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La Serena, Chile

11Departamento de Astronomı́a, Universidad de La Serena, Av. Juan Cisternas 1200 Norte, La Serena, Chile
12Institut d’astrophysique de Paris, CNRS UMR7095, Sorbonne Université, 98bis Boulevard Arago, F-75014 Paris,
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ABSTRACT

The Lyman continuum (LyC) cannot be observed at the epoch of reionization (z & 6)
due to intergalactic H I absorption. To identify Lyman continuum emitters (LCEs) and
infer the fraction of escaping LyC, astronomers have developed various indirect diagnostics
of LyC escape. Using measurements of the LyC from the Low-redshift Lyman Continuum
Survey (LzLCS), we present the first statistical test of these diagnostics. While optical depth
indicators based on Lyα, such as peak velocity separation and equivalent width, perform well,
we also find that other diagnostics, such as the [O III]/[O II] flux ratio and star formation
rate surface density, predict whether a galaxy is a LCE. The relationship between these galaxy
properties and the fraction of escaping LyC flux suggests that LyC escape depends strongly on
H I column density, ionization parameter, and stellar feedback. We find LCEs occupy a range
of stellar masses, metallicities, star formation histories, and ionization parameters, which may
indicate episodic and/or different physical causes of LyC escape.

Keywords: cosmology: reionization – ISM: interstellar absorption – galaxies: emission
line galaxies, intergalactic medium, star formation

1. INTRODUCTION

While the reionization of the Universe likely
completed by a redshift of z ∼ 6 (e.g., Becker
et al. 2001; Paoletti et al. 2020; Pahl et al.
2020; Yang et al. 2020), substantial contention
persists concerning which galaxies are respon-
sible. Intense, concentrated star formation
seems to be a necessary characteristic of reion-
izing galaxies because of the associated stellar
feedback (e.g., Heckman et al. 2001; Clarke &

Oey 2002; Heckman et al. 2011; Sharma et al.
2017; Naidu et al. 2020). Many predictions sug-
gest that dwarf galaxies are the primary Lyman
continuum (LyC) photon donors because the
weak gravitational potentials of low mass galax-
ies exacerbate the clearing effects of feedback
(e.g., Razoumov & Sommer-Larsen 2010; Wise
et al. 2014; Paardekooper et al. 2015; Izotov
et al. 2021). Others indicate that more massive
galaxies dominate reionization because stronger
gravitational potentials better facilitate efficient
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star formation, resulting in a higher LyC pho-
ton budget (e.g., Wyithe & Loeb 2013). An in-
crease in dust extinction with galaxy mass could
reduce LyC escape at the highest masses, caus-
ing galaxies with masses in between these two
regimes to dominate reionization (e.g., Ma et al.
2020).

Central to this debate is the fraction of LyC
photons that escape from a galaxy to reionize
the intergalactic medium (IGM). This “escape
fraction” fLyCesc relates the cosmic star forma-
tion rate density and LyC production efficiency
to the cosmic ionization rate. Based on results
from stacked spectra at z ∼ 3 (e.g., Steidel et al.
2018) and from cosmological simulations (e.g.,
Finkelstein et al. 2012), galaxies that exhibit
fLyCesc & 0.05 are the most relevant to reioniza-
tion. Due to the increase in intergalactic Ly-
man continuum absorption with redshift, direct
measurement of the LyC, let alone fLyCesc , is sta-
tistically unlikely beyond z ∼ 4 (e.g., Vanzella
et al. 2012; Worseck et al. 2014) to ascertain
which galaxies are responsible for reionizing the
universe.

Therefore, we must study lower redshift LyC-
leaking galaxies to develop indirect diagnostics
for fLyCesc . These diagnostics may also provide
insight into the physical mechanism(s) and en-
vironmental conditions that contribute to leak-
ing of LyC photons. In the following, we will
explore some of the most promising diagnostics
for fLyCesc , including the equivalent widths (EWs)
of nebular emission lines, emission line flux ra-
tios, the profile of the Lyα emission line, the
star formation rate surface density (ΣSFR), and
the UV continuum slope (β) and magnitude
(M1500).

Of these properties, nebular emission line
EWs are one of the easiest to measure. Because
hydrogen Balmer lines originate from recombi-
nation across the entire extent of H II regions,
measuring a smaller EW in these lines may indi-
cate lower optical depth: if gas does not extend

out to the Strömgren radius, not all LyC pho-
tons will photoionize H I, and thus, the nebula
will emit fewer Balmer photons (e.g., Bergvall
et al. 2013). To date, few tests of this diagnos-
tic have been conducted. Moreover, many local
LyC emitters (LCEs) exhibiting high Balmer
emission line EWs have been found (Izotov et al.
2016b, 2018a,b). In any case, Balmer line EWs
are sensitive not only to nebula size but also
starburst age and star formation history (Za-
ckrisson et al. 2017; Binggeli et al. 2018; Alavi
et al. 2020). Plagued by such degeneracies, the
EW diagnostic may be best when paired with
another indicator.

Similarly motivated by optical depth, the
emission line flux ratio O32=
[O III]λ5007/[O II]λλ3726, 3729 probes the rel-
ative sizes of the O+2 and O+ ionized zones.
When the nebula is optically thin to LyC, the
O+ zone will be smaller relative to the O+2

zone (Jaskot & Oey 2013; Nakajima & Ouchi
2014). Albeit straightforward, O32 also depends
strongly on ionization parameter to the extent
that O32 is commonly used to measure it (e.g.,
Kobulnicky & Kewley 2004; Stasińska et al.
2015; Strom et al. 2018). It is unclear whether
this dependence will obfuscate fLyCesc diagnos-
tics. For instance, fLyCesc itself may depend on
ionization parameter if the incident stellar radi-
ation field is responsible for a density-bounded
scenario wherein gas does not persist out to the
Strömgren radius. O32 also does not probe the
outer extent of the nebula, the region that is
most sensitive to optical depth. Observation-
ally, there is substantial scatter in the fLyCesc -
O32 relation (e.g., Izotov et al. 2018b), making
this diagnostic tenuous.

Complementing the O32 diagnostic, the
[O I]λ6300 emission line traces neutral gas
at the outer extent of a nebula because O0

has an ionization potential similar to that of
hydrogen (13.62 eV) and is coupled to hy-
drogen recombination by charge exchange re-
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actions (Osterbrock & Ferland 2006). Com-
paring the [O I]λ6300 flux to the flux of an-
other emission line can thus indicate the preva-
lence of neutral gas at the nebula bound-
ary. Stasińska et al. (2015) consider the
O31 =[O III]λ5007/[O I]λ6300 flux ratio as a
diagnostic for LyC escape. They argue that,
while sensitive to physical conditions and other
ionization sources, O31 could indicate a density-
bounded nebula as it traces the size of the O0

zone relative to the O+2 zone. Similarly, the
[O I]/Hβ ratio could indicate a deficiency in
neutral gas relative to hydrogen recombining
from H II to H I across the nebula, comparable
to the effect described by Wang et al. (2019) for
[S II]/Hα. The [O I] line is not without compli-
cations, though. In models where LyC optical
depth and ionization parameter are not con-
stant across the nebula (the so-called “picket
fence” scenario, cf. Heckman et al. 2001), Ra-
mambason et al. (2020) predict that O31 and
[O I]/Hβ depend on conditions such as star-
burst age, ionization parameter, and LyC es-
cape conditions. Shocks can also produce [O I]
emission, further complicating the [O I] line
as a diagnostic. Even so, these [O I] flux ratios
have promise as indicators of fLyCesc . Jaskot et al.
(2019) found that both flux ratios correlate with
the Lyα profile peak velocity separation, itself
an indicator of fLyCesc (e.g., Izotov et al. 2018b).

The Lyα recombination emission line is sensi-
tive to the neutral H I opacity of a galaxy (e.g.,
Behrens et al. 2014; Verhamme et al. 2015).
First, the shape of the Lyα profile depends on
both the amount of absorption and re-emission
of Lyα photons by H I in the host galaxy (essen-
tially a “scattering” effect, e.g., Verhamme et al.
2017; Gazagnes et al. 2020). Second, the line-
of-sight H I column density affects the fraction
of Lyα photons that escape (e.g., Henry et al.
2015; Yang et al. 2017b; Izotov et al. 2018b).
The discovery of triple-peaked Lyα profiles as-
sociated with LCEs (e.g., Rivera-Thorsen et al.

2019; Izotov et al. 2018b; Vanzella et al. 2020)
suggests low optical depth cavities in the ISM
facilitating both Lyα and LyC photon escape
(Byrohl & Gronke 2020). While these results
are promising, the Lyα line can be sensitive to
IGM extinction, metallicity, and stellar popu-
lations in the host galaxy (e.g., Henry et al.
2015; Yang et al. 2017b). Moreover, the increas-
ing IGM neutral covering can significantly ex-
tinguish Lyα at high redshifts (e.g., Pentericci
et al. 2011; Schenker et al. 2014), particularly
the blue peak in the emission line profile (e.g.,
Laursen et al. 2011; Yang et al. 2017a; Hayes
et al. 2021). Focusing on Lyα emitters may ad-
ditionally introduce a sampling bias since a non-
negligible fraction of high-redshift Lyman break
galaxies and some LCEs exhibit little to no Lyα
(e.g., Vanzella et al. 2009; Ji et al. 2020). Nev-
ertheless, at reionization, Lyα falls in an ideal
ground-based observing window (Bagley et al.
2017; Yajima et al. 2018), making Lyα more
feasible a diagnostic of fLyCesc than rest-frame op-
tical lines.

Star formation rate surface density, on the
other hand, may serve simultaneously as a
probe of the physical mechanism of LyC leak-
age and a proxy for fLyCesc . Feedback from star
formation can blow bubbles/chimneys in the
host galaxy’s ISM (e.g., Heckman et al. 2001;
Clarke & Oey 2002; Sharma et al. 2016; Naidu
et al. 2020; Gazagnes et al. 2020), suggesting
high ΣSFR will correspond to high fLyCesc . Previ-
ously detected LCEs also appear to be compact
(e.g., Izotov et al. 2018b; Marchi et al. 2018).
Compactness indicates concentrated star for-
mation and may correlate with LyC emission
(e.g., Marchi et al. 2018), although it is yet
unclear whether this is a defining characteris-
tic of all LCEs. High ΣSFR appears to corre-
late with weaker low-ioniztion metal absorption
lines (e.g., Alexandroff et al. 2015), which sug-
gests a connection with low optical depth.



Low-z LyC Survey II: fLyCesc Diagnostics 5

All the diagnostics outlined above are plausi-
ble but remain, as of yet, insufficiently explored
due to small sample sizes. Future observations
with JWST and other observatories require reli-
able indirect diagnostics to infer fLyCesc at reion-
ization. The recent Low-Redshift Lyman Con-
tinuum Survey (LzLCS; Flury et al. 2022, here-
after Paper i) presents an unprecedented oppor-
tunity to investigate the properties of nearby
(z ∼ 0.3) LCEs to test each diagnostic. In this
paper, we summarize the survey in §2 but re-
fer the reader to Paper i for details. We pro-
vide assessments of the success of indirect di-
agnostics for selecting LCEs and inferring fLyCesc

(§3). In §4, we compare different parameters
and consider the implications both for diagnos-
tics and for populations of LCEs. Finally, we
discuss our results in the contexts of different
LyC escape scenarios, cosmological simulations,
and high redshift surveys in §5. As in Paper i,
we assume H0 = 70 km s−1 Mpc−1, Ωm = 0.3,
and ΩΛ = 0.7.

