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ABSTRACT

One of the fundamental questions of cosmology is the origin and mechanism(s) responsible for the
reionization of the Universe beyond z ∼ 6. To address this question, many studies over the past
decade have focused on local (z ∼ 0.3) galaxies which leak ionizing radiation (Lyman continuum or
LyC). However, line-of-sight effects and data quality have prohibited deeper insight into the nature of
LyC escape. To circumvent these limitations, we analyze stacks of a consolidated sample of HST/COS
observations of the LyC in 89 galaxies at z ∼ 0.3. From fitting of the continuum, we obtain information
about the underlying stellar populations and neutral ISM geometry. We find that most LyC non-
detections are not leaking appreciable LyC (fLyC

esc < 1%) but also that exceptional cases point to
spatial variations in the LyC escape fraction fLyC

esc . Stellar populations younger than 3 Myr lead to an
increase in ionizing feedback, which in turn increases the isotropy of LyC escape. Moreover, mechanical
feedback from supernovae in 8-10 Myr stellar populations is important for anisotropic gas distributions
needed for LyC escape. While mechanical feedback is necessary for any LyC escape, high fLyC

esc (> 5%)
also requires a confluence of young stars and ionizing feedback. A two-stage burst of star formation
is critical to producing this optimal LyC escape scenario and should be considered fundamental to
identifying LyC emitters at the epoch of reionization.

1. INTRODUCTION

Identifying the galaxies responsible for cosmic reion-
ization is fundamental to understanding galaxies and the
intergalactic medium (IGM) in the early Universe. Over
the last decade, the number of galaxies with detected Ly-
man continuum (LyC) has increased dramatically from a
handful of candidates to dozens of confirmed LyC emit-
ters (LCEs) at both z ≲ 0.5 (e.g., Izotov et al. 2016b,
2018b; Flury et al. 2022a) and z ∼ 3 (e.g., Fletcher et al.
2019; Saxena et al. 2022). While these exciting results
provide the foundation necessary for identifying star-
forming LCEs at the epoch of reionization (e.g., Wang
et al. 2021; Flury et al. 2022b; Saldana-Lopez et al. 2022;
Chisholm et al. 2022; Mascia et al. 2023; Jaskot et al.
2024a,b), the mechanisms which promote the escape of
ionizing photons are not well understood.
Recently, Amoŕın et al. (2024) established a connec-

tion between outflows and the fraction of LyC photons
which escape from a galaxy (the escape fraction, or
fLyC
esc ), indicating that stellar feedback is a likely culprit
in LyC escape (as anticipated in previous studies, e.g.,
Heckman et al. 2001; Clarke & Oey 2002; Heckman et al.
2011; Hogarth et al. 2020; Mainali et al. 2022). Concen-
trated star formation produces more extreme feedback
(McQuinn et al. 2019; Cen 2020; Llerena et al. 2023;
Cenci et al. 2024), which may explain the relationship
between star formation rate surface density ΣSFR and
fLyC
esc (Flury et al. 2022b). Simulations predict that
this feedback can fully account for the escape of LyC
photons from star-forming regions and out into the in-
tergalactic medium (e.g., Razoumov & Sommer-Larsen
2010; Trebitsch et al. 2017; Barrow et al. 2020; Ma et al.
2020). However, the exact mechanisms for feedback,
and the associated galaxy properties, are neither well
understood nor constrained observationally.
Competing hypotheses for the relationship between

feedback and LyC escape suggest different stellar popu-
lations and feedback mechanisms. Simulations by Kimm
et al. (2017) suggest ionizing feedback from very young

(< 3 Myr) stellar populations is critical, which may be
consistent with results pointing to young stellar popu-
lations as key drivers of LyC escape (e.g., Jaskot et al.
2019; Kakiichi & Gronke 2021), particularly since ioniz-
ing radiation may be sufficient to drive superwinds (Ko-
marova et al. 2021). Other studies point to stellar pop-
ulations with ages of 3-5 Myr (e.g., Zastrow et al. 2013;
Ma et al. 2020; Choustikov et al. 2023), invoking stellar
winds and initial supernovae (SNe) as sources of feed-
back responsible for clearing out channels optically thin
to the LyC. Older (8-10 Myr) populations may also be
significant, with LyC escape requiring a time delay be-
tween star formation and the effects of feedback-driven
outflows (e.g., Trebitsch et al. 2017; Barrow et al. 2020).
Still others suggest two-stage bursts, the first to gener-
ate feedback via winds and SNe and the second to pro-
duce LyC photons, are necessary for LyC escape (e.g.,
Micheva et al. 2017; Enders et al. 2023) with binary star
populations sustaining a strong LyC budget for long
periods of time (e.g., Rosdahl et al. 2018). However,
substantial mechanical feedback may disrupt subsequent
star formation, thereby inhibiting multi-burst LyC es-
cape (e.g., Barrow et al. 2020).
In the context of LyC escape, feedback may play a key

role in reshaping the distribution of gas in the interstel-
lar medium (ISM). Studies often consider two simplified
descriptions of the ISM geometry in LCEs: ubiquitously
thin gas that allows isotropic LyC escape (the so-called
“density-bounded” scenario, e.g., Zackrisson et al. 2013;
Nakajima & Ouchi 2014) and patchy, anisotropic gas
distributions (the so-called “picket fence” scenario, e.g.,
Heckman et al. 2001; Zackrisson et al. 2017). Feedback
can produce or affect these geometries in various ways.
SNe and winds can redistribute material from remnant
birth clouds, generating picket fence morphology close to
the ionizing cluster, promoting LyC escape (e.g., Jaskot
et al. 2019), but can also blow out chimneys in dense
gas through which the LyC can escape (e.g., Heckman
et al. 2001, 2011). However, catastropic cooling can mit-
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igate the effects of SNe and winds, particulalry at low
metallicities, thereby maintaining large opening angles
of low-density gas (Danehkar et al. 2021). Moreover,
delays in SNe onset by 5 Myr or more due to metallic-
ity effects can drastically reduce early cumulative me-
chanical feedback, further mitigating its effects on the
surrounding ISM (Jecmen & Oey 2023). And if very
young stellar populations are at play, then ionizing LyC
feedback can also play a significant role in the geometry
by driving winds (Komarova et al. 2021) or by ioniz-
ing the gas to produce a density-bounded scenario (e.g.,
Gazagnes et al. 2020).
Previous efforts to address the roles of feedback and

ISM geometry in LyC escape have relied on rest-frame
FUV spectroscopy across a range of redshifts. Geometry
measurements suggest LyC escape increases as optically
thin gas becomes increasingly isotropic (e.g., Chisholm
et al. 2018; Gazagnes et al. 2020; Saldana-Lopez et al.
2022). Due to the sensitivity of both fLyC

esc and absorp-
tion lines to line-of-sight, these results are biased to-
ward chance (mis)alignments of LCEs with the observer
and may not fully capture the geometry of LyC escape.
Averaging over multiple sightlines is key to painting a
complete picture of the ISM conditions. Investigations
of stellar populations consistently indicate ages < 10
Myr are most closely associated with LyC escape (e.g.,
Chisholm et al. 2022; Enders et al. 2023; Saldana-Lopez
et al. 2023; Kim et al. 2023). More detailed assessments,
including distinguishing contributions from stellar pop-
ulations before and after the onset of core-collapse su-
pernovae (ages < 3 and > 6 Myr, respectively) in ob-
served spectra, are necessary to fully understand the re-
lationships between star formation, feedback, and LyC
escape. Such detail requires good detection of diagnostic
features such as the O VIλλ1032, 38 and N Vλλ1238, 40
P Cygni lines and the S IVλ1060 and C IIIλ1175 photo-
spheric lines (Chisholm et al. 2019).
To obtain constraints on the stellar populations, feed-

back, and average geometry as they pertain to fLyC
esc ,

we perform a detailed analysis of stacked HST/COS
spectra from the Low-redshift Lyman Continuum Sur-
vey (LzLCS, Flury et al. 2022a) and other LyC pro-
grams. In §2, we review the combined LzLCS and pub-
lished COS surveys of LCE candidates at z ∼ 0.3 and, in
the subsequent §3, outline our stacking procedure. We
analyze the stacked spectra to determine stellar popu-
lations (§4), fLyC

esc (§5), and ISM properties (§6). With
these results, we demonstrate relationships between stel-
lar populations, feedback, and geometry in §7. Finally,
in §8, we use these results to assemble a framework for
interpreting LyC escape both locally and at z > 6.
For this study, we assume H0 = 70 km s−1 Mpc−1,

Ωm = 0.3, and ΩΛ = 1. Unless specified, all atomic data
are taken from Morton (2003).

2. SAMPLE SELECTION

The Low-redshift Lyman Continuum Survey (LzLCS
Flury et al. 2022a) is a large HST/COS observing pro-
gram (GO 15626, PI Jaskot) which includes observations
of the LyC window and FUV continuum for 66 galaxies
at z ∼ 0.3 that cover a wide range of properties. The
LzLCS provides the first statistically robust test of indi-
rect diagnostics for identifying LCEs (e.g., Flury et al.
2022b; Saldana-Lopez et al. 2022; Wang et al. 2021).
One of the major objectives of the LzLCS is to pro-
vide an empirical foundation for selecting LCE candi-
dates from JWST observations of galaxies in the epoch
of reionization at z ≳ 6 (Jaskot et al. 2024a,b). How-
ever, the LzLCS also offers a unique opportunity to in-
vestigate the properties and underlying mechanisms of
LCEs.
With 23 additional observations of z ≲ 0.5 LCE can-

didates in the literature (Izotov et al. 2016a,b, 2018a,b,
2021; Wang et al. 2019), the combined LzLCS, hence-
forth LzLCS+, comprises COS G140L spectra uniformly
processed using FaintCOS (Makan et al. 2021) for 89
objects spanning a wide range of UV luminosities, star-
burst ages, stellar masses, and ionization parameters.
Saldana-Lopez et al. (2022) fit these spectra with stellar
population SEDs to determine properties like the intrin-
sic LyC, burst age, and fLyC

esc . Accompanying the UV ob-
servations are rest-frame optical spectra from the Sloan
Digital Sky Survey (SDSS, York et al. 2000). As outlined
in Flury et al. (2022a), the LzLCS+ includes ancillary
information obtained from the nebular emission lines in
the SDSS spectra such as flux ratios, direct-method gas
phase chemical abundances, and star formation rates.

3. STACKING

3.1. Motivation for Stacking

Our motivation for stacking is threefold: (i) to boost
the S/N of the non-ionizing FUV spectra to obtain
strong constraints on the stellar population ages and ab-
sorption line properties; (ii) to average over line-of-sight
variations to account for orientation and pencil-beam
effects, and (iii) to push below the fLyC

esc upper limit
threshold imposed by the exposure times and detector
sensitivity in the individual observations.
The characteristic S/N of the non-ionizing spectra for

the LzLCS galaxies is quite low, with individual pixels
detecting continuum at ≈ 1.5σ (σ per resolution ele-
ment) at rest-frame 1100 Å where the starlight contin-
uum is bright and featureless. The continuum fluctu-
ates by ≈ 20% on average at the rest-frame 1100 Å for
pixels binned to match the COS G140L spectral resolu-
tion. As indicated by the large uncertainties reported in
Saldana-Lopez et al. (2022), the low S/N reduces con-
straining power of important spectroscopic features, in-
cluding age diagnostics in the starlight continuum (e.g.,
O VI λ 1037, S IV λλ1062, 73, P V λλ1118, 28, C III

λ1175, 1247, N V λ1240) and ISM absorption lines (e.g.,
Si II λ1193, 1260, Si II+O I λ1302, C II λ1334), in some
cases to the extent of preventing detection altogether.
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Stacking will increase the S/N of the spectra, clarifying
many of these key stellar population and ISM signatures.
One of the principal issues with assessing the geometry

of the ISM for LyC escape is line-of-sight effects (e.g.,
Komarova et al. 2024). Depending on the orientation of
the H II region(s) and the host galaxy with respect to
the observer, fLyC

esc can take on a broad range of values
(e.g., Cen & Kimm 2015, cf. results in Chisholm et al.
2022; Saldana-Lopez et al. 2022), even to the extent that
no LyC flux is detected from a genuine LCE due to mis-
alignment of the source with the observer (e.g., Fletcher
et al. 2019; Komarova et al. 2024). Corresponding ab-
sorption lines are also sensitive to the “pencil beam”
effect, tracing only the gas geometry and column den-
sity along sight lines illuminated by the background stel-
lar population (e.g. Chisholm et al. 2018; Steidel et al.
2018; Gazagnes et al. 2020; Saldana-Lopez et al. 2022).
These line-of-sight effects due to orientation and pencil-
beaming lead to substantial scatter in relationships be-
tween fLyC

esc and most properties (Flury et al. 2022b;
Saldana-Lopez et al. 2022). Stacking averages over dif-
ferent sight lines, thereby allowing us to investigate the
characteristic ISM geometry and fLyC

esc of galaxies with-
out the substantial uncertainty or strong biases of line-
of-sight effects inherent to individual galaxies.
Finally, detection of the LyC flux is sensitive to sev-

eral factors (cf. Flury et al. 2022a), including where the
LyC falls on the COS FUV chip, and may not always
reflect whether an object is cosmologically irrelevant. A
target’s redshift determines where its LyC falls on the
COS FUVA detector. The FUVA sensitivity declines
precipitously below 1100 Å in the observed frame. More-
over, geocoronal Lyα prevents signal detection between
observed-frame 1190 and 1235 Å (at z = 0.35, 900 Å
rest-frame corresponds roughly to the peak of telluric
Lyα). Exposure times for the LzLCS were originally de-
signed for detection of the LyC at fLyC

esc = 5%. While
the LzLCS+ was immensely successful in detecting the
LyC at even lower fLyC

esc than anticipated (29 of the 50
LyC detections had fLyC

esc < 0.05), 39 targets still yielded
non-detections. Flury et al. (2022a) demonstrate a LyC
flux detection threshold of 3× 10−18 erg s−1 cm−2 over
the majority of the redshift range, although some fainter
sources have upper limits of fLyC

esc ∼ 0.05. Particularly
faint LCEs might appear as non-LCEs simply by having
emergent LyC flux below this limit. Stacking will push
down below the COS G140L FUVA sensitivity thresh-
old to determine if non-detections are cosmologically in-
significant LyC leakers or instead are faint LCEs lurking
beneath the detection limit.

