; Mestri¢ et al. 2020; Marques-Chaves et al. 2021; Davis
et al. 2021; Prichard et al. 2021). The z = 0.3 COS efforts were
first undertaken at a time when only a handful of robust LyC leakers
had been identified, and it was unclear whether LyC leakage even
occurred among the 2 0.5L* galaxies for which fesc measurements
were feasible (e.g., Izotov et al. 2016a,b). Their selection func-
tions prioritized rare galaxies with a high theorized probability of
non-zero fesc (€.g., compact, extreme [Omr]/[O1], elevated HS EW
starbursts, i.e., “Green Peas"). These programs have been remark-
ably successful in proving fesc does occur among fairly luminous
galaxies and in producing a sample of ~ 20 galaxies with robust LyC
constraints (e.g., [zotov et al. 2016a, 2018b, 2021a). However, the
complex selection function and unknown number densities make
generalizing these findings to higher redshifts and into the EoR
difficult.

LyC studies at higher redshifts (z = 2 — 4) have simpler se-
lection functions, but are hampered by drastic IGM line of sight
variations (e.g., Inoue et al. 2014). Ideally, we would like to per-
form a controlled comparative experiment by constructing leaker
and non-leaker stacks, and then contrasting their features to iso-
late indicators of fusc. However, it is generally difficult to decide
whether any individual detection/non-detection is due to high/low
fesc or due to a particularly transparent/opaque line of sight. To
put numbers to the scale of the problem — for a randomly sampled
IGM sightline, the difference between the 10 and 90 percentile
transmission is > 50x at z ~ 3 (0.01 vs. 0.60, Steidel et al. 2018).
Selecting apparent high fesc and low fesc leakers by applying mean
IGM corrections amounts to comparing galaxies lying along trans-
parent sightlines vs. opaque sightlines rather than high fesc vs. low
fesc sources (e.g., Bassett et al. 2021). These ambiguities due to
the IGM transmission are further compounded by viewing angle
biases that hydrodynamical simulations show to be important due
to the strong anisotropy of LyC fesc (e.g., Gnedin et al. 2008; Wise
& Cen 2009; Wise et al. 2014; Cen & Kimm 2015; Paardekooper
etal. 2015). For instance, a galaxy may have high fesc, but via holes
pointed away from the observed sightline (e.g., Fletcher et al. 2019;
Nakajima et al. 2020; Saxena et al. 2021).

Clearly, constructing pure, representative subsamples of leak-
ers and non-leakers from direct LyC observations is challenging
at high-z. Nonetheless, stacking sufficient (> 50 at z = 3) galax-
ies from independently sampled sightlines is expected to produce
a robust population-averaged fesc (€.g., Steidel et al. 2018). The

current consensus is an average fesc® 5 — 10% for > 0.5L* Lyman-
break galaxies (LBGs) at z = 3 (e.g., Marchi et al. 2017; Naidu
et al. 2018; Pahl et al. 2021). The question then is, how do we
translate this constraint on z ~ 3 LBGs to EoR LBGs. These are
very different populations, with important properties such as the
star-formation surface density (Zggr), proposed to be causatively
linked to fesc (e.g., Heckman et al. 2011; Sharma et al. 2016; Naidu
et al. 2020), rising ~ 0.5 — 1 dex higher (e.g., Oesch et al. 2010;
Shibuya et al. 2019) as galaxies grow burstier towards the EoR (e.g.,
Faucher-Giguere 2018; Tacchella et al. 2020).

In this work, we propose resolved Lyman-« (Ly@) emission-
line spectroscopy is the panacea to the challenges around LyC fesc.
The resonant nature of Lye, which makes it highly sensitive to
HI in the IGM, is routinely exploited to constrain the timeline of
reionization (e.g., Stark et al. 2011; Pentericci et al. 2014; Mason
et al. 2018). This resonant nature also renders the Ly« line profile
sensitive to the HI distribution within galaxies. From the emergent
sample of LyC leakers it is clear that Ly« profiles are the highest
fidelity tracers of fesc, both at low and high redshifts, and across
several dex in physical properties like stellar mass, specific SFR,
YsEr, and E(B — V) (e.g., Verhamme et al. 2017; Izotov et al.
2018b, 2021a; Vanzella et al. 2020). From a theory point of view,
the interpretation is intuitive and well-understood — line profiles
with tightly spaced narrow blue and red peaks, with flux emitted
close to the systemic redshift (zsys), signal a transparent, porous
ISM with clear passages for Lya (and LyC) escape. On the other
hand, broad lines, widely separated peaks, and no photons at zgys
signal an ISM through which Lya (and LyC) photons struggled to
escape (e.g., Verhamme et al. 2015; Gronke et al. 2015a; Dijkstra
et al. 2016; Kimm et al. 2019; Kakiichi & Gronke 2021).

There are significant advantages to studying LyC with Lya
profiles. The IGM, which severely hampers direct LyC observations,
has little effect on Lya profiles at z ~ 2 — 3 (e.g., Hayes et al. 2021)
so any individual galaxy can be robustly classified as a likely leaker
or a non-leaker. Perhaps most importantly, LyC constraints based
on Lya profiles can be extrapolated to higher redshifts with some
confidence because LAEs at z = 2 — 6 are fundamentally similar —
in e.g., their sizes (e.g., Malhotra et al. 2012; Paulino-Afonso et al.
2018), UV slopes (e.g., Santos et al. 2020), and Lye line profiles
corrected for IGM absorption (e.g., Hayes et al. 2021). Further, Ly«
LFs are almost unevolving across z = 2 — 6, therefore a luminosity-
limited survey at z ~ 2 would have a similar proportion of bright and
faint LAEs as at higher redshifts (e.g., Sobral et al. 2018; Herenz
et al. 2019; Ouchi et al. 2020).

Realizing the potential of resolved Lya requires surveys with
high spectral resolution at the Lye wavelength (R > 4000, e.g.,
Verhamme et al. 2015) along with precise zgys. Further, to ensure
the generalizability of the results to higher redshifts, the selection
function must be well known and ideally simple. The luminosity-
limited (Lyq > 0.2L*) X-SHOOTER Lya Survey at z = 2 (XLS-
z2, Matthee et al. 2021), based on the narrow-band CALYMHA
Survey (Matthee et al. 2016; Sobral et al. 2017b), fulfils exactly
these requirements. In this paper we use XLS-z2 to extract the
first statistical constraints on LyC fesc via resolved Ly profiles.
In a companion paper (Matthee & Naidu et al. 2021) we use these
constraints to show how LAEs explain the evolution of the cosmic
ionizing emissivity from z ~ 2 — 8.

A plan for this paper follows — in §2 we describe the XLS-z2
sample, in §3 we motivate the Lya-profile based selection criteria
for the “Low Escape" (fesc< 5%) and “High Escape" (fesc> 20%)
stacks that we produce in §4. In §5 we describe the physical con-
ditions for LyC fesc based on the differences between these stacks,
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in §6 we estimate the fesc of our High Escape stack. We place our
results in a broader context, while addressing concerns and caveats
in §7, and end with a summary in §8. Throughout this work we
reference L*, the characteristic luminosity in Schechter function
parametrizations of luminosity functions (LFs). In the context of
Lya LFs, the L* is as per the Sobral et al. (2018) z = 2 — 6 con-
sensus LFs (log Ly /erg s~! ~ 43). Magnitudes are in the AB
system (e.g., Oke & Gunn 1983). For summary statistics, unless
otherwise mentioned, we report medians with errors on the median
from bootstrapping (161 and 84™ percentiles). We assume a flat
ACDM concordance cosmology with Qps = 0.3, Qy = 0.7 and
Hy =70 km 571 Mpc‘l.

2 SAMPLE & DATA
2.1 z =2 Sample

Our sample is drawn from the X-SHOOTER Lya Survey at z ~
2 (XLS-z2), which is a deep spectroscopic survey of 35 LAEs
(Matthee et al. 2021). The sample spans luminosities 0.2 — 10 X

Liya and 0.2 — 6 X L}y, with a median rest-frame Lya equivalent

width (EW) of 82 A. The majority of these LAEs have originally
been discovered in wide-field narrow-band surveys in well-known
extragalactic fields (e.g. Sobral et al. 2017a). Active Galactic Nuclei
(AGN) were removed based on X-Ray and radio data (Calhau et al.
2020), and spectroscopy (Sobral et al. 2018). Most of the LAEs in
the sample are Lya-flux limited selected. A handful have been pre-
selected based on the UV continuum in combination with a high
ionisation state (i.e. [OIII]/HpB) or the presence of high ionisation
UV lines such as CIII] (see Matthee et al. 2021 for details). However,
these properties are ubiquitous among typical z ~ 2 LAEs so we
see no reason to exclude them from our sample. The luminosities of
these LAEs are typical for the objects discovered in deep narrow-
band surveys (e.g. Gawiser et al. 2007; Ouchi et al. 2008) and
VLT/MUSE observations with ~ 1 hour depth (e.g. MUSE-wide;
Herenz et al. 2019).

In this paper we analyse 26 out of the 35 LAEs from XLS-z2
(Table 1). The following objects were excluded from our analysis:
XLS-1 because it was identified as an AGN, XLS-9 and XLS-13 as
no systemic redshift was measured owing to their faintness, XLS-30
because its data does not cover the Ha line, XLLS-7, 8, 29, 31 because
their Ly EW is < 25 A (the standard definition that Lye LFs adopt
for “LAE", e.g., Sobral et al. 2018) and XL.S-27 because its Ly« line
is significantly offset (by 9 kpc) from the rest-frame optical lines.
We split the remaining 26 LAESs in subsets determined by their Lya
line-profile.

The sample of 26 sources we study here is representative of
Liye > 0.2L* LAEs at z = 2. The median Lya fesc is 30 + 5%, in
excellent agreement with measurements of typical LAEs that also
find ~ 30% (Hayes et al. 2010; Song et al. 2014; Trainor et al.
2016; Sobral et al. 2017b; Harikane et al. 2018; Matthee et al.
2021). The median Lya EW is 95 + 16 A, consistent with published
EW distributions at similar redshifts (e.g., Gronwall et al. 2007;
Hashimoto et al. 2017; Santos et al. 2020).

2.2 Data

The unique feature of XLS—z2 is the combination of wide wave-
length coverage (Arest = 1000 — 8000 A at z » 2) with high spectral
resolution for the Ly line (R ~ 4000 — 5000) thanks to the X-
SHOOTER echelle spectrograph on the VLT (Vernet et al. 2011).
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The exposure times are ~ 3 hours on average, which enables simul-
taneous measurements of systemic redshifts (through the rest-frame
optical [OIII] and He lines) along with sensitive Ly spectroscopy.
Redshift ~ 2 is the lowest redshift where Lya can be measured
from the ground and the highest redshift where Ha falls in the K
band, enabling convenient estimates of Balmer decrements and Ly«
escape fractions (e.g., Sobral & Matthee 2019). Another advantage
at z =~ 2 is that the impact of the IGM on Lye is negligible (e.g.
Laursen et al. 2011; Hayes et al. 2021). The spectral resolution of
XLS-z2 is a factor > 3 and > 5 higher than the data used by Kulas
et al. (2012) and Trainor et al. (2015) respectively, who previously
studied Lya profiles at z ~ 2 and is comparable to the study of a
smaller sample (N = 6) by Hashimoto et al. (2015).

We use both 1D and 2D spectra in this analysis. Measurements
in individual sources and stacks are based on 1D spectra extracted
based on the position and size of the UV-continuum. The stacking
has been performed in 2D (see Matthee et al. 2021 for details on the
data reduction, spectral extraction and stacking procedures).

2.3 Ly« profile statistics

The individual Ly profiles are shown in Appendix A. The typical
integrated signal-to-noise ratio of the Ly line is 20. A multiple
peaked Lya line is detected in 19/26 LAEs (i.e. 73 %). As the blue
peak is in all cases fainter than the red peak (typically containing ~
17 % of the total Ly flux), it is possible, but unlikely given Lya
signal to noise ratio (SNR)>20, that some blue peaks are missed
due to their faintness. Out of the multiple peaked systems, 2/19
show three peaks with a clear peak at the systemic velocity (XLS-
2 and XLS-21). Two multiple peaked LAEs show additional faint
absorption profiles, either in the blue peak or in the red peak (XLS-
18, XLS-33). One of the 7 single-peaked LAEs shows a relatively
symmetric Ly« line at the systemic velocity (XLS-20).

2.4 Literature Sample of Lyman Continuum leakers

We design our criteria to select likely leakers and non-leakers based
on Ly« profiles by constructing empirical criteria based on litera-
ture galaxies which have both direct LyC measurements as well as
resolved (R > 4000) Ly« profiles.