2. THE LZLCS SAMPLE

In Paper i, we outline the LzLCS sample selec-
tion, data processing, LyC measurements and
ancillary measurements. Here, we summarize
the LzLCS but refer the reader to Paper i for de-
tails. The LzLCS consists of HST/COS G140L
observations of 66 new LCE candidates in the
nearby (z ∼ 0.3 − 0.4) Universe. The signifi-
cance of the LzLCS over previous surveys is not
just its size but also its scope: the LzLCS spans
a much broader range in, among other proper-
ties, O32, UV β, ΣSFR, stellar mass, metallicity,
and burst age than prior studies.

From the COS spectra, we measure the LyC
and Lyα flux, the Lyα EW, and the spec-
tral slope of the attenuated starlight contin-
uum. To assess the detection of the LyC, we
define the probability P (> N |B) given by the
Poisson survival function that the observed sig-
nal arises by chance from background fluctu-
ations (see Worseck et al. 2016; Makan et al.

2020). In summary, we detect LyC emission
from 35 galaxies at >97.725% confidence (P (>
N |B) < 0.02275, > 2σ significance) with 13/35
of these galaxies having fairly-detected LyC flux
(P (> N |B) < 0.00135, 3 − 5σ significance)
and 12/35 of these galaxies having well-detected
LyC flux (P (> N |B) < 2.867 × 10−7, > 5σ
significance). Following Chisholm et al. (2019),
we also perform SED fitting using instantaneous
burst model spectra from Starburst99 (Lei-
therer et al. 2010) to infer the intrinsic and
observed UV magnitudes at 1500 Å, starlight
attenuation, starburst age, and intrinsic LyC
flux (see Saldana-Lopez et al. 2022, for details).
From the COS acquisition images, we determine
the UV half-light radius from the background-
subtracted empirical cumulative light distribu-
tion, which is consistent with results from Sérsic
profile fits.

Optical spectra from the SDSS provide addi-
tional information. We measure nebular emis-
sion line fluxes and EWs from these spectra.
To correct the fluxes for reddening, we infer
nebular extinction from Balmer lines assuming
Case B recombination with Storey & Hummer
(1995) atomic data and the Cardelli et al. (1989)
reddening law. From the extinction-corrected
fluxes, we obtain diagnostic flux ratios like O32.
Since [O III]λ4363 is detected in the majority of
the galaxies in our sample, we determine gas-
phase metallicities by the direct method, infer-
ring the auroral line flux by the ff-relation (Pi-
lyugin et al. 2006) when not available.

Combining the SDSS and COS measurements
with GALEX observations, we infer additional
properties of the sample. We obtain stellar
masses by fitting aperture-matched photometry
from SDSS and GALEX using Prospector
(Leja et al. 2017; Johnson et al. 2019). From
the Balmer-line star formation rate (Kennicutt
& Evans 2012), UV half-light radius, and stel-
lar mass, we calculate the star formation rate
surface density and specific star formation rate.
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From the Hβ and Lyα fluxes, we also determine
the fraction of Lyα photons fLyαesc which have
escaped the host galaxy.

As discussed in §1, the key objective of es-
tablishing LyC escape diagnostics is to deter-
mine which properties most strongly correlate
with the LyC escape fraction fLyCesc . We measure
fLyCesc by three different methods: (i) the empir-
ical FλLyC/Fλ1100 ratio, (ii) using Hβ to infer
the intrinsic LyC from Starburst99 continu-
ous starburst model spectra (fLyCesc (Hβ)), and
(iii) using spectral energy distribution (SED)
fits to the COS FUV spectra to infer the in-
trinsic LyC (fLyCesc (UV)). We summarize these
metrics below.

i. The FλLyC/Fλ1100 ratio is simply a ra-
tio of flux density measurements and is
therefore free of any assumptions. How-
ever, FλLyC/Fλ1100 is sensitive to a num-
ber of factors in addition to the LyC
escape fraction, including dust attenua-
tion, star formation rate, metallicity, and
burst age, complicating the interpretation
of this quantity as a metric of fLyCesc .

ii. The Hβ approach introduced by Izotov
et al. (2016b) uses the Hβ flux, a mea-
sure of the total number of absorbed ion-
izing photons, the Hβ EW, a proxy for
burst age, and the gas phase metallicity to
determine which Starburst99 model to
use to predict the intrinsic LyC flux den-
sity corresponding to the measured LyC.
The observed LyC flux density relative to
the intrinsic LyC flux density then gives
the fLyCesc . This method can be sensitive to
the assumed star formation history, par-
ticularly for older burst ages or for galax-
ies with high stellar mass. In Paper i,
we find that a continuous star formation
scenario provides the best agreement with
the other two fLyCesc metrics.

iii. The UV approach relies on fitting the
COS UV spectra over the rest-frame
wavelength range of 925-1345 Å. These
SED fits consist of a uniform Reddy
et al. (2016) attenuation law applied to
a weighted linear combination of single-
burst Starburst99 spectra and accom-
panying nebular continua (see Chisholm
et al. 2019; Saldana-Lopez et al. 2022).
The best-fit SED allows us to predict the
intrinsic LyC flux density, which we then
use to obtain the fLyCesc . While the UV fits
are still affected by assumptions about the
star formation history and dust attenua-
tion, the COS UV fLyCesc is less sensitive
to systematics than the Hβ fLyCesc , making
this metric the most reliable of the three.

We discuss the systematics and caveats of each
fLyCesc measurement in detail in Paper i. Since
each metric has its caveats, we choose to con-
sider all three in our assessment of fLyCesc diag-
nostics below.

In addition to the 66 LzLCS galaxies, we in-
clude 23 LCE candidates which have been ob-
served by HST/COS and previously published
in other studies (Izotov et al. 2016a,b, 2018a,b,
2021; Wang et al. 2019). To obtain LyC fluxes
and fLyCesc values in a consistent manner, we re-
process their HST/COS observations. Our sig-
nificance estimates are comparable to the pub-
lished values. However, our more stringent
P (> N |B) < 0.02275 detection criterion in-
cludes two fewer LCEs than previous assess-
ments, yielding a total of 15 LyC detections
out of 23 published observations. For consis-
tency, we also re-measure and infer the diag-
nostic properties from SDSS and COS observa-
tions in the same manner as the LzLCS galax-
ies. A detailed comparison of these published
LCE candidates with the LzLCS is presented in
Paper i.

3. INDIRECT f lycesc DIAGNOSTICS
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The LzLCS aims to test various fLyCesc diag-
nostics proposed in the literature as discussed
in §1. To that end, we compare our measured
fLyCesc against each parameter in Figures 1-17.
As discussed in §2, we consider three different
metrics of fLyCesc since each is susceptible to vari-
ous systematic uncertainties. Another reason to
use different fLyCesc indicators stems from the fact
that one of the fLyCesc measurements is sometimes
obtained from the same data as the proposed in-
direct diagnostics. Additional fLyCesc metrics al-
low us to assess whether an apparent correlation
is real or simply introduced by using the same
data in the abscissa and ordinate variables.

To quantify possible correlations, we compute
the Kendall τ rank correlation coefficient follow-
ing the Akritas & Siebert (1996) prescription
for censored data to account for upper limits on
fLyCesc when P (> N |B) > 0.02275 and any left-
or right-censored indirect indicators of fLyCesc .
For non-emitters, we use fLyCesc derived from the
1σ upper limit on the LyC flux for all three
fLyCesc indicators. If we impose a 3σ detection
requirement on the LyC instead of the adopted
2σ criterion, we find no significant change in the
value of τ . We report τ for each of the three
fLyCesc indicators (FλLyC/Fλ1100, fLyCesc (Hβ), and
fLyCesc (UV)) in Table 1 for the combined LzLCS
and Izotov et al. (2016a,b, 2018a,b, 2021); Wang
et al. (2019) samples. We also report the prob-
ability p that the measured τ is consistent with
the null hypothesis that fLyCesc is not correlated
with the indirect diagnostic. We consider cor-
relations to be significant if p < 1.350 × 10−3

(3σ confidence) and strong if |τ | > 0.2.
Below, we examine diagnostics motivated by

LyC optical depth and by properties related to
stellar feedback mechanisms facilitating LyC es-
cape. Many proxies exhibit an intrinsic, often
significant correlation with fLyCesc but with sub-
stantial scatter in the data. This scatter of-
ten extends from a parameter-dependent upper
bound on fLyCesc down to fLyCesc = 0. These up-

per bounds in fLyCesc suggest that line of sight
effects (e.g., orientation, covering fraction, etc.)
may be responsible for obscuring otherwise clear
trends, although relationships between various
properties may also contribute to the scatter.

To illustrate the combination of obscuring
scatter and upper-bound effects, we refer to Fig-
ure 1 comparing fLyCesc and fLyαesc . For each of the
LyC metrics, the highest fLyCesc values at any
given fLyαesc closely follow the dotted line indi-
cating where fLyCesc =fLyαesc . However, the lowest
fLyCesc values at any given fLyαesc are largely in-
variant with fLyαesc , consistent with fLyCesc ≈ 10−3

estimated in the non-detections. Thus, in this
example, the identity line fLyCesc =fLyαesc is an up-
per bound, or “envelope”, to the distribution of
fLyCesc values at a particular value of fLyαesc . The
envelope represents the intrinsic relationship be-
tween fLyCesc and fLyαesc , a trend obscured by the
scatter apparent in the observed distribution.
Here, this upper bound could originate from a
line of sight effect. When optically thin regions
align with the aperture, fLyCesc =fLyαesc . When op-
tically thin regions are not aligned with the
aperture, fLyCesc decreases significantly while res-
onant scattering of Lyα photons into the line of
sight maintains a high fLyαesc . This upper bound
effect appears in the fLyαesc , [O I], O32, EW Hβ,
M1500, β1200, M?, r50, sSFR, and 12+log10(O/H)
diagnostics for at least one of the LyC escape
metrics, although the scatter down to fLyCesc =0
tends to be more pronounced in FλLyC/Fλ1100

and Hβ fLyCesc .
To highlight the intrinsic trends obscured by

downward scatter in fLyCesc , we calculate the
fraction of galaxies that are prodigious LCEs
(LyC detected at > 5σ and either fLyCesc or
FλLyC/Fλ1100> 0.05) in each diagnostic. This
“LCE fraction” indicates the affinity of strong
LCEs for certain global properties. Such a pref-
erence could be used to select LCEs in future
studies.
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Table 1. Kendall τ correlation coefficients for proposed LyC fLyCesc diagnostics for the combined LzLCS and
Izotov et al. (2016a,b, 2018a,b, 2021); Wang et al. (2019) sample, accounting for upper limits in FλLyC/Fλ1100

and fLyCesc following Akritas & Siebert (1996). p values indicate the false-positive probability that the
correlation is real. σ values, given by probit(1 − p), indicate the significance of the correlation, i.e., the
number of standard deviations separating the correlation statistic from that of the null hypothesis. The
characteristic 1σ uncertainties in τ estimated by bootstrapping values of the fLyCesc metrics and indirect
diagnostics are ±0.05. Each correlation is assessed using all 89 objects in the combined LzLCS sample
except vsep, which is only measured for 7 LzLCS and 20 published objects.