3.2. Method for Stacking HST/COS Spectra

Below, we outline the generalized procedure used
to stack arbitrary sets of spectra from the combined
LzLCS+ sample from Flury et al. (2022a), which in-
cludes uniformly processed HST/COS G140L spectra
from the LzLCS (GO 15626) and from previous GO pro-

grams 13744 (Izotov et al. 2016b), 14635 (Izotov et al.
2018b), 15341 (Wang et al. 2019), and 15639 (Izotov
et al. 2021). Geocoronal features, notably Lyα and
O Iλ1304, are masked. When available, we replace the
region affected by telluric O Iλ1304 with orbital night
flux instead of masking it, as the shadow data are not
contaminated by this feature. Absorption lines due to
the Galactic interstellar medium (ISM) are also masked
to further limit any contamination of the stacked flux.
To prevent biasing the stack towards the brightest ob-

jects, we normalize each spectrum by its flux summed
over a 1 Å bin centered on 1100 Å in the rest frame.
We choose this location for the window because it is
sufficiently far from any telluric, ISM (Galactic or oth-
erwise), or stellar features. Averaging over a 1 Å width
reduces any potential contamination from fluctuations
in the noise. After normalizing the spectrum, we sum up
its flux in 0.5 Å rest-frame wavelength bins over the rest-
frame interval of 800 to 1450 Å, corresponding to 1125-
1850 Å in the observed frame, imposed by the sensitivity
of the COS detector. The 0.5 Å rest-frame wavelength
binning is chosen to approximate Nyquist sampling of
the COS G140L spectra at a characteristic redshift of
0.3.
Once all the spectra have been normalized and binned

in the rest frame, we compute the median flux of all the
spectra in each wavelength bin to obtain the stacked
flux. While the number of objects used to build the
total stack does not change, differences in redshift will
change the rest-frame wavelength range for each object
as well as the location of telluric lines, which can affect
how many objects can contribute to each wavelength bin
in the stack. To determine the uncertainty in the stacked
flux, we bootstrap fluxes from all the spectra contribut-
ing to the bin and take the median 104 times, essentially
obtaining a standard error of the mean for each bin’s
median flux within the stack. This uncertainty assess-
ment is robust because it accounts for both the range of
fluxes contributing to the median flux within the bin and
the number of spectra contributing to the wavelength
bin. After visual inspection, we find that wavelength
bins containing at least four objects will have sufficiently
small uncertainties in the flux to constrain relevant fea-
tures, which we attribute to the factor of 2 reduction in
standard error of the mean relative to that of the flux
measured for the individual galaxies. In our subsequent
analysis, we mask out any wavelength bins with fewer
than four contributing objects. As consequence of this
requirement, stacks with four or fewer galaxies are un-
usable.
We show two stacks, one of LCEs (LyC detected with

> 97.725% confidence) and one of non-LCEs (LyC not
detected), in Figure 1. Myriad ISM and stellar features
are identifiable in the stacks but are largely undetected
in the individual spectra, as highlighted in Figure 1.
Moreover, the emergent LyC flux in the LCE stack is
quite clear whereas the non-LCE stack exhibits no LyC
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whatsoever, indicating that, on average, non-LCEs do
not exhibit undetected LyC.
To explore differences between and among LCEs and

non-detections, we also produce stacked spectra for sub-
samples of LCE and non-LCEs. We select subsamples
based on thresholds associated with high fractions of
LCEs in the literature (Chisholm et al. 2022; Flury et al.
2022b), including properties like burst age (EW Hβ),
ionization parameter (O32=[O III]λ5007/[O II]λ3726, 29
), and dust attenuation (β1550). Divisions among subsets
are chosen to optimally select for LCEs based on appar-
ent thresholds in Flury et al. (2022b). For all galaxies
which meet a given criterion, we stack the entire sub-
set, the LCEs, the non-LCEs, the strong LyC leakers
(fLyC

esc > 0.05), the weak LyC leakers (fLyC
esc ∈ [0.01, 0.05]),

and the non-leakers (fLyC
esc < 0.01). Thus, for each given

criterion, we produce a total of six different stacks.
We list the full set of stacking criteria and the number

of galaxies matching those criteria in Table 1. Account-
ing for duplicates or criteria which include no objects, we
build a total of 127 stacks. 124 of these stacks include
at least 5 objects, the threshold below which stacking
does not reliably boost the signal due to a combination
of poor sampling of each wavelength bin and discon-
tinuous wavelength coverage as a result of geocoronal
features and sensitivity dropoff towards the edges of the
COS FUVA detector.
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Figure 1. Full stacks of LCEs (black) and non-detections (grey). To illustrate the improvement in signal via stacking, we

include the spectrum for strong LCE J141013+434435 (yellow), the galaxy with the median 1100 Å flux in the LzLCS. ISM

features are indicated from above, stellar wind and photospheric lines indicated from below.
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Å

1
3

0
.0
3
0
±

0
.0
1
0

0
.0
0
0

-1
.3
3
7
±

0
.0
5
7

-2
0
.8
9
6
±

0
.0
2
7

0
.2
3
8
±

0
.0
6
1

0
.0
3
8
±

0
.0
0
7

1
.7
3
4
±

0
.0
9
2

5
4
.1
9
5
±

0
.1
5
4

E
W

L
y
α

<
5
0
Å
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3.3. Method for Stacking SDSS Nebular Line Fluxes

To complement the UV spectra stacks, we also stack
the rest-optical emission line fluxes using the same UV
flux normalizations as used for the HST/COS spec-
tra stacks. Following the methodology of Flury et al.
(2022a), we subsequently deredden the spectra and com-
pute flux ratios and direct-method oxygen abundances
log(OH ) + 12.

3.4. A Note on Correlation Coefficients

In our subsequent analysis of these stacks, we compute
correlation coefficients and multivariate loading factors
to determine how various properties may relate to one
another. Above, we outlined the construction of 124
stacks of 89 galaxies with cuts along various criteria.
Properties of these stacks are inherently correlated with
one another since each galaxy can contribute to many
different stacks. Thus, our reported trends and various
correlation quantities ought to be considered with this
caveat in mind. However, we note that uncorrelated
stacks, specifically those built from different fLyC

esc sub-
sets with no other criteria, exhibit the same trends as
the total set of stacks. We highlight these three uncor-
related stacks in figures below to emphasize that these
trends are genuine despite the fact that many stacks
correlate with one another.

4. PROPERTIES FROM UV SEDS

With stacking, we have increased signal in stellar
features, which are key to uncovering the underlying
stellar populations of LCEs and their counterparts.
Critical features for constraining young stellar popula-
tion ages and metallicities include the prominent O VI

λλ1033, 36, 38 and N V λλ1239, 40, 43 P Cygni wind fea-
tures as well as the fainter P V λλ1118, 28 resonance
doublet (cf. Pellerin et al. 2002; Walborn et al. 2002).
To illustrate the constraining power offered by the P
Cygni features in our stacks, we compare stacks on dif-
ferent fLyC

esc subsamples with Starburst99 templates
convolved with the COS line spread function (LSF; see
below and Appendix C) in Figure 2. The prominence
of the P Cygni features traces burst age well in the
templates and is a clear signature in the stacks them-
selves. We illustrate these wind lines as age diagnostics
in Figure 2, where the P Cygni profiles change both in
model templates and in stacks of different fLyC

esc sub-
sets as the underlying population age changes (in this
particular case, suggesting younger populations may be
more prevalent in galaxies with higher fLyC

esc ). Other
constraining features, particularly for slightly older stel-
lar populations, include the S IV λ1062 and C III λ1175
photospheric lines owing to their slightly lower ioniza-
tion potentials (see Figure 3). Below, we elaborate on
the use of the stacked UV SEDs to infer quantitative in-
formation about dust attenuation, stellar populations,
and fLyC

esc .
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Figure 2. P Cygni profiles for O VI (left) and N V (right) for

stacks of the LzLCS+ on fLyC
esc (steps) and for Starburst99

models at 10% solar metallicity for different ages (lines).

Models are attenuated by the Reddy et al. (2016a) curve

assuming EB−V=0.05, convolved with the COS line-spread

function (see Appendix C), and arbitrarily offset for visual-

ization.
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Figure 3. Same as Figure 2 but for photospheric lines S IV

(left) and C III (right) tracing slightly older populations.

4.1. SED Fitting with FiCUS

Following previous work (Chisholm et al. 2019;
Saldana-Lopez et al. 2022, 2023), we fit template stellar
spectra to the stacks using the FiCUS code1 assuming
that the observed flux F̂ λ is a positive linear combina-
tion of model fluxes F ′

λ = [Fλ,1, Fλ,2, ..., Fλ,n] attenu-
ated by dust such that

F̂λ = 10−0.4Aλ

N∑
i

wiFλ,i

= 10−0.4Aλ
(
W′ · F λ

) (1)

for wavelength-independent light fractions W′ =
[w1, w2, ..., wn] and extinction Aλ = kλEB−V assum-
ing the coefficients from Reddy et al. (2016a). This
template-fitting approach constitutes a non-parametric
star-formation history. A continuous star formation his-
tory (e.g., Steidel et al. 2018), while an attainable solu-

1 https://github.com/asalda/FiCUS

https://github.com/asalda/FiCUS
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due to ISM contamination or poor COS sensitivity. Bottom left : Light fractions w for the best-fit templates sorted according to

age and colored by stellar metallicity. Dashed line indicates the light-weighted “age” of the stellar populations. Bottom right :

Light-weighted properties and dust attenuation.

tion within our method, is unlikely due to the stochastic-
ity of cluster formation over short (<10 Myr) timescales
in low mass (< 109 M⊙) starburst galaxies (cf. Micheva
et al. 2017; Sirressi et al. 2022, for analogs of the
LzLCS+).
Templates consist of a range of young burst ages (1,

2, 3, 4, 5, 6, 8, 10 Myr) and stellar metallicities (0.1,
0.2, 0.5, 1 Z⊙) for a total of N = 32. Templates are lim-
ited to ≤ 10 Myr due to poor isochrone sampling in the
high resolution Starburst99 models (Chisholm et al.
2022). While the effects of binary stars may be im-
portant for reionization (Ma et al. 2016; Rosdahl et al.
2018), we do not consider the prevalent BPASS models
(Stanway & Eldridge 2018) because the predicted spec-
tra do not accurately reproduce the critical age diagnos-
tic wind lines like O VI, particularly in the emission part
of the P-Cygni profile (Chisholm et al. 2022). However,
neglecting binaries will not likely affect our results since
(i) binary affects on fLyC

esc are limited to older stellar pop-
ulations (e.g., Flury et al. 2022a) and (ii) comparisons
with Starburst99 indicate relatively little difference in
the predicted feedback.

Each starlight template is supplemented with Cloudy
model predictions for the nebular continuum, which can
contribute up to 6-7% of the flux redward of Lyα via
two-photon emission (e.g., Steidel et al. 2016; Chisholm
et al. 2019). To predict the continuum, we assume
logU = −2.5 (Chisholm et al. 2019), nH = 100 cm−3

(consistent with many of the LzLCS targets, Flury et al.
2022a), isobaric structure with logP/k = 6, and abun-
dance patterns from the Galactic Concordance (Nicholls
et al. 2017) matched to the metallicity of the input stel-
lar template. Finally, we convolve each model template
with the wavelength-dependent COS G140L line spread
function in the observed frame assuming a typical red-
shift of z = 0.3 to match the stacked spectra (see Ap-
pendix C). We show an example fit with FiCUS in Figure
4 to illustrate the non-parametric fit and constraining
power of higher signal-to-noise in the stacks. From the
best-fit templates, FiCUS also provides properties such
as ξion, β1550, and E(B-V).
One surprising result from these fits, particularly in

the case of very young stellar populations, is that FiCUS
finds best-fit templates with uncharacteristically high
metallicities (see the 1 and 3 Myr populations in the
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lower left panel in Figure 4). Closer inspection suggests
that FiCUS chooses these high metallicity templates to
better describe the prominent O VI features in these
stacks. As a test of this interpretation, we refit stacks
with (i) masking of the O VI P Cygni line and (ii) fixed
metallicity of the model starlight templates. For (i),
FiCUS selects templates in the 10-50% Z⊙ range, in-
dicating that FiCUS invokes high metallicity templates
simply to account for the O VI feature. In (ii), only the
solar metallicity templates can describe the O VI feature
but, in doing so, over-predict the depths of stellar ab-
sorption features such as N V, O V, and C III. Therefore,
we cannot interpret the best-fit template metallicities
as being representative of the stellar populations con-
tributing to the stacked SED. Instead, a “high” metal-
licity indicates very young, very low metallicity stellar
populations with enough high mass stars to provide the
radiation necessary to produce O VI. Given the O+4 ion-
ization potential of 113.8 eV, a prominent O VI feature
would thus require substantial soft X-rays, a component
which is not empirically well constrained, particularly
at low metallicity. In most cases, the prescription for X-
rays in model atmospheres is heuristic at best (as with
Starburst99) and sometimes absent altogether (as with
BPASS, which is why those templates were not used in
this analysis).
We note that the mechanical luminosities predicted by

Starburst99 are dominated by SNe, which depend very
weakly on metallicity, and that, as a result, Emech is not
affected by the best-fit metallicity. While the ionizing
continuum is more sensitive to metallicity, we find that
ξion changes insignificantly in our test cases.

4.2. Light Fractions

As an assessment of the underyling stellar population
ages, we calculate the fraction of light in given age ranges
corresponding to different feedback regimes: ionization
(< 3 Myr), stellar winds (4-6 Myr), and SNe (> 8 Myr).
We consider age bins rather than individual template
ages as in many cases the stacks do not provide sufficient
signal to constrain the individual template weights. We
calculate the light fraction f⋆ for the different age bins
such that

f⋆j(t < 3 Myr) =

(∑
i

wij

)−1 ti<3∑
i

wij (2)

for the youngest stellar populations,

f⋆j(3 < t < 6 Myr) =

(∑
i

wij

)−1 3<ti<6∑
i

wij (3)

for the Wolf-Rayet stage stellar populations, and

f⋆j(t > 8 Myr) =

(∑
i

wij

)−1 8<ti<10∑
i

wij (4)
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Figure 5. Comparison of Lyman continuum in LCEs with

O32> 5 (grey line) with uncertainties (light grey shaded re-

gion) with the best-fit Starburst99 templates accounting for

dust-attenuation (blue) and additionally for photionization

of H I (orange).

for the SNe-onset stellar populations. These metrics
provide an advantage over other age measurements in
that they directly indicate the fraction of starlight con-
tributed by stellar populations of certain ages. The oft-
employed light-weighted or mass-weighted age can be
difficult to interpret, particularly owing to the fact that
the weighted mean does not necessarily represent the
true distribution of population ages, as illustrated in
the bottom left panel of Figure 4. Typically, the light
fractions of our stacks have uncertainties of ∼25% and
are calculated from the best-fit SED via Monte Carlo
sampling as in Saldana-Lopez et al. (2022).

4.3. fLyC
esc

From the stacked spectra, we measure the emergent
LyC flux FLyC from 880 to 900 Å. We infer the intrinsic
LyC flux FLyC,0 from the best-fit stellar populations.
The ratio of emergent to intrinsic flux gives the line-of-
sight LyC escape fraction such that

fLyC
esc =

FLyC

FLyC,0
(5)

as in Saldana-Lopez et al. (2022). Measured values of
fLyC
esc are listed in Table 1. Most fLyC

esc results for the
stacks reflect the distribution of fLyC

esc values of their
constituent galaxies. Cases where they do not, while,
seldom, are worth noting. We discuss these further be-
low.

4.4. Nebular Contributions to the LyC

Several studies have proposed possible nebular contri-
butions to the emergent LyC, producing the so-called
LyC “bump”, a nebular continuum which increases dra-
matically with wavelength between 800 and 912 Å (e.g.,
Inoue 2010; Simmonds et al. 2024a). We do not consider
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that possibility here for several reasons. First, the LyC
bump is most prominent in the 900-912 Å range, which
is subject to contamination from non-ionizing starlight
due to the COS LSF (e.g. Flury et al. 2022a). Second,
the LzLCS+ does not always sample the optimal LyC
bump well because redshifts of 0.32-0.36 (25% of the
combined sample) place the LyC bump within the broad
geocoronal Lyα, which severely contaminates or entirely
swamps the signal. Third, the most likely “bump” emit-
ters, high ionization (O32> 5) LCEs that may have near-
isotropic LyC escape (Flury et al. 2022b), exhibit LyC
shapes which decrease with wavelength (see Fig 5), a
trend opposite to that expected from nebular emission
and instead consistent with H I absorption via photoion-
ization.
To test our visual inspection of the LyC shape

for evidence of nebular continuum, we consider a
photoionization-only scenario for the stack of high ion-
ization LCEs (O32> 5). We predict the emergent LyC
shape from the best-fit starlight continuum using the
following expression

FLyC = F⋆ [Cf exp (−aλN H I) + 1− Cf ] (6)

from radiative transfer for pure H I photoionization (cf.
Osterbrock & Ferland 2006) where Cf is the gas cov-
ering fraction, NHI is the H I column density, and aλ
is the wavelength-dependent photoionization cross sec-
tion taken from atomic data in Verner et al. (1996) and
Cf ∈ [0, 1] is the covering fraction representing the geo-
metric percentage of the source area obstructed by H I

along the line of sight. In Figure 5, we compare the pre-
dicted emergent LyC continuum with that of the stack
for three different combinations of Cf and NH I chosen
to match the LyC flux. For all three cases, photoion-
ization of H I can fully account for the observed shape
of the LyC, indicating no nebular contribution to the
emergent LyC or the measured fLyC

esc .
This result not only rules out nebular contributions

to the emergent LyC but also hints at a “picket fence”
ISM geometry in which some gas is entirely opaque to
the LyC while the remaining gas is almost entirely trans-
parent (e.g., Reddy et al. 2016b; Gazagnes et al. 2018,
2020). According to Simmonds et al. (2024b), nebu-
lar continuum should maximally affect the LyC shape
over λ = 800-900 Å for column densities of NHI10

17-
1018 cm−2. Given the column density - covering frac-
tion pairs in Figure 5, the only case we have consid-
ered which is consistent with unobserved nebular LyC
is that of low covering fraction (Cf = 0.5) with high col-
umn density (NHI=1019 cm−2). In such a scenario, any
significant production of nebular continuum occurs in
optically thick regions with no emergent LyC, meaning
fLyC
esc =0 and the LyC bump signature is lost to photoion-
ization of H I. Meanwhile, optically thin channels lack
sufficient H I to produce significant amounts of nebular
continuum to affect the shape of the emergent LyC, with
fLyC
esc approaching unity.