The bulk of our literature calibration sample is comprised of
20 z =~ 0.3 GPs studied with HST/COS compiled in Izotov et al.
(2021a). LyC is directly measured at > 850A for these sources along
with Lya. The Ly luminosities of the XLS-z2 sample are well-
matched to the luminosities of these low-z LyC leakers. Importantly
for Lya comparisons, the physical scale at z ~ 0.3 probed by the
COS apertures is very similar to the physical scale (= 7 — 10 kpc)
at z ~ 2 probed by the XLSz2 slits. This ensures similar central
regions of the Ly emission are being captured. Also note that the
spectral resolution for the XLS-z2 Lya profiles are comparable to
the resolution of the HST/COS spectra of the GPs (Orlitovd et al.
2018), such that there is no differential effect. These GPs span
Jese® 0% to fesc® 70%, with four sources showing fesc> 20%.

At higher redshifts, while several LyC leaker candidates have
been identified, very few have resolved Lya measurements. These
sources are: Ion2 (z = 3.2, Vanzella et al. 2016), Ion3 (z = 4.0,
Vanzella et al. 2018), Sunburst Arc (z = 2.4, Rivera-Thorsen et al.
2019), GS-30668/XLS-26 (z = 2.1, Naidu et al. 2017, Matthee et al.
2021), GS-15601 (z = 3.27, J. Kerrut, in prep.). While few in num-
ber, all these sources show Ly« profiles with prominent emission
at the systemic velocity resembling the highest fesc z = 0.3 Green
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Table 1. Lya properties of our parent sample, split by their inferred LyC
Jesc- The Ly @ escape fraction (fese, Ly ) is computed as Liyq /8.7 X Ly aint.
(see e.g. Hayes 2015), where Lyq,in.. is the Ha luminosity corrected for
dust attenuation using the Balmer decrement and a Cardelli et al. 1989
attenuation law. The peak separation (vVsep) and central escape fraction (fen)
are discussed in §3.1. ¥ = No Blue Peak detected, * = Triple peak

ID fesc,Lya/ Vsep/km s71 Jeen
High Escape

(LyC fase> 20%)

XLS-2 0.35+0-14 424 £32¢«  0.162 +0.007
XLS-3 0.77j8-§3 184+13  0.243+0.016
XLS-11 0.551852g 368+15  0.287 +0.005
XLS-14 0.4018-'ZZ T 0.135+0.037
XLS-17 1.11185% 246 £15  0.109 = 0.004
XLS-18 0. 10j§%§ t 0.110+0.004
XLS-19 0.32*+9-23 445+ 15 0.208 +0.015
XLS-20 0.27j8-'§? f  0.501+0.013
XLS-21 0. 16j8532 528 +35%  0.233 +£0.003
XLS-23 0.41*:%?8 370+14  0.314 +£0.002
XLS-24 0.64j65i3 36517  0.153 £0.002
XLS-26 0.25j8~'?~% 389+16  0.364 +0.007
XLS-28 0.35j§{fi’§ f 0.357+0.013
Intermediate Escape

(5% <LyC fosc< 20%)

XLS-4 0.43+0-67 T 0.059£0.017
XLS-5 0.2218-34 33615  —0.006 + 0.008
XLS-10 0.0218-'% t 0.062+0.014
XLS-34 0.141§{§§ 635+15  0.090 +0.003
Low Escape

(LyC fasc< 5%)

XLS-6 0.71%0-36 459+16  0.006 +0.008
XLS-12 o.o7j8{3§ T 0.047£0.007
XLS-15 0.941899 41218  0.050 +0.009
XLS-16 0.261853g 61121 —0.020+0.018
XLS-22 0.3218583 372+15  0.004 +0.003
XLS-25 0.21j8-'116 56015  0.037 +0.003
XLS-32 0.o4j8~'8§ 610+£29 —0.033+0.011
XLS-33 0.09t§{g§ 41715 0.009 +0.003
XLS-35 0.13*0:03 47015 0.039 +0.002

Peas (see bottom panel of Fig. 1). This strongly suggests that sys-
temic Lya emission accompanies high LyC fesc. A source detected
in LyC at z > 2 despite the stochasticity of IGM transmission is
likely to have high LyC fesc (e.g., Bassett et al. 2021). Indeed, all
these sources have an estimated fisc> 20%, thus complementing
the GP sample at the high LyC fes end.

3 CLASSIFYING LYMAN CONTINUUM LEAKERS AND
NON-LEAKERS WITH Lya PROFILES

Empirically, the Lya line profile is the best predictor of LyC fesc in
galaxies in the local Universe (Izotov et al. 2018b, 2021a). We use
line profiles to split the XL.S-z2 sample in subsets — “High Escape"
(LyC fesc> 20%, “leakers") and “Low Escape" (LyC feosc< 5%,
“non-leakers") based on a set of selection criteria that we design
in this section. The motivation for fesex 20% is that this is ap-
proximately the average fesc required for Myy < —15 star-forming
galaxies to produce reionization in typical calculations (e.g., Robert-
son et al. 2015; Naidu et al. 2020), whereas galaxies with fesex 5%
are not relevant to the emissivity since even if all galaxies at e.g.,
z = 7 had fesc® 5% they would be unable to produce reionization.
We do not focus on galaxies with intermediate fesc between these

two limits since we do not have sufficient sources (N=4) to construct
stacks with meaningful SNR.

‘We emphasize that our goal here is to place galaxies in broad
fesc bins that are clean and complete. We do not argue that the
fesc distribution is bimodal, but as fesc is non-linearly related to
(parametrisations of) the shape of the Ly profile, the expected fesc
of the two stacks are very different. In what follows we describe
our newly developed selection criteria and motivate these based on
theoretical and empirical grounds.

3.1 Ly« Peak Separation (vsep) and Central Escape Fraction
(fcen) as tracers of LyC f.q.: Motivation

Due to resonant scattering, the Lya line profile is expected to be a
tracer of the kinematics, column density, and distribution of neutral
HI within a galaxy (e.g., Neufeld 1990; Verhamme et al. 2006;
Gronke et al. 2015b; Dijkstra et al. 2016; Kakiichi & Gronke 2021).
If the ISM is porous with abundant low column density channels,
Lya photons escape with minimal scattering. Radiative transfer
simulations show homogeneous, expanding media that cover HII
regions with low column densities (Ngp < 10'8 cm™2) give rise to
narrow, tightly separated red and blue peaks. In clumpy, multi-phase
systems with non-unity covering fractions (i.e., so-called riddled
ionization-bounded HII regions), Lya photons escape directly at
the systemic velocity across clear lines of sight (Hansen & Oh
2006; Verhamme et al. 2015; Gronke et al. 2016; Gronke 2017). On
the other hand, dense HI distributions force Lya photons to scatter
till they shift out of resonance. This struggle to escape manifests
in a broad profile, little flux at the systemic velocity, and widely
separated blue and red peaks.

In the sample of z ~ 0.3 LyC leakers the Lya red and blue
peak separation (vsep) has been identified as the most faithful tracer
of fesc (e.g., Verhamme et al. 2017; Izotov et al. 2016a,b, 2018a,b,
2021a). This trend is illustrated in the top row of Figure 1 where
narrower vsep accompanies higher LyC fescand quantified as follows
(Izotov et al. 2018b) with vgep in km sL:

ese =3.23 x 100033, — 1.05 x 107V}, +0.095. (1)

However, vsep measurements rely on the detection of a clear
red and blue peak — fainter blue peaks may be missed due to poor
SNR. Further, the applicability of vsep is ambiguous when multiple
peaks or systemic emission are seen in the profile. As aresult, vgep is
an inapplicable metric for a large fraction of fosc> 20% leakers. We
show this in Figure 2, where we compile vsep1 for all known LyC
leakers with high resolution, (R % 4000) Ly measurements and
robust systemic redshifts2. All the z ~ 2 — 4 LyC leakers observed
with high-resolution spectroscopy show complex profiles character-
ized by flux at line center in addition to red and blue peaks (bottom
row, Figure 1). These sources include GS-30668/XLS-26 (z = 2.2,
Naidu et al. 2017), the Sunburst Arc3 (z = 2.4, Rivera-Thorsen et al.
2019), Ion2 (z = 3.2, Vanzella et al. 2016), GS-15601 (z = 3.3, J.

! In computing Vsep for a source like the Sunburst Arc (Figure 1) we set aside
the central emission and measure the difference between the closest red and
blue peaks. If instead vsep was defined as max(flux, v > 0)-max(flux, v < 0)
we would end up with veep ~ 0 (and an implied unphysical fesc~ 100%)
for all the z ~ 2 — 4 sources. This ambiguity is precisely the motivation for
introducing feen-

2 The sources J1333+6246, J1442-0209, J1503+3644 are excluded because
inspection of their Ly« profiles showed their systemic redshifts to be un-
trustworthy, see also Orlitova et al. (2018).

3 We note that the Lya line-profile of the Sunburst Arc corresponds to
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Figure 1. Ly« line profiles for a selection of galaxies with direct LyC fisc measurements. Each panel lists the name of the source, the metric linked to LyC
Jese (Vsep» feen), and finally the directly measured LyC fsc. Measured escape fractions are listed as lower limits for high-z sources due to the unknown IGM
transmission along any particular line of sight. Top: The Ly @ peak separation (vsep), depicted as an orange capped line, is an effective predictor of fesc for the
z = 0.3 Green Peas — the larger the vsep, the lower the fesc(Eq. 1). Bottom: For most LyC leakers with fesc > 20%, vsep is ill-defined and unable to predict fosc.
These sources exhibit direct Ly @ escape at the systemic velocity along with narrow lines. To capture this, we introduce a new parameter, the central escape
fraction ( fien), which measures the fraction of the total Ly e flux emitted +100 km s~! from the systemic velocity (shaded orange region, Eq. 2).

Kerrut, private comm.), and Ion3 (z = 4.0, Vanzella et al. 2018).
The three Green Peas with fesc> 20% also show significant line
centre emission (e.g., J1243+4646, Figure 1). Complex profiles that
are not just a blue+red peak combination are a routine feature at
high fesc. For these sources vep is ill-defined (e.g., in the Sunburst
Arc) and/or drastically underestimates fesc (€.g., lon3).

In these cases vgep is a poor tracer of LyC fesc because the
observed Lya profiles are likely a combination of two distinct modes
of Lya escape (e.g., Rivera-Thorsen et al. 2017): (i) scattering,
resonant escape through relatively higher column density HI that
results in red and blue peaks, (ii) direct escape through porous
channels that manifests as central Lya. Since vgep is sensitive only
to the scattering escape mode, we introduce a new parameter, the
“central escape fraction" (fcen), that traces the direct escape mode
as well. We define fep as the fraction of Ly emission within +100

the profile of the LyC-leaking knot within the galaxy (see also Vanzella
et al. 2021). It has a Ly EW of 103 A (Emil Rivera-Thorsen, private
communication).