Diagnostic FλLyC/Fλ1100 fLyCesc (Hβ) fLyCesc (UV)

τ p σ τ p σ τ p σ

f Lyα
esc 0.292 5.186× 10−5 3.882 0.343 1.942× 10−6 4.618 0.324 6.774× 10−6 4.351

EW(Lyα) 0.320 8.687× 10−6 4.296 0.234 1.141× 10−3 3.051 0.342 2.011× 10−6 4.610

vsep −0.493 3.103× 10−4 3.422 −0.422 2.033× 10−3 2.873 −0.530 1.055× 10−4 3.705

log10O31 −0.149 0.039 1.761 −0.144 0.045 1.693 −0.151 0.036 1.796

log10[O I]/Hβ −0.148 0.041 1.745 −0.145 0.044 1.709 −0.145 0.044 1.705

log10O32 0.290 5.678× 10−5 3.860 0.198 6.024× 10−3 2.511 0.347 1.438× 10−6 4.679

EW(Hβ) 0.223 1.953× 10−3 2.886 0.109 0.132 1.117 0.283 8.366× 10−5 3.764

M1500,obs 0.045 0.533 0.000 −0.013 0.857 0.000 0.098 0.174 0.940

M1500,int 0.228 1.591× 10−3 2.950 0.157 0.029 1.895 0.320 8.978× 10−6 4.289

β1200 −0.221 2.200× 10−3 2.848 −0.261 2.966× 10−4 3.435 −0.283 8.366× 10−5 3.764

log10M? −0.089 0.216 0.785 −0.074 0.307 0.503 −0.167 0.021 2.040

COS NUV r50 −0.388 7.179× 10−8 5.261 −0.301 2.938× 10−5 4.018 −0.382 1.193× 10−7 5.166

log10 ΣSFR,Hβ 0.368 3.884× 10−7 4.941 0.264 2.650× 10−4 3.465 0.325 7.099× 10−6 4.341

log10 ΣSFR,Fλ1100
0.070 0.334 0.429 0.068 0.347 0.394 −0.035 0.632 0.000

log10 sSFR 0.110 0.128 1.138 0.043 0.554 0.000 0.181 0.012 2.254

log10 ΣsSFR,Hβ 0.290 6.320× 10−5 3.833 0.208 4.167× 10−3 2.638 0.346 1.859× 10−6 4.627

12 + log10

(
O
H

)
−0.187 9.484× 10−3 2.346 −0.130 0.070 1.475 −0.211 3.420× 10−3 2.705

We define the LCE fraction as the ratio of
strong LCEs (P (> N |B) < 2.867× 10−7 for 5σ
significance as in §2, and fLyCesc indicator exceeds
5%) to total galaxies in the combined sample in
a given bin of a particular property. Bin counts
are given as the sum of the probabilities for the
strong LCE and total LCE samples, i.e., the
Poisson binomial expected value for each bin.
We define the final LCE detection fraction as
the ratio of the strong LCE counts to that of
the total counts in a given bin. We determine
uncertainty in the LCE detection fraction us-
ing a Monte Carlo simulation of the ratio of

Poisson binomial distributions using 104 inde-
pendent Bernoulli trials for each measurement
to determine the distribution of counts in each
bin. In cases of upper limits where no uncer-
tainty is reported for a measurement (notably
the [O I] line), we follow the root-finding min-
imization method from Gehrels (1986) to de-
fine confidence intervals on the detection frac-
tion. The FλLyC/Fλ1100 flux ratio tends to agree
more with fLyCesc (Hβ) than with fLyCesc (UV); how-
ever, fLyCesc (UV) is less dependent on assump-
tions about stellar populations and star forma-
tion history than fLyCesc (Hβ) and contains correc-
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Figure 1. Comparison of FλLyC/Fλ1100 (left), fLyCesc from Hβ (center), and fLyCesc from fitting the COS UV

spectrum (right) with fLyαesc for strong LCEs (> 5σ LyC detection and fLyCesc > 0.05, filled black), weak LCEs
(> 2σ LyC detection but not strong, filled grey), and non-emitters (< 2σ LyC detection, open grey). For
non-emitters, fLyCesc is shown for the 1σ upper limit on the LyC flux. LzLCS results are shown as squares
(strong LCEs), circles (weak LCEs), and triangles (non-detections) while the Izotov et al. (2016a,b, 2018a,b,
2021) galaxies are shown as stars and the Wang et al. (2019) are shown as diamonds. Characteristic 1σ
uncertainties are shown in the upper right. Dotted line indicates 1:1 equivalence.

tions for dust that are absent in FλLyC/Fλ1100.
Despite some disagreements in values of LCE
fraction, fLyCesc , and FλLyC/Fλ1100, the trend in
LCE fraction does not change significantly de-
pending on the fLyCesc indicator.

3.1. Lyα

As both Lyα and the LyC are sensitive to the
line of sight, we anticipate the former to trace
the LCE fraction rather well even as the emis-
sion line experiences higher optical depths than
the continuum for the same column density. We
demonstrate this relation is the case in Figure
2. The LCE fraction increases nearly monoton-
ically with both fLyαesc and the Lyα EW. Devia-
tions from this trend occur at high fLyαesc due to
two galaxies having abnormally high Lyα/Hβ
ratios corresponding to values of fLyαesc close to
1.

The overwhelming success of all three Lyα di-
agnostics in correlating with fLyCesc demonstrates
that both Lyα and LyC escape depend on the
distribution of neutral hydrogen in a galaxy.
While all three are promising candidates for
fLyCesc indicators at high redshift, Lyα EW is per-
haps the easiest to measure as it requires nei-
ther rest-frame optical nor high resolution spec-

troscopy. The wealth of Lyα EW measurements
of LCEs at higher redshifts (z ∼ 3−4, e.g., Stei-
del et al. 2018; Marchi et al. 2018; Fletcher et al.
2019; Pahl et al. 2021) suggests these diagnos-
tics will likely remain applicable for galaxies at
the epoch of reionization. We discuss this pos-
sibility in detail in §5.3.

3.1.1. Lyα Escape Fraction

In Paper i, we derived fLyαesc from Lyα and
Hβ emission line fluxes using Case B recom-
bination coefficients determined by the mea-
sured electron temperatures and densities. The
fLyCesc exhibits a strong correlation with the frac-
tion of escaping Lyα photons. Consistent with
previous studies (e.g., Dijkstra et al. 2016; Ver-
hamme et al. 2017; Izotov et al. 2020), we typi-
cally find that fLyαesc &fLyCesc and that the envelope
of fLyCesc increases with increasing fLyαesc (Figure
1). This result illustrates that Lyα has an ad-
vantage over the LyC in escaping a galaxy be-
cause it can resonantly scatter. However, Lyα
and LyC escape have a clear physical connec-
tion: our results in Figure 1 suggest only Lyα
emitters (LAEs) can be strong LCEs. Indeed,
from Figure 1, fLyCesc =fLyαesc serves as an approx-
imate envelope to the distribution of fLyCesc .
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Figure 2. Fraction of galaxies in a given bin of fLyαesc (left), EW(Lyα) (center), or vsep (right) that are

strong LCEs according to FλLyC/Fλ1100 (grey diamonds), fLyCesc (Hβ) (open squares), and fLyCesc (UV) (filled
black circles) for the combined LzLCS and published sampels.

There remains a great deal of scatter in fLyCesc

values for any given fLyαesc , which is to be ex-
pected. Observed Lyα flux depends on scatter-
ing effects from dust and gas along and outside
the line of sight, making fLyαesc sensitive to dust
and gas content, ISM clumpiness, and gas dy-
namics (e.g., Dijkstra et al. 2016). While ISM
content and geometry also affect fLyCesc , the scat-
ter evident in Figure 1 suggests the dependence
of fLyCesc on these properties may differ from that
of fLyαesc .

3.1.2. Lyα Equivalent Width

In place of fLyαesc , we consider Lyα EW as an-
other possible indicator of fLyCesc . While less di-
rectly tracing optical depth than fLyαesc , Lyα EW
is far easier to measure at high redshift because,
unlike fLyαesc , it does not require observing the
Balmer lines. Furthermore, both Henry et al.
(2015) and Yang et al. (2017b) demonstrate a
strong correlation between fLyαesc and Lyα EW
for Green Peas (GPs).

From Figure 3, fLyCesc is bounded by an upper
limit that increases with Lyα EW. We find that
the relation between Lyα EW and fLyCesc given
by Pahl et al. (2021) provides a reasonable de-
scription of this envelope in fLyCesc values up to
∼ 150 Å. Interestingly, this trend extends be-
yond the 110 Å maximum predicted by Steidel

et al. (2018), perhaps due to their assumed con-
tinuous star formation history.

The correlation between fLyCesc and Lyα EW is
one of the stronger, more significant of the di-
agnostics we consider, with τ ≈ 0.3 across all
three fLyCesc indicators. Ten of the sixteen galax-
ies with high Lyα EW are strong leakers, indi-
cating a possible transition in Lyα EW at 100
Å. Galaxies with EWs above this value are far
more likely to be strong LCEs than those below
it (see also Figure 2). Further supporting this
notion of a 100 Å transition, LCEs with EWs
below this value are not as prodigious emitters
as above it, which may suggest LCEs with high
EW contribute more significantly to the cosmic
LyC budget.

Lyα is sensitive to both column density and
fLyCesc , which affects the distribution of fLyCesc over
the EWs. As the optical depth decreases, more
Lyα and LyC photons can escape. The drop
in column density will then begin to limit the
intrinsic emission of Lyα photons, causing Lyα
EW to decrease with increasing fLyCesc (Nakajima
& Ouchi 2014; Steidel et al. 2018). This effect
may explain why some strong LCEs persist at
Lyα EWs at or even below 100 Å. However,
Lyα EW also depends very strongly on the con-
tinuum flux and, by extension, the stellar popu-
lation(s), making unclear how significantly fLyCesc

affects the Lyα EW. Nevertheless, Lyα EW is
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Figure 3. Same as Figure 1 but for Lyα EW. Dashed line is the relation from Pahl et al. (2021) based on
measurements of the LyC from stacks of spectra from galaxies at z ∼ 3.

still one of the most promising diagnostics for
fLyCesc , performing comparably to fLyαesc .

3.1.3. Lyα Peak Velocity Separation

Lyα profiles are typically double-peaked with
the velocity separation of the two peaks directly
depending on the H I column density (e.g., Ver-
hamme et al. 2015). Previously, Izotov et al.
(2018b, 2021) demonstrated that the velocity
separation vsep of Lyα peaks strongly correlates
with fLyCesc as a result of the strong dependence
of both values on the H I column. We compare
fLyCesc with vsep for a subset of 7 LzLCS galax-
ies with G160M measurements (Henry et al.
2015; Yang et al. 2017b) and a subset of 20
published LCEs (Verhamme et al. 2017; Izo-
tov et al. 2018b, 2021) in Figure 4. We find
a strong relationship between the values. Nei-
ther weak leakers nor non-detections persist be-
low vsep ∼ 250 km s−1 regardless of fLyCesc met-
ric, which is consistent with predictions by Ver-
hamme et al. (2015). This result favors the H I

column density interpretation that motivated
this diagnostic.

In Figure 4, we also compare fLyCesc and vsep to
the relation from Izotov et al. (2018b) and find
that their fit roughly describes the envelope of
fLyCesc values. Moreover, we find vsep has one
of the most pronounced correlations of any in-
direct fLyCesc indicator regardless of fLyCesc metric
with τ ∼ −0.4. However, additional measure-

ments of vsep from Lyα profiles are necessary to
fully test this fLyCesc diagnostic.