5. NON-DETECTIONS VS NON-EMITTERS

As discussed in §3, one of our objectives is to explore
fLyC
esc below the detection limits of COS . How low is
fLyC
esc for non-detections, and are these galaxies cosmi-
cally insignificant LCEs? Under the picket-fence frame-
work, a sightline has either very high fLyC

esc or no LyC
escape whatsoever (e.g., z ∼ 3 results in Fletcher et al.
2019), although see Gazagnes et al. (2020) for a sce-
nario where extreme ionization leads to isotropic escape
with spatial variations in fLyC

esc along different sightlines.
Thus, by determining fLyC

esc for stacks of non-detections,
we can assess the (an)isotropy of LyC escape. If non-
emitters do have ubiquitously obscured sightlines, we
anticipate gas covering fractions which approach unity,
which lead to fLyC

esc < 0.01.

5.1. LyC Below the COS LyC Detection Limit

As shown in Table 1, most, but not all, of the non-
detection stacks exhibit fLyC

esc < 0.01, indicating no LyC
escape down to very low fLyC

esc . Indeed, the stack of all
non-detections has fLyC

esc = 0.15%. Because the stacks
of non-detections are selected on optical thickness to the
LyC, this result indicates only that the non-detections
do not emit cosmologically relevant quantities of LyC
along the sightlines observed. Whether they exhibit LyC
escape in other directions cannot be demonstrated from
these stacks alone.
Some stacks of non-detections do contain measurable

LyC with fLyC
esc ∼ 0.01− 0.03. These stacks include non-

detections with concentrated star formation (ΣSFR>
10), strong Lyα (EW Lyα > 50 Å or fLyα

esc > 0.2), high
ionization (O32> 5), low dust content (β1550 < −2), or
low metallicity (log(OH ) + 12< 8). Given that stacks

of LCEs with similar properties can exhibit fLyC
esc ∼

0.03− 0.06, the non-detections selected for these partic-
ular stacks could arise from near-isotropic LyC escape
with spatially varying fLyC

esc , as suggested by Gazagnes
et al. (2020, see their Fig 16b). Whether this scenario
can be substantiated remains to be seen. But certainly,
these galaxies with properties similar to more prodigious
LCEs are leaking LyC at considerably lower fractions.

5.2. Stack vs Galaxy fLyC
esc

For a more robust assessment of whether non-
detections are characteristically insignificant LyC leak-
ers, we compare fs, the fLyC

esc measured for each stack,
to the distribution of fg, the fLyC

esc values of the galax-
ies contributing to that stack. For this comparison, we
want to know the probability P (< fs|fg) (confidence σ0)
with which we can reject the null hypothesis that fs is
representative of fg. We calculate P (< fs|fg) using the
Kaplan-Meier estimator (Kaplan & Meier 1958, for de-
tails, see Appendix B). We list P (< fs|fg) in Table 1
and compare σ0 with fs in Fig 6.
As evidenced in Figure 6, the majority of stacks, in-

cluding all stacks with fLyC
esc > 0.1, have P (< fs|fg)
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Figure 6. The fLyC
esc for stacks (fs) compared to how con-

fidently we can reject the null hypothesis that fs represents

the escape fraction fg of galaxies used to build the stack.

Uncertainties in σ correspond to projections of the fs un-

certainty onto the Kaplan-Meier survival curve. Dark teal

squares indicate cases where fs is consistent with fg within

1σ (P ∈ [0.1587, 0.8413], null hypothesis accepted), circles

fs within 2-3σ of fg (P ∈ [0.025, 0.975], null hypothesis ten-

tative), and arrows with no agreement between fs and fg
(P /∈ [0.01, 0.99], null hypothesis rejected at > 3σ confi-

dence). Cases where fs is significantly lower (higher) than

its constituent fg are shown in light blue (orange).

within 0.1587-0.8413 interval (i.e., −1 < σ0 < 1, thus
fs is within 1σ of the median of fg), accepting the null
hypothesis that these stacks are representative in fLyC

esc

of the galaxies used to build them. Moreover, the fact
that the stacks with fLyC

esc > 0.1 are all consistent with
their constituent galaxies, suggests LyC escape increases
in isotropy with increasing fLyC

esc .
There are few cases where fs is outside this interval:

either non-detection stacks or stacks with both low fLyC
esc

and strong LCE properties as a selection criterion (e.g.,
fLyC
esc < 0.01 and high O32). In the former scenario, the
fg are predominantly upper limits, meaning that fs is
lower than the measured upper limits on fLyC

esc and sug-
gesting fs is consistent with both the measurements of
the galaxies and the interpretation that these galaxies
are non-leakers. For other cases, it is entirely possible
that the stack is not sufficiently representative of the
comprised galaxies due to noise in and under-sampling
of certain key age diagnostic features such as O VI, C III,
and N V. In such instances, a small number of galaxies
may be over-represented in certain features in the stack,
which would adversely affect the inferred intrinsic LyC.
Alternatively, some galaxies which lack well-measured

features may also have inaccurate intrinsic LyC esti-

mates owing to poor constraints on the underlying stel-
lar populations in the individual spectrum. We test this
possibility using a Monte Carlo simulation of 104 trials
sampling distributions of each fLyC

esc ∈fg. This test finds
substantial variance in the computed P (< fs|fg) when
fs< 5% and P (< fs|fg)∈ (0, 1), suggesting that the ten-
uous fs outliers (P (< fs|fg) corresponding to 1-2σ) are
in fact in agreement with their constituent fg. At the
extrema, where P (< fs|fg)= 0 or P (< fs|fg)= 1, un-
certainties in fg fLyC

esc values cannot account for the dis-
crepancy. The overwhelming majority of these extrema
have P (< fs|fg)= 0 and correspond to the stacks of
non-detections, meaning the apparent discrepancy solely
arises from the stacks’ ability to push below the COS
detection limit. In the remaining 8 cases, the stacks
with P (<fs|fg) = 1 are built from subsets of weak
LCEs (fLyC

esc ∈ [0.01, 0.05]) or non-LCEs (fLyC
esc < 0.01)

with properties similar to strong LCEs (M⋆ < 109 M⊙,
log(OH ) + 12< 8, O32> 5, Hβ EW > 100 Å, and
MUV> −19.5). These P (< fs|fg)= 1 extrema point
to the scenario of isotropic LyC escape with spatially
varying fLyC

esc .
As a whole, the fLyC

esc of our stacks are typically in
agreement with the fLyC

esc of the galaxies used to build
them. When the stack fLyC

esc is significantly lower than
the galaxies (P (< fs|fg)< 0.05), we have achieved our
objective of pushing below the COS detection threshold
by measuring fLyC

esc for galaxies with undetected LyC
which are genuinely not leaking LyC photons along the
line of sight. In cases where fLyC

esc is significantly higher
in the stack than in the galaxies (P (< fs|fg)> 0.95), the
stack criteria match properties of strong LCEs but are
built on subsets of weak or low fLyC

esc , suggesting that
the strongest LCEs undergo isotropic escape with spa-
tial variations in fLyC

esc along different sightlines. This
comparison between stacks and their constituent galax-
ies indicates that individual non-detections are consis-
tent with insignificant LyC escape along the line of sight.
Moreover, the few cases where fs and fg are discrepant
are cases where fg is not well-constrained; the stacks in
these instances may indicate stronger LyC escape than
measured directly from the individual COS spectra.

6. ISM ABSORPTION LINES

6.1. Measuring Absorption Line Properties

As the stacks lack sufficient S/N and resolution to per-
form detailed analysis via modeling of the observed ISM
absorption line profiles (e.g., Scarlata & Panagia 2015;
Chisholm et al. 2016, 2017; Gazagnes et al. 2018, 2020;
Xu et al. 2022), we take a more simplistic approach to
deriving relevant information from the absorption lines
observed in the stacked spectra. Following Saldana-
Lopez et al. (2022), we measure the residual flux and
equivalent widths of the absorption features by normal-
izing the stacked flux F by the estimated underlying
continuum F0. We measure the equivalent width of each
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line by

Wλ =

λ0+δλ∫
λ0−δλ

1− F

F0
dλ (7)

where δλ corresponds to 1 250 km s−1 to include the en-
tire line profile (see Saldana-Lopez et al. 2022) and the
integral is approximated using the trapezoid method.
We also measure the residual flux

Rf =

〈
F

F0

〉
(8)

where the average is calculated over the inner 300 km
s−1 of the line profile. Rf measures whether gas produc-
ing the absorption feature covers the entire line-of-sight,
with Rf = 0 indicating total coverage and Rf = 1 in-
dicating no coverage (see Saldana-Lopez et al. 2022).
Uncertainties in residual flux and equivalent width are
estimated by Monte Carlo sampling of the stacked fluxes
and recalculating both values 104 times. To reduce the
total uncertainty in our results, we take the variance-
weighted average of the measured Wλ and Rf for differ-
ent groups of ion species as listed in Table 2 following
Eqns 6-7 in Saldana-Lopez et al. (2022).
For estimates of F0, we compare the best-fit stellar

SED to an approximation of the local continuum. The
former is discussed in §4. The latter is obtained individ-
ually for each line using a variance-weighted linear least
squares fit to continuum within 1 500 km s−1 of the
minimum line flux. Then, we correct for stellar absorp-
tion effects by first measuring Wλ⋆ and Rf⋆ in each of
the stellar templates, taking the weighted average using
the best-fit SED weights for each stack, and finally sub-
tracting Wλ⋆ from Wλ and scaling Rf by Rf⋆. We find
similar values for Rf and Wλ regardless of the contin-
uum fit method in most cases, suggesting that the choice
of F0 introduces no systematic effects. Visual inspection
indicates that the linear fit better approximates the con-
tinuum immediately adjacent to the absorption features,
particularly in the case of the Lyman series. In the five
cases where the linear fit does not well-approximate the
continuum near the low ionization species (LIS) lines,
we assume the SED fit but note that the LIS lines in
these cases are not significantly detected. In all other
cases, we adopt Wλ and Rf values measured assuming
the linear continuum fit for F0.
Both the COS instrument and stacking may affect

these measured properties. To test this possibility,
we simulate COS G140L observations of model absorp-
tion lines, accounting for the non-Gaussian, wavelength-
dependent line spread function (LSF). We subsequently
stack mock observations and measure the weighted-
average of the LIS and H I absorption line properties.
Rf is not fully recoverable at very low values due to arti-
ficial line infilling by the COS optics, resulting in a lim-
iting Rf = 0.27 for the case of 100% covering fraction.
The equivalent widths are consistently more recoverable

Table 2. Absorption lines used to calculate variance-

weighted average Wλ and Rf for different species groups.

Groups are defined by the ionization potential energy Eion

of the corresponding species. Thresholds selected corre-

spond to H I (Eion = 13.6 eV) and He I (Eion = 24.6

eV).

Group Eion (eV) Lines Included

H I 13.6 eV Lyγ, Lyδ, Lyϵ, Lyζ

LIS < 13.6 Si IIλ1190, 93, Si IIλ1260,

O I+Si IIλ1303, C IIλ1334

MIS 13.6-24.6 S IIIλ1012, N IIλ1084, Si IIIλ1206

HIS > 24.6 Si IVλ1393, Si IVλ1402

because the Wλ is integrated over the entire line pro-
file and the LSF convolution kernel integrates to unity.
Details of these simulations are provided in Appendix
D.

6.2. The Cf,H I-Cf,LIS Discrepancy

In Figures 7 and 8, we show Wλ and Rf results for
individual lines measured using the linear approxima-
tion to the continuum. One notable result is that, as
with individual galaxies (Saldana-Lopez et al. 2022), the
H I lines exhibit much lower Rf values than other lines,
which we highlight in Figure 9. Because the COS LSF is
wavelength-dependent, it is possible that the COS optics
can account for this discrepancy. We show the effects of
the COS optics and stacking on the measured Rf,H I

and Rf,LIS for matched covering fractions in Figure 9.
Simulations of the COS LSF demonstrate that the ob-
served Cf discrepancy does not arise from systematics
such as stacking or optics effects at the 95% confidence
level for the majority of the measured Rf . This apparent
discrepancy is therefore physical in nature.
We quantify this discrepancy using the ratio of cover-

ing fractions Cf,LIS/Cf,H I= 1−Rf,LIS/1−Rf,H I (hence-
forth the Cf ratio) where covering fraction is given by
Cf = 1−Rf . As this discrepancy arises from a compar-
ison of metal ions with H I, one natural explanation is
that metallicity differences lead to the observed spread
in Rf,LIS and, by extension, the differences in covering
fraction.
To assess whether metallicity can account for the ob-

served spread in Rf,LIS and the Cf ratio, we take two ap-
proaches: compare the Cf,LIS and Cf ratios of stacks of
low metallicity and high metallicity galaxies in different
subsets and calculate Kendall’s τ relative to log(OH )+12
for both properties for the full set of stacks. Stacks of
the lower metallicity galaxies with other subset crite-
ria (fLyC

esc value or LyC detection) do not have signifi-
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Figure 7. Distribution of equivalent widths Wλ measured

from absorption lines in the stacks. From top to bottom, we

show lines included in the H I, LIS, MIS, and HIS groups.

Error bars indicate the Poisson binomial uncertainties calcu-

lated from the uncertainties in each Wλ.

cantly different LIS covering fractions. In the case of
stacks built solely on cuts in log(OH ) + 12, the differ-
ence in Cf,LIS is 0.177 ± 0.101, which is < 2σ signifi-
cant; moreover, the covering fractions for the different
log(OH ) + 12 stacks, 0.212 for log(OH ) + 12< 8 and 0.388

for log(OH ) + 12> 8, only account for a small amount
of the total range of Cf,LIS∈ [0.122, 0.723] across all the
stacks. The Kendall’s τ correlation coefficient for Cf,LIS

and log(OH ) + 12 is weak (τ = 0.026) and insignificant
(p = 0.657), demonstrating that the spread in Cf,LIS is
not attributable to metallicity. Turning to the Cf ratio,
we find no significant differences in Cf,LIS/Cf,H I be-

tween any of the log(OH )+12 stacks regardless of subset.
Moreover, these absorption lines are likely saturated in
the low dispersion COS spectra (Saldana-Lopez et al.
2022), such that Wλ ought to depend more on the veloc-
ity dispersion or the covering fraction of the gas than the
column density of the metal ion species. Thus, metallic-
ity is not a favorable explanation for the observed dis-
crepancy. Indeed, we compute Kendall’s τ = 0.009 with
p = 0.883, indicating no correlation between the two.
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Figure 8. Same as Figure 7 but for residual fluxes Rf .

However, compared to stacks with low Cf ratio (<
0.3), the stacks with high Cf ratio also show higher

Wλ,H I by 0.5 Å or more and higher E(B−V) by as
much as 0.15. These differences suggest that the opti-
cal depths, both in H I column density and in dust, are
genuinely distinct for different regimes of Cf ratio. The
mechanism responsible for the spread in Cf,LIS and the
Cf ratio is therefore more likely due to the geometry
or kinematic conditions of the ISM. Indeed, Kendall’s τ
corellation coefficient for the Cf ratio is far higher for
Wλ,H I and β1550 (τ = 0.295 and 0.377, respectively) and
more significant (p = 6.922×10−7 and p = 2.331×10−10)
than for stacked log(OH )+12, which we illustrate in Fig-
ure 10. As the lines are not resolved by the low resolu-
tion COS grating, the role of kinematics is observation-
ally unconstrained. That said, a significant difference in
gas kinematics between the H I and LIS lines is unlikely
to occur, particularly to the extent required to explain
the observed discrepancies. Therefore, we conclude that
the apparent Cf discrepancy must arise primarily from
the effects of differences in gas distributions or the opti-
cal depth of H I rather than from differences in chemical
abundances. We discuss the implications of the range of
Cf ratios below in §7.3.
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Figure 9. Comparison of residual fluxes Rf = 1 − Cf for

H I and LIS species for stacked LzLCS+ subsets of non-

detections (blue open triangles), LCEs (orange circles), non-

LCEs (fLyC
esc < 1%, violet crosses), weak LCEs (fLyC

esc = 1-

5%, yellow dots), and strong LCEs (fLyC
esc > 5%, green stars).