MNRAS 000, 1-25 (2021)

km s~! of the systemic velocity, i.e.,

Lye flux at + 100 km s~!
Lya flux at + 1000 km s~1’

Central Escape Fraction (f..,) = 2)
where we found that the £1000 km s~ velocity window captures the
total flux for all XLS-z2 sources. Theoretical profiles (e.g., Behrens
etal. 2014; Verhamme et al. 2015; Dijkstra et al. 2016) suggest feen
should track the relative abundance of low-opacity escape channels
which can facilitate prolific LyC fesc. Note that the denominator
in Eq. 2 ensures that if only a small amount of flux is escaping at
line centre, the feen (and the implied fosc) is meagre. For instance,
if central emission occurs on top of a double-peak profile, their
relative weights are accounted for (contrast the ~ 3x higher feen of
the Sunburst Arc with that of Ion3 in Figure 1). An advantage of feen
is that one does not need to identify the exact locations of red or blue
peaks, which can be ambiguous for multi-peaked profiles or when
the fainter (typically blue) peak is below the detection threshold.
We caution that the specific choice of +100km s~! is empirical
and will be resolution dependent. However, the spectral resolution
for the XLS-z2 observations and the sources used to calibrate the
criteria are all very similar. We also caution that for low EW sources
continuum subtraction errors can render feen uncertain, so this cri-
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Figure 2. Discriminating between leakers and non-leakers using Ly a profiles. Top Left: LyC fusc as a function of Ly @ peak separation (vsep) for the z ~ 0.3
Izotov et al. (2021a) Green Pea compilation and all the z ~ 2 — 4 leakers with high-resolution Ly & spectra. The fit from Izotov et al. (2018b) is shown with a
dashed line. While successful at predicting LyC fesc for the Green Peas, the Ly @ vgep fails to identify all the z ~ 2 — 4 sources as having fese> 20% because
the systemic Ly @ emission in these sources is not captured by vsep (Figure 1 bottom). Top Right: To complement vgep we introduce the Ly a central escape
fraction (feen) that measures the fraction of the total Ly & flux emitted at +/—100 km s~ around the systemic redshift (§3.1). feen selects almost all the z ~ 2 -4
sources missed by vsep as having fose > 20%. Combined, the fose and vsep selection of fese > 20% sources (orange) is ~ 90% complete and ~ 80% pure,
whereas the fesc < 5% selection (purple) is 80% complete and 100% pure. Bottom: Distributions of vsep and feen for the XLS-z2 sample, with selection
criteria for the High Escape (purple) and Low Escape (orange) stacks informed by literature sources in the top row.

terion in specifically applicable to LAEs (Lya EW> 25A). In the 3.2 Designing and validating fcen & vsep selection criteria
following section we provide an empirical verification of the utility
of our definition of feep. Here we use known LyC leakers from the literature to design our

joint fecen & vsep selection criteria in order to identify High Escape
(fese> 20%) and Low Escape (fesc< 5%) galaxies. We obtained
the Lya spectra for these sources from the Lya Spectral Database
(LASD, Runnholm et al. 2021) or via private communication. A

MNRAS 000, 1-25 (2021)
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Figure 3. Sources from the XL.S-z2 Low Escape (top) and High Escape (bottom) subsets. The LyC f . of these sources is inferred purely based on their Ly @
profiles (vsep and feen). Low Escape sources are characterized by widely separated peaks, broad lines, and little flux emitted around line centre. High Escape
sources on the other hand have large fen and narrow lines. XLS-26 (bottom-centre) is a known LyC leaker (GS-30668) and acts as a useful cross-check on our
selection. Notably, sources like XLS-26/GS-30668 would have been erroneously classed as non-leakers based on vgep, but highly precise systemic redshifts

reveal they have systemic Ly @ emission and thus high feen.

selection criterion of feen > 10% reliably identifies the bulk (7 out
of 9) of literature sources with fesc > 20%. This adopted feen cut
not only selects sources with obvious Lya at line centre like the
Sunburst Arc, but also picks up sources with narrow lines and/or
tight peak separations (e.g., J1154+2443, Figure 1).

When complemented with a vgep < 250 km s~! criterion,
corresponding to fesc > 20% (Eqn.1, top-left, Figure 2), Ion2 is
the only source missed (i.e., the only “false negative"). As for false
positives, three Green Peas with marginally lower than expected
LyC fesc = 10 — 15% are picked up — one of these, J1011+1947,
has a Ly« fosc < 20% and so is readily identified as a contaminant.
To summarize, the following empirically motivated criterion:

High Escape (fesc > 20%) : (foen > 10%) or (vsep < 250 km s7h
3

when applied to literature LyC leakers produces a sample of fosc>
20% sources that is * 90% complete and ~ 80% pure.

For selecting galaxies with fesc< 5%, from the top row of
Figure 2 we observe that once the high f.e, sources are set aside,
an entirely pure and ~ 80% complete sample can be selected as
follows:

Low Escape (fese < 5%) : (feen < 10%) and (vsep > 375 km s7h.

MNRAS 000, 1-25 (2021)

“

It is remarkable that these simple empirical selections based
purely on Lya work so effectively given the intricate, multi-phase
physics that drives fesc (e.g., Paardekooper et al. 2015; Ma et al.
2016; Rosdahl et al. 2018). For instance, at first glance, vsep and feen
appear sensitive only to HI, and not to dust attenuation, which is the
other key inhibitor of LyC fesc (e.g., Chisholm etal. 2018). However,
in §5 we argue that low column densities, and low attenuation are
likely causally interlinked, and thus vgep and feen implicitly select for
low dust. In §5 we present several such independent spectroscopic
points of evidence that inspire confidence in the robustness of the
High and Low f. selections.

3.3 Applying fcen and vgep selections to XLS-z2

We have listed fcen and vgep measurements for our XLS-z2 sample in
Table 1 along with Ly escape fractions measured from the Lya/Ha
ratio that is dust-corrected via Balmer decrements. Importantly for
Jeen, systemic redshifts precise to < 10 km s~ ! are measured thanks
to the strong [OIII] doublet and its known intrinsic line ratio (see
Matthee et al. 2021 for details). Ha, HB, and in some cases nebular
UV lines such as Henr are further used as a cross-check on the
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systemic redshift. The peak separation is measured by searching for
maxima on either side of the systemic redshift. Faint blue peaks
(and hence vsep) are unreliable or undetected for a few high fcen
sources. This is not cause for concern — in §3.2 we showed all but
one of the literature leakers with tight vsep were picked up by the
fcen selection.

Applying Eqns. 3 & 4 we construct a sample of 13 High Escape
(fesc > 20%) and 9 Low Escape (fesc < 5%) sources. 4 sources
have intermediate fosc and are not the subject of this analysis as
their stacked spectrum has low SNR due to the small number of
stacked sources. All sources in the parent sample are placed in one
of these three bins. In Figure 3 we show a selection of sources
from the Low Escape and High Escape samples. The Low Escape
galaxies show little to no flux around line centre and broad, widely
separated peaks. In the High Escape sample, XLS-20 is an even
more extreme version of the Sunburst Arc, with ~ 50% of its Ly«
emitted at line centre, while XL.S-17 resembles the Green Peas with
tight peak separation.

The four sources classified as High Escape based on vgep also
have high fecen > 10%. However, five fcen-selected sources appear
to have relatively wide vgep of ~ 400 km s~1 (Table 1). XLS-26 (Fig-
ure 3) is the archetype of such sources. We emphasize again that
the systemic redshifts for all our feen selected sources are highly
secure — e.g., for XL.S-26 the zgys is confirmed with several lincoas
across multiple X-SHOOTER arms (Ha, HB, [O111]14960, S008A,
Heu 11640, OmjA1666A). In these five cases we may be witness-
ing significant direct Lya escape, so vgep is under-estimating the
LyC fesc (see §3.2). Higher resolution spectra might reveal a clear
central peak superimposed on blue and red peaks in these sources.
Supporting this interpretation, we note that XL.S-26 was identi-
fied as a likely LyC leaker with fee = 60*43% (“GS-30668" in
Naidu et al. 2017) with direct LyC imaging from the Hubble Deep
UV Survey (Oesch et al. 2018, which also incorporates earlier UV
imaging from Rafelski et al. 2015). Since its fesc Was based on
a probabilistic method (similar to the search that yielded Ion2,
Vanzella et al. 2015), GS-30668 was presented as a likely can-
didate pending spectroscopic follow-up. Since then, MUSE-HUDF
(Bacon et al. 2017; Nanayakkara et al. 2019) and X-SHOOTER
follow-up (this work) have validated its highly ionizing nature — it
is a Hen, Cui], and Civ emitter with [O1r]/[O1]> 10 and extreme
rest-frame EW([OII1]+Hp)~ 3400 A.

Our selection criteria imply 50 + 10% (binomial error based on
sample size) of the L > 0.2L* Ly« emitters at z ~ 2 are LyC leakers
with fesc > 20% (Table 1). As discussed in §2, the XLS-z2 sample
is representative of L > 0.2L* LAEs. In the following section we
contrast the average properties of fesc> 20% and fesc < 5% sources
using their stacked rest-frame UV to optical spectra. It is important
to note that we are contrasting High Escape LAEs and Low Escape
LAEs — the differences between High Escape LAEs and non-LAEs
(i.e., Lya EWs< 25 A) are likely even more pronounced than what
we describe here.

4 SPECTRAL STACKS

To bring out faint spectral features we construct median-stacked X-
SHOOTER spectra of the High and Low Escape subsamples over
the Arest = 1000 — 8000 A range. The stacking methodology fol-
lows Matthee et al. (2021) whose approach we summarise here.
Individual 2D spectra are shifted to the rest-frame and centered on
the spatial peak of the Ly« line and the flux densities are converted
to luminosity densities before the spectra are continuum normal-

ized and median-combined.* An error spectrum is obtained using
bootstrap-resampling. The 1D spectrum is then optimally-extracted
assuming a gaussian profile. The full width half maximum (FWHM)
of the gaussian profile is wavelength-dependent as determined by
fits to the spatial extent of the UV continuum and rest-frame optical
nebular lines. Key spectral windows of the resulting stacked spectra
are presented side by side in Figure 4 with each row highlighting
specific features.

An array of quantities measured from the stacks are summa-
rized in Table 2. The emission-line luminosities, EWs, and line-
ratios are derived following Matthee et al. (2021). Due to the com-
plex shape of the Ly line, its line-luminosity is measured by simply
integrating the flux within +1000 km s~! from the systemic velocity,
while the continuum level is estimated over the 1270-1300 A interval
in order to avoid interstellar absorption features. The luminosities
of other faint UV lines (1 < 3000 A) are measured by fitting single
gaussian profiles where the FWHM can vary within 50-250 km s~
and the continuum level is estimated using a rolling-median of the
flux around the specific emission-line. For doublets, the widths and
centroids are fixed to each other. For the rest-frame optical lines
where the signal to noise is typically significantly higher, we notice
that some lines show complex kinematics, such as a broad compo-
nent (see Matthee et al. 2021 for examples in individual sources).
Therefore we measure their line-luminosities non-parametrically
using a curve-of-growth approach by integrating the flux in increas-
ing windows with width £60 to 400 km s~! (or until convergence
within the uncertainties). Uncertainties on line-luminosities, EWs
and luminosity-ratios are obtained by redoing the measurements on
data that is perturbed with the propagated noise level 1000 times.
For non-detections of UV lines in the Low Escape stack upper limits
were estimated by assuming the FWHM of the [Olll]sqpg line of
150 km s~!. These widths are validated in the UV lines that are
detected. Due to their low detection S/N, absorption line EWs are
measured non-parametrically by integrating the flux in a window
between —500 < Av < +100 km s~! from the systemic redshift.
This window is determined based on the typical velocity profile of
absorption lines in deeper stacks of LAEs at z = 2 (Trainor et al.
2015; Matthee et al. 2021).

Stellar masses and rest-frame UV luminosities are obtained
from spectral energy distribution (SED) fitting using the MAGPHYS
code (da Cunha et al. 2008) applied to aperture-corrected photom-
etry from Santos et al. (2020) spanning ~ 0.3 — 5 um in the well-
studied COSMOS field. Nebular attenuation, E (B—V), is estimated
from the Balmer decrement based on Ha/Hg following Reddy et al.
(2020). For further details we refer readers to Matthee et al. (2021).

5 RESULTS: THE CONDITIONS FOR LYMAN
CONTINUUM ESCAPE

In this section we explore the physical differences between the High
Escape and Low Escape stacks. First, we point out similarities:
within errors, the stellar mass (My), UV luminosity (M|5qg), and
UV slope (Byv) show no significant difference (Table 2). This im-
plies that for LAEs the Ly« line-profile and the inferred fogc do not
strongly depend on these properties. Now, based on the differences

4 We have also created stacked spectra centred on the UV continuum emis-
sion but find only small changes within the uncertainties of the measurements
listed in Table 2. This is because typical spatial offsets between Ly @ and the
UV continuum are small and our spectral extraction window accounts for
variations in the shape of the (stacked) UV continuum light distribution.
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Figure 4. Median-stacked X-SHOOTER spectra for the High Escape (left) and Low Escape (right) subsets that are selected purely on Ly« line profiles (top
row). Each panel is centred on a spectral feature labeled in the top-left corner. Panels are arranged in order of increasing wavelength (top to bottom). All features
are nebular emission, except for Cir in the second row, which is an interstellar absorption line. Gray shaded regions mark the 10 noise level. The locations of
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level for the second to fourth row. For the fifth (bottom) row, the flux levels are normalised to the [OIII] (left) and HB (right) flux, respectively.
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Table 2. Summary of measured properties for the High Escape and Low
Escape stacks. We report medians and bootstrapped errors on medians (16™
and 84 percentile). Upper limits are 99 percentile values from bootstrap-
ping. EWs are in the rest-frame. All emission-line ratios are dust-corrected.