3.2. [O I]λ6300

Few of the LCEs have detected [O I]λ6300,
with 39 of the 50 LCEs in the combined sam-
ple having only upper limits in the emission line
flux, indicating that [O I] may be particularly
weak in LCEs (see, however, Plat et al. 2019;
Ramambason et al. 2020). The preponderance
of [O I] upper limits in LCEs over non-emitters
prevents determination of the shape of the dis-
tribution of fLyCesc with respect to the [O I] flux
ratios, as evidence in Figure 5. These upper
limits may contribute to the lack of significant
correlation (as shown in Table 1, p > 0.09 for
all three fLyCesc metrics for both [O I] flux ratios).

We compute the [O I] LCE fraction using up-
per limits when no flux is detected. The LCE
fraction distribution (Fig. 6) appears relatively
monotonic over the [O I] flux ratios O31 and
[O I]/Hβ. As shown in Figure 6, there is lit-
tle difference between the three LyC escape in-
dicators. Above log10O31 ∼ 1.8 and below
[O I]/Hβ ∼ −1.3, the LCE fraction is a roughly
constant 30%. The trends with both flux ratios
suggest that LCE detection fraction increases
with decreasing [O I] flux.

3.3. O32

As shown in Figure 7, we see increasing av-
erage and maximum fLyCesc with increasing O32.
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Figure 4. Same as Figure 1 but for Lyα peak velocity separation vsep. Results include only 7 galaxies from
the LzLCS plus the Izotov et al. (2016a,b, 2018a,b, 2021) samples. Dashed line is the description by Izotov
et al. (2018b).
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Figure 5. Same as Figure 1 but for O31 and [O I]/Hβ.

The total combined sample exhibits a signifi-
cant (|τ | > 0.2 at > 3σ confidence) correlation
with O32 in all three fLyCesc metrics (see Table
1). The fLyCesc relation proposed in Izotov et al.
(2018a, dashed line in Figure 7) serves as a de-
scription of the envelope in fLyCesc values, partic-
ularly in the case of the UV-derived escape frac-
tion (right panel of Figure 7). For the other two

fLyCesc metrics, several strong LCEs have fLyCesc

in excess of the predicted relation, notably the
two LCEs from Wang et al. (2019). These out-
lying galaxies have higher stellar masses > 109

M�, which makes values life FλLyC/Fλ1100 and
fLyCesc (Hβ) more sensitive to the star formation
history. Because the majority of the outlying
objects exhibit agreement with this envelope
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Figure 6. Same as Figure 2 but for O31 (left) and
[O I]/Hβ (right).

when using the UV fLyCesc metric (which assumes
a non-parametric star formation history), we in-
terpret these outliers as having fLyCesc systemat-
ically biased by this effect rather than evidence
that the Izotov et al. (2018b) prescription is not
appropriate at low O32.

Scatter of fLyCesc below the envelope could be
caused by a number of effects related to line-of-
sight optical depth and other galaxy properties.
Galaxy-to-galaxy variations in opening angle,
covering fraction, burst age, ionization param-

eter, star-formation rate, metallicity, extinction
law and dust, and/or optical depth may indicate
that additional physical properties are relevant
to determining fLyCesc . Unfortunately the degen-
erate dependence of O32 on metallicity and ion-
ization parameter substantially complicates any
physical interpretation of this result (Sawant
et al. 2021). While the mass-metallicity re-
lation appears to evolve with redshift (Sanders
et al. 2021), the coupling of 12 + log(O/H) to
ionization parameter observed at low redshift
persists at z ∼ 2 − 4 (Sanders et al. 2020).
Therefore, the underlying properties which af-
fect O32 remain related in the same way regard-
less of epoch, supporting the extension of the
O32 diagnostic to higher redshifts. Regardless of
the physical connection between O32 and fLyCesc ,
the scatter in this diagnostic indicates that an
isotropic density-bounded escape scenario alone
is likely incompatible with the observations. We
discuss interpretations and caveats of O32 as an
fLyCesc diagnostic in greater detail in §4 and §5.

With these nuances to O32 in mind, we do find
that fLyCesc correlates strongly with O32, partic-
ularly for fLyCesc derived from the UV spectrum.
Further evidence for this relationship is the LCE
fraction shown in Figure 8. The highest O32

galaxies in the combined sample (O32&10) have
LCE fractions & 0.5. However, LCE fractions
> 0.1 persist across the full range of O32 values
regardless of fLyCesc indicator. As we demonstrate
in Figure 7, while most galaxies with O32> 5 in
the combined sample are strong LCEs along the
line of sight, some galaxies with lower O32 can
still be strong LCEs. Two scenarios might con-
tribute to this trend with O32: separate popula-
tions of LCEs with LyC escaping under differ-
ent conditions or an evolutionary sequence in
which LyC escape recurs at later times when
fewer early type stars persist.

3.4. Hβ Equivalent Width

As evident in Figure 9, the average and max-
imum values of fLyCesc increase with Hβ EW.
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Figure 7. Same as Figure 1 but for the extinction-corrected O32 flux ratio. Dashed line indicates the Izotov
et al. (2018a) relation. Note that the number of strong LCEs changes depending on the fLyCesc metric.
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Figure 8. Same as Figure 2 but for O32.

fLyCesc (UV) has a significant and strong correla-
tion with Hβ EW, indicating at least a moderate
relationship between the two. The distribution
of fLyCesc appears to occupy two distinct ranges in
EW (see also Figure 10), one with high (& 150
Å) EW containing the most prodigious strong
LCEs (fLyCesc & 0.1) and one with low (. 150 Å)
EW containing additional strong LCEs and the
majority of weaker LCEs. Two thirds of the
galaxies in our combined sample with Hβ EW
> 150 Å have detected LyC. Similarly, 28 of the
39 non-detections appear concentrated at EWs
below 150 Å.

Quantifying these results, the fraction of
galaxies that are strong LCEs appears to in-
crease with EW, which we demonstrate in Fig-
ure 10. This may indicate a preference for
young, strong bursts of star formation. As
noted above, though, strong LCEs have a wide
range in EWs. Thus, the increase in strong
LCE fraction with EW demonstrates a dearth
of weak LCEs and non-emitters rather than an
increase in the prevalence in LCEs at high EW.
In other words, high Hβ EW indicates a strong
LCE, but high EW galaxies do not account for
the full population of LCEs. Some scatter per-
sists in LCE fraction, particularly at lower EW,
depending on the fLyCesc indicator. Uncertainties
in the LCE fraction are large enough to suggest
any change in LCE fraction between the various
indicators may not be significant. However, our
results suggest a significant occurrence of LCEs
for EWs below 150 Å, consistent with the fLyCesc

trends in Figure 9.
The prevalence of LCEs at high EW demon-

strates that Hβ EW is more sensitive to star-
formation history or sSFR than it is to opti-
cal depth. Studies at higher redshifts find sim-
ilar results in combined Hβ+[O III] EWs (e.g.,
Castellano et al. 2017; Endsley et al. 2021; Sax-
ena et al. 2021), suggesting that this trend per-
sists in earlier cosmological epochs. As stellar
mass and starburst age dominate the Hβ EW,
LCEs with high EWs are likely young starbursts
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Figure 9. Same as Figure 1 but for the rest-frame Hβ EW.
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Figure 10. Same as Figure 2 but for rest-frame
EW(Hβ).

and/or low mass galaxies. The lack of weak
LCEs and non-emitters at high EWs may indi-
cate that young ages and/or low masses better
facilitate high LyC escape fractions. However,
a subset of between 6 and 10 strong LCEs have
EWs below 150 Å, indicating that strong LCEs
occupy a wide range of ages, star-formation his-
tories, and/or sSFRs. These low-EW LCEs are
likely more evolved galaxies with higher stellar
mass and metallicity. We discuss age and mass
further in §4.

3.5. FUV Magnitude

The immense scatter in Figure 11 anticipates
the weak, insignificant correlation coefficients

for observed M1500 in all three fLyCesc metrics.
Strong leakers persist below M1500 = −20.25,
implying a population of strong LCEs at higher
stellar mass or higher UV luminosity. Figure
12 illustrates this persistence of LCEs across a
range of M1500. The LCE fraction is relatively
constant with observed FUV magnitude with
a slight increase at the faint end of the dis-
tribution (M1500 > −19.25), especially in the
UV fLyCesc where LCEs have fLyCesc & 0.02 and
9/15 LCEs are strong LCEs. This mild increase
may indicate that strong LCEs are more likely
fainter and/or less massive galaxies, particularly
given the slight trend in fLyCesc upper bounds
with M1500.

The persistence of LCEs at higher UV lumi-
nosities could imply that LCEs consist of mul-
tiple epochs of recent star formation and/or
higher stellar masses. Indeed, EW Hβ declines
with increasing UV luminosity such that, for the
UV fLyCesc , 5 of the 6 strong LCEs and 9 of the 12
weak LCEs with M1500 < −20.25 have Hβ EWs
< 100 Å. A major caveat to this interpretation
is the effect of dust on the observed UV magni-
tude. With the LzLCS, we find fLyCesc depends
both on dust (Saldana-Lopez et al. 2022) and
age (§3.4) but less-so on mass (§3.7). Such ef-
fects complicate direct interpretation of MFUV

as an fLyCesc diagnostic without ancillary infor-
mation. We discuss M1500 in a high redshift
context further in §5.3.
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Figure 11. Same as Figure 1 but for M1500.
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Figure 12. Same as Figure 2 but for M1500.

3.6. UV β1200

Flury et al. (2022) measured the UV slope
β1200 from the COS spectra over a range of 1050-
1350 Å. While we present results for this mea-
surement below, we note that β1200 can be quite
different from the commonly used β1500. There-
fore, β1200 provides only a relative sense of the
relationship between β1500 and fLyCesc .

Figure 13 demonstrates that the highest fLyCesc

values occur for the steepest values of β1200. In-
deed, the highest values of fLyCesc all occur where
β ≤ −2 while a distinct envelope in fLyCesc de-
scribes fLyCesc values for β & −2. Though
strong LCEs can persist across a wide range
of β ∈ [−3,−1], the UV slope has a signifi-

cant correlation coefficient for two of the three
fLyCesc indicators (τ ∼ −0.25, see Table 1). As
implied by the correlation coefficients and Fig-
ure 13, bluer galaxies tend to have higher fLyCesc .
The distribution of LCE fraction over UV β1200

in Figure 14 is equally informative. LCE frac-
tion increases as the slope steepens from ∼ 0 at
β1200 > −1 to nearly 0.6 at β1200 ∼ −2.5, sug-
gesting that the strongest LCEs contain young
stellar populations without substantial dust at-
tenuation.

These trends in β1200 make sense because early
type stars produce the majority of the LyC and
low dust extinction better facilitates LyC es-
cape. However, some galaxies with −2 < β <
−1 are strong LCEs, with the Wang et al. (2019)
strong LCEs being even redder than -1. One
or a combination of scenarios could describe
LCEs with β1200 > −2: (i) a patchy dust screen
that reddens the UV spectrum but still allows
FUV and LyC photons to escape (the so-called
“picket fence” model, e.g., Heckman et al. 2001;
Saldana-Lopez et al. 2022) and/or (ii) multi-
ple generations of stars that, through feedback
processes, facilitate LyC escape by clearing out
gas while bolstering the redder part of the UV
spectrum with emission from older stellar popu-
lations (see discussion in Micheva et al. 2017 of
this effect in Mrk 71). We discuss the relation-
ship between β1200, dust, and stellar population
age further in §4.1.
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Figure 13. Same as Figure 1 but for the UV spectral index β1200.
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Figure 14. Same as Figure 2 but for UV β1200.