We illustrate the trend in fLyC
esc with uncorrelated stacks in

fLyC
esc (indigo line and symbols, with symbols matched to

LCE strength). Black dashed line is the 1:1 line in the ab-

sence of observational and stacking effects. Black dotted

lines indicate the two-sided 90% confidence of simulated Rf

observations due to the COS G140L line spread function if

Cf, H I = Cf, LIS implicitly; results between these two lines

can be fully explained by combined effects of the LSF and

stacking. See Appendix D for details.
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Figure 10. Comparison of Cf discrepancy Cf,LIS/Cf,H I

and gas phase metallicity log(O
H
)+12 (top) and dust-sensitive

UV slope β1550 (bottom). The dependence of the discrepancy

on dust attenuation but not on abundances indicates that

differences in residual flux arise from the opacity and/or ge-

ometry of the intervening gas. Symbols as in Figure 9. Note

that the trend in fLyC
esc indicated by the indigo line in the top

panel varies over little more than 0.1 dex and is not signifi-

cant within the uncertainties or scatter in log(O
H
) + 12.
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Table 3. Averaged properties of absorption lines measured

from the stacks of HST/COS G140L rest-UV spectra with

direct LyC measurements. Columns indicate (i) the crite-

rion/a for inclusion of a target in the stack, (ii) the H I

residual flux Rf,H I, (iii) the low-ionization species (LIS)

residual flux Rf,LIS, (iv) the H I equivalent width Wλ,H I,

and (v) the LIS equivalent width Wλ,LIS.

criterion Rf,H I Rf,LIS Wλ,H I Wλ,LIS

[Å] [Å]

total

β1550 > −2 0.228 ± 0.015 0.596 ± 0.042 1.933 ± 0.085 1.381 ± 0.098
β1550 < −2 0.278 ± 0.018 0.803 ± 0.053 1.466 ± 0.082 0.626 ± 0.135

EW Hβ > 100 Å 0.264 ± 0.019 0.797 ± 0.072 1.337 ± 0.091 0.701 ± 0.165
EW Hβ < 100 Å 0.276 ± 0.022 0.608 ± 0.031 1.694 ± 0.074 1.576 ± 0.084
EW Lyα > 50 Å 0.292 ± 0.028 0.727 ± 0.050 1.362 ± 0.078 1.166 ± 0.129
EW Lyα < 50 Å 0.251 ± 0.015 0.597 ± 0.034 1.821 ± 0.088 1.501 ± 0.096

fLyα
esc > 0.2 0.294 ± 0.026 0.777 ± 0.048 1.304 ± 0.078 0.950 ± 0.113
fLyα
esc < 0.2 0.227 ± 0.024 0.606 ± 0.035 1.766 ± 0.088 1.496 ± 0.100

MUV> −19.5 0.270 ± 0.025 0.735 ± 0.065 1.513 ± 0.095 1.018 ± 0.178
MUV< −19.5 0.228 ± 0.007 0.676 ± 0.032 1.822 ± 0.071 1.238 ± 0.084
M⋆ > 109 M⊙ 0.268 ± 0.022 0.594 ± 0.043 1.957 ± 0.102 1.445 ± 0.106
M⋆ < 109 M⊙ 0.289 ± 0.018 0.733 ± 0.045 1.398 ± 0.068 0.896 ± 0.115

O32> 5 0.271 ± 0.024 0.809 ± 0.066 1.306 ± 0.090 0.811 ± 0.172
O32< 5 0.273 ± 0.022 0.616 ± 0.033 1.679 ± 0.076 1.453 ± 0.086

log(O
H
) + 12> 8 0.293 ± 0.016 0.612 ± 0.034 1.741 ± 0.075 1.434 ± 0.091

log(O
H
) + 12< 8 0.264 ± 0.029 0.788 ± 0.067 1.095 ± 0.104 0.749 ± 0.165

r50 > 0.6 kpc 0.234 ± 0.019 0.550 ± 0.044 1.759 ± 0.089 1.489 ± 0.111
r50 < 0.6 kpc 0.300 ± 0.016 0.747 ± 0.038 1.359 ± 0.074 0.973 ± 0.107

ΣSFR> 10
M⊙

yr kpc2
0.317 ± 0.023 0.685 ± 0.034 1.533 ± 0.095 0.982 ± 0.124

ΣSFR< 10
M⊙

yr kpc2
0.231 ± 0.016 0.632 ± 0.045 1.855 ± 0.085 1.111 ± 0.107

LCEs

β1550 > −2 0.364 ± 0.024 0.675 ± 0.050 1.480 ± 0.110 1.178 ± 0.133
β1550 < −2 0.266 ± 0.017 0.846 ± 0.052 1.339 ± 0.094 0.483 ± 0.147

EW Hβ > 100 Å 0.284 ± 0.028 0.853 ± 0.070 0.959 ± 0.106 0.290 ± 0.176
EW Hβ < 100 Å 0.315 ± 0.027 0.704 ± 0.041 1.505 ± 0.095 0.964 ± 0.125
EW Lyα > 50 Å 0.325 ± 0.013 0.796 ± 0.051 1.185 ± 0.085 0.627 ± 0.147
EW Lyα < 50 Å 0.285 ± 0.025 0.734 ± 0.040 1.698 ± 0.113 0.771 ± 0.138

fLyα
esc > 0.2 0.307 ± 0.030 0.826 ± 0.060 1.338 ± 0.090 0.746 ± 0.148
fLyα
esc < 0.2 0.306 ± 0.032 0.692 ± 0.058 1.483 ± 0.147 1.142 ± 0.148

MUV> −19.5 0.318 ± 0.026 0.678 ± 0.083 1.154 ± 0.119 0.662 ± 0.220
MUV< −19.5 0.310 ± 0.030 0.718 ± 0.044 1.479 ± 0.083 1.035 ± 0.115
M⋆ > 109 M⊙ 0.220 ± 0.025 0.708 ± 0.044 1.812 ± 0.113 1.232 ± 0.133
M⋆ < 109 M⊙ 0.249 ± 0.017 0.863 ± 0.061 1.258 ± 0.083 0.480 ± 0.153

O32> 5 0.284 ± 0.028 0.812 ± 0.053 1.158 ± 0.097 0.528 ± 0.184
O32< 5 0.297 ± 0.031 0.715 ± 0.045 1.551 ± 0.097 0.899 ± 0.128

log(O
H
) + 12> 8 0.276 ± 0.032 0.749 ± 0.045 1.709 ± 0.103 0.708 ± 0.130

log(O
H
) + 12< 8 0.256 ± 0.018 0.856 ± 0.068 0.937 ± 0.099 0.732 ± 0.171

r50 > 0.6 kpc 0.285 ± 0.025 0.736 ± 0.067 1.657 ± 0.111 0.778 ± 0.164
r50 < 0.6 kpc 0.297 ± 0.014 0.797 ± 0.049 1.164 ± 0.091 0.796 ± 0.130

ΣSFR> 10
M⊙

yr kpc2
0.313 ± 0.012 0.675 ± 0.043 1.364 ± 0.102 1.288 ± 0.157

ΣSFR< 10
M⊙

yr kpc2
0.234 ± 0.024 0.873 ± 0.068 1.578 ± 0.098 0.409 ± 0.176

Table 3 continued
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Table 3 (continued)

criterion Rf,H I Rf,LIS Wλ,H I Wλ,LIS

[Å] [Å]

all 0.274 ± 0.010 0.749 ± 0.036 1.377 ± 0.065 0.669 ± 0.106

non-detections

β1550 > −2 0.225 ± 0.028 0.467 ± 0.052 2.077 ± 0.120 1.731 ± 0.142
β1550 < −2 0.209 ± 0.007 0.733 ± 0.101 2.025 ± 0.131 0.776 ± 0.327

EW Hβ > 100 Å 0.275 ± 0.013 0.632 ± 0.122 1.418 ± 0.153 1.099 ± 0.384
EW Hβ < 100 Å 0.207 ± 0.024 0.477 ± 0.046 2.075 ± 0.127 1.533 ± 0.127
EW Lyα > 50 Å 0.189 ± 0.045 0.625 ± 0.109 1.621 ± 0.137 0.695 ± 0.346
EW Lyα < 50 Å 0.225 ± 0.019 0.471 ± 0.047 2.012 ± 0.142 1.538 ± 0.138

fLyα
esc > 0.2 0.260 ± 0.016 0.746 ± 0.086 2.024 ± 0.139 0.872 ± 0.248
fLyα
esc < 0.2 0.205 ± 0.014 0.461 ± 0.048 2.048 ± 0.124 1.803 ± 0.141

MUV> −19.5 0.207 ± 0.046 0.465 ± 0.084 1.266 ± 0.182 1.871 ± 0.293
MUV< −19.5 0.186 ± 0.005 0.536 ± 0.052 2.218 ± 0.124 1.453 ± 0.133
M⋆ > 109 M⊙ 0.217 ± 0.019 0.386 ± 0.050 1.636 ± 0.155 1.872 ± 0.163
M⋆ < 109 M⊙ 0.226 ± 0.015 0.629 ± 0.088 1.915 ± 0.100 1.136 ± 0.205

O32> 5 0.278 ± 0.025 0.556 ± 0.132 1.120 ± 0.185 0.876 ± 0.414
O32< 5 0.214 ± 0.025 0.502 ± 0.048 2.170 ± 0.111 1.478 ± 0.129

log(O
H
) + 12> 8 0.227 ± 0.024 0.527 ± 0.043 1.919 ± 0.117 1.749 ± 0.129

log(O
H
) + 12< 8 0.100 ± 0.043 0.607 ± 0.174 1.426 ± 0.216 0.070 ± 0.410

r50 > 0.6 kpc 0.216 ± 0.020 0.564 ± 0.044 1.991 ± 0.129 1.841 ± 0.168
r50 < 0.6 kpc 0.212 ± 0.026 0.609 ± 0.072 1.958 ± 0.099 1.005 ± 0.205

ΣSFR> 10
M⊙

yr kpc2
0.193 ± 0.021 0.592 ± 0.093 1.259 ± 0.189 0.891 ± 0.361

ΣSFR< 10
M⊙

yr kpc2
0.220 ± 0.026 0.508 ± 0.054 2.021 ± 0.113 1.644 ± 0.132

all 0.233 ± 0.023 0.504 ± 0.042 1.899 ± 0.096 1.644 ± 0.121

non-LCEs: fLyC
esc < 0.01

β1550 > −2 0.218 ± 0.021 0.481 ± 0.050 1.999 ± 0.118 1.578 ± 0.135
β1550 < −2 0.210 ± 0.007 0.731 ± 0.106 2.036 ± 0.132 0.747 ± 0.332

EW Hβ > 100 Å 0.263 ± 0.014 0.653 ± 0.127 1.466 ± 0.141 1.103 ± 0.333
EW Hβ < 100 Å 0.199 ± 0.005 0.499 ± 0.046 2.080 ± 0.116 1.531 ± 0.124
EW Lyα > 50 Å 0.236 ± 0.010 0.680 ± 0.125 1.625 ± 0.137 0.808 ± 0.336
EW Lyα < 50 Å 0.212 ± 0.008 0.503 ± 0.046 2.109 ± 0.129 1.531 ± 0.135

fLyα
esc > 0.2 0.208 ± 0.038 0.697 ± 0.087 1.948 ± 0.122 0.833 ± 0.270
fLyα
esc < 0.2 0.203 ± 0.012 0.500 ± 0.051 2.012 ± 0.116 1.617 ± 0.141

MUV> −19.5 0.208 ± 0.045 0.443 ± 0.081 1.249 ± 0.182 2.039 ± 0.287
MUV< −19.5 0.185 ± 0.007 0.541 ± 0.040 2.066 ± 0.112 1.265 ± 0.129
M⋆ > 109 M⊙ 0.197 ± 0.007 0.405 ± 0.041 1.897 ± 0.151 1.675 ± 0.160
M⋆ < 109 M⊙ 0.219 ± 0.014 0.623 ± 0.088 1.938 ± 0.100 1.204 ± 0.192

O32> 5 0.280 ± 0.025 0.554 ± 0.132 1.123 ± 0.180 0.968 ± 0.406
O32< 5 0.200 ± 0.015 0.496 ± 0.044 2.161 ± 0.111 1.439 ± 0.121

log(O
H
) + 12> 8 0.215 ± 0.017 0.500 ± 0.044 1.978 ± 0.117 1.598 ± 0.119

log(O
H
) + 12< 8 0.100 ± 0.043 0.603 ± 0.173 1.453 ± 0.224 0.004 ± 0.426

r50 > 0.6 kpc 0.196 ± 0.019 0.462 ± 0.052 2.072 ± 0.129 1.670 ± 0.148
r50 < 0.6 kpc 0.211 ± 0.026 0.607 ± 0.072 1.943 ± 0.100 1.032 ± 0.206

ΣSFR> 10
M⊙

yr kpc2
0.120 ± 0.027 0.708 ± 0.140 2.039 ± 0.720 0.000 ± 0.564

ΣSFR< 10
M⊙

yr kpc2
0.233 ± 0.023 0.507 ± 0.043 1.901 ± 0.096 1.644 ± 0.120

detections 0.163 ± 0.020 0.595 ± 0.054 1.208 ± 0.187 0.216 ± 0.247
non-detections 0.233 ± 0.026 0.521 ± 0.055 2.030 ± 0.108 1.512 ± 0.134

all 0.221 ± 0.020 0.535 ± 0.041 1.929 ± 0.094 1.489 ± 0.114

weak LCEs: fLyC
esc ∈ [0.01, 0.05]

β1550 > −2 0.315 ± 0.048 0.639 ± 0.055 1.424 ± 0.136 1.721 ± 0.162
β1550 < −2 0.302 ± 0.010 0.855 ± 0.102 1.100 ± 0.165 0.339 ± 0.195

EW Hβ > 100 Å 0.247 ± 0.033 0.599 ± 0.084 0.957 ± 0.232 1.173 ± 0.324
EW Hβ < 100 Å 0.300 ± 0.032 0.689 ± 0.067 1.731 ± 0.104 0.842 ± 0.154

Table 3 continued
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Table 3 (continued)

criterion Rf,H I Rf,LIS Wλ,H I Wλ,LIS

[Å] [Å]

EW Lyα > 50 Å 0.229 ± 0.027 0.644 ± 0.078 1.260 ± 0.140 1.032 ± 0.203
EW Lyα < 50 Å 0.289 ± 0.033 0.699 ± 0.099 1.589 ± 0.137 0.811 ± 0.230

fLyα
esc > 0.2 0.243 ± 0.031 0.643 ± 0.098 1.597 ± 0.132 0.704 ± 0.241
fLyα
esc < 0.2 0.252 ± 0.027 0.606 ± 0.069 1.447 ± 0.165 1.502 ± 0.180

MUV> −19.5 0.313 ± 0.049 0.559 ± 0.128 1.486 ± 0.367 0.422 ± 0.436
MUV< −19.5 0.315 ± 0.029 0.709 ± 0.043 1.475 ± 0.109 0.705 ± 0.148
M⋆ > 109 M⊙ 0.262 ± 0.030 0.685 ± 0.066 1.788 ± 0.156 1.460 ± 0.180
M⋆ < 109 M⊙ 0.276 ± 0.025 0.542 ± 0.059 1.340 ± 0.167 0.812 ± 0.199