Basic Properties High Escape Low Escape
(fese > 20%) (fese < 5%)
log1o(Mx/Mo) 9.2+0.2 9.4+0.2
Mis00 -19.7+0.3 -20.2+0.3
B -2.10+0.21 —-1.95+0.16
Production
EWierri640/A 1.9f§:§ <0.9
EW0111]1661+1666//§ Z.Zf%):z 1.6+0.5
EWerj1907+1909/A 6.8731 6.471%
EW/om)4960+5008/A 820 + 260 670 + 160
EWho/A 720 = 200 430 =110
log o ( &on/Hz erg™") 25‘572:(%:()3 (ose=0.0)  25.55700°
258720103 (fese=0.5)
Escape
_ _Lye +3 +2

JeseLya = S0t 4775 % 975 %o

_ Mgllyg 0.4
Rutgrt = Mgll;;;; ) 0.9%473
Viya,red/km s~ +106 + 3 +254 + 4
verv/km s! +60 + 20 -
VMgr/km 57! +30+ 10 +130 + 10
Production & Escape
EWpyo/A 111+6 613
EWryisag+1550/A 2.0+0.4 <14
EWpgi2796/A 6.773% 57+1.8
EWMgHgg():;/A <34 6.lt11"5
ISM conditions
E(B — V) Oloot().(ﬂ 0.34t()A10
032 = 195008 8 45)_.;)0 5 7+(()).l(t)9

[O11]3727,3729 16 103
O3Hb = (Olplsuos 4.3%08 6.0%93
Ne302 = Nellllagro 0.7+03 0.3+0:1

[O1]3727,3729 -0.2 201

R23 = [0 ]4960,5008 +[O11]3727,3729 63%’2 10.34:11_%
N2Ha = Nlosss <0.08 <0.03
12+log(O/H) 8.2+0.3 8.1+0.1

between the stacks we aim to understand the differing physical con-
ditions between leakers and non-leakers. In what follows we split
the results in groups of features pertaining to the production of ion-
izing photons, the ISM they are radiated into, and finally the ease
with which they are able to escape their parent galaxy.

5.1 Production: High Escape accompanies extreme &;,, and
hard ionizing spectra revealed by Heir and C1v emission

Here we focus on the ionizing photons produced by the stellar
populations powering our stacks before they make it into the ISM.
Based on rest-frame optical and UV line ratios (e.g., [O11]/HB,
Criv/C], Civ/He1111640), we find that both stacks have emission-
lines that are photoionised by young stars and not by AGN activity
(e.g., Kauffmann et al. 2003; Juneau et al. 2014; Feltre et al. 2016).

For stellar populations, a canonical quantity in the context of
ionizing photon production is &j,, the Hydrogen ionizing photon
production efficiency, which is cast in terms of the rate of Hy-

drogen ionizing photons (N(H®)) produced per unit (intrinsic) UV
luminosity (L1500). We derive this quantity in terms of the dust-
corrected Ha and UV luminosities using the Balmer decrement
(e.g., Bouwens et al. 2016; Matthee et al. 2017; Shivaei et al. 2018):

N(H® L(H 1
(H) = (He) [7.4 x lolls_l/erg s_le_l].
Lisoo (1 = fesc) L1500

&)

We measure a log(&iq,/Hz erg™!) = 25.55f%%2 in the low

fosc stack (assuming LyC fese= 0%), and log(&ipn/Hz erg™!) =

25.877003 in the high fesc stack (assuming LyC fese= 50%, see

§6; for fese= 0% we find 25.57*_'%%%). For the low escape stack
(E(B - V) =~ 0.3) we caution the dust correction is uncertain on a
0.3 dex level due to the unknown stellar-to-nebular attenuation and
differences across dust curves (e.g., Shivaei et al. 2018), while this
is not a concern for the leakers which have E(B — V) =~ 0.

The High Escape stack also appears to have a harder ioniz-
ing spectrum. Prominent narrow Civ 11548, 11550 and He11211640
emission is detected at SNR of 4.7 and 3.5, respectively, while there
is no sign of these lines among the non-leakers (third row, Figure
4; Figure 5). The Hell EW is at least a factor 2x higher among the
leakers. Strong Hen emission is clear evidence for the production
of photons with > 54.4 eV (e.g., Shirazi & Brinchmann 2012; Berg
et al. 2018; Nanayakkara et al. 2019; Saxena et al. 2020). That these
features are seen in the median stack implies such hard ionizing
photons occur routinely among LyC leakers. To put the shape of the
SED in perspective, the effective ionizing spectral slope, @, of the
BPASS burst SEDs that produce the observed Hoe EWs accounting
for an fese® 50% (e.g., Stanway et al. 2020) is shallower than the
slopes typically adopted for AGN (@ ~ -1.3 vs. @ = —-1.7, e.g.,
Becker & Bolton 2013). However, note that « only effectively cap-
tures the total number of Hydrogen ionizing photons, and typical
quasar SEDs (e.g., Lusso et al. 2015) still produce a higher number
of Helium ionizing photons at fixed Myy.

&ion =

5.2 Production & Escape: hints from C1v

The simultaneous detection of nebular C1v emission alongside Henr
(§5.1) in leakers is evidence that < 260A photons are not only being
produced but might also be escaping the ISM (Berg et al. 2019).
The resonant C1v line, analogous to Ly, is sensitive to the column
density of high-ionization gas. This imprint of the column density
on C1v may be seen among the MUSE He 1 emitters (Nanayakkara
et al. 2019), only a small fraction of which show C1v in emission
while the majority show interstellar absorption and/or stellar wind
features (e.g. Plat et al. 2019). This is despite C1v requiring a
lower ionization energy than He (47.9 eV versus 54.4 eV, Draine
2011), and despite the presence of sufficient Carbon in the ISM
(Cm] is detected). In these sources C1v may be suffering significant
absorption and scattering — < 260A photons are being produced
but likely fail to escape the ISM. However, tellingly, one of the
highest EW Civ emitters in the MUSE Hen emitter sample is
the z = 2.2 LyC leaker XLS-26/GS-30668/MUSE-1273 that we
discussed earlier in the context of central Ly« escape in §3 (Figure
3). A similar scenario as in XLS-26 occurs in the High Escape

5 @ is defined such that integrating f, o v® for < 912A matches the total

number of < 912A ionizing photons computed by integrating the model
SED (e.g., Becker & Bolton 2013).
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stack, where nebular C1v emission appears alongside Hem. The
C1v doublet ratio indicates some absorption in the ISM — the blue
line is weaker than the expectation for pure emission based on the
relative oscillator strengths. The line is observed relatively close to
the systemic velocity (+60 + 20 km s~!) implying little scattering.

5.3 ISM: large differences in attenuation at comparable
metallicity

Once the ionizing photons leave their sites of production their fate is
decided by the contents, density, and geometry of the ISM they en-
counter. The gas-phase metallicities of our stacks are similar within
errors : 12 + logO/H of 8.2 + 0.3 versus 8.1 + 0.1. We measure
this with a composite of strong-line indicators — Rp3, [O11]/[O11],
[Om]/HB, [Nem]/[O1] — calibrated on high-redshift analogues in
the local Universe (Bian et al. 2018). We caution that for the High
Escape group, Ry3 and [Om1]/Hp yield much (0.5 dex) higher metal-
licity (12 +1og O/H = 8.4) compared to the the other two indicators.
This is potentially because these two indicators are bi-valued and
lose sensitivity around sub-solar (< 20%) metallicity ranges (e.g.,
Pérez-Montero et al. 2021). For the Low Escape group the indicators
are in better agreement.

Dust is expected to be a key inhibitor of LyC fus (e.g., Inoue
et al. 2001; Chisholm et al. 2018). The Low Escape stack has a
Balmer decrement of 4.1 + 0.4 indicating widespread dust attenua-
tion among the non-leakers. On the other hand, in the High Escape
stack the Balmer decrement is indistinguishable from the expected
value for case B recombination (2.8 +(.2) in gas with electron tem-
peratures 10-15 kK indicating essentially dust-free pathways for
LyC escape, at least outside the HII regions in which the ionizing
photons were produced, as the Balmer decrement is insensitive to
the attenuation law at 1 < 912 A (Israel & Kennicutt 1980; Reines
et al. 2008). Understanding the dust law at A < 912 A is important,
now that we know LyC leakers produce copious photons far below
the Lyman edge (see §6.3). We emphasize that there is no explicit
information on the attenuation in our stacking criteria (Lya vsep and
feen)s so the Balmer decrements are a clear, independent validation
that High Escape is associated with low (negligible) attenuation.

5.4 ISM: super star cluster-like extreme ionization state in
leakers revealed by elevated [O1]/[O1]> 8

The ionization parameter (U) — the ratio of the number den-
sity of ionizing photons to the number density of Hydrogen gas
— is typically used to characterize the state of photoionized gas
in galaxies (e.g., Sanders et al. 2015). In our stacks, Ne302
([NellI]3g70/[OII]3727,3729) and [Omm]/[O11] are tracers of the ion-
ization parameter (e.g., Levesque & Richardson 2014; Strom et al.
2017; Maiolino & Mannucci 2019).

One of the most striking differences between the two stacks is
the [Om]/[On] ratio (bottom row, Figure 4; Figure 5) — 8.4t21%
in the High Escape stack versus 2.7‘:%";. This translates to a
logU = —2.3 (-2.6) for the High (Low) Escape stacks adopting
the Strom et al. (2018) calibration appropriate for z ~ 2. Likewise,
the Ne302 ratio also implies logU = -2.3 (-2.5) for the High
(low) Escape subsets. The log U = —2.3 of our High Escape stack
is among the highest observed for a population, close to the theo-
retical/observational threshold in the z ~ 0 Universe (Dopita et al.
2006; Kewley et al. 2019; Pérez-Montero et al. 2021), comparable
to confirmed LyC leakers at z ~ 0.3 (Guseva et al. 2020), and =~ 0.5
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dex higher than continuum-selected samples at z ~ 2—3 (e.g., Strom
et al. 2018; Topping et al. 2020).

As a population, the elevated ionization state of the High Es-
cape stack is comparable to the largest star clusters (Kewley et al.
2019), the so-called “super star clusters", which routinely show
logU =~ -2.3 (e.g., Indebetouw et al. 2009; Leitherer et al. 2018;
Micheva et al. 2019). These compact (order 10 pc), = 10°M, com-
plexes of young (order 10 Myrs), massive stars may be the key sites
for LyC production and escape (e.g., Vanzella et al. 2019, 2021;
Ostlin et al. 2021).

5.5 Escape: Optically thin gas traced by Ly« fesc

The stacked Ly profiles (top panel, Figure 4), by design, show the
expected signatures — the High Escape sources have an feen~ 0.27
and a red-peak that is ~ 100 km s~! from line centre (see Table
2), indicating low column densities, ionized channels, and modest
scattering (§3.1). The Low Escape stack on the other hand has little
flux emitted at line center (fcen 0.03), and its red peak is observed
at ~ 250 km s~! from the systemic velocity, indicating considerably
more scattering than the High Escape stack. The peak separation
(vsep) is not well-defined in either case because the location of the
blue peak is ambiguous.

Now we dwell on other aspects of the Ly« line that did not go
into our selection of the subsets. The Ly fesc, which is computed
by comparing the observed Ly« luminosity with the dust-corrected
Ha luminosity, provides a useful upper bound on the LyC fesc.
This is clear empirically (e.g., Gazagnes et al. 2020; Izotov et al.
2021a), through radiative transfer simulations (e.g., Dijkstra et al.
2016; Kimm et al. 2019), and makes intuitive sense: Lya photons
can scatter and escape through somewhat higher column density
gas, while LyC cannot. The Lya fesc for our High Escape stack is
475} % whereas for the Low Escape stack we find 93% (Table 2).
This is a strong cross-check on the robustness of our stacks — the
Low Escape stack is ruled out from having a LyC fesc> 10% while
the High Escape stack may have an fesc as high as ~ 50%.

We find that the leakers have a Lya EW ~ 2x higher than the
non-leakers. However, note that the 61 +3A EW in the Low Escape
stack is also substantial and demonstrates that Lya EW by itself is
an impure predictor of fesc. This is discussed further in §7.3.

5.6 Escape: Optically thin gas traced by Mgu

The Mgu doublet has a similar ionization potential to that of HO
(15 eV), resonantly scatters like Lya, and will be within the grasp
of JWST at z > 6 when Ly« is damped by the neutral IGM (e.g.,
Henry et al. 2018; Feltre et al. 2018; Chisholm et al. 2020). Our
stacks show that the Mgt doublet can be used as an indirect tracer
of HI column density (fourth row, Figure 4; Figure 5). The Low
Escape stack shows redshifted (+130 + 10 km s7h Mg emission
while in the High Escape stack Mg emission arises much closer
to the line-centre (+30 + 10 km s™1). Further, the line ratio of the
Mg doublet (Ryjg112796/2803) 18 in agreement with recent results
from Chisholm et al. (2020) who argued the column density of
neutral Hydrogen is proportional to Ryg112796/2803 in the optically
thin regime. Indeed, in the Low Escape stack Rye112796/2803 ~ 1
whereas in the High Escape stack the redder line in the doublet is
undetected, implying a higher line ratio.