3.7. Stellar Mass

Simulations disagree as to whether dwarf or
more massive star-forming galaxies are the ma-
jor source of LyC photons for reionization. Fig-
ure 15 suggests that dwarf galaxies (M? < 109

M�) are more likely to be strong LCEs. More
than half (31/52) of the dwarf galaxies in the
combined sample are LCEs, 13 of which are
strong LCEs.

With increasing mass, the number of strong
LCEs and corresponding fLyCesc (UV) values ap-
pear to decrease. Even so, galaxies with M? >

109 M� can still be prodigious LCEs, some even
having fLyCesc > 0.1. The τ coefficient and corre-
sponding p value suggest the correlation is nei-

ther strong nor significant for any fLyCesc metric.
Furthermore, the other two fLyCesc metrics do not
indicate much of an envelope in fLyCesc with M?.
As evident in Figure 16, the LCE fraction dis-
tribution is also relatively flat over the range of
stellar masses. Like M1500, the distribution of
fLyCesc with respect to M? suffers from substan-
tial scatter. Unlike M1500, the stellar masses
have relatively large uncertainties. These large
uncertainties may contribute to the apparent
scatter and even to the flat LCE fraction dis-
tribution.

3.8. ΣSFR, sSFR, and Half-light Radius

ΣSFR exhibits a threshold of ΣSFR∼ 10 M�
yr−1 kpc−2 above which nearly all strong LCEs
appear, as evidenced by Figure 17. We see scat-
ter in fLyCesc similar to other diagnostics exam-
ined here, again implying the effects of orienta-
tion or variations in host galaxy properties. For
comparison, we also show fLyCesc as it varies with
half-light radius in Figure 17. The prominent
transition in fLyCesc at r50 ≈ 0.7 kpc suggests the
concentration of star formation dominates ΣSFR

in strong LCEs.
This affinity of strong LCEs for high ΣSFR

and low r50 suggests higher concentrations of
star formation provide the feedback necessary
to clear LyC escape paths in the ISM. Consis-
tent with this interpretation, we find that the
maximum observed value of fLyCesc increases with
sSFR. Although less pronounced, this envelope
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Figure 15. Same as Figure 1 but for stellar mass.

8 9 10
log10M (M )

0.0

0.2

0.4

0.6

0.8

1.0

LC
E 

De
te

ct
io

n 
Fr

ac
tio

n

Figure 16. Same as Figure 2 but for M?.

in fLyCesc is similar to the fLyCesc ∝ΣSFR
0.4 relation

described by (Naidu et al. 2020). These trends
suggest concentrated star formation may be a
good indicator of fLyCesc and could be pivotal to
understanding the origin of reionization.

We show the LCE fraction with respect to
both ΣSFR and sSFR in Figure 18. In both
cases, LCE fraction clearly increases with the
concentration of star formation. The LCE frac-
tion changes relatively little with ΣSFR until
reaching ≈ 10 M� yr−1 kpc−2, at which point
LCE fraction increases from ∼ 10% to 60% over
half a decade in ΣSFR. LCE fraction increases
more gradually with sSFR, suggesting that the

concentration of star formation is more impor-
tant than the effects of stellar mass.

Comparing ΣSFR, sSFR, and ΣsSFR =ΣSFR/M?

highlights this point as ΣSFR and ΣsSFR yield
much higher τ values than sSFR. The τ val-
ues of ΣSFR and ΣsSFR are also quite compara-
ble, which demonstrates that factoring in stellar
mass does not produce a better diagnostic. This
result comes with the caveat that the LzLCS
stellar masses have high uncertainties, which
could mitigate any effects stellar mass may have
on the observed trends.

High ΣSFR, like those seen for GP galaxies,
need not imply unusually strong SNe feedback
(e.g., Chisholm et al. 2017; Jaskot et al. 2017).
Because ΣSFR is derived from Hβ, the apparent
envelope in fLyCesc could instead arise from an in-
creased compactness of H II regions. Indeed, τ
is higher and more significant for r50 than for
ΣSFR, sSFR, or ΣsSFR. Such concentrated star
forming regions could deplete the surrounding
gas so that LyC photons can leave the local H II

region into the more diffuse host galaxy and po-
tentially escape into the IGM.

3.9. Metallicity

In Figure 19, we compare fLyCesc to the
gas phase metallicity 12 + log10(O/H). The
LCEs with fLyCesc & 10% all reside below 12 +
log10(O/H)∼ 8.1. Much like the case of M?,
the strong LCEs with fLyCesc . 10% and the
weak LCEs are more evenly distributed from



Low-z LyC Survey II: fLyCesc Diagnostics 19

100

COS NUV r50 (kpc)
10 3

10 2

10 1

100
F

Ly
C
/F

11
00

100

COS NUV r50 (kpc)
10 3

10 2

10 1

100

fLy
C

es
c
 (H

)

100

COS NUV r50 (kpc)
10 3

10 2

10 1

100

fLy
C

es
c
 (C

OS
 U

V)

0 1 2
log10 SFR, H  (M  yr 1 kpc 2)

10 3

10 2

10 1

100

F
Ly

C
/F

11
00

0 1 2
log10 SFR, H  (M  yr 1 kpc 2)

10 3

10 2

10 1

100

fLy
C

es
c
 (H

)

0 1 2
log10 SFR, H  (M  yr 1 kpc 2)

10 3

10 2

10 1

100

fLy
C

es
c
 (C

OS
 U

V)

10 9 8 7 6
log10sSFR (yr 1)

10 3

10 2

10 1

100

F
Ly

C
/F

11
00

10 9 8 7 6
log10sSFR (yr 1)

10 3

10 2

10 1

100

fLy
C

es
c
 (H

)

10 9 8 7 6
log10sSFR (yr 1)

10 3

10 2

10 1

100

fLy
C

es
c
 (C

OS
 U

V)

Figure 17. Same as Figure 1 but for UV half-light radius r50, ΣSFR, and sSFR. Dashed line in ΣSFR is the
fLyCesc ∝ Σ0.4

SFR relation from Naidu et al. (2020).

12 + log10(O/H)= 7.7 − 8.5. While substantial
scatter appears in all three diagnostics, roughly
two thirds (28/39) of the non-LCEs fall above
12+log10(O/H)∼ 8.1. With a correlation coeffi-
cient of τ ∼ −0.2 at about 2σ significance, fLyCesc

does not have a significantly strong correlation
with 12 + log10(O/H); however, the preferences
of the most prodigious LCEs for lower metal-
licities and non-LCEs for higher metallicities is
promising as a diagnostic.

The LCE fraction shown in Figure 20 also sug-
gests 12+log10(O/H) is a promising, albeit com-
plicated, diagnostic. As with the fLyCesc trends
shown in Figure 19, we see strong LCEs both
above and below 12 + log10(O/H)∼ 8.1. Given
the uncertainty in the LCE fraction, it is un-
clear whether the lack of LCEs at intermediate
values of 12 + log10(O/H)∼ 8.1 implies the exis-
tence of distinct LCE populations separated by
metallicity.

3.10. Summary of Correlations
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Figure 18. Same as Figure 2 but for r50, ΣSFR, and sSFR.
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Figure 19. Same as Figure 1 but for gas phase metallicity 12 + log10(O/H).
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Figure 20. Same as Figure 2 but for 12 +
log10(O/H).

Ten of the seventeen indirect fLyCesc diagnostics
considered above are significantly strong (|τ | >

0.2 with p < 0.00135, 3σ significance): fLyαesc ,
EW Lyα, vsep, O32, EW Hβ, β1200, M1500,int,
NUV r50, ΣSFR, and ΣsSFR. The fLyαesc , EW Lyα,
β1200, NUV r50, and ΣSFR diagnostics are signif-
icantly strong across both fLyCesc metrics. These
five diagnostics are thus the most compelling
for identifying LCEs and inferring fLyCesc . Hβ
EW and M1500,int are significantly strong cor-
relations only with the COS UV fLyCesc . In gen-
eral, fLyCesc derived from fitting the UV spectrum
gives the strongest, most significant correlations
for nearly all the indirect diagnostics. The suc-
cess of this particular LyC escape indicator is
particularly compelling because, as discussed in
§2, it is the most reliable and direct measure of
fLyCesc .

The indirect fLyCesc diagnostics motivated by
optical depth contain the majority of the strong
correlations. Likely owing to their unique sensi-
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tivity to H I, the diagnostics based on Lyα–
fLyαesc , Lyα EW, and profile peak separation–
have the strongest correlations as measured by
Kendall’s τ for censored data. However, the vsep
correlations lack the significance of the other
Lyα correlations, in part because of insufficient
data. While not as strongly correlated with
fLyCesc as the Lyα properties, the O32 flux ra-
tio still exhibits a strong, significant correlation.
The [O I] flux relative to other emission lines’
is less successful as an fLyCesc diagnostic, likely
owing to the faintness of [O I].

Of the remaining diagnostics, which are moti-
vated by the physical mechanism behind LyC
escape, the half-light radius and ΣSFR have
the strongest, most significant correlations with
fLyCesc . Indeed, strong LCEs exhibit clear associ-
ations with highly concentrated star formation,
distinguishing which sorts of galaxies or regions
within galaxies are emitting LyC. Both Hβ EW
and UV β1200 also correlate strongly and signif-
icantly with fLyCesc . While stellar mass and at-
tenuated UV magnitude lack strong, significant
correlations, these two diagnostics still exhibit
envelopes in fLyCesc and suggest the strongest
LCEs have M? < 109 M�. Such envelopes
in fLyCesc indicate that multiple properties con-
tribute to an ideal escape scenario, including
starburst age, ionization parameter, star forma-
tion rate, and orientation of optically-thin chan-
nels.

4. RELATIONSHIPS BETWEEN
DIAGNOSTICS

The results of these indirect diagnostics, par-
ticularly the envelopes in fLyCesc , prompt further
investigation of two-dimensional diagnostics to
determine trends in fLyCesc with multiple parame-
ters and explore sources of the scatter apparent
in many diagnostics. Below, we consider rela-
tionships between diagnostics regarding stellar
population age (β1200 vs Hβ EW, O32 vs Hβ
EW), star formation history (O32 vs M?, O32

vs 12 + log10(O/H)), ionization structure (O32
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Figure 21. UV β1200 vs Hβ EW for the LzLCS
strong (squares) and weak (dots) LCEs and non-
emitters (triangles) color-coded by fLyCesc derived
from the UV spectrum. Solid lines are the Zack-
risson et al. (2013) ∼ 30% solar metallicity picket
fence model predictions for fLyCesc = 0.0 (magenta),
0.5 (purple), and 0.9 (cyan). There appears to be
no association of fLyCesc with a particular sequence
in the UV β1200 - EW(Hβ) plane. While symbols
are color-coded by the UV-fit fLyCesc , the observed
trends here and in subsequent figures are similar if
one of the other fLyCesc metrics are used.

vs O31), and ionization vs mechanical feedback
(ΣSFR vs O32). Given fewer systematic uncer-
tainties associated with the UV SED fLyCesc , we
proceed with this particular fLyCesc metric in our
subsequent analysis and discussion.