O32> 5 0.297 ± 0.033 0.694 ± 0.094 1.019 ± 0.166 1.218 ± 0.245
O32< 5 0.300 ± 0.023 0.693 ± 0.068 1.459 ± 0.121 0.852 ± 0.174

log(O
H
) + 12> 8 0.380 ± 0.024 0.581 ± 0.055 1.378 ± 0.137 0.645 ± 0.189

log(O
H
) + 12< 8 0.268 ± 0.030 0.591 ± 0.095 1.071 ± 0.144 0.767 ± 0.235

r50 > 0.6 kpc 0.236 ± 0.019 0.716 ± 0.082 1.505 ± 0.116 0.853 ± 0.194
r50 < 0.6 kpc 0.302 ± 0.001 0.649 ± 0.077 1.481 ± 0.168 0.976 ± 0.203

ΣSFR> 10
M⊙

yr kpc2
0.284 ± 0.026 0.549 ± 0.053 1.520 ± 0.179 1.177 ± 0.208

ΣSFR< 10
M⊙

yr kpc2
0.230 ± 0.028 0.787 ± 0.074 1.603 ± 0.128 0.773 ± 0.205

all 0.295 ± 0.029 0.664 ± 0.040 1.673 ± 0.115 1.108 ± 0.133

strong LCEs: fLyC
esc > 0.05

β1550 > −2 — — — —
β1550 < −2 0.251 ± 0.017 0.827 ± 0.063 1.222 ± 0.119 0.460 ± 0.170

EW Hβ > 100 Å 0.306 ± 0.032 0.645 ± 0.088 0.883 ± 0.124 0.463 ± 0.274
EW Hβ < 100 Å 0.289 ± 0.050 0.801 ± 0.064 1.471 ± 0.194 0.755 ± 0.222
EW Lyα > 50 Å 0.284 ± 0.025 0.846 ± 0.077 1.029 ± 0.127 0.092 ± 0.210
EW Lyα < 50 Å 0.271 ± 0.045 0.878 ± 0.108 1.620 ± 0.156 0.152 ± 0.278

fLyα
esc > 0.2 0.273 ± 0.017 0.544 ± 0.067 1.081 ± 0.112 0.113 ± 0.200
fLyα
esc < 0.2 0.272 ± 0.013 0.790 ± 0.122 0.881 ± 0.243 0.429 ± 0.301

MUV> −19.5 0.312 ± 0.028 0.720 ± 0.099 0.862 ± 0.139 0.000 ± 0.295
MUV< −19.5 0.251 ± 0.045 0.758 ± 0.071 1.477 ± 0.146 0.564 ± 0.284
M⋆ > 109 M⊙ 0.346 ± 0.117 0.811 ± 0.070 1.181 ± 0.404 0.754 ± 0.280
M⋆ < 109 M⊙ 0.254 ± 0.018 0.793 ± 0.083 1.212 ± 0.108 0.404 ± 0.219

O32> 5 0.321 ± 0.033 0.707 ± 0.098 0.763 ± 0.127 0.080 ± 0.273
O32< 5 0.276 ± 0.049 0.836 ± 0.055 1.231 ± 0.224 0.358 ± 0.183

log(O
H
) + 12> 8 0.271 ± 0.032 0.580 ± 0.112 1.585 ± 0.150 0.594 ± 0.249

log(O
H
) + 12< 8 0.501 ± 0.028 0.791 ± 0.095 0.683 ± 0.140 0.325 ± 0.258

r50 > 0.6 kpc — — — —
r50 < 0.6 kpc 0.283 ± 0.016 0.825 ± 0.060 1.080 ± 0.107 0.666 ± 0.162

ΣSFR> 10
M⊙

yr kpc2
0.323 ± 0.030 0.737 ± 0.061 1.172 ± 0.125 1.166 ± 0.215

ΣSFR< 10
M⊙

yr kpc2
0.246 ± 0.027 0.765 ± 0.105 1.710 ± 0.127 0.085 ± 0.308

all 0.271 ± 0.015 0.833 ± 0.053 1.201 ± 0.094 0.583 ± 0.148
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7. FEEDBACK AND ISM GEOMETRY

7.1. Ionizing Feedback

Because the earliest type stars produce the bulk of
the intrinsic LyC budget, the youngest stellar popula-
tions will drive any feedback that is primarily in the
form of ionizing photons. In principle, these LyC pho-
tons could provide feedback by “brute force” ionization,
creating wide swaths of optically-thin, density bounded
regions simply by ionizing all of the neutral gas along
a sight line. LyC photons can also drive winds via ra-
diation pressure on dust grains or even on neutral H I

(e.g., Komarova et al. 2021, 2024 in prep), accelerating
ionized gas up to several 103 km s−1. Such radiatively
driven winds might provide the momentum necessary to
move gas out from the line of sight or, at the very least,
increase the optically thin openings between dense gas
clumps so that LyC photons can escape. Extreme
ionization environments like those of the Green Peas
can alternatively exhibit suppressed mechanical feed-
back (e.g., Jaskot et al. 2017) especially via weak feed-
back and catastrophic cooling (e.g. Jecmen & Oey 2023;
Oey et al. 2023), suggesting that ionizing photons escape
when gas conditions are conducive to dense clumping of
the ISM. Whether by direct photoionization or by the
winds driven by momentum from the LyC, ionization re-
mains the primary feedback mechanism of the youngest
stellar populations at low metallicity.
We assess the significance of ionizing feedback using

the f⋆(t < 3) parameter, which quantifies the preva-
lence of very young stellar populations in the stacked
SEDs. As an additional metric of ionizing feedback,
we consider the instrinsic ξion, the number of ionizing
photons Q per unit UV luminosity L1500, both quanti-
ties measured from the best-fit stellar populations–see
§4, as a more direct measurement of the relative ioniz-
ing budget and effectively a proxy for “LyC photons per
stellar mass”. We compare these two metrics in Figure
11, finding a strong correlation between the two metrics
(Kendall’s τ = 0.517 with p ∼ 0). Later stellar popula-
tions could still contribute to the total LyC budget. Cor-
relation coefficients indicate that neither f⋆(3 < t < 6)
nor f⋆(t > 8) correlate with ξion (τ = 0.044 and 0.051,
respectively); however, f⋆(3 < t < 6) does correlate
with the total number of ionizing photons (τ = 0.244
with p = 4 × 10−5). Thus, while the youngest stellar
populations drive the ionizing feedback, stellar popula-
tions in the Wolf-Rayet stage of 3-6 Myr likely augment
the total LyC budget.
This 3-6 Myr population contribution to the LyC (and

the UV SED in general) is most pronounced in stacks of
LCEs with fLyC

esc =1-5% and, to a lesser degree, stacks of
galaxies with fLyC

esc < 1%. In contrast, the stacks with
the highest fLyC

esc (> 5%) tend to have high fractions
of young (< 3 Myr) populations. A comparison of
f⋆(t < 3) and f⋆(3 < t < 6) in Figure 12 indicates a re-
lationship between the prevalence of each population age

(τ = −0.375, p = 2.840×10−10). One possible interpre-
tation of the anticorrelation between f⋆(3 < t < 6) and
f⋆(t < 3) is an evolution or duty cycle in LyC escape:
(i) the youngest populations have the highest fLyC

esc ; then
(ii) fLyC

esc drops as f⋆(3 < t < 6) increases and f⋆(t < 3)
decreases, even though some of these galaxies may have
high total ξion due to low levels of ongoing star forma-
tion (see similar interpretations by Naidu et al. 2022,
for LAE stacks at z = 2 and Carr et al. submitted for
Mg II profiles of LCEs). In such a duty cycle, geome-
try may also change from a clumpy medium permitting
LyC escape to a swept-up superbubble (Jaskot et al.
2019). Such extreme changes in ISM geometry are not
implausible in compact dwarf star-forming galaxies. A
103 km s−1 radiatively-driven wind, the likes of which
are observed in Green Peas (e.g., Komarova et al. 2021),
is capable of reaching kiloparsec scales on the order of
megayears.
In lieu of the duty cycle interpretation, 3-6 Myr stel-

lar populations may be entirely disconnected from the
very young populations and augment the intrinsic LyC
but undergo no LyC escape; i.e., the fLyC

esc is only asso-
ciated with the youngest OB cluster and only the ξion
of these young clusters is relevant for the LyC emergent
into the IGM. This disconnect may be especially im-
portant in weak (fLyC

esc = 1 − 5 %) LCEs with extended
star formation. By mapping high ionization channels
and identifying locations of young stellar populations,
high spatial resolution of key spectroscopic features in
the optical and UV (achievable with the planned Habit-
able Worlds Observatory) may help to establish a LyC
escape duty cycle in greater detail.
While the role of 3-6 Myr stellar populations is not

entirely clear, we have demonstrated a relationship be-
tween f⋆(t < 3) and the efficiency with which galaxies
produce ionizing photons. Moreover, fLyC

esc is linked to
the youngest stellar populations. We discuss the im-
plications that this relationship has for LyC escape in
§8.1.

7.2. Mechanical Feedback

Feedback from supernovae (SNe) is often invoked to
explain or otherwise account for LyC escape (e.g., Heck-
man et al. 2001, 2011). Due to the metallicity depen-
dence of line-driven stellar winds, SNe are typically an
order of magnitude more powerful in mechanical lumi-
nosity than winds at the subsolar metallicities common
among LCEs, as indicated by predictions from both
Starburst99 and BPASS. As a result, stellar winds have
a limited time window in which to dominate the me-
chanical feedback for a single stellar population, with
SNe dominating for several tens of Myr afterward (e.g.,
Leitherer et al. 1999; Veilleux et al. 2005; Leitherer et al.
2014; Jecmen & Oey 2023; Stanway & Eldridge 2023).
However, the upper mass limit for SNe is not well con-
strained. Jecmen & Oey (2023) demonstrate that a
delay in this intense mechanical feedback is possible,



LzLCS: Stellar Populations, Gas Geometry, and LyC Escape 23

0.5 1.0 1.5 2.0
ion [1025 phot Hz erg 1]

0.01

0.02

0.05

0.1

0.2

0.5

1.0
f

(t
<

3
M

yr
)

non-LCE
LCE

fLyC
esc

< 1%
1-5%
> 5%

Figure 11. Prevalence of very young stellar populations

f⋆(t < 3) in the stacked SEDs compared to the relative ion-

izing budget ξion= Q/L1500, a proxy for the number of LyC

photons per unit stellar mass. Symbols as in Figure 9.
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Figure 12. Comparison of f⋆(t < 3) and f⋆(3 < t < 6).

Symbols as in Figure 9. We do not show the trend in uncorre-

lated fLyC
esc as the stack of all strong LCEs have f⋆(t < 3)> 0

and f⋆(3 < t < 6)= 0 while the stacks of all weak and all

non-LCEs have f⋆(t < 3)= 0 and f⋆(3 < t < 6)> 0.

with onsets as late as 10 Myr and precipitous decline
in stellar winds in the intervening 3-10 Myr period as
the most massive stars undergo direct black hole col-
lapse (e.g., O’Connor & Ott 2011; Patton & Sukhbold
2020) and/or dynamical ejection (e.g., Oh & Kroupa
2016). Direct collapse can be particularly significant at
low metallicities, with possible reductions in mechan-
ical feedback by as much as ∼80% (e.g., Jecmen &
Oey 2023). Since LCEs tend to have lower metallici-
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Figure 13. Comparison of standard Starburst99 cumula-

tive mechanical energy Emech with supernovae starting after

3 Myr (abscissa) and Emech with a time delay in supernovae

until after 8 Myr (ordinate). Dashed line indicates 1:1 agree-

ment. Dotted line indicates a 60% reduction in mechanical

feedback due to time delay of supernovae. Symbols as in

Figure 9.

ties (Flury et al. 2022b), we anticipate such delays and
reductions in SNe feedback.
To determine possible effects of postponed mechanical

feedback, in Figure 13 we compare the cumulative me-
chanical energy Emech injected into the ISM by stellar
populations with standard SNe onset and with onset de-
layed until after 8 Myr. The cumulative injected energy
Emech for a population of age t is given by integrating
over model mechanical luminosities Lmech (stellar and
SNe mass loss rates scaled by wind terminal velocities
v∞) from the birth of the population until its present
age such that

Emech(t) =

t∫
0

Lwind(t
′) + LSNe(t

′)dt′ (9)

(see discussion in Hayes 2023; Hayes et al. 2023). We cal-
culate Emech from the mechanical luminosities for wind
and SNe in each of the 40 Starburst99 models used in
the SED fits, once using the default SNe onset and a
second time with SNe onset delayed until after 8 Myr.
The effect of delaying mechanical feedback is clear in
Figure 13 where the delay reduces the mechanical feed-
back by a factor of ∼ 0.6 in the stacks. While this ef-
fect appears not to vary substantially among the stacks,
a reduction in Emech due to a metallicity-dependent
time delay may affect how we interpret f⋆(t > 8) and
f⋆(3 < t < 6), namely that the latter age will not be as-
sociated with strong mechanical feedback. Lacking fur-
ther constraints on the SN time delay, in part due to the
problematic stellar metallicities discussed in §4 and in
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part due to the large scatter in log(OH )+12 demonstrated
in Figure 10, we proceed with the default Starburst99
predictions for the remainder of our analysis.
As seen with the f⋆(t < 3)-ξion relation, f⋆(t > 8) and

Emech are strongly correlated (τ = 0.513). From Figure
14, both f⋆(t > 8) and Emech are far higher in LCEs
than in non-LCEs. Notable exceptions (blue open tri-
angles and purple crosses with Emech> 2 × 1054 erg)
include stacks of non-detections and non-LCEs with
O32> 5 or log(OH ) + 12< 8 and non-LCEs with high

ΣSFR> 10 M⊙ yr−1 kpc−2, all likely genuine LCEs
given their properties as discussed in §5. Non-detections
with M⋆ > 109 M⊙ also exhibit enhanced Emech and
f⋆(t > 8). Such galaxies should intrinsically have a
higher SNe rate assuming a constant sSFR. While
metallicity introduces caveats regarding SNe time de-
lay, in general this result suggests a substantial role of
SN feedback in LyC escape. Regardless, older stellar
populations are certainly far more prevalent in LCEs
than in non-LCEs, and these results do not depend on
assumptions about SNe onset.
The prominence of both <3 Myr and >8 Myr stellar

populations in the LCE stacks points to either (i) two
modes of LyC escape, as evidenced by UV and optical
properties of individual LCEs (Flury et al. 2022b) or (ii)
bursty star formation where subsequent generations of
star formation provide the one-two punch of mechanical
energy and ionizing radiation, which is consistent with
the radio continua of individual LzLCS+ galaxies (Bait
et al. 2024). One or both interpretations must be char-
acteristic of LCEs. What we can conclude about the
implications for Emech is less clear as the cumulative
mechanical feedback requires an a priori knowledge of
the SNe onset. However, the significance of older stel-
lar populations likely suggests that mechanical feedback,
and SN feedback in particular, does indeed play a key
role in LyC escape.