12 R.P. Naidu & J. Matthee et al.
llllIlllllllllllllllllIllllll
XLS-z2 High Escape (20-50 %)
HH  XLS-22 Low Escape (< 5 %)
Analogues z ~ 0.3

100

80

60

40

Inferred fesc1yc [%]

20

OBy v v o0 o )
0 2 4 6 8 10 12 14

032

100

80

60

40

Inferred fesc 1yc [%]

20

0....|....|....|.T|....

—50 0 50 100 150
AUMgII [km s~ 1]

N
[=3
o

100

80

60

40

CIv

Inferred fesc 1yc [%]

20

Hell CIV

IIIlllﬂlll‘jllIIIZTOIIIIZfSIIII

0.5 1.0 1.5
EW, [A]

P L e e e
ol v b b

[==]

Figure 5. Spectroscopic tracers of LyC f identified in this work that
will be easily accessible with JWST — the [O11]/[O11] ratio (top), the MgII
velocity offset (middle), and the rest-frame EWs of high ionization lines
(Hemn, Crv; bottom). The High Escape stack is represented in shades of
orange, while the Low Escape stack is shown in shades of purple. We depict
the full conservative range (LyC fasc® 20 — 50%) for the High Escape stack
(see Table 3). For comparison, individual [Om1]/[O11] measurements for the
z =~ 0.3 Izotov et al. (2021a) Green Peas are shown in the top panel — note
that most of the GPs were selected for follow-up because they have high
[Om]/[Ou]. Mg offsets and UV emission line EWs are not yet available
for these sources.

5.7 [Escape: Low covering fraction in leakers revealed by CIL
absorption

The covering fraction of neutral gas is a measure of how riddled
with ionized channels (“holes") the ISM is. Covering fractions, as
inferred from ISM absorption lines (both metal lines as well as Hy-
drogen lines), are expected to trace LyC fesc, with a higher covering
fraction corresponding to lower fesc (€.g., Reddy et al. 2016; Gaza-
gnes et al. 2018, 2020; Mauerhofer et al. 2021). Our sensitivity for
detecting HI absorption lines blue-wards of Lya is low. In stacks of
LAEs the strongest low-ionisation interstellar absorption lines are
typically Sill and CII (Trainor et al. 2015). We clearly detect CII
absorption in the Low Escape stack (with an EW= —1.6 + 0.2 A),
and no such absorption feature in the High Escape stack (with a 20
limiting EW > —0.6 A; Figure 4). No significant SiIl absorption
is detected in any of the stacks (20~ limiting EWs > —0.8 A and
> —0.6 A for the High and Low escape stack, respectively). The
difference between Sill and CII is likely of instrumental origin as
our sensitivity is a factor ~ 1.4 better around CII then around Sill.
The differences between the CII absorption strengths in the stacks
is another line of evidence that a porous ISM conducive to high
LyC fesc occurs in the High Escape stack, whereas the Low Escape
sources do not have such pathways.

6 RESULTS: THE ESCAPE FRACTION OF THE HIGH
ESCAPE STACK

The High Escape stack was constructed purely based on Ly profiles
to have LyC fese > 20%, and contains 50 + 10% (binomial error
from sample size) of the sample studied in this work (Table 1).
Through multiple spectroscopic indicators (§5) we have verified
this stack is indeed probing high fesc. We now estimate what the
fesc of this sample is likely to be.

6.1 Constraints from the Ly escape fraction

A strict upper bound on the LyC fesc is due to the Ly fesc =47f§ %o,

the 95" percentile of which is ~ 55%. Both empirical (e.g., Gaza-
gnes et al. 2020; Izotov et al. 2021a) and theoretical (e.g., Dijkstra
et al. 2016; Kimm et al. 2019, 2021) work show that the Ly«
Jfesc=LyC fesc. Lya and LyC likely emanate from the same pro-
duction sites powered by young stars, and the resonant scattering of
Ly gives it an added advantage when it comes to escaping the ISM.
We deem this broad range (20 — 55%) our “conservative" estimate
since it encompasses the entire realm of possibility for our stack.
‘We make a finer estimate of the LyC fesc by observing that in
the Izotov et al. (2021a) Green Pea compilation, the higher the LyC
fesc, the closer it is to the Lya fosc. This trend is supported by the
Kimm et al. (2019) simulations in which turbulent clouds with LyC
Jese> 20% have fese 1yc/ fesc,Lya = 1. Indeed, for the seven Izotov
et al. (2021a) GPs that satisfy our High Escape selection criteria
(Eq. 3) we calculate a bootstrapped ratio of fese Lyc/ fesc,Lya =

0.82*9-18 . This ratio produces an LyC fesc of 38*3% for the High
Escape stack.

The Lya fosc we use for this estimate is calculated via the
same assumptions as the Izotov et al. (2021a) compilation (e.g.,
the intrinsic Lya/Hea ratio is matched). Further, the spatial scale
probed by the HST/COS apertures in the Green Pea studies (=~ 1.3”
radius, 7 — 10 kpc at z ~ 0.3) is comparable to our 17 slits at z ~ 2.
This ensures consistent Lya fesc comparison, given the spatially
extended nature of Lya emission (e.g., Hayes et al. 2013; Wisotzki
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et al. 2016). We also clarify that this argument does not imply that
high Lya fesc selects for high LyC fesc —the point is that at high LyC
Jescs fese,Lyc/ fesc,Lya ~ 1 which is supported by these fesc > 20%
systems being in “density bounded nebulae" that are transparent to
LyC along all lines of sight (e.g., Ramambason et al. 2020), thus
diminishing the resonance advantage of Lya over LyC.

6.2 Constraints from the Lya red peak and HI covering
fraction

The HI covering fraction (f;ov) — the fraction of high column den-
sity (N(HID)> 1016cm_2) channels — has been used as a successful
predictor of the LyC escape fraction (e.g., Reddy et al. 2016, 2021;
Chisholm et al. 2018) as follows:

fuse = (1= fugy) x 1070-4A(=9124) ©)

In our case the attenuation is negligible, so we set
Al = 912/0%) = 0. To estimate f.oy We exploit the 30~ correlation
with the Lya red peak velocity (Vieq — Virougn) reported in Gazagnes
et al. (2020). Note that the red peak velocity is measured with re-
spect to the Lya “trough", i.e., the minima between the red and blue
peak in typical double-peaked profiles. The Gazagnes et al. (2020)
sample, mostly drawn from the Izotov et al. (2021a) compilation,
has very similar Ly« resolution to the sample studied here, so differ-
ential effects are limited. The significant, albeit noisy, relationship
(S. Gazagnes, private comm.) is as follows:

feoy = (0.29 % 0.10) x (vred - Vm)ugh) /(100 km s™!) +0.14 + 0.22.

@)

We cannot apply this metric directly to the stack since there
is no clear trough in the profile — instead, we apply it object by
object to each individual source and compute the median feoy. In
the three cases where there is no trough in the profile we either set
aside the source (XLS-24) or assume Vieq — Virougn = 0 (XLS-20,
XLS-28). The adopted values for all galaxies are shown along with
their profiles in Appendix A. The median Vieq — Virough for our

sample is 147‘:%2 km s~! which translates to 1 — fuoy = 4332%.

We have verified that for the seven GPs that satisfy the High
Escape criteria computing 1— f;ov in this manner results in a number
slightly higher than their mean LyC fegc (48% vs 35%) — this is due
to significant dust attenuation in these sources, i.e., A(1d = 9124) is
not zero. It is important to note that Eqn. 6 assumes an “ionization
bounded nebula" — i.e., the ionization front is surrounded by an
impermeable layer of high column density gas (Ny > 10'8 cm™2)
that is perforated by a smattering of low column density channels
whose proportion is ~ 1 — fcoy. However, as we discuss in the fol-
lowing section, fesc> 20% leakers likely deviate from this physical
picture.

6.3 The difference between Lyman edge fcsc (850-912 A) and
total fug. (0-912 A)

The optical line ratios and covering fractions of prolific LyC leak-
ers (fese> 20%) imply they are best described as “density bounded
nebulae" (Ramambason et al. 2020). That is, the ionization front is
surrounded by low column density gas (1010 - 108 cm~2) punctu-
ated by entirely transparent (< 10'° cm™2) channels (see Fig. 16 of
Gazagnes et al. 2020 for an excellent schematic). Modifying Eqn. 6
for this situation and assuming no dust attenuation we have:
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fesc,LyC = |(1 — feov) X 1|+Ifcov X fcov,escl- (8)

<1016 ¢cm~2 1016-1018 cm2

This equation expresses the view that there is a fraction (1-
Jeov) of entirely transparent channels with fesc 1 yc = 100% through
which the ionizing continuum emerges as is. However, there is
also a fraction of channels (f.ov) that is not entirely transparent
(10'¢ - 10" cm~2) but is permeable to ionizing photons which
have an effective escape fraction of feov,esc. It is in the context of
Jeov,esc that the < 850A photons powering our High Escape stack
become important.

Allthe LyC fesc measurements we have discussed in this paper,
devised our selections around, and used to empirically estimate
the LyC fesc in the previous sections were made at the Lyman
edge (= 850 — 912A). However, photons below the Lyman edge
(< 850A) are produced in copious amounts in the High Escape
sources, as testified by the presence of strong optical line EWs (e.g.,
rest-frame [Olll]4960,5008+HB ~1100 A), as well as Her11640
and C1v 11548, 11550 emission. The < 850A photons have much
lower photoionization cross-sections compared to those at > 850A.
Thus, there may be significant differences between the total escape
fraction measured across the entire ionizing continuum ("total fesc",
0 — 912A) compared to the escape fraction measured only at the
Lyman edge (“edge fesc", 850 — 912A) (e.g., Gnedin et al. 2008;
Inoue 2010; Haardt & Madau 2012; McCandliss & O’Meara 2017;
Kimm et al. 2019; Berg et al. 2019). Since < 850A photons are
an ubiquitous feature of LyC fosc, occurring in our median stack,
literature LyC fogc estimates and the empirical scaling relations
we used in this section may be systematically underestimating the
total LyC fesc. And it is the total fes that ultimately matters for
reionization calculations.

For the High Escape stack, with an feoy & 60% (§6.2), our es-
timates from the previous sections are roughly underestimated by %
10% for covering column densities of N(HI)< 10'8 cm™2 expected
in the density-bound scenario, i.e., a total fescX 50% (Figure B.1).
Independently, the Gnedin et al. (2008) hydrodynamical simula-
tions provide an explicit scaling of fesc(0-9121&) ~ 1.25 fesc (912A),
which also results in an fesc(0—912A) ~ 50% for our stack.

From the arguments in this section it might seem our Low
Escape stack (edge LyC fesc< 5%, Ly fesc< 10%) must also have
a higher total fisc. However, it displays significant CII absorption
implying high column densities (i.e., it is likely ionization bounded
as further suggested by its lower O32 ratio). The difference between
edge and total fesc applies only to the feov X feov,esc term in Eq.
8 when the covering gas is also transparent (1016 — 1018 cm~2),
Further, the Low Escape stack lacks the ionizing sources produc-
ing < 850A photons (e.g., no Herr and C1v emission). Due to the
correlated nature of low column densities, low dust, and ionizing
stellar populations, the difference between edge and total fogc must
be thought of as a “high edge f.sc implies higher total fesc” effect.
We also note that a contribution from free-bound emission of H
which peaks shortward of the LyC limit may mean that reported
edge escape fractions are conversely somewhat overestimated (see
Inoue 2010). Here we only seek to argue that some difference likely
exists between the edge and total fesc, and have provided an approx-
imate estimate — more sophisticated modeling that accounts fore.g.,
realistic ionization and density structure is warranted.
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Table 3. Summary of fis. constraints for the High Escape stack from a variety
of arguments. Assuming our sample is representative, half the > 0.2L*
LAEs at z = 2 have this median figc.