4.1. UV β1200 vs Hβ EW

Although most galaxies with Hβ EWs < 150
Å do not appear associated with LyC escape
(§3.4), Zackrisson et al. (2013) propose the UV
β1200 – Hβ EW plane could constrain fLyCesc . We
compare their model predictions for fLyCesc = 0.0,
0.5, and 0.9 to the LzLCS results in Figure 21
for∼ 30% solar-metallicity, picket fence nebulae
over a range of 106 to 7 × 108 year burst ages.
Our combined results do not agree with their
predictions. We do see a mild gradient in fLyCesc

over UV β1200 that appears to shift to steeper
continua with increasing EW, as their predic-
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tions suggest. However, the observed locus ap-
pears shifted to higher spectral slopes: only one
previously published LCE falls into the fLyCesc > 0
space predicted by Zackrisson et al. (2013).

A major caveat to this apparent disagreement
is the effect of dust, which may substantially af-
fect the predicted sequences in the UV β1200 -
Hβ EW plane (Zackrisson et al. 2017). More-
over, the star formation history also determines
where a galaxy resides in Figure 21 as under-
lying older stellar populations can strongly af-
fect the optical continuum and thus the Hβ
EW. LzLCS galaxies appear to be older and/or
dustier than the Zackrisson et al. (2013) models,
which places our sample at lower Hβ EW and
higher UV β1200 than their predictions. In-
terpreting the discrepancy comes with an ad-
ditional complication that the UV β predicted
in the Zackrisson et al. (2013) is measured at
redder wavelengths than those accessible in the
COS spectrum. Because an attenuated young
stellar SED peaks at ∼ 1100 − 1200 Å, β1200 is
necessarily different from the Zackrisson et al.
(2013) UV β predictions. That being said, we
find no distinguishable trends in fLyCesc in the
β1200-EW(Hβ) plane.

Whereas the Zackrisson et al. (2013) models
suggest that strong LCEs should have low Hβ
EWs and low UV β1200, the strongest LCEs have
high (> 100 Å) Hβ EWs while those LCEs with
lower EWs have higher UV β1200. The latter
group of LCEs may contain porous H II re-
gions with optically thin channels cleared by SN
feedback or turbulence (see §5). In particular,
a two-stage starburst or dusty young starburst
could be responsible for the high UV β1200, low
Hβ EW exhibited by some of the strong LCEs.

4.2. O32: Age, Mass, Metallicity

Starburst age and ionization parameter are re-
lated since the earliest O stars die off within
the first 2-4 million years. Because these stars
dominate the LyC flux, properties sensitive to
ionization parameter like O32 will consequently
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Figure 22. O32 vs Hβ EW. Symbols as in Fig-
ure 21. A strong correlation is evident, owing to
the coupling of ionization parameter with starburst
age.

depend, at least in part, on the age of the star-
burst (e.g., Jaskot & Oey 2013; Izotov et al.
2017) in addition to other properties. Figure 22
demonstrates a tight relationship between O32

and Hβ EW.
The trend in Figure 22 could result from a va-

riety of processes. Decreasing Hβ flux due to
fewer ionizing photons would decrease the EW
in tandem with O32 as the O+2 zone declines
relative to O+. Due to the mass-metallicity cor-
relation for galaxies (e.g., Tremonti et al. 2004),
increased continuum flux due to higher galaxy
mass would decrease the EW while increasing
the metallicity, the latter serving to decrease
O32. We find that O32 and EW decrease with in-
creasing mass, but because mass correlates with
12 + log10(O/H), it is not clear whether mass
dominates this trend.

We find that LCEs occupy a wide range in O32

and Hβ EW. Roughly half of the LCEs occur at
log10O32> 1 or Hβ EW> 100 Å. Non-emitters
do not appear in this part of the diagram while
all the fLyCesc > 0.2 leakers reside here. The re-
maining LCEs have lower Hβ EWs (≈ 50− 150
Å) where many of the non-emitters also reside.
These separate sets of LCEs may imply differ-
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Figure 23. O32 compared to metallicity indicator
12 + log10(O/H) and SFH indicator M?. Symbols
as in Figure 21.

ent starburst ages or stellar mass populations at
which LyC escape occurs.

Escaping LyC photons should affect both Hβ
EW and O32. The former should decrease due
to a drop in Hβ flux while the latter should
increase due to a drop in [O II] flux. A lack
of preference of fLyCesc for any part of the dis-
tribution demonstrates that age and ionization
parameter mitigate any effects of escaping LyC
photons on the measured properties.

Gas-phase and stellar metallicities also affect
O32. As collisionally excited lines, [O III] and
[O II] depend on electron temperature, which is
higher in low metallicity gas due to decreased
cooling by metal emission lines. Higher stellar

metallicity changes the opacity of stellar inte-
riors and thus affects their photosphere tem-
peratures. Secondarily, high stellar metallic-
ity increases line blanketing in the LyC of O
and B stars. These metallicity effects on stel-
lar atmospheres serve to decrease the ioniz-
ing photon budget. These dependencies on
gas-phase and stellar metallicity indicate that
O32 correlates with an abundance indicator like
12 + log10(O/H), which we show in Figure 23.

While there is some scatter, a trend persists
between O32 and 12+log10(O/H) over nearly an
entire decade. Although high fLyCesc LCEs tend
to have higher O32 and lower 12 + log10(O/H),
LCEs populate the majority of the distribution
in Figure 23. Harder ionizing spectra at lower
metallicity could facilitate a density-bounded
escape scenario. Weaker feedback from low-
metallicity stars may also generate a dense,
clumpy gas geometry that enables LyC es-
cape (Jaskot et al. 2019), perhaps owing to low
covering fractions (e.g., Gazagnes et al. 2020;
Saldana-Lopez et al. 2022). Mechanical feed-
back from stars is stronger at higher metallicity,
which might explain the subpopulation of high
LCEs at higher metallicity. However, higher
metallicity is also linked to higher UV attenu-
ation (e.g., Wang et al. 2019), thereby limiting
LyC escape. The reduced fLyCesc of LCEs at
higher metallicity may also be due to the fact
that, at higher galaxy masses, increased gravity
may reduce the effectiveness of feedback and
thus limit LyC escape.

Following the known mass-metallicity rela-
tion, O32 ought to anti-correlate with M? just
as it does with 12 + log10(O/H). Indeed, in Fig-
ure 23, we see such a trend until M? . 109

M� (corresponding to O32≈ 2 − 3), at which
point the two properties appear to decouple.
With weaker gravitational potentials, low M?

galaxies also undergo more bursty star forma-
tion (e.g., Weisz et al. 2012; Guo et al. 2016).
Such episodic star formation results in a range
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Figure 24. O32 vs O31. Symbols as in Figure
21. Stasińska et al. (2015) predictions for a 2 Myr
starburst in a filled sphere (solid) and a spherical
shell (dashed) nebula bounded by radiation (ma-
genta) and density (purple). As a burst ages, O32

decreases at a fixed O31.

of stellar feedback and ionization parameters,
which would lead to a wide range in O32.

For a given metallicity or stellar mass, strong
LCEs tend to have the highest O32 values. The
leakers with fLyCesc > 0.2 concentrate at low 12 +
log10(O/H), low M?, and high O32. Thus, the
strength of a starburst relative to the mass of a
galaxy may determine its likelihood of leaking
LyC.

4.3. Oxygen Ionization Structure

Photoionization models predict that O31

should increase by 0.5 dex or more as the LyC
optical depth decreases from ionization to den-
sity boundary conditions at a fixed O32 (e.g.,
Stasińska et al. 2015; Plat et al. 2019; Ramam-
bason et al. 2020). We compare our results
to the predicted sequences for radiation- and
density-bounded nebulae models from Stasińska
et al. (2015) in Figure 24. The combined sam-
ples reside on or above the radiation-bounded
sequence. We find no relationship between
fLyCesc and any offset from the locus. Because
the strongest LCEs have only upper limits in
[O I], these galaxies may in fact be consistent
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Figure 25. ΣSFR vs O32. Symbols as in Figure 21.

with density-bounded or picket fence scenar-
ios. LCEs with detected [O I] reside along
the radiation-bounded model predictions, which
may suggest that an isotropic density-bounded
escape scenario is not realized. Indeed, Ramam-
bason et al. (2020) predict that density-bounded
channels within an otherwise optically-thick
medium can describe the distribution of O32

and O31 flux ratios we observe for LCEs with
fLyCesc . 0.1. The [O I] flux from LCEs with high
O32 and disproportionately low O31 may also be
contaminated by shocks, causing O31 to shift to
lower values than other LCEs (Stasińska et al.
2015; Plat et al. 2019).

4.4. ΣSFR: Ionization & Age

ΣSFR describes the concentration of O and B
stars. As a result, ΣSFR influences the ionization
parameter, which depends strongly on the num-
ber density of early type stars. At least in the
case of density-bounded LyC escape, we antici-
pate higher O32 for LCEs than for non-emitters
of the same ΣSFR due to a deficit in [O II] flux.

We find LCEs prefer high ΣSFR and high O32,
although only one of the two is necessary to
demonstrate the likelihood of LyC escape. Fig-
ure 25 demonstrates that, with few exceptions,
LCEs have high O32, high ΣSFR, or a com-
bination thereof. The LCE population with
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log10 ΣSFR < 1 M� yr−1 kpc−2 is sparse. Thus,
high O32 and high ΣSFR are each indicative of
LCEs, in particular strong LCEs, with the most
extreme LCEs having both high O32 and high
ΣSFR.

Combined with the results of UV β1200 and Hβ
EW, the combination of ΣSFR and O32 could
suggest two different types of strongly star-
forming LCEs. One population is younger with
high O32, high Hβ EW, and low metallicity. The
other population has lower O32, lower Hβ EW,
and higher metallicity, and resides in the upper
left of Figure 25. The latter suggests mechani-
cal feedback, while the former population may
point to the additional role of ionization.

5. DISCUSSION

5.1. Insight Into Lyman Continuum Escape

The substantial scatter evident in all con-
sidered diagnostics could be attributed to one
or both of two physical explanations. First,
orientation could cause the observed scatter
since fLyCesc likely depends on line of sight in an
anisotropic, radiation bounded escape scenario
(e.g., Zastrow et al. 2013; Cen & Kimm 2015).
Alternatively, the observed scatter might be due
to a time delay between the onset of star forma-
tion and the escape of the LyC since feedback
requires sufficient time to clear out escape chan-
nels, thus decoupling properties from fLyCesc to
some extent (e.g., Trebitsch et al. 2017; Barrow
et al. 2020; Naidu et al. 2022). Whatever might
cause this scatter, it is likely physical because
an upper envelope in fLyCesc persists across sev-
eral diagnostics. These envelopes suggest gen-
uine trends do exist between fLyCesc and differ-
ent parameters, but orientation, time delays,
and/or starburst properties like age and ion-
ization parameter might influence the values of
fLyCesc , causing the observed scatter.