7.3. Geometry

Inferring the geometry of the ISM from absorption
features is nuanced given the degeneracies of various pa-
rameters and the accompanying assumptions of the cov-
ering fraction model. Moreover, the COS G140L LSF
is markedly more winged than typical Gaussian profiles
and can dramatically affect measurements of gas geom-
etry via the residual flux (see §6 and Appendices C and
D). As reflected in our simulations, a single LSF cor-
rection cannot be applied to the measured Rf and Wλ

values – as such, we can only make approximate correc-
tions and cannot derive precise physical values such as
column density for any individual stack.
Despite these caveats, our measurements of the ab-

sorption lines still provide meaningful insight into the
geometry of LCEs and their non-leaking counterparts.
To begin, we compare Wλ and Rf in Figure 16 for H I

and LIS lines to assess whether clumpiness, column den-
sity, or a combination of the two accounts for variations
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Figure 14. Comparison of f⋆(t > 8) and cumulative me-

chanical energy Emech injected into the ISM by stellar pop-

ulations. Symbols as in Figure 9.
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inWλ. WhileWλ,H I is negatively correlated with Rf,H I

(τ = −0.397, p < 10−7, which bootstrapping suggests
is robust to outliers evident in the top panel of Figure
16), its dependence on Rf,H I appears predominantly
determined by the separation of LCEs and non-LCEs.
Indeed, from Figure 16 (top panel), Rf,H I is roughly
constant at 0.3 for LCEs as Wλ,H I decreases, indicat-
ing that any decrease in Wλ,H I must be due to a de-
cline in NH I; for non-LCEs, the same is true at slightly
higher covering fraction (Rf,H I∼ 0.2). The Lyman se-
ries curves of growth shown in Figure 17 suggest the low
values of Wλ,H I=1 Å and Cf,H I≈ 0.75 (from correcting
Rf,H I= 0.3 for the LSF) correspond to column densi-
ties as low as 1017 cm−2, sufficient to allow isotropic LyC
escape as high as fLyC

esc ∼ 25%. A similar interpretation
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holds for non-LCEs. LyC optical depth along the line
of sight is decreasing with Wλ,H I, but the distribution
of H I remains more or less uniform.
On the other hand, the strong dependence of Wλ,LIS

on Rf,LIS (τ = −0.508 with p = 0, Figure 16 bottom
panel) indicates that decreasing covering fraction is re-
sponsible, at least in part, for the differences in Wλ,LIS.
The LSF-adjusted curve of growth for LIS lines, as de-
picted in Figure 17, suggests the range of Cf,LIS (0.25
to 0.75 from a 30% increase in Rf due to LSF effects,
see Appendix D) can account for much of the observed
range in Wλ,LIS. Assuming covering fraction is the pri-
mary driver of variations in Wλ,LIS, the observed Wλ,LIS

would consistently correspond to column densities in ex-
cess of N ∼ 1016 cm−2 and, in cases when Wλ,LIS≳ 2

Å, as high as 1018 cm−2. Under such conditions, the
LIS lines trace especially dense gas, as the H I column
will be even higher in regions occupied by the LIS gas.
Combined with the strong Cf dependence of Wλ, the
LIS lines likely arise from clumps or clouds of dense gas
embedded in the ambient neutral ISM.
Since the H I lines trace the ambient neutral ISM and

the LIS lines trace clouds of dense gas, we can anticipate
some discrepancy in the line properties such as that ob-
served in the LzLCS+ stacks and presented in §6. As
demonstrated both in §6 and Appendix D, observational
effects cannot account for the observed differences be-
tween the H I and LIS residual fluxes. Neither does
metallicity, which should primarily affect the LIS col-
umn densities, correlate with the LIS Rf , LIS Wλ, or
the Cf ratio (see §6). Thus, any variations in LIS Rf or
the Cf ratio may be attributable instead to differences
in the geometry of the gas. Given the Wλ-Rf trends
discussed above and shown in Figure 16, geometric dif-
ferences traced by the Cf ratio would correspond to the
distribution of dense gas clouds in the ambient ISM.
We explore the geometry in greater detail here by com-
parison of this discrepancy with H I LyC optical depth
(as measured by Wλ,H I) and dustiness (as measured by
β1550).
We compare the ratio of covering fractions, Wλ,H I,

and β1550 in Figure 18. The H I column appears to de-
cline as the dense LIS gas becomes increasingly sparse,
indicating a decline in ambient neutral gas coincident
with a decline in dense gas clouds. Indeed, the Cf

ratio and Wλ,H I are strongly correlated (τ = 0.295,
p = 6.922 × 10−7) with relatively few outliers. β1550

also correlates strongly with the Cf ratio (τ = 0.462,
p < 10−7), indicating a decrease in ISM opacity due
to dust grains along the line of sight as fewer clouds of
dense gas populate the ISM. As shown in Figure 18, dust
attenuation also declines significantly with Wλ,H I, with
τ = 0.311 and p < 10−7. These relationships indicate
a lockstep decline in dust attenuation, ambient neutral
gas column density, and the prevalence dense gas clouds
along the line of sight. Our finding is consistent with re-
sults from individual galaxies (e.g., Gazagnes et al. 2020;
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Figure 16. Comparison of Wλ and Rf for H I (top) and

LIS (bottom). Symbols as in Figure 9.

Saldana-Lopez et al. 2022) and from stacks of galaxy
spectra at higher redshifts (z = 3 Reddy et al. 2016b).
To illustrate a holistic interpretation of our geometry

results, in Figure 19 we present as a visual aid a car-
toon model of the relationship between Cf discrepancies
and ISM geometry. Here, a foreground screen through
which the intrinsic stellar SED is transmitted consists
of ambient diffuse H I populated by clouds of dense gas
containing H I and LIS ions. When the Cf is high, both
H I and LIS absorption are ubiquitous. When Cf,LIS de-
creases (Rf,LIS increases), there are fewer dense clouds
along the line of sight; however, diffuse H I persists, re-
sulting in a high Cf,H I (low Rf,H I). In a more extreme
scenario, even the diffuse H I becomes ionized, causing
the Wλ,H I to decrease even if dense clouds are present.

7.4. Feedback and Geometry

Perhaps the most critical question at this juncture is
whether the stellar feedback and ISM geometry are in
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any capacity related to one another. In turn, such in-
sight can inform how the unique conditions for LyC es-
cape arise. To begin, we compare the different types of
feedback in Figure 20 to determine whether the two are
related in some fashion. While ξion and Emech do not
appear particularly correlated, the stacks of LCEs and
high fLyC

esc stacks exhibit Emech higher than most of the
non-leaker and non-detection stacks by as much as 50%.
The few cases where non-detection stacks do ex-

hibit higher Emech include stacks on high O32 or low
log(OH ) + 12, which accounts for the high ξion associ-
ated with these stacks. However, other non-detection
stacks on high mass, high ΣSFR, and high UV r50 also
demonstrate enhanced Emech, as one might anticipate
given the increased likelihood of SNe in these high UV
luminosity systems. In some cases, these non-detection
stacks are true LCEs in disguise, such as the high O32

stacks which have non-negligible fLyC
esc .

For each type of feedback, we assess Wλ, Rf , the
Cf ratio, and β1550 in concert both with ξion and with
Emech. We quantify the relationships between each type
of feedback and ISM metric using Kendall’s τ and list
the results in Table 4. Following the relations between
stellar populations and feedback explored in §7.1-7.2,
we also list Kendall’s τ for correlations between feed-
back and ISM metrics with f⋆(t < 3), f⋆(3 < t < 6),
and f⋆(t > 8) in Table 5. Emech strongly and signif-
icantly correlates with all of the ISM metrics. How-
ever, ξion only correlates strongly and significantly with
the absorption line Wλ. As discussed in §7.3, Wλ,H I

traces ambient diffuse neutral gas while Wλ,LIS corre-
sponds to the prevalence of clouds of dense gas. The Wλ

correlation with ξion therefore suggests that that ioniz-
ing feedback primarily affects the column densities of
gas, both the diffuse H I and dense clouds, and could
lead to increasingly isotropic LyC escape with fLyC

esc

higher along channels of diffuse gas. Meanwhile, me-
chanical feedback likely plays the pivotal role in shaping
the anisotropic distribution of dense, dusty gas, as evi-
denced by the strong correlation of β1550, Rf,H I, Rf,LIS,
and Cf,LIS/Cf,H I with Emech but not with ξion. While
both ionizing and mechanical feedback affect the optical
depth of gas, these results suggest that SNe and stel-
lar winds are the critical mechanisms for shaping the
anisotropic geometry of the ISM.

8. IMPLICATIONS FOR LYC ESCAPE

Above, we have considered three different properties
related to LyC escape: stellar populations (production
of the LyC), feedback (clearing the path for LyC escape),
and ISM geometry (the LyC escape route). We now as-
sess individual and multivariate correlations related to
these different properties to determine which are most



LzLCS: Stellar Populations, Gas Geometry, and LyC Escape 27

low ionizationdense H Idiffuse H I

a) b) c)

Figure 19. Cartoon depiction of different ISM geometries determined from LIS (green) and H I (orange, yellow) absorption

lines. The three panels depict different Cf ratio regimes with a) some H I-LIS discrepancy, many dense clouds (orange and

green), and abundant diffuse H I (yellow), b) substantial H I-LIS discrepancy with few dense clouds but abundant diffuse H I,

and c) extreme ionization with few dense clouds and loss of most ambient diffuse H I.

Table 4. Kendall’s τ correlation coefficients (columns 2 and 4) with null hy-

pothesis probabilities p (columns 3 and 5) for various stellar population and ISM

metrics with ξion (columns 2-3) and Emech (columns 4-5).

Metric τ ξion p ξion τ Emech p Emech

stellar populations

f⋆(t < 3) 0.500±0.027 < 2× 10−52 0.396±0.034 2.945× 10−11

f⋆(3 < t < 6) 0.008±0.041 8.931× 10−1 -0.176±0.027 3.115× 10−3

f⋆(t > 8) 0.090±0.038 1.283× 10−1 0.687±0.019 < 2× 10−52

ISM

β1550 -0.090±0.037 1.309× 10−1 -0.337±0.015 1.445× 10−8

Wλ,H I -0.375±0.021 2.803× 10−10 -0.400±0.056 1.862× 10−11

Wλ,LIS -0.243±0.052 4.504× 10−5 -0.370±0.021 5.179× 10−10

Rf,H I 0.093±0.039 1.165× 10−1 0.248±0.059 3.079× 10−5

Rf,LIS 0.150±0.037 1.179× 10−2 0.345±0.031 6.461× 10−9

Cf,LIS/Cf,H I -0.161±0.035 6.650× 10−3 -0.334±0.049 1.942× 10−8

fundamentally important for the production and escape
of the LyC. In order to obtain a holistic interpretation
of our results, we employ canonical correlation analy-
sis (CCA) to determine how multiple variables correlate
together with fLyC

esc and elaborate on this technique in
Appendix E.

8.1. Optimal LyC Escape Conditions

While the ISM conditions consistently have the
strongest correlations with fLyC

esc , multivariate analysis
indicates that the prevalence of very young stellar pop-

ulations (as measured by f⋆(t < 3)) is the most signifi-
cant term for maximizing multivariate correlations with
fLyC
esc , both among the stellar populations and among
all the variables together. To some degree, this result
is intuitive because O stars will inherently dominate the
intrinsic LyC budget and indeed are necessary to achieve
non-negligible emergent LyC flux from a galaxy. How-
ever, the significance of these young populations over
both those with WR stars generating substantial stel-
lar winds and those after SNe onset is less clear given
that older populations produce the mechanical feedback
which our models indicate is necessary for clearing out
the ISM. Our results thus differ from previous studies
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Table 5. Kendall’s τ correlation coefficients (columns 2, 4, and 6) with null hypothesis probabilities p (columns

3, 5, and 7) for various feedback and ISM metrics with f⋆(t < 3) (columns 2-3), f⋆(3 < t < 6) (columns 4-5), and

f⋆(t > 8)(columns 6-7).

Metric τ f⋆(t < 3) p f⋆(t < 3) τ f⋆(3 < t < 6) p f⋆(3 < t < 6) τ f⋆(t > 8) p f⋆(t > 8)

ξion 0.500±0.027 < 2× 10−52 0.008±0.031 8.931× 10−1 0.090±0.053 1.283× 10−1

Emech 0.396±0.040 2.945× 10−11 -0.176±0.038 3.115× 10−3 0.687±0.024 < 2× 10−52

β1550 -0.181±0.024 2.401× 10−3 0.203±0.051 6.302× 10−4 -0.394±0.033 3.524× 10−11

Wλ,H I -0.376±0.052 2.660× 10−10 0.130±0.055 2.907× 10−2 -0.341±0.045 1.034× 10−8

Wλ,LIS -0.276±0.033 3.591× 10−6 0.153±0.031 9.894× 10−3 -0.394±0.031 3.428× 10−11

Rf,H I 0.112±0.031 6.050× 10−2 0.077±0.031 1.982× 10−1 0.320±0.050 7.667× 10−8

Rf,LIS 0.180±0.036 2.417× 10−3 -0.036±0.040 5.413× 10−1 0.433±0.063 3.328× 10−13

Cf,LIS/Cf,H I -0.170±0.024 4.258× 10−3 0.044±0.034 4.611× 10−1 -0.405±0.046 9.615× 10−12

Table 6. Correlation of stack properties with fLyC
esc as determined with single-

and multivariate analysis. For individual variables, we report Kendall’s τ (column

2) with null hypothesis probability p (column 3). For a multivariate assessment,

we report the canonical correlation coefficients a (columns 4-7). The final row

indicates the total multivariate correlation between the combined variables and

fLyC
esc determined using CCA.

Property τ p astars afdbk aISM atotal

f⋆(t < 3) 0.400±0.025 1.688× 10−11 8.756 – – 9.210

f⋆(3 < t < 6) -0.106±0.048 7.518× 10−2 0.103 – – 2.567

f⋆(t > 8) 0.456±0.017 1.754× 10−14 1.100 – – -1.297

ξion 0.344±0.078 7.033× 10−9 – 1.927 – -0.947

Emech 0.456±0.000 1.876× 10−14 – 5.443 – 0.302

β1550 -0.553±0.012 < 2× 10−52 – – -2.348 -2.295

Wλ,H I -0.550±0.032 < 2× 10−52 – – -1.706 -0.727

Wλ,LIS -0.456±0.025 1.898× 10−14 – – -0.422 -0.224

Rf,H I 0.341±0.040 9.860× 10−9 – – -1.974 -0.769

Rf,LIS 0.478±0.034 9.992× 10−16 – – 4.751 4.684

Cf,H I/Cf,LIS -0.440±0.031 1.336× 10−13 – – 5.719 4.777

ρ 0.640 0.477 0.737 0.804

which suggest that WR-stage stellar populations are key
to LyC escape as a result of, e.g., stellar winds, LyC pro-
duction, and the onset of SNe (e.g., Jaskot & Oey 2013;
Zastrow et al. 2013; Ma et al. 2016).
Perhaps the significance of f⋆(t < 3) over f⋆(3 < t <

6) and f⋆(t > 8) indicates that, for the youngest stel-
lar populations, high fLyC

esc could be inevitable among
LzLCS+ galaxies due to extreme ionization, which de-
creases H I and promotes increasingly isotropic escape.
Indeed, the strongest LCEs in the LzLCS+ are Green
Peas (Flury et al. 2022b). These galaxies, known for

concentrated star formation, very young stellar popu-
lations, and extreme ionization, comprise a significant
portion of the galaxies contributing to LCE stacks and,
especially, high fLyC

esc stacks. The Green Pea LCEs may
even be dominating the apparent correlations due to
their characteristically young ages and high fLyC

esc . With
that caveat in mind, on average, the ionization mecha-
nisms at play in LyC escape in Green Peas are likely the
key for the most prodigious LCEs. I.e., radiative feed-
back dominates LyC emission, particularly when me-
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Figure 20. Comparison of the relative ionizing photon pro-

duction rate ξion and the cumulative mechanical feedback

Emech without any SN delay. Symbols as in Figure 9. While

ξion may be mildly enhanced in LCEs, Emech is markedly

higher among LCEs than non-LCEs.