Conservative range by selection and fesc,Lyc < fese,.Lya (§6.1) 20 —55%
Empirical fsc,Lyc/ fese,Lya Tatio for fese,Lyc > 20% (§6.1) 38 + 9%
Ly« red peak and covering fraction correlation (§6.2) 43 +26%
Accounting for difference between edge and total fosc (§6.3) ~ 50%

6.4 Consistency with existing LBG and LAE escape fraction
constraints

A back-of-the-envelope consistency check for our estimated LyC
fesc comes from recent stacked fesc measurements of Myy < —19
LBGs at z = 2.5 — 4 that all find an average fosc~ 5 — 10% (Marchi
et al. 2017; Steidel et al. 2018; Pahl et al. 2021). At these redshifts
and for comparable Myy the fraction of L > 0.2L* LAEs (i.e.,
our survey faint limit) in LBG samples is = 30% (e.g., Santos
et al. 2021). Importantly, the entire p(Myy|LLy) distribution for
L > 0.2L* LAEs is contained at Myy < —19 as seen via the XLS-
z2 sample (Matthee et al. 2021). If half of these LAEs (i.e., 15% of
LBGs) have an average fesc~ 40% at the Lyman edge, and all other
galaxies have fesc~ 0% then the stacked fesc for an Myy < —19
LBG sample should be ~ 5 — 10%, in excellent agreement with
literature estimates. Another cross check comes from the fraction
of individually detected leakers in the LBG samples — for the Keck
Lyman Continuum Survey (KLCS) this fraction is = 10% (Pahl
et al. 2021), which is consistent with the ~ 15% (< 15% with
IGM damping) implied by our results. For a more sophisticated
exploration of how our LAE constraints translate to the overall
LBG population, we refer readers to §5 of our companion paper
(Matthee & Naidu et al. 2021).

As for LyC studies of LAEs, Oesch et al. (2021) and Bian &
Fan (2020) stacked direct LyC imaging at z ~ 3 from the Hubble
Deep UV Survey (HDUYV, Oesch et al. 2018) with samples domi-
nated by Myy < —18 LAEs from the MUSE-Wide (Urrutia et al.
2019) and MUSE-HUDF (Bacon et al. 2017) surveys. These authors
report 20~ upper limits of < 20% on the = 900A fusc (see also Japelj
etal. 2017 who report consistent estimates using a smaller sample of
MUSE LAEs with shallower imaging). On the other hand, the LAE
subsample of KLCS (Myy < —19) has reported fesc~ 20%, albeit
with considerable IGM transmission uncertainties due to their sam-
ple size of 26 (Pahl et al. 2021). As we argue that only half the LAEs
are in the leaking-phase, the imaging constraints are marginally in-
consistent and the spectroscopic constraints in excellent agreement
with our results that expect these studies to find fesc = 20% (half
the LAEs have edge fesc of = 40%).

7 DISCUSSION

7.1 Implications for constraining LyC fesc with JWST: can
strong lines do it all?

A prime directive of LyC studies at z < 4 is to identify indirect
estimators of LyC that are easily accessible during the EoR. The
pressing question is, which spectroscopic features must be targeted
in future observations at the highest redshifts? Our High and Low
Escape stacks show promising and significant median differences
in lines like MglI and CII expected to be tightly linked to the HI
column density (e.g., Gazagnes et al. 2018, 2020; Mauerhofer et al.
2021; Henry et al. 2018; Chisholm et al. 2020). This bodes well for
programs pursuing these faint features with JWST.

Furthermore, highly ionizing stellar populations (seen via He1r,
C1v and extreme optical line EWs), a dust-free, high-ionization state
ISM (seen via Ha/HB, [Om1)/[O11]) occur, on average, simultane-
ously in the High Escape stack. The LAEs with a low inferred fesc
on the other hand are on average dusty, have a less ionised ISM
and weaker ionizing populations. Therefore, the correlated nature
of these conditions may mean that selecting for any one (or any com-
bination) of these properties dramatically increases the chances of
selecting for a low HI column density as well. The possible underly-
ing physics driving the correlated conditions is that highly ionizing
stellar populations in super star clusters may be carving porous
channels in the HI as well as destroying dust while producing a high
ionization state ISM.

At first glance, this may imply that a handful of relatively easily
observed strong emission lines may be used to implicitly chart fesc
without the need for detecting faint, explicitly Hl-linked features
such as MglI or [SII] which will likely be measured only for a small
fraction of galaxies at z > 6. However, there are two important
subtleties to this picture.

The first subtlety is that our stacking analysis gives us the av-
erage picture of leakers and non-leakers. Across individual galaxies
there is substantial scatter in any given property among our iden-
tified correlated conditions (e.g., high ionization state ISM). For
example, the top panel in Fig. 5 suggests substantial scatter between
fesc and [Ou1]/[O11] in low-redshift analogues (discussed further in
§7.2). Some individual LAEs that are part of the Low Escape stack
are known to show nebular Hell and CIV emission (e.g. XLS-22;
see Amorin et al. 2017). Therefore, our stacks should ideally be
compared not to any individual galaxies, but to well-defined stacks
of galaxies to constrain the average fesc, Which is ultimately the key
quantity relevant to reionization.

The second subtlety is that our parent sample consists of LAEs
with strong Lya emission. The escape of Lya emission is likely
dependent on the viewing direction (e.g. Behrens et al. 2019; Smith
et al. 2019, 2021). It is plausible that a Lya-selected sample picks
out only galaxies viewed at favorable angles, which might minimize
the scatter between fesc and galaxy properties reported in previous
studies (e.g., Fletcher et al. 2019; Nakajima et al. 2020; Tang et al.
2021). Alternatively, it is possible that the Lya pre-selection selects
for “hidden” parameters that otherwise add scatter to such corre-
lations as well, e.g., the presence of outflows or the relatively low
mass of LAEs (e.g. Matthee et al. 2021). Thus, the findings of this
work apply only to LAEs, and not to the overall galaxy population.

However, the fraction of UV-selected galaxies that are LAEs
increases strongly with redshift (e.g. Stark et al. 2010; Kusakabe
et al. 2020). At redshifts z ~ 6, the LAE fraction of bright Myy 2
—19 galaxies is about 40%, while it is about 10% at z =~ 3 (see
Ouchi et al. 2020 for a review). Thus, our findings about LAEs at
z ~ 2 might apply to a significant fraction of the galaxy population
at higher redshifts. Naively extrapolating our results, at z ~ 8 when
the LAE fraction among Myy < —18 galaxies may approach =
100%, we would expect half the galaxies to be dust-free leakers
with average LyC fese® 50% and [Om1]/[O11]~ 8.5, while the other
half would have fesc< 5%, [Om]/[O1u]~ 3 as well as high E(B —
V) evident from Balmer lines. We refer to our companion paper
(Matthee & Naidu et al. 2021) for an analysis how the population
averaged fesc of UV-selected galaxies may evolve with redshift
based on what we know about the evolution of Lya emission from
galaxies over z = 2 — 6.
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7.2 A case for optimism about [O1m)/[Ou] as a LyC fosc
predictor at high-redshift

The [O11]/[O11] line-ratio has been considered a promising indica-
tor of LyC leakage as it might trace density-bounded nebulae (e.g.,
Jaskot & Oey 2013; Nakajima & Ouchi 2014) and has been exten-
sively studied due to the relative brightness of both emission-lines.
However, tests of this indicator have produced mixed results (e.g.,
Naidu et al. 2018; Chisholm et al. 2018; Jaskot et al. 2019; Bassett
et al. 2019; Nakajima et al. 2020). On the other hand, we identify a
stark contrast in [Om1]/[O11] across our stacks of LAEs (§5).

We consider three effects that may explain the difference be-
tween our results and previous work. First, the LAE selection may
help reduce the scatter arising from viewing angle effects (e.g. akin
to those expected for LyC escape, Gnedin et al. 2008; Paardekooper
et al. 2015; Cen & Kimm 2015) by honing in on galaxies at sim-
ilar, favorable viewing angles to begin with. The LAE selection
also selects galaxies with relatively low masses, compact sizes,
high specific star formation rate, and elevated star-formation sur-
face density - conditions that may correlate with fesc, and thereby
further reduce scatter (e.g. Heckman et al. 2011; Marchi et al. 2018;
Cen 2020; Naidu et al. 2020; Matthee et al. 2021). Second, the
absence of a strong correlation between fesc and [Omi]/[O1] in
high-redshift analogues at z ~ 0.3 that are all LAEs (e.g., [zotov
et al. 2021a) may be due to physical sources of scatter that are
absent at higher-redshift. These could, for example, be diverse star
formation histories on longer timescales that drive differences in
chemical abundances in the ionising stellar populations. Third, the
absence of strong differences in [O11)/[O11] between LAEs classed
as LyC leakers or non-leakers using direct imaging experiments
(e.g., Fletcher et al. 2019) may be explained by stochasticity in the
IGM transmission (e.g. Steidel et al. 2018). Differences in proper-
ties such as [Om]/[O1] are obscured if average IGM transmission
values are applied to compute fese for individual sources — such
samples are then effectively split by IGM transmission and not by
whether sources are genuine leakers or non-leakers (e.g., Bassett
etal. 2021).

Our Lya line-profile based strategy likely minimizes viewing
angle effects, bypasses IGM transmission stochasticity, and thus
helps clearly identify the physical conditions in galaxies associated
with LyC escape at high-redshift. The increased prevalence of LAEs
with increasing redshift, and the clear variations in [O1]/[O1]
among LAEs with high and low fesc are likely cause for optimism
for [Om)/[O1] as a stand-alone indicator of the average LyC fosc
for galaxies at the highest redshifts.

7.3 The interplay between Ly EW and LyC feqc: high fesc
does not imply low EWs

It may seem intuitive that high LyC fesc sources must have weak
emission lines since large fractions of ionizing photons are lost to
the IGM without exciting emission in the ISM. Thus, a potential
concern underlying this work is that the Ly line luminosity may
decrease with increasing fesc, and the most prolific LyC leakers
are missed in our Lya-selected sample. On the other hand, it is
expected (e.g., Dijkstra et al. 2016) as well as observed (e.g., [zotov
et al. 2020) that the Ly« escape fraction (and thus the emerging Ly«
luminosity) is correlated with the LyC escape fraction as both are
sensitive to the HI column density.

The Lya EW that emerges from a galaxy is plausibly propor-
tional to the intrinsic Lye EW associated with a stellar population
and the Lya escape fraction. As the Lya and LyC escape fractions
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Figure 6. Compilation of observed LyC fiscand observed rest-frame Ly
EWs from stacks of Lyman-break galaxies at z ~ 3 (Steidel et al. 2018;
Pahl et al. 2021), low-redshift Green Pea galaxies that are analogues to high-
redshift galaxies (Izotov et al. 2016b,a, 2018a,b) and a handful of individual
high-redshift leakers (GS30668, Ion2, Sunburst Arc, see §3). The fosc values
in high-redshift sources are displayed as lower limits due to their uncertain
IGM correction. The orange and purple shaded regions show the Lya EWs
and full conservative range of the estimated escape fractions of the High
(20 — 50%) and Low Escape (< 5%) XLS-z2 stacks.

are correlated (e.g. Izotov et al. 2021a; Kimm et al. 2021), there is
aregime of small LyC fesc where variations in Lya EWs correlate
with fesc 1yc producing a linear relation (e.g. Steidel et al. 2018).
It is expected that the correlation between Lya EW and fec,Lyc
breaks or flattens eventually (e.g. Nakajima & Ouchi 2014), as very
high escape fractions impact the Lya source term too much. The
question is where this break happens, which is complicated as galax-
ies show varying intrinsic Lye EWs (i.e. due to differences in stellar
ages and metallicities).

We investigate these effects in Fig. 6, where we compiled mea-
sured Ly EWs and LyC fesc, and also illustrate the conservative
range of fesc (Table 3) for the High and Low Escape LAEs. The
LyC leaker GPs at z = 0.3 are all accompanied by high observed
Lya EWs > 70 A (e.g. Izotov et al. 2016b,a, 2018a,b), without the
Ly EW being a criterion in their sample selection. For the leaking
GPs, the average LyC fesc is = 20 % and the average Lya EW
~ 130 A. This suggests that these GPs are experiencing particularly
young bursts (Chisholm et al. 2019) leading to high intrinsic EWs.
None of the confirmed leakers with fosc > 10 % have a Ly EW
that is below 20-25 A (i.e. the typical selection thresholds for LAE
surveys). On the other hand, there are several galaxies with a Lya
EW > 100 A, but a moderate < 10% escape fraction.

There are two key takeaways from this compilation. The first
is that the conditions that produce high fesc (e.g., the presence of
young, extremely ionizing stellar populations) often also produce
very high intrinsic EWs such that even the weakened EWs due to
the (1-fesc) in the source term are high (e.g., = 110A for Lya in
our High Escape stack compared to ~ 60A for the Low Escape
stack). The second takeaway is that there is considerable scatter in
the relation between Lye EW and fusc, both in individual sources
and in our two High and Low Escape stacks, which both show
relatively high Ly EW. High LyC leakage is found in galaxies with
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Figure 7. Comparison of observed Ha EWs with predictions from BPASS
burst SEDs as a function of age and metallicity. The EW from the burst SEDs
are adjusted for an fisc~ 50% that we estimated for the High Escape stack
(§6). We see that for stellar metallicities consistent with the High Escape
stack (= 5%Zg) only = 2 — 10 Myr bursts match the observed Ha EW.

high emerging Lya EWs, suggesting that Lya EW may serve as a
complete pre-selector of LyC leaking galaxies. However, Lya EW
alone will also select a high number of false-positives.