As implied by the envelopes and correlations
in the fLyCesc diagnostics, the strongest correla-
tions are Lyα EW, fLyαesc , and vsep for the di-

agnostics motivated primarily by optical depth.
Other diagnostics with strong correlations in-
clude O32, Hβ EW, ΣSFR, and r50, which may
give insights into the physical mechanisms re-
sponsible for LyC escape. Some properties, no-
tably O32 and Hβ EW, exhibit a broad range in
galaxies with fLyCesc > 0.05. Different LyC escape
scenarios (e.g., Kakiichi & Gronke 2019; Gaza-
gnes et al. 2020) could populate different parts
of these diagnostics because the corresponding
conditions (e.g., optical depth, porosity of the
ISM, or feedback mechanism driving LyC es-
cape) correspond to different ranges of the ob-
servable parameter space of O32 and Hβ EW.

Investigation of two-dimensional diagnostics
sheds light on these possible explanations. At
higher mass and higher metallicity, the lower
O32, lower Hβ EW LCEs likely clear out their
birth cloud by mechanical feedback from early
type stars. This serves to more uniformly dis-
tribute the dense gas and dust leftover from star
formation into an optically thick bubble around
the O and B stars. SNe and turbulent feed-
back subsequently clear optically thin channels
in this bubble.

The younger, lower mass, lower metallicity na-
ture of the high O32, high Hβ EW LCEs indi-
cates this second class of LyC leakers are like
the GP galaxies. Such galaxies, while strongly
star forming, likely lack the high velocity out-
flows necessary to expel the remnant birth cloud
material and form a uniform obscuring medium
(Jaskot et al. 2019). However, they may have
sufficient radiative feedback to evacuate cavities
in the ISM (Kakiichi & Gronke 2019). As a re-
sult, these GP LCEs might contain an ISM that
is optically thin except where dense clouds cause
optically thick patches of relatively small cover-
ing fractions. We speculate that the range of
parameter spaces occupied by LCEs indicates a
shift in conditions and escape mechanism from
young GP starbursts with large optically thin
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cavities to older, optically thick star forming
galaxies with a porous ISM.

While these putative differences in LCEs
spurred our comparison of fLyCesc proxies, the
two-dimensional diagnostics also demonstrate
how different parameters depend on one an-
other. These comparisons show that metallic-
ity, mass, ΣSFR, age, and ionization parameter
are inextricably linked. Furthermore, we find
that age and ionization parameter dominate
any optical depth effects on properties like O32

and Hβ EW. In other words, young ages and
strong radiation boost O32 and Hβ EW in the
strongest LCEs and may be critical for high
levels of LyC escape. It is also plausible that
a feedback-induced time delay introduces LCE
“stragglers” into the distributions of fLyCesc (e.g.,
Trebitsch et al. 2017; Secunda et al. 2020).

5.2. Comparison with Simulations

Cosmological simulations provide a critical
link between the low redshift LCEs and high
redshift surveys. Predictions from simulations
connect parameters such as stellar mass and
ΣSFR to fLyCesc at the epoch of reionization. Be-
cause LzLCs galaxies and other GP-like galaxies
are reasonable analogs of high-redshift galaxies,
comparing our results to these predictions from
simulations can be useful both for translating
indirect diagnostics to high redshift and for in-
terpreting the distributions we observe.

One of the most contentious issues regard-
ing reionization is the mass regime of galaxies
that provide the ionizing photons. Some simu-
lations predict that fLyCesc decreases with stellar
mass (e.g., Kimm & Cen 2014) and UV lumi-
nosity (e.g., Trebitsch et al. 2017; Secunda et al.
2020) while others predict that fLyCesc increases
with stellar mass and UV luminosity (e.g., Ma
et al. 2020). The strongest LCEs in the com-
bined sample of local LCEs are smaller, fainter
galaxies with M? . 109 M� and MFUV & −19.
Reionization is likely driven by galaxies with
similar properties.

The LzLCS samples the upper end of the sim-
ulated M?-ΣSFR distribution of LCEs in Naidu
et al. (2020). We find that the combined sam-
ple of LCEs is largely consistent with their pre-
dictions, including the range in fLyCesc . How-
ever, our average fLyCesc toward higher stellar
mass bins is about 0.1 dex lower than theirs
even if considering only the strongest LCEs.
Moreover, although we find qualitative agree-
ment between the envelope in fLyCesc with re-
spect to ΣSFR and the fLyCesc ∝ Σ0.42

SFR relation
prescribed by Naidu et al. (2020), the M1500 <
−20 LCEs in the LzLCS are not strong leak-
ers at the same rate as their M1500 > −19
counterparts. While seemingly contrary to pre-
dictions by Naidu et al. (2020), the fact that
brighter, higher mass galaxies are less likely to
be prodigious LCEs in our sample may be con-
sistent with their simulations as intermediate-
mass galaxies at z > 4 tend to have emission-
line properties similar to those of the z ∼ 0.3
low-mass galaxies of this study. The fLyCesc -ΣSFR

envelope also agrees with the sharp increase
in fLyCesc predicted by Sharma et al. (2017), al-
though we do not see the 20% fLyCesc values they
suggest for M? > 109 M�. This might suggest
that properties in addition to ΣSFR (e.g., metal-
licity, dust) affect LyC escape.
O32 is a more empirical measurement than

M? or ΣSFR and directly traces the ionization
parameter. Together, these attributes have fa-
vored O32 as an fLyCesc diagnostic in the past. Un-
fortunately, properties like ΣSFR and metallicity
can also contribute to O32, thus making inter-
pretation of O32 unclear (see Nakajima & Ouchi
2014). As with the LzLCS, recent studies have
found substantial scatter in the fLyCesc -O32 diag-
nostic (e.g., Izotov et al. 2018b; Bassett et al.
2019), which Bassett et al. (2019) attribute to
a combination of orientation and opening an-
gle effects. With these physical and empirical
caveats in mind, recent cosmological hydrody-
namic simulations have predicted where high
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redshift LCEs should appear in the O32-R32 di-
agnostic (e.g., Katz et al. 2020). We show the
distribution of LzLCS, Izotov et al. (2016a,b,
2018a,b, 2021); Wang et al. (2019), and pub-
lished LCEs (de Barros et al. 2016; Nakajima
et al. 2020) and LAEs (Reddy et al. 2021) at
z ∼ 2 − 3 in Figure 26 along with z ∈ [0.2, 0.4]
star-forming galaxies taken from the Thomas
et al. (2013) SDSS catalog for comparison. Sim-
ulations by Barrow et al. (2020) suggest the en-
tire distribution of LCEs shifts 0.5 dex lower in
R23 at high redshift due to decreases in metal-
licity while maintaining high O32 through high
ionization parameter. On the other hand, sim-
ulations by Katz et al. (2020) suggest LCEs at
high redshift shift to a locus ∼ 1 dex higher in
O32 than that of the SDSS galaxies, intersecting
the low-metallicity “tail” where the combined
low-redshift LCEs reside.

In contrast to these theoretical predictions,
LCEs at moderate redshift (z ∼ 3, Nakajima
et al. 2020) still reside in this tail, despite hav-
ing fesc values in excess of 10%. Thus, even
in earlier epochs, properties like age, ionization
parameter, and metallicity may continue to out-
weigh the effects of LyC escape in setting O32.
Star-forming galaxies from the MOSDEF sur-
vey at z ∼ 2−3 have O32 values more consistent
with non-LCEs and typical SDSS star-forming
galaxies. These galaxies are likely analogous to
Lyman break galaxies (LBGs), suggesting that
LBGs are only weakly leaking, if at all. Reddy
et al. (2021) find that these galaxies have older
burst ages (continuous star formation ages of
∼ 100 Myr), moderate ionization parameters
(logU ∼ −3), and relatively higher metallici-
ties (∼30-40% solar), which could readily ac-
count for the observed O32 values. These same
properties may be associated with low levels of
LyC escape. The LzLCS results suggest that
O32 and fLyCesc may be indirectly related, as both
O32 and fLyCesc may depend on the same physi-
cal properties such as ionization parameter and
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Figure 26. The O32 vs R23 diagnostic for the
combined sample. Symbols as in Figures 1-19 with
the addition of LCEs from Nakajima et al. (2020)
with measured O32 and R23 (green hexagons), the
z = 3.2 LCE from de Barros et al. (2016, blue
triangle), and the z = 1.85 − 3.49 LBGs from
Reddy et al. (2021, red crosses). For reference,
we show SDSS star-forming galaxies (grey dots)
selected from the value-added catalog of Thomas
et al. (2013) with requirements that z ∈ [0.2, 0.4]
and that strong emission lines have F/σ > 3.
We show the locus of high-redshift LCEs predicted
from cosmological simulations by Katz et al. (2020,
dash-dotted) and Barrow et al. (2020, dashed).

metallicity. As such, these underlying proper-
ties will predominantly determine the observed
O32 flux ratio at z ∼ 3 and at z ∼ 6.

5.3. Implications for High Redshift

One of the principal objectives of the LzLCS
is to ascertain which diagnostics are best suited
to identifying LCEs and inferring their fLyCesc .
While fLyαesc , EW Lyα, vsep, O32, β1200, NUV r50,
and ΣSFR all exhibit strong significant correla-
tions with fLyCesc at z ∼ 0.3, comparisons with
observations of these properties at higher red-
shifts are necessary to extend our results to the
epoch of reionization.
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Lyα offers one of the most promising indica-
tors of LyC escape: both fLyαesc and Lyα EW cor-
relate well with fLyCesc , at least in part because
Lyα is also sensitive to the line-of-sight neutral
hydrogen column density. However, this sensi-
tivity complicates the detection of Lyα because
the neutral hydrogen fraction in the IGM in-
creases dramatically with redshift (Tang et al.
2019; Thomas et al. 2021), accounting for the
steep drop in LAEs observed at z & 6 (e.g.,
Pentericci et al. 2011; Treu et al. 2013; Schenker
et al. 2014). Although Lyα falls in the optical
observing window at redshifts of z ∼ 6, few Lyα
emitters may be observable (an effect exacer-
bated by the shift of Lyα into the near infrared
at z > 7). But it does suggest that LCEs are
frequently LAEs. The few LAEs detected at
z > 6 may be leaking LyC. Indeed, the size of
ionized bubbles necessary to produce observed
double-peaked Lyα at z ∼ 6 imply LyC escape
(Meyer et al. 2021).

Star-forming galaxies observed at higher red-
shifts allow a more direct comparison with the
LCEs from our sample. The z ∼ 2 − 3 LBG-
like star-forming galaxies from Reddy et al.
(2021) have lower fLyαesc and EW Lyα than the
z ∼ 0.3 LCEs, suggesting that LBGs are ei-
ther extremely weak LCEs or non-emitters. The
z ∼ 3 individual LCEs from Nakajima et al.
(2020) and z ∼ 2 − 3 stacked spectra LCEs
with fLyCesc ≥ 0.2 from Steidel et al. (2018), Pahl
et al. (2021), and Naidu et al. (2022) exhibit
Lyα EWs of 30 − 110 Å and LyC escape frac-
tions slightly larger than those of z ∼ 0.3 LCEs
at similar EWs. As shown in Figure 3, the Pahl
et al. (2021) relation between fLyCesc and EW Lyα
(based on the z ∼ 3 stacks from Steidel et al.
2018) is qualitatively consistent with the fLyCesc -
Lyα envelope in the LzLCS galaxies.