chanical feedback could be delayed in low metallicity
stellar populations.
Although Green Peas can exhibit strong WR fea-

tures (Amoŕın et al. 2012; Fernández et al. 2022), the
weak correlation of f⋆(3 < t < 6) with fLyC

esc indi-
cates that the presence of WR stars is insufficient to ac-
count for the escape of LyC photons. Moreover, higher
f⋆(3 < t < 6) appears consistent with the weaker LCEs
(fLyC

esc = 1− 5%) as in Figure 12, suggesting that Green
Peas with significant WR contributions may be in tran-
sition between LCE modes or evolving in an LCE duty
cycle. Indeed, most of the Green Peas with WR features
exhibit O32≲ 5, indicating lower values of fLyC

esc (Izotov
et al. 2018b; Flury et al. 2022b). LCEs withWR features
may instead contain very massive stars (VMS) or young
stellar populations on the verge of transition, as with
the Sunburst arc (Vanzella et al. 2023; Rivera-Thorsen
et al. 2024, see §8.2).
That being said, of the types of feedback quantified

by ξion and Emech, the latter is more important for
maximizing the correlation with fLyC

esc both individually
as quantified by τ and holistically when quantified by
CCA. Thus, while very young stellar populations are
more strongly associated with LyC escape than older
ones, mechanical feedback is also more important than
ionizing feedback for clearing out the ISM. The signifi-
cance of both Rf,LIS and Emech in the CCA illustrates
the key role mechanical feedback likely plays in produc-
ing this geometry (see also Table 5). Moreover, the
paucity of dense, dusty gas clouds relative to ambient
H I, as quantified by the Cf,LIS/Cf,H I ratio, is one of the
most important among the ISM tracers for maximizing
correlation with fLyC

esc , reinforcing the idea that patchy

dense gas distributions produced by mechanical feed-
back lead to more efficient LyC escape. A sign change
in the correlation coefficient for the Cf ratio when ac-
counting for additional variables, though, indicates that
Cf,LIS/Cf,H I traces something more than a combination
of optical depth via H I and prevalence of dense clouds
via LIS. In other words, given additional constraints, a
higher Cf ratio can imply higher fLyC

esc . As discussed in
§7.3, the Cf ratio could be indicating extreme ionization
a fundamental to high fLyC

esc .
Incorporating all properties simultaneously points to

a possible combination of ionization and mechanical
feedback to achieve substantial fLyC

esc . However, while
the Kendall’s τ coefficients indicate that feedback is
clearly necessary for LyC escape, neither ξion nor Emech

appear as relevant for fLyC
esc as other properties. In-

stead, the youngest stellar populations, coupled with
Cf,LIS/Cf,H I, β1550, and Rf , collectively drive the cor-
relation with fLyC

esc with f⋆(t < 3) dominating. One in-
terpretation of this result is that ξion and Emech are im-
plicitly expressed by the ISM terms since feedback corre-
lates with the geometry. However, feedback produces a
relatively weak CCA correlation coefficient of ρ = 0.477,
indicating that the LyC per unit mass and mechanical
feedback are not nearly as important as which stellar
populations are present (ρ = 0.640) or the ISM geome-
try (ρ = 0.737). Perhaps instead SN feedback is helpful
but unnecessary for LyC escape–favoring two different
LCE mechanisms rather than a two-stage burst.
The ISM measurements are the most strongly corre-

lated with fLyC
esc . This result is somewhat unsurprising

given that ISM conditions are intrinsically coupled to
fLyC
esc both in observations (e.g., Steidel et al. 2018; Gaza-
gnes et al. 2020; Shapley et al. 2016) and in simulations
(e.g., Mauerhofer et al. 2021; Gazagnes et al. 2024). In-
deed, all of the properties alone correlate strongly and
significantly with fLyC

esc , most of all Wλ,H I and β1550.
Tracing neutral gas and dust, respectively, Wλ,H I and
β1550 indicate the total LyC optical depth along the
line of sight. However, CCA predicts that the paucity
of density clouds, as measured by Rf,LIS, and extreme
ionization, as measured by Cf,LIS/Cf,H I, are relatively
more correlated with fLyC

esc among both the ISM and
the full set of properties when accounting for other vari-
ables. Thus, a confluence of extreme ionization, traced
by low Cf ratios, and mechanically-widened optically-
thin channels traced by high Rf,LIS likely optimize for
high fLyC

esc . Such an interpretation is not without prece-
dent: earlier analysis by Ramambason et al. (2020) of
optical emission lines implies a similar scenario.
Regarding stellar populations, while both f⋆(t < 3)

and f⋆(t > 8) correlate strongly with fLyC
esc , f⋆(t < 3)

dominates in significance for every CCA scenario in
which it is considered, including the total set of prop-
erties. Clearly, while mechanical feedback and bursty
star formation are fundamental to shaping the ISM ge-
ometry, the LyC budget provided by the youngest stars
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serves as the foundation of LyC escape. Given that the
most prevalent ISM indicators require a combination of
two-stage bursts of star formation and extreme ioniza-
tion, it is not surprising that the youngest stars achieve
the highest fLyC

esc . Thus, a complete picture must in-
clude both very young stellar populations (a key ingre-
dient even when considering the ISM conditions) and
a patchy geometry even when LyC escape is roughly
isotropic. We illustrate this scenario with results in Fig-
ure 21 and a cartoon in Figure 22.
Figure 21 compares fLyC

esc , the Cf ratio, and f⋆(t < 3)
or f⋆(t > 8). In Figures 11-14, we established that
strong LyC leakers (fLyC

esc > 5%) tend to have prominent
young and old stellar populations. Here, in Figure 21, we
illustrate that the degree of fLyC

esc corresponds directly to
the prevalence of the very young and older stellar pop-
ulations. Given the relationship between f⋆(t < 3) and
ξion and between f⋆(t > 8) and Emech, Figure 21 could
imply that two-stage bursts of star formation provide
optimal LyC escape conditions by maximizing the radia-
tive and mechanical feedback simultaneously or that two
LCE modes exist (e.g., Flury et al. 2022b). Moreover,
fLyC
esc appears increase significantly with f⋆(t < 3). Fig-
ure 22 illustrates the effects of a two-stage burst where,
in panel 1), SNe provide mechanical feedback to open
up channels in the ISM and then, in panel 2), a subse-
quent generation of stars further clears the path for LyC
escape via radiative feedback.
Two outliers of interest in Figure 21 are stacks of

non-LCEs which exhibit high f⋆(t < 3) but high
Cf,LIS/Cf,H I and weak LyC escape (fLyC

esc ∼ 0.02).
These two stacks are built from non-detections and non-
leakers, both with O32> 5. In each case, the galaxies
composing these stacks are likely leaking LyC substan-
tially but have only weak fLyC

esc along the line of sight.
Such cases are within the regime of isotropic LyC escape
but spatially varying fLyC

esc , as discussed in 8. In Figure
22, the two outliers’ lines of sight would most likely be
obstructed by one of the dense clouds in panel 2) even
though most sightlines are not obscured as in Knot A of
Haro 11 (Komarova et al. 2024). The size and/or optical
depth of the cloud may allow for marginal LyC escape
which falls below the HST/COS detection threshold for
the stacks’ constituent galaxies.

8.2. LyC Escape at High Redshift

Cosmological simulations have been a frequent tool
for predicting the escape of LyC from galaxies at z > 4
and have been an excellent baseline for comparisons of
nearby z ∼ 0.3 analogs with our expectations for galax-
ies at the epoch of reionization (see, e.g., comparisons
of the LzLCS+ with simulation results in Flury et al.
2022b; Jaskot et al. 2024b). Simulations predict that in-
stantaneous bursts of star formation precede high fLyC

esc

(e.g., Kimm & Cen 2014; Trebitsch et al. 2017; Kimm
et al. 2019; Barrow et al. 2020; Ma et al. 2020; Kimm
et al. 2022). Given arguments for bursty star forma-
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Figure 21. Comparison of fLyC
esc with Cf,LIS/Cf,H I col-

ored by (top) f⋆(t > 8) and (bottom) f⋆(t < 3). We high-

light the trend in uncorrelated stacks in red. Trends among

fLyC
esc , Cf,LIS/Cf,H I, and population prevalence are apparent

in both cases.

tion in galaxies at redshifts > 6 (Endsley et al. 2023;
Simmonds et al. 2024b; Meyer et al. 2024), the case for
burstiness as a path toward LyC escape seems plausi-
ble at the epoch of reionization, particularly given LyC
photons might self-regulate subsequent star formation.
However, simulations indicate a lag of anywhere from

3.5 Myr (e.g., Choustikov et al. 2023) to 10 Myr (e.g.,
Kimm & Cen 2014) or more (e.g., Barrow et al. 2020)
between a burst of star formation and intense LyC es-
cape. As such, these simulations indicate slightly older
stellar populations are more closely associated with high
fLyC
esc , owing largely to the mechanical feedback injected
by SNe to clear out the ISM. These fLyC

esc lagging predic-
tions arise in part from poor sampling of the SN delay
time distribution, which can over-estimate the popula-
tion age at which SNe occur. Proper treatment of SN
onset times may bring simulation predictions into bet-
ter agreement with the observations. Additionally, the
spatial resolution of simulations may not properly treat
radiative feedback and H II region geometry on small
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Figure 22. Toy model cartoon illustrating the optimal LyC escape scenario of a two-stage burst. In stage 1) (left), supernovae

(red) anisotropically inject mechanical energy (white arrows) into the ISM, which will clear optically-thin channels in the dense

ISM (orange, green). In stage 2), ionizing photons ionize these channels (yellow) and much of the dense gas (orange, green),

allowing the LyC from very young stellar populations (blue) to escape over large opening angles occupied only by diffuse H I

(yellow).

scales, which may allow for earlier LyC escape (e.g.,
Kimm et al. 2019; Kakiichi & Gronke 2021).
While we do find older stellar populations and high

Emech to be important for LyC escape, our stacking
analysis indicates that populations younger than 3 Myrs
are the signpost for fLyC

esc in excess of 5%. Stellar popu-
lations aged 3-6 Myr are primarily associated with LyC
escape below 1%, exhibiting the weakest individual cor-
relation with fLyC

esc of all the properties considered (see
Table 6). Populations older than 8 Myr are ubiquitous
among LCEs and exhibit a strong correlation with fLyC

esc

on their own, relative to f⋆(t < 3). On the whole, these
older populations are most significantly correlated with
LyC escape of all population age groups (see τ in Table
6) and indicate whether a galaxy is a LyC leaker. Dis-
tinguishing between a weak (fLyC

esc = 1-5%) and strong
(fLyC

esc > 5%) LCE, though, requires prevalent young stel-
lar populations (see Figure 21 and §7.4).
Ma et al. (2020) argue SNe-triggered bursts of star for-

mation may be uniquely optimal for LyC escape. Such
burstiness is consistent with our results; however, the
role of radiative feedback in bursty models is still un-
derstated. Perhaps one of the most surprising and sig-
nificant results of this study is the importance of young
stellar populations and dominance of ionizing feedback
in LCEs. As such, prescriptions for feedback and/or
stellar populations and radiative transfer in cosmologi-
cal simulations may need revision in order to properly
predict the LyC escape mechanisms and the critical con-

tributors to cosmic reionization. Indeed, incorporating
robust ionizing feedback into simulations reproduces our
result that stellar populations younger than 3 Myr are
key to the most prodigious LyC escape. Kimm et al.
(2017) found ionizing feedback to be critical to fLyC

esc

when incorporated into high resolution simulations with
stochastic star formation.
Results from higher redshift galaxies also emphasize

the role of ionizing feedback. The Sunburst arc, a con-
firmed LCE at z = 2.37 (Rivera-Thorsen et al. 2019),
exhibits extreme outflows capable of evacuating gas
from star-forming sites (Mainali et al. 2022; Vanzella
et al. 2022). The LyC is emergent from a massive
clump with extremely young (< 4 Myr) stellar pop-
ulations and concentrated star formation (ΣSFR= 5 ×
103 M⊙ yr−1 kpc−2) indicative of bursty star formation
(Vanzella et al. 2022; Rivera-Thorsen et al. 2024). Sur-
rounding the young stellar population are dense clouds
of gas with openings allowing LyC escape and suggestive
of catastrophic cooling (Pascale et al. 2023). Local ana-
log Mrk 71, the nearest Green Pea and a LCE candidate,
exhibits similar extreme conditions: a massive young
star cluster with dense gas undergoing catastrophic cool-
ing (Oey et al. 2017, 2023) as well as LyC-driven out-
flows presenting as broad nebular lines (Komarova et al.
2021).
Massive star clusters (M ∼ 106 M⊙) with concen-

trated star formation and young stellar populations akin
to Mrk 71 and the LyC-leaking clump in the Sunburst
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have been identified at the epoch of reionization (z = 6,
Vanzella et al. 2023, and z = 10, Adamo et al. 2024),
featuring paucities of dust (Adamo et al. 2024) and high
ionizing photon budgets (ξion≳ 5× 1025 phot Hz erg−1)
capable of clearing out LyC escape channels (Vanzella
et al. 2023). Similarly, faint (MUV= −15 to −17) galax-
ies at z = 6 − 8 exhibit ξion∼ 6 × 1025 phot Hz erg−1,
a dearth of dust (β < −2), and bursty star formation
(Atek et al. 2024). Extreme ionizing feedback implied
by the high ξion values may even indicate the presence of
VMS, as in the case of Mrk 71 (Smith et al. 2023). Such
VMS may be necessary to provide both the high ξion and
the intense ionizing feedback necessary for LyC escape
at z > 6. Whatever the case, these results form higher
redshifts are consistent with the picture of prodigious
LCEs our stacks have brought into focus at z ∼ 0.3:
concentrated star formation with significant amounts of
ionizing feedback.
Whether the association of 3-6 Myr starbursts with

non-LCEs indicates a separate class of galaxies or a tran-
sition in LyC escape remains to be seen. Comparisons
between f⋆(3 < t < 6) and geometry indicate mild pos-
itive correlations between the presence of WR popula-
tions and Wλ,H I, which may point to the redistribution
of ISM via stellar winds (Jaskot et al. 2019). Given the
bursty star formation exhibited by the LzLCS stacks,
it is possible that contributors to cosmic reionization
“turn on” as LCEs at the start of a burst of star for-
mation preceded by another burst by at least 8 Myrs.
These LCEs would start with very high fLyC

esc which sub-
sequently declines once the most massive O stars begin
to evolve off the main sequence, in turn reducing the ion-
izing feedback needed for the most extreme LyC escape
(cf. Carr et al. submitted). Ionizing feedback can regu-
late star formation, which may contribute to burstiness
(Kimm et al. 2017; Pereira-Wilson et al. 2023), thereby
contributing to a two-stage burst scenario. Additional
constraints from inferred bursty star formation history
at z > 6, combined with observables tracing LyC escape,
would subsequently provide an empirical assessment of
future simulation results.

9. CONCLUSION

Through stacking analysis of HST/COS G140L spec-
tra from the LzLCS+ observations of 89 galaxies in the
rest FUV, we investigate (i) robustness of non-detections
of the LyC, (ii) the stellar populations, feedback, and
ISM geometry of LCEs vs non-LCEs, and (iii) the na-
ture of LyC escape, including its optimal conditions. We
find the following results:

• The shape of the LyC is too flat to contain sig-
nificant emergent nebular continuum and is in-
stead consistent with photoionization of H I. Thus,
nebular continuum does not enhance fLyC

esc in the
LzLCS+. Furthermore, the lack of nebular contin-

uum points to a clumpy ISM geometry with chan-
nels that are poor in H I.

• In most cases, non-detections correspond to true
non-leakers. Stacking allows us to push below the
COS sensitivity limits by boosting the LyC sig-
nal with averaged spectra of non-detections. Only
stacks of non-detections with Green Pea properties
(e.g., high O32, high Hβ EW, low log(OH )+12) ex-

hibit fLyC
esc > 1%. The detection of missing LyC

flux in the stacks of Green Peas points to isotropic
LyC escape with line-of-sight variations in fLyC

esc .

• Stellar populations older than 8 Myr are ubiq-
uitous among LCEs (fLyC

esc > 1%). However, the
youngest stellar populations are most prominent
in the most prodigious LCEs (fLyC

esc ≳ 5%).

• Mechanical feedback from SNe accompanies older
stellar populations and is enhanced in LCEs com-
pared to non-LCEs.

• Ionizing feedback, associated with the youngest
stellar populations, characterizes the most ex-
treme LCEs.

• LCEs exhibit a paucity of dense gas clouds which
correlates strongly with declining H I column den-
sities and dust content. These correlations indi-
cate that, as openings in the dense gas widen, the
column density of the diffuse gas decreases.

• Mechanical feedback reduces the global covering
fraction of dense gas clouds.

• Ionizing feedback reduces the neutral gas and dust
in the low density gas channels. In extreme cases,
ionizing feedback can also reduce the LyC opacity
of dense gas clouds.

• While mechanical feedback appears to be key for
all LCEs, only a combination of mechanical feed-
back and extreme ionizing feedback can achieve
high fLyC

esc .

From these results, we can paint a holistic picture of
LyC escape. SNe open channels in dense gas in the
ISM via mechanical feedback, clearing the path for LyC
escape. For high fLyC

esc , subsequent young stellar popu-
lations provide ionizing feedback to further dissipate the
dense gas and reduce the optical depth of diffuse gas in
the ISM. A two-stage burst of star formation is therefore
necessary to obtain these optimal LyC escape conditions
by providing both mechanical and ionizing feedback to
move or eliminate LyC-obstructing gas and dust.
Given the argument for bursty star formation at high

redshift, galaxies at z > 6 might readily exhibit this
two-stage burst scenario to achieve the optimal condi-
tions for LyC escape and thus drive cosmic reionization.
Future work to investigate this possibility should involve
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more detailed examinations of star formation histories
at cosmic dawn as well as confirmation via simulations
of these feedback mechanisms at play. Such results could
distinguish between the possibilities of a two-stage star-
burst LCE and two modes of LyC escape.
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APPENDIX

A. APPROACHES TO STACKING

Below, we assess various approaches to stacking the LzLCS+ HST/COS spectra, addressing caveats to each choice
and its effect (if any) on the science results.