7.4 The coincidence of high f.sc with high &, and timing the
LyC escape phase to ~ 2 — 10 Myrs

A main concern of fsc simulations (e.g., Ma et al. 2015) is that
short-lived massive stars with highly ionizing spectra are also the
stars that need to explode and clear the ISM. The paucity of these
massive stars once the ISM is cleared may lead to poor ionizing
output. That is, high fesc periods and high &, periods may be out
of phase. Our results show that galaxies with high LyC fu are also
the ones with hard ionizing spectra and elevated &y,

What could cause this? Hydrodynamical simulations have em-
phasized the importance of bursty feedback from young, massive
stars in driving LyC fesc (e.g., Rosdahl et al. 2018; Kimm et al.
2019; Ma et al. 2020) where the LyC fesc is expected to be highly
stochastic, varying rapidly on ~ 10 Myr timescales (e.g., Trebitsch
et al. 2017; Barrow et al. 2020). We can test this by estimating the
burstiness of the recent star formation history in the stacks using
EWs of recombination lines like He that are, to first order, sensitive
to the relative number of very hot stars and therefore to the age of
stellar populations. These EWs have the added advantage of only
mild dependencies on the initial mass function, metallicity and fine-
grained properties like binarity and rotation velocity (e.g. Leitherer
et al. 1999; Grifener & Vink 2015).

Following Jaskot & Oey (2013), we estimate the age of the
star-bursts in the High and Low Escape stacks based on Ho EWs
from BPASS (Stanway & Eldridge 2018) and Starburst99 models
(Leitherer et al. 1999). We assume a stellar metallicity Z = 5%Z
motivated by the inferred gas-phase metallicity (see also Matthee
et al. 2021). The High Escape stack has an Ho EW of ~ 1400 A

(corrected for 1/(1- fesc))f’, which requires a very young age of 2—10
Myr for a single burst and < 10 Myr for continuous star formation
(see top panel of Figure 7). The Ho EW of the Low Escape stack
is compatible with a much larger age spread: ~ 10 Myr for a single
burst, but < 200 Myr for continuous star formation. Confirming
the emerging picture from simulations, a key distinguishing feature
of High Escape galaxies is that they have undergone a very recent
(< 10 Myr) burst.

A bursty SFH does not necessarily yield coherence in the
phases of high ionising photon production and escape. Feedback
first needs to clear the birth clouds before LyC fesc can occur. The
effects of binary star evolution have been proposed as a remedy to
this issue, since they yield significant LyC production even after
the most massive stars have exploded (e.g., Ma et al. 2016; Rosdahl
et al. 2018; Doughty & Finlator 2021). The EWs of nebular Hent
and C1v emission can help test this scenario since they are sensitive
to hotter stars than HI-ionising stars, and may probe Myr timescales
(e.g., Gotberg et al. 2019; Stanway et al. 2020; Senchyna et al.
2021). Knowledge of the origin of these strong nebular lines could
in the future further help timing the LyC leaking phases. In addition,
more sensitive spectroscopy that can measure P Cygni stellar wind
features from e.g. NV and OIV could be useful in constraining the
ages of the most massive stars (e.g. Izotov et al. 2018b; Chisholm
et al. 2019).

7.5 A unified scheme for LyC Escape and extrapolating z ~ 2
results to z > 6

In Figure 8 we present a simple unified picture of LyC fesc across
all star-forming galaxies by synthesizing our findings, the relation
between LAEs and the general galaxy population, and results from
recent hydrodynamical simulations (e.g., Trebitsch et al. 2017; Ros-
dahl et al. 2018; Kimm et al. 2019; Ma et al. 2020; Barrow et al.
2020; Kimm et al. 2021). Our evolutionary sequence for LyC fesc
follows in the footsteps of Tenorio-Tagle et al. (1999); Mas-Hesse
et al. (2003); Mao et al. (2007) who presented such sequences for
the emergence of Lya from star-forming galaxies.

We distinguish galaxies as being in one of four phases. In
Phase 1, super star cluster like objects form in vigorous starbursts.
It takes ~ 2 — 3 Myrs for the massive stars in them to destroy their
birth clouds and clear channels through the ISM via feedback (e.g.,
winds, supernovae). Phase I might explain the persisting mystery
as to why fesc constraints (more precisely, N(HI) constraints) from
long Gamma Ray Bursts (GRBs; e.g., Vielfaure et al. 2020) across
a wide range of redshifts find low average fesc (e.g., 0.5%, Tanvir
et al. 2019), at odds with LBG stacks (e.g. Pahl et al. 2021). A
possible explanation is that the short-lived (< 5 Myr) progenitors of
long GRBs (> 40 Mg stars, e.g., Levan et al. 2016) preferentially
explode while the birth clouds and ISM are yet to be cleared.

In Phase II, which describes the phase of the galaxies in our
High Escape stack, the birth clouds are plausibly disrupted and
channels in the ISM have been carved for LyC fesc(§7.4). Binary
products, in addition to young stars that continue forming within
the ionized shells cleared by feedback, radiate photons into the
IGM with a very high ionising photon production efficiency. In
Phase III, corresponding to our Low Escape stack, the ISM is more
opaque to Lya and LyC as feedback weakens since the most massive
stars have already exploded — relatively young populations that can

6 In the lower limiting case fasc=20 %, the intrinsic Ho EW of the High
Escape stack is ~ 900 A which implies ages < 7 — 30 Myr.
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Figure 8. Schematic of the LyC duty cycle. Young stellar populations are depicted as blue stars (sizes scaled by stellar mass), old ones in red, HI is shown as
gray clouds (colors scaled with density), and dust is shown as dark brown points. We divide the duty cycle into four phases and show the expected emergent
Ly a profile for each phase in green. The proportion of galaxies observed and expected in each phase is indicated at the top and bottom of the plot for z ~ 2
and z ~ 8 respectively. We note that the fraction of galaxies observed to be in a specific phase is, in addition to the relevant timescales, also likely modulated
by the covering fraction of favourable sight-lines between the clusters and the observer. In Phase I, massive stars are born embedded in dense birth clouds —
despite their hard ionizing spectra there is little LyC fusc. Phase II, corresponding to the LAEs observed in the High Escape stack, is when the dense birth
clouds have been destroyed by feedback, and when high LyC fs occurs through a transparent ISM — the duration is likely short, because the most ionizing
stars are short-lived. In Phase III, corresponding to our Low Escape stack, young stars are still present but the most massive stars have already exploded as
core collapse supernovae — the emergent ionizing spectrum is not as hard, and dust/HI in the ISM begin to clog pathways to fisc once again. The majority of
star-forming galaxies at z ~ 2 are in Phase IV (non-LAE LBGs), and are characterized by older stellar populations and a dusty, high column HI ISM. At any
given time, < 10% of the star-forming galaxy (SFG) population at z ~ 2 (half of the LAEs) is in the LyC leaking phase, but this fraction is expected to rise to
~ 40 — 50% during the EoR as the LAE fraction among the total SFG population rises.

produce Lya are nonetheless still present. Phase IV describes the
‘steady-state’ LBGs in which the ISM is opaque to dust and HI and
the ionising photon production efficiency is about ~ 3 times lower
than during Phase II (e.g. Bouwens et al. 2016 and §5).
Remarkably, we found that half the LAEs are in Phase II de-
spite its short characteristic timescale (< 10 Myrs) compared to
Phase III (10-100 Myrs). This implies that the likelihood of observ-
ing a galaxy to be in a specific phase is not solely determined by
the duration of these phases. There might be two important phys-
ical effects at play. First, the fraction of favorable viewing angles
such that a Phase II galaxy is observed as a Lya emitter is likely
higher compared to a Phase III galaxy. This may be the case when
the large scale ISM around young Phase II clusters has a larger
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fraction of low column density and dust-poor sight-lines compared
to Phase III bursts (as supported by §5). Second, the duty cycle of
Phase II might be rapid, with consecutive bursts occurring in quick
succession. Ma et al. (2020) detail such a scenario: an accelerating
supernova superbubble sweeps up material in its wake, and consec-
utive generations of young stars form inside the cleared out bubble
— a kpc-scale bubble is expected to take ~ 20 — 40 Myrs to expand
during which it would support Phase II conditions (El-Badry et al.
2019).

At z = 2, the majority of LBGs are not detected as LAEs (e.g.,
Cassata et al. 2015; Kusakabe et al. 2018) and Phase IV is therefore
the most common. Galaxies in any phase can go back to being in
Phase I and II when they undergo starbursts. However, the more
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massive a galaxy is, the more unlikely it is that young starbursts can
dominate significant fraction of the light. This could be either be-
cause they are out-shined by older star-forming regions, or because
the fraction of favourable sight-lines through the galaxy decreases
with increasing mass. This may be reflected by observations that
find that the Ly« escape fraction generally decreases with increasing
mass for galaxies selected irrespective of their Lya strength (e.g.
Matthee et al. 2016; Oyarzin et al. 2017). Our line-profile statistics
(§3.3) suggest that Phase II is concentrated in a minority (< 10%,
i.e., half the LAEs) of the overall galaxy population (3 0.5L* LBGs)
atz =~ 2.

This framework helps explain the rarity of LyC leakers at lower
redshifts and their probable increasing incidence at higher redshifts
(e.g. Faucher-Gigueére 2020) in terms of the growing LAE fraction
(specifically Phase II fraction) among LBGs. At higher redshifts,
the LAE population forms an increasing fraction of the LBG pop-
ulation (e.g. Stark et al. 2010), and therefore a higher fraction of
the total galaxy population occupies Phases II-III sketched in Fig.
8. There are already strong hints that Phase II conditions (e.g., high
[Ou1]/[O1], extreme [OIII] EWs) grow increasingly common to-
wards the EoR in lockstep with the rising LAE fraction (e.g., Labbé
et al. 2013; De Barros et al. 2019; Endsley et al. 2021). Atz = 2
when the LAE fraction among Myy < —18 LBGs is ~ 0.1, the av-
erage LyC fesc is = 0.05, whereas at z ~ 8 when the LAE fraction
may be ~ 1, we expect an average fesc of 0.25 (half the LAEs have
fesc® 50%, the other half have fescx 0, non-LAEs have fescx 0).
Indeed, the Lya escape fraction measured in LAEs at z = 2 is
comparable to the LBG population-averaged Ly« escape fraction at
z > 6 (Hayes et al. 2011; Sobral et al. 2017a; Matthee et al. 2021).
This implies that — if the Ly« to LyC connection is not evolving — the
average LyC escape fraction of LAEs at z ~ 2 is comparable to the
average LyC escape fraction of the star-forming galaxy population
in the Epoch of Reionisation.

It is therefore plausible that we can extrapolate our fegc results
on LAEs at z = 2 to LAEs at z > 3 as LAEs show redshift-
invariance of various properties relevant to fesc — sizes, XggRr., line
profiles, Syv slopes, and luminosity functions (e.g., Malhotra et al.
2012; Paulino-Afonso et al. 2018; Herenz et al. 2019; Santos et al.
2020; Hayes et al. 2021), but direct tests — such as the evolution
of the distribution of Lya line-profiles with redshift — would be
able to verify this. In a companion paper (Matthee & Naidu et al.
2021), we quantify the implications of this framework by showing
the ionizing emissivity from bright LAEs is sufficient to explain the
cosmic ionizing background from z ~ 2 — 8.

7.6 Caveats & Limitations

Here we discuss caveats and limitations around our results and ways
to address them.

While theoretically well-motivated, and validated by multiple
independent spectroscopic indicators (§5), our Lya profile-based
LyC selection criteria were designed based on a small sample of
~ 25 sources that have both high-resolution Ly« profiles as well
as direct LyC fesc measurements. These criteria must be further
validated with larger samples — e.g., there are now =~ 20 LyC leaker
candidates at z ~ 2 —4 awaiting high-resolution Lya measurements
(e.g., Bian et al. 2017; Steidel et al. 2018; Fletcher et al. 2019).