At higher redshifts, the Marchi et al. (2018)
analysis of stacked spectra of z = 3.5−4.3 LAEs
indicates that galaxies with Lyα EWs ≥ 50 Å
have relative fLyCesc significantly higher than 0.05

while those with Lyα EWs < 50 Å do not. The
individual LyC detection in Ion3 at z = 4 ex-
hibits quadruply-peaked Lyα with an EW of
∼ 40 Å and a relative escape fraction of 0.6
(Vanzella et al. 2018). These z ∼ 2 − 4 re-
sults are consistent with the fact that 22/26 of
the LzLCS strong LCEs have EW Lyα > 40 Å.
Thus, EW Lyα as a LCE identifier and fLyCesc

diagnostic should be readily extensible to the
epoch of reionization.

Studies by Steidel et al. (2018) and Pahl et al.
(2021) at z ∼ 3 suggest that fainter galaxies
have higher fLyCesc . As shown in §3.5, we only
find weak correlations with M1500, although
we do see a possible dependence of maximal
fLyCesc on M1500. That being said, our sam-
ple probes fainter magnitudes than studies at
higher redshifts. Saldana-Lopez et al. (2022)
found that individual LCE detections at higher
redshifts are consistent with LzLCS results for
FλLyC/Fλ1500 (see their Figure 16). LyC mea-
surements using stacked spectra from Steidel
et al. (2018) suggest that a possible envelope in
FλLyC/Fλ1500 persists out to M1500 ∼ −22. De-
spite scatter, the increase in max FλLyC/Fλ1500

with magnitude suggests that M1500 may still
be a useful tool to estimate galaxy contribu-
tions to reionization. However, additional ob-
servations of UV-faint LCEs at z ∼ 3 are neces-
sary to confirm that the dependence of maximal
FλLyC/Fλ1100 on M1500 at z ∼ 3 is similar to that
observed in the combined LzLCS at z ∼ 0.3.

Several indirect diagnostics driven by physical
mechanism also show promise at high redshift.
Star-forming galaxies at z ∼ 6 − 8 have UV
slopes and star formation rates comparable to
those of LCEs in this study (e.g., Bhatawdekar
& Conselice 2021), which may suggest that the
β1200 and ΣSFR diagnostics at z ∼ 0.3 can be
used to identify LCEs and even infer fLyCesc at
the epoch of reionization. Shibuya et al. (2015,
2019) find that star-forming galaxies become in-
creasingly compact, approaching UV half-light
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radii of 0.5 to 0.7 kpc at z ∼ 6. Such com-
pactness is typical for the z ∼ 0.3 LCEs in this
study and LAEs in other studies (e.g., Kim
et al. 2021). Moreover, this UV concentration
corresponds to an average increase in ΣSFR up to
values & 10 M� yr−1 kpc−2 at z ∼ 6 (Shibuya
et al. 2015), which is comparable to the ΣSFR

of z ∼ 0.3 LCEs. Such concentrated star for-
mation at the epoch of reionization may be in-
dicative of LyC escape. Star-forming galaxies
at z ∼ 5−6 could have higher-velocity outflows
than galaxies of the same star-formation rates
and stellar masses at z ∼ 0 (Sugahara et al.
2019). Such extreme outflows might indicate
augmented stellar feedback, in turn improving
LyC escape indicators like ΣSFR, M?, and UV β
at z ∼ 6 relative to z ∼ 0.3.

The effect of gravity on fLyCesc diagnostics is
not straightforward. In §3.7, we found no cor-
relation of fLyCesc with M?. We did find a sig-
nificant trend between fLyCesc and sSFR in §3.8,
which may indicate that strong feedback better
facilitates LyC escape in weaker gravitational
potentials. At z ∼ 2.3 (Sanders et al. 2016),
z ∼ 3 (Reddy et al. 2021), and z = 7 (End-
sley et al. 2021), galaxies tend to have sSFR
in the 1-10 Gyr−1 range, which corresponds to
weaker LCEs and non-emitters at z ∼ 0.3. Tak-
ing the §3.8 results at face value, these higher
redshift galaxies might not be prodigious LCEs.
However, the analysis by Saxena et al. (2021) of
individual LCEs at z ∼ 3 suggests galaxies with
lower sSFR values of 1-10 Gyr−1 have fLyCesc in
excess of 10% at higher redshift. No z ∼ 0.3
LCEs with fLyCesc > 10% have sSFR < 10 Gyr−1.
This striking difference at z ∼ 3 may point to
an increase in burst-enabled LyC escape with
redshift.

Other properties may readily persist at higher
redshifts (e.g., Hβ EW, [O III]λ5007 EW, O32,
R23, cf. Nakajima et al. 2020; Boyett et al. 2021;
Endsley et al. 2021; Reddy et al. 2021; Saxena
et al. 2021) but are difficult to observe at z & 6

without space-based facilities like JWST. How-
ever, as we enter the JWST era, indirect indi-
cators of fLyCesc will prove immensely useful via
the trends presented in §3. Indeed, unlike ob-
serving the LyC, the reionization of the IGM is
relatively insensitive to the anisotropic escape
of LyC photons. The broad range of LCE prop-
erties may still complicate interpreting some di-
agnostics, as might the interdependent nature
of parameters, since it is not clear how either
will differ at z ∼ 6.

LCEs at the epoch of reionization could be in-
trinsically unlike those in the LzLCS. Dust and
the corresponding attenuation laws might alter
the optical depth of the ISM at the epoch of
reionization. Low metallicities in the early uni-
verse could suppress fragmentation during star
formation, resulting in a top-heavy IMF with
higher concentrations of O and B stars than
at low redshift for the same ΣSFR. Thus, a
more physically complete understanding of the
ISM and star formation at high redshift are
paramount to successfully interpreting the sig-
natures of LyC escape. Nevertheless, we find
that young ages, concentrated star formation,
and high ionization parameter are important for
LyC escape.

6. CONCLUSION

Using the results for the 66 galaxies at z ∼ 0.3
in the LzLCS, we have conducted the first thor-
ough statistical test of indirect diagnostics of
fLyCesc and LyC escape. We find that fLyαesc , EW
Lyα, vsep, O32, EW Hβ, β1200, M1500,int, NUV
r50, ΣSFR, and ΣsSFR provide the best correla-
tions with fLyCesc . However, many of these di-
agnostics exhibit an upper limit in the values
of fLyCesc that varies with the property in ques-
tion. We interpret these results as underlying
trends that are obscured by a combination of
line-of-sight effects and variations in other phys-
ical properties. Indirect diagnostics arising from
stellar feedback mechanisms (e.g., stellar winds,
SNe) tend to suffer from this effect more so than
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those based on optical depth. Such mechanism-
based trends are still useful to infer fLyCesc while
also providing insight into the nature of LyC es-
cape. We note that the apparent success of each
diagnostic may depend on the fLyCesc metric used,
with templates fit to the COS spectra giving the
strongest, most significant correlations of prop-
erties with fLyCesc . Since many of the trends show
significant scatter for any given diagnostic pa-
rameter, we also perform a quantitative assess-
ment of the fraction of galaxies which are LCEs.

Our statistical tests include the following
diagnostics: fraction of Lyα photons (fLyαesc )
which escape the host galaxy, EW(Lyα), the
velocity separation (vsep) between the Lyα pro-
file peaks, the [O I]λ6300/Hβ flux ratio, the
[O III]λ5007/[O I]λ6300 = O31 flux ratio, the
[O III]λ5007/[O II]λ3726, 3729 = O32 flux ra-
tio, EW(Hβ), M1500, UV power law slope β1200,
host galaxy stellar mass M?, half-light radius
r50, ΣSFR, and sSFR=SFR/M?.

Of these diagnostics, fLyαesc , EW Lyα, vsep,
O32, β1200, NUV r50, and ΣSFR exhibit some of
the strongest, most significant correlations with
fLyCesc . Trends in fLyCesc with Lyα properties like
fLyαesc , EW Lyα, and vsep suggest line-of-sight op-
tical depth plays a key role in identifying LCEs
and inferring fLyCesc . Other diagnostics, includ-
ing O32, r50, ΣSFR, and β1200, also demonstrate
strong, significant correlations with fLyCesc , indi-
cating concentrated star-formation, young stel-
lar populations, and high ionization play pivotal
roles in LyC escape.

From these diagnostics, we have obtained
deeper insight into the nature of LCEs and the
conditions that may best facilitate LyC escape.
LCEs tend to have compact (r50 < 0.5 kpc) re-
gions of intense star formation (ΣSFR& 10 M�
yr−1 kpc−2), indicating stellar feedback may be
crucial for LyC escape.

The distribution of fLyCesc over other properties
like ionization parameter (measured by O32),
burst age (measured by Hβ EW), stellar mass,

and metallicity suggests a broad range in LCE
galaxy properties that persists across many di-
agnostics. This diversity suggests that dif-
ferent physical conditions can lead to LyC es-
cape or that a time delay between star forma-
tion and LyC escape can decouple fLyCesc from
certain galaxy properties. With that being said,
galaxies with high O32, high Hβ EW, and low β
are more likely to be strong LCEs (fLyCesc & 0.05),
suggesting that galaxies like the Green Peas are
the most substantial LyC leakers.

To better understand how certain properties
can affect one another and the inferred fLyCesc , we
juxtapose fLyCesc diagnostics. Zackrisson et al.
(2013) proposed a comparison of β1200 with
EW(Hβ). We find that, while not following the
predictions from Zackrisson et al. (2013), LCEs
with higher fLyCesc tend to have higher EW(Hβ)
(> 100 Å) and steeper UV continua (< −2).
Moreover, LCEs distinguish themselves as hav-
ing either higher EW(Hβ) and steeper UV con-
tinua or lower EW(Hβ) (< 100 Å) and more
shallow UV continua (> −2).

We also compare O32 and EW(Hβ), finding
the two are strongly correlated. Through com-
parisons with mass and metallicity, we find
higher O32 (> 5), higher fLyCesc LCEs have low
masses and low metallicities while the lower O32

(< 5), lower fLyCesc LCEs have higher masses and
higher metallicities. These results point to a
distinct difference in LyC escape mechanism, as
discussed above. The oxygen ionization struc-
ture indicated by O32 and O31 (e.g., Stasińska
et al. 2015) demonstrates that LCEs cannot be
readily described by a simple density-bounded,
isotropic escape scenario. Even so, all LCEs
display concentrated star formation, indicating
that locally intense star formation is necessary
for LyC escape regardless of mechanism.

For further insight into LCEs, we compare our
results with cosmological and galaxy evolution
simulation predictions. Consistent with some
simulations (e.g., Trebitsch et al. 2017; Secunda
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et al. 2020), we demonstrate that compact, UV-
faint, low-mass galaxies are far more likely to
be significant LyC leakers than other galaxies.
While we do find that concentrated star forma-
tion is a significant indicator of LyC escape,
simulations that predict this relationship sug-
gest LCEs ought to have higher stellar masses
than we find in our sample (e.g., Sharma et al.
2017; Nakajima et al. 2020).

While we demonstrate that Lyα is the best
fLyCesc indicator at low redshift and that our
LCEs are comparable to LyC-leaking LAEs at
z ∼ 2− 3, the increasing IGM opacity at z & 4
renders Lyα, at best, difficult to detect from
galaxies at the epoch of reionization. From a
holistic interpretation of other indirect diagnos-
tics, a galaxy with high EW Lyα, high fLyαesc ,
high O32, high EW(Hβ), low β1200, low NUV
r50, and high ΣSFR is likely an LCE. Thus, ob-
serving rest-frame properties like O32, EW(Hβ),
and ΣSFR with JWST is critical to identifying
and understanding the galaxies responsible for
cosmic reionization.
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