A.1. Normalization

Perhaps one of the most straightforward yet complicated choices is the normalization of the galaxies’ spectra before
undertaking stacking. Doing so is key to preventing luminosity bias: without normalization, the brightest sources will
be over-represented in the stacks. Due to Galactic and telluric contamination (absorption and emission lines, respec-
tively), which occur at different rest-frame wavelengths due to differences in cosmological redshift, certain portions of
the spectrum are not sampled for every source. Moreover, features from galaxies themselves cause substantial varia-
tions due to the underlying stellar populations (photospheric and P Cygni wind lines) and gas content (e.g., Lyman
series and low ionization absorption lines). In an effort to preserve these features and better detect them in the stacked
spectra, we need to select relatively featureless portion continuum which is well-detected in every source.
Blueward of 1050 Å in the rest frame, the spectra suffer from telluric contamination from geocoronal Lyα and O I

λ1305 emission, plus H I Lyman series absorption, and many prominent stellar features including C III λ997, N III

λ991, O VI λ1038, and S IV λ1060. The stellar C III λ1175 multiplet and N V λ1238, 42 P Cygni lines, ISM Si II
λλ1191, 1193, 1260, 1304, O I λ1302, C II λλ1334, 5, and of course Lyα together prevent reliably obtaining featureless
continuum from 1170 to 1350 Å. The COS FUV A sensitivity redward of observed frame 1600 Å is a factor of four
lower than at its peak around 1350-1400 Å, meaning that continuum at wavelengths longer than 1300 Å in the rest
frame are subject to significantly more noise and therefore substantial uncertainty in any continuum measured there.
Given the peak sensitivity of COS at 1050-1100 Å in the LzLCS+ rest-frame and the relative lack of features from
1080-1110 Å in the underlying continuum, we opt to normalize the spectra at 1100 Å. The choice of 1100 Å is also in
keeping with previous LzLCS studies’ use of the 1100 Å flux as representative of non-ionizing stellar continuum (Flury
et al. 2022a,b).
We note that any choice of normalization wavelength is subject to bias due to stellar population age and dust atten-

uation; however, the choice of flux estimator in each wavelength can be similarly (or more) important to determining
the representative spectral shape for the stacked spectrum.

A.2. Resolution

Observed-frame grating resolution with HST/COS G140L is roughly seven pixels which, with a plate scale of 0.0803
Å px−1, corresponds to 0.5621 Å. The LzLCS+ characteristic z ∼ 0.3 thus implies a rest-frame resolution of 0.4324
Å. Given the unbinned LzLCS+ spectra, we can effectively choose the rest-frame wavelength binning down to a
characteristic pixel. We consider (i) a sampling of 7 pixels as listed in the COS documentation (rest-frame resolution
of 0.43 Å), (ii) a conservative 10 pixels (rest-frame resolution of 0.62 Å) to further boost the signal, and (iii) a
sampling of 8 pixels to reflect the non-Gaussian wings of the COS LSF and provide relatively even spacing in the
stack wavelengths (rest-frame resolution of 0.50 Å). We find the resolution of 0.43 Å provides lower S/N than desired
in many of the stacks. While 0.62 Å does an excellent job of boosting the S/N, some spectroscopic features (mainly
photospheric and ISM absorption lines) are increasingly “washed out” due to the decrease in resolution and artificial
“infilling” by inclusion of starlight from adjacent pixels. The third case of 0.50 Å resolution optimizes between the
two scenarios.
As a test, both of the effects of resolution on our results and on the possible low resolution of more extended galaxies

in the LzLCS+, we build all our stacks using both 0.5 Å and 0.62 Å resolution. We then measure absorption line
properties from all stacks at each resolution. We find no significant difference in either LIS or H I lines due to changes
in resolution

A.3. Flux Estimators

In each wavelength bin, we obtain a distribution of fluxes from some (losses due to Galactic or telluric contamination)
or all of the galaxies used to build the stack. We must choose an estimator to characterize this distribution and thus
represent it in the stack. We consider three different estimators for the first and second moments (the stack flux and
uncertainty, respectively): (i) mean, (ii) variance-weighted mean, and (iii) median. We calculate the second moment
by bootstrapping subsets of the distribution of fluxes in the wavelength bin and recalculating the first moment 104

times, meaning that the reported uncertainty is comparable to a standard error of the mean. The first estimator
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(mean) is biased towards outliers in each bin while the second estimator (variance-weighted mean) is biased towards
the highest signal to noise sources in each bin (thereby undermining the effort of normalization, and our impetus for
stacking in general). The third approach (the median), while sometimes subject to larger uncertainties, provides the
least biased estimate of the stacked flux in each bin. We confirm the bias of the first two methods towards brighter
sources relative to the median by comparing mean, variance-weighted, and median estimators for the stacked flux for
test cases with 50 contributing sources, making these tests more statistically robust than less populated stacks.
While it is entirely possible that the median estimator could select a single COS spectrum as representative of the

entire set, this result is highly unlikely: a simple frequentist calculation suggests a chance of only one part in ten
thousand of selecting just one galaxy spectrum for the least populated stacks (just 5 galaxies) assuming no Galactic or
telluric contamination. Accounting for this contamination would reduce the probability of obtaining this result even
further by eliminating at least one stack from a subset of wavelength bins.

A.4. Considerations for Absorption Lines

Of particular import is the effect of stacking on the ISM absorption lines. While ideally, absorption lines could be
normalized in the observed source spectra and stacked solely as line profiles, various effects prevent us from accurately
undertaking this approach. The caveats discussed above regarding normalization apply here.
For LIS lines like Si II and C II, the continuum itself is not well-detected due to the drop off of COS sensitivity,

making any attempt at proper normalization by a fit to the continuum tenuous at best. In our efforts to test this
procedure for these important ISM lines, we found that the median “normalized” continuum in the resulting stack
varied anywhere from 0.5 to 1.5 when it should be roughly unity.
Further investigation with H I Lyman series lines yielded even less promising results: due to contamination by stellar

features, other ISM lines, and steep changes in the continuum due to the intrinsic stellar SED (the peak of a 30 000 K
blackbody falls at roughly 966 Å) and the effects of dust, the continuum is difficult to estimate accurately even when
S/N is high and telluric contamination is not present. In our investigation, the “normalized” continuum for many of
the stacked H I lines was highly non-linear when it should not vary at all with wavelength, instead containing spurious
bumps and wiggles.
These combined effects indicate that stacks of the individual ISM lines are not reliable. Therefore, we do not include

such an approach in our stacking analysis of the LzLCS+.

B. KAPLAN-MEYER ESTIMATOR AND SURVIVAL FUNCTIONS

For galaxies used to build a given stack, the distribution of fLyC
esc often contains non-detections, especially when

assessing non-leakers. To appropriately handle these cases in our comparison of galaxy and stack fLyC
esc measurements,

we use the non-parametric Kaplan-Meier estimator (KM, Kaplan & Meier 1958)2, which accounts for upper limits in
the cumulative distribution function, to determine the probability P (< fs|fg) of obtaining fLyC

esc less than the escape
fraction fs measured in the stack given the escape fractions fg of the galaxies used to build that stack. The KM
estimator is effectively a survival function accounting for censoring and is given by

P (< fs|fg) =
fs<fg,i∏
i=1

(
N −mi

N −mi−1

)
= 1− mi

N
(B1)

where i is the rank order of 1− fg corresponding to the lowest fg which satisfies fg>fs, mi is the number of galaxies
which satisfy fg > fg,i if the LyC is detected or fs > fg,i−1 if the LyC is censored, and ni is the number of galaxies
with fg > fg,i−1. The ordering by 1− fLyC

esc here arises from the left-censoring KM formalism, meaning than we must
treat the fraction of LyC absorbed rather than the fraction which has escaped. Thus, P (< fs|fg)= S(1− fLyC

esc ) where
S is the “survival” of LyC. We show examples of the KM survival function in Figure 23
Values of P (< fs|fg)∈ [0.1587, 0.8413] indicate agreement between fs and fg at the 1σ level while P ∈ [0.025, 0.975]

indicates only tentative rejection of the null hypothesis. To assist in the interpretation of P (< fs|fg), we can express
P (< fs|fg) as the confidence σ0 with which we reject the null hypothesis that fs is representative of fg. This confidence
σ0 corresponds to P (< fs|fg) via the probit function such that

σ0 = probit(P ) =
√
2erf−1(2P − 1). (B2)

Put simply, σ0 is the significance of the difference between fs and the median fg.

2 Our implementation (Flury 2024) of the KM estimator is avail-
able at https://github.com/sflury/KaplanMeier

https://github.com/sflury/KaplanMeier


LzLCS: Stellar Populations, Gas Geometry, and LyC Escape 39

5e-3 0.01 0.02 0.05 0.1 0.2
fg = fLyC

esc  of galaxies in stack

0.0

0.2

0.4

0.6

0.8

1.0
P(

<
f s

|f g
)

KM
CDF

5e-3 0.01 0.02 0.05 0.1 0.2
fg = fLyC

esc  of galaxies in stack

0.0

0.2

0.4

0.6

0.8

1.0

P(
<

f s
|f g

)

KM
CDF

Figure 23. Examples of the Kaplan-Meier survival function (KM, solid green line) compared to a traditional cumulative

distribution function (CDF, dashed red line) in cases where upper limits significantly affect the distribution (left) and where

they do not (right). Green open circle indicates the KM estimator for P (< fs|fg) while the red open circle indicates that for the

CDF. Blue horizontal line indicates the 50th percentile of the KM survival function. Blue vertical line indicates the fLyC
esc value

measured from the stack (fs). The filled (open) ellipsoid indicates the 1σ (2σ) confidence on fs and corresponding distribution

functions.

C. CONVOLUTION WITH COS TEMPLATES

The COS line-spread function (LSF) is highly non-Gaussian with prominent wings which lead to contamination of
spectral features by extent continuum starlight. Furthermore, the COS LSF is wavelength dependent, which prevents
straightforward convolution of model spectra with a single kernel to account for transmission through the HST/COS
optics. Here, we outline our use of tabulated wavelength-dependent COS LSFs to obtain convolved model spectra for
assessments such as detectability and systematic uncertainties3. The majority of the observations considered in this
study utilized the COS G140L grating at lifetime position 4. We proceed using the tabulated LSFs for this instrument
setting. It is worth noting that these LSFs are only valid for point sources (applicable for most of the LzLCS+ sources:
83/89 have COS NUV halflight radii < 0.3′′, placing them squarely in the point-source regime for the 2.5′′ COS
aperture, Flury et al. 2022a): extended sources will suffer from a broader LSF, exacerbating the effects illustrated and
discussed below.
First, all model spectra with fluxes ftrue are evaluated or resampled to the 0.0803 Å COS detector resolution. We

interpolate the LSF at each wavelength λ. Finally, we compute the entire convolution integral at each wavelength

fconv(λ) =

+∆λ∫
−∆λ

LSF(δλ, λ)ftrue(λ+ δλ)dδλ (C3)

where ∆λ = 12.5268 Å is the half-width of the LSF kernel and kδλ is an arbitrary position within the LSF relative
to the central wavelength. As the COS LSFs are tabulated, we approximate the integral using the trapezoid method.
Typically, evaluating all integrals over the range of model wavelengths (λ ∈ [900, 1500]) is rapid, taking only a few
seconds on a conventional laptop to process a single spectrum.
Examples of convolved stellar and absorption line models are shown in Figure 24. The effects of HST/COS optics

on photospheric and ISM absorption lines is particularly pronounced as the features become much more shallow with
respect to the continuum.

3 Tabulated LSFs sampled at regular 5 Å intervals are
available at https://www.stsci.edu/hst/instrumentation/cos/
performance/spectral-resolution with relevant documentation
at https://github.com/spacetelescope/notebooks/blob/master/
notebooks/COS/LSF/LSF.ipynb.

https://www.stsci.edu/hst/instrumentation/cos/performance/spectral-resolution
https://www.stsci.edu/hst/instrumentation/cos/performance/spectral-resolution
https://github.com/spacetelescope/notebooks/blob/master/notebooks/COS/LSF/LSF.ipynb
https://github.com/spacetelescope/notebooks/blob/master/notebooks/COS/LSF/LSF.ipynb
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Figure 24. Examples of model stellar (left) and absorption line (right) spectra before (black) and after (red) convolution with

the COS wavelength-dependent line-spread function (LSF). The effect of the COS optics is relatively muted for the continuum

but quite pronounced where features are concerned. The O VI P Cygni feature on the left exhibits a weaker emission component

due to the LSF, which affects the use of wind lines like O VI and N V as age diagnostics. The COS LSF also causes absorption

lines to appear as having substantially higher residual flux than reality, as shown by the saturated Lyman series H I lines on

the right.

D. ASSESSMENT OF STACKED ABSORPTION LINES

We produce theoretical absorption lines for each object in the combined LzLCS+ assuming

F

F0
= Cf exp

[
−σfλN

b
ϕ(λ, b)

]
+ 1− Cf (D4)

where Cf is the gas covering fraction, λ is the line center wavelength in Å, b is the Doppler-broadening parameter
in km s−1, N is the gas column density (assumed to be 1019 cm−2 for H I and 1015 cm−2 otherwise, as these lines
are likely saturated, e.g., Saldana-Lopez et al. 2022), σ =

√
πe2/mec ≈ 10−14.8247 cm2 is the absorption cross-section

(absorbing units from λ and b), and ϕ is the line profile. We assume a Voigt line profile as approximated by the real
part of the Fadeeva function as implemented by scipy. Atomic data for f and λ are taken from Morton (2003). For
purposes of this assessment, we consider the following lines which were consistently used throughout our analysis: Lyζ,
Lyϵ, Lyδ, Lyγ, Si II 1190,93, Si II 1260, O I 1302, Si II 1304, C II 1334.
For each line in each object, we generate two sets of line profiles, each over a grid of b = 50, 100, 150, 200 km s−1 and

Cf = 0.1, 0.2, 0.3, 0.5, 0.75. The first set of profiles assume Cf,LIS = Cf,HI while the second imposes a grid of Cf,LIS

while Cf,HI is held fixed (similar to invoking the Cf ratio demonstrated in §6). Line profiles for a given Cf and b
are combined multiplicatively as dictated by radiative transfer to form a single simulated absorption spectrum. We
convolve each absorption spectrum for each of the 89 possible redshifts with the LSF as discussed in Appendix C for
a total of 3 560 simulated line spectra.
To simulate stacking, we randomly select subsets of 10, 15, 20, 30, 40, and 50 simulated spectra of a given Cf and

b, with and without a discrepancy between the H I and LIS Cf . For each spectrum in the subset, we introduce noise

corresponding to a fixed S/N. We coadd all the noisy convolved spectra in the rest-frame in wavelength bins of 0.5 Å
in keeping with the procedure outlined in §3.2. We repeat this stacking exercise for S/N values from 0.05 to 5 in 0.05
increments (recall that stacking of S/N< 1 signals can still result in a “detection”). For reference, we also build stacks
of the model and convolved clean spectra to assess recovery of assumed model parameters after (i) processing by the
HST/COS optics and (ii) noise introduction from the detector.
In each stack, we measure model, convolved, and noisy Wλ and Rf for each of the simulated lines following 6.

To illustrate the accuracy of measuring Wλ and Rf , we show full results for the Si II λ1260 line in Figure 25 as a
function of S/N in the individual spectra. From these results, it is clear that, as a result of the effects of convolution
redistributing the emergent flux, the measured Rf is always systematically higher than the model values. In other
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Figure 25. Recovery rate (i.e., systematic uncertainty) in Si II 1260 Rf and Wλ as determined from simulated stacks of

LSF-convolved model absorption line spectra