A =~ 4xX larger sample would help confirm our results and
reduce the error on the fraction of LyC leaking LAEs by half (cur-
rently we report 50 = 10%). However, obtaining high-resolution
spectra spanning the entire rest-frame UV to optical wavelength
range that we have analyzed here is challenging. Very few datasets

currently exist at any redshift with such coverage. We hope the
validation of the Lya-based approach in this study spurs greater
investments in large surveys designed to measure the bare mini-
mum high-resolution Ly coupled with a precise systemic redshift
for galaxies drawn representatively from Lya LFs (see Matthee &
Naidu et al. 2021 for a Lya-LF based framework for the emissivity).

The high ionization lines (C1v 11548, 11550, He1111640) de-
tected only in the fese> 20% stack may prove very informative —
they show extremely ionizing (> 54.4 eV) photons are produced
during periods of elevated LyC fesc. However, latest stellar popu-
lation models are unable to match the observed EWs of these lines
(bottom panel of Figure 7), and so quantitative details relying on
these models such as the exact time when HerrA11640 production
peaks after a burst are uncertain. We now have yet another mo-
tivating reason — understanding LyC fesc — to unravel the origins
of nebular Herr (e.g., Stanway et al. 2020; Senchyna et al. 2021;
Simmonds et al. 2021; Olivier et al. 2021).

Finally we comment on the generalizability of our results to
lower and higher redshifts. To first order, the framework presented
in Figure 8 applies to any redshift — what changes is the fraction
of galaxies that are in each phase. However, it must also be ac-
knowledged that despite all their similarities, z ~ 2 LAEs may have
different star-formation histories, stellar abundances, and interstel-
lar media compared to z ~ 0 LAEs or z = 6 LAEs. In our framework
these differences would manifest in the details and duration of each
phase. For instance, Phase II (the LyC phase), may be even more
leaky and extended at z = 6 given possibly lower metallicities and
thus harder ionizing spectra (bottom panel of Fig. 7). To clarify this
issue we need a systematic study of the detailed ISM and stellar
populations of LAEs across redshift in the style of Izotov et al.
(2021b) who focused on compact star-forming galaxies.

8§ SUMMARY & OUTLOOK

We seek to isolate the physical conditions for LyC fesc by comparing
samples of LyC leakers (inferred fesc> 20%, High Escape) against
a control sample of non-leakers (inferred fesc< 5%, Low Escape).
Such a controlled study has been difficult to perform at high-z due
to sightline effects and at low-z due to complex selection functions.
Here we circumvent these hurdles by using resolved Ly« profiles
from the luminosity-limited XLS-z2 survey to select leakers and
non-leakers. Our empirically motivated selection criteria using the
Lya peak separation (vsep) and central fraction ( feen) are based on
literature sources with fosc measurements at z ~ 0—4, and have solid
theoretical grounding in decades of radiative transfer simulations
[§3, Figs. 1, 2, 3, Table 1]. By contrasting stacked spectra of the
High Escape and Low Escape samples we find the following [Figure
4, Table 2] :

e The robustness of our stacks — that they do separate leakers
(fesc> 20%) from non-leakers (fesc< 5%) — is confirmed by half
a dozen independent spectroscopic indicators sensitive to HI and
dust, the two chief regulators of fesc. In the High Escape stack
Mg is observed close to the systemic velocity, the resonant C1v
is in emission, the Lya fese Which is > LyC fesc is = 50%, CII
absorption that is a hallmark of dense HI columns is undetected,
and the He/HB ~ 2.8 reveals a dust-free ISM. On the other hand,
the low escape stack shows redshifted Mg (+130 km s~1), no C1v
emission, fese,LyC < Jesc,Lya ~ 10%, strong CII absorption, and
Ha/HB ~ 4 implying E(B — V) ~ 0.3. [§5.3-§5.7, Figure 4, Table
2]
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e The leakers show strong nebular Hemr and C1v emission in the
median stack, signaling the ubiquity of hard ionizing spectra along
with a log(&ion/Hz erg™!) ~ 25.7 = 25.9 (for fese= 20 — 50%).
These high-ionization features and extreme EWs (e.g., [Omi]+HS
rest-frame EW= 1100A) can be produced only by young (< 10
Myr), low metallicity (< 10%Z) stellar populations in theoretical
burst SEDs. Low Escape sources have similar Myy and a high
log(&ion/Hz erg_l) ~ 25.6 but lack the extreme EWs and Hen
(> 54.4 eV). That is, the star-formation in leakers and non-leakers
is similar on timescales of ~ 100 Myrs but not on ~ 10 Myrs. [§5.1,
Figure 4, Table 2]

e The massive star-formation in the High Escape sources is
occurring in an extreme ionization state ISM ([Om}/[Ou]~ 8.5,
log (U) ~ —2.3), comparable to local super star cluster complexes.
Non-leakers have a less ionized ISM with [Om]/[O1]~ 3. [§5.4,
Figure 4, Table 2]

e The LyC fosc at 850 — 912A (“Lyman edge fesc”) of the High
Escape stack is 20 — 55% — the lower bound is by the Lya profile-
based selection and the upper bound is by requiring fesc,Lya =
Jesc,Lyc- We make a finer estimate of the edge LyC fesc (= 40%) by
exploiting empirical correlations with the Lya fesc and the Ly red-
peak velocity. Since the < 850A photons that are ubiquitous among
the leakers escape easily compared to edge photons, we estimate the
total fesc (0— 912A) that matters for reionization calculations to be
~ 50%. [§6.3, Table 3, Figure B.1]

o With JWST, the LyC fesc for z > 6 galaxies may be constrained
with a handful of strong emission lines. The defining characteristics
of leakers — low column densities, hard ionizing spectra, a dust-free,
high-ionization state ISM — occur simultaneously in the fesc> 20%
stack of LAEs. That is, these properties are highly correlated, and
selecting for one of them increases the chances of selecting the
others on average — significant scatter across individual galaxies
still exists. So even though [Omr)/[O11] and Balmer decrements are
not explicitly sensitive to HI, they may be sufficient to implicitly
estimate the average fesc. This result is derived for LAEs, but is
applicable to the EoR since the majority of z > 6 galaxies are
expected to be LAEs. [§7.1, Figure 5]

e Observed emission lines need not be weak when LyC fesc
is high. Based on our stacks as well as a literature compilation
of leakers we argue high fesc occurs during a period of prolific
ionizing photon production and so the intrinsic emission line EWs
are so high that the observed EWs (e.g., ~ 110A for Lya) are still
~ 2X higher than non-leakers. [§7.3, Figure 6]

e We chart the highly non-linear relationship between observed
Ly EW and LyC fesc. The Lya EW serves as a complete but highly
impure selector of high fesc galaxies. For instance, our fese< 5%
stack has a ~ 60A EW, which according to the linear Lya EW - LyC
fesc relation in Steidel et al. (2018); Pahl et al. (2021) implies an
LyC fesc® 30% that is strongly ruled out by the indicators discussed
above (e.g., fesc,Lya & 10% = fesc,Lyc)- [§7.3, Figure 6]

e We synthesize our findings in the following physical picture
that confirms several aspects of recent hydrodynamical simulations.
LyC leakers are galaxies that have undergone recent (< 10 Myr)
episodes of vigorous star-formation. The super star clusters born
out of these episodes have produced spatially concentrated feedback.
This feedback has carved channels through the ISM, thus clearing
paths for LyC. Crucially, for reionization, even after the ISM is
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cleared a reservoir of highly ionizing sources is still available to
stream photons into the IGM. The galaxies with properties that
favour a high escape of ionizing photons are also the galaxies that
emit copious amounts of those photons at the right time — production
and escape occur in sync. In sharp contrast, non-leakers (despite
being strong Lya emitters in our sample) have a relatively dusty,
opaque ISM that has not been cleared out by feedback, most likely
linked to their dearth of the youngest, most massive stars. [§7.4 -
7.5, Figures 7, 8]

An important contribution of this work is the statistics of LyC
Jfesc among LAEs. Half the LAEs have fescx 50%, the other half
have fesc< 5%, and non-LAE LBGs have fescx 0% (LyC fesc< Lya
fesc® 0). Since fundamental LAE properties are redshift-invariant,
we can, with some confidence, extrapolate the constraints derived
here to LAEs at higher redshifts. While comprising a minuscule
fraction of the overall galaxy population at z ~ 2, the LAE fraction
strongly evolves such that almost every Lyy > 0.1L* galaxy at
z =~ 8 is perhaps an LAE. This work motivates and forms the basis
of a Lya-based formalism for the cosmic ionizing emissivity that
uses Ly luminosity functions instead of UV luminosity functions.
The Lyv that varies on = 100 Myr timescales and is insensitive to
the HI column densities is replaced with Ly y, that is intimately tied
to the bursty, stochastic LyC fesc that fluctuates on Myr timescales.
Developing this Lya-anchored formalism for reionization is the
focus of our companion paper.
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APPENDIX A: LYa PROFILES OF INDIVIDUAL
GALAXIES

Figure A.1 shows the individual Ly« profiles of the XLS-z2 LAEs
classified in the High Escape subset, while Figures A.2 and A.3

show the profiles of the LAEs in the Intermediate and Low Escape
subsets, respectively. In each panel we list the Ly escape fraction
of the LAE, the fraction of their Lya emission that escapes within
+100 km s~! of the systemic redshift (fcen), the peak separation
(when applicable) and the velocity difference between the peak of
the red line and the nearest minimum blueward of it (i.e. the valley;
Vied—valley)- For XLS-20 we do not list vieq_vyalley because its Lya
line does not show a distinct asymmetric red peak. For the LAEs in
the High Escape subset, we also list the reason why they have been
classed in that subset.

We note that in some cases multiple velocity components are
detected in the rest-frame optical spectra, such as a broad component
(e.g. XLS-18, XLS-24) or a second narrow component (e.g. XLS-
12, XLS-16, but also XLS-25 and XLS-35 where they are blended).
In these cases, as described in Matthee et al. (2021), the systemic
redshiftis placed at the component that is spatially closest associated
with the Lya emission. XLS-33 shows triple-peaked Lya emission,
but this is likely due to an absorbing system at ~ —400 km s71 (see
also XLS-18 for another such example), instead of a peak at the
systemic velocity.

APPENDIX B: COMPARISON BETWEEN EDGE
(850 —912A) AND TOTAL (0 — 912A) fosc

Here we demonstrate the difference between the edge fesc and total
Jesc with SEDs matched to the High Escape stack’s highly ionizing
nature and with LyC transmission curves for 0 — 912A. The LyC
transmission curves from McCandliss & O’Meara (2017) based
on theoretical photionization cross-sections are a function of three
parameters: the column density (Nyy), the neutral Hydrogen fraction
(XH1), and neutral Helium fraction (Xgep). In the bottom panels we
see that even for column densities of ~ 1018 cm~2 where the edge
fesc 18 = 0, the 0-912A fesc can be = 20%. We also note that
free-bound emission of H which peaks shortward of the LyC limit
may also affect the determination of the LyC escape fractions, such
that reported values may be currently overestimated since they do
not account for this (e.g., Inoue 2010). Refined estimates for the
edge-to-total correction will require future studies.
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Figure A.1. Individual Lyman-« line-profiles of the LAEs classified in the High Escape subset. The velocity axis is centered on the systemic redshift. The
thin and thick blue line shows the Ly @ profiles with native and factor two binning, respectively. The green dashed line shows the line-profile of the rest-frame

optical lines. The upper inset panels show the two-dimensional Ly a profiles, where the dashed white lines highlight the FWHM of the extraction window.
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Figure A.3. As Fig. A.1, but now showing individual Lyman-« line-profiles of the LAEs classified in the Low Escape subset.
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Figure B.1. The difference between Lyman edge fisc (850 — 912A) and total Josc (0 — 912A). Top left: BPASS SEDs selected to illustrate the hard ionizing
nature of the High Escape stack. Top right: LyC transmission curves from McCandliss & O’Meara (2017) for log (Nyy) and neutral fractions relevant to
the semi-permeable portions of density bounded nebulae (see §6.3). Bottom left: The LyC fsc computed over the entire ionizing spectrum compared to the
fosc measured at the Lyman edge as a function of SED age and metalliicity. These curves are a result of convolving the SEDs with LyC transmission curves
and comparing against the intrinsic SED. The total fsc lies significantly above the 1 : 1 line (dashed gray). Remarkably, even for meagre edge fosc(< 5%),
significant total fosc (20 —40%) is possible. Varying metallicity and age has little effect on the edge to total fisc conversion. Bottom right: Same as bottom-left
panel, but exploring the effect of neutral fractions. Somewhat unintuitively, what matters to these curves is not the absolute Hydrogen and Helium neutral
fractions, but the fractions relative to each other (e.g., the ionization bounded and density bounded cases are indistinguishable).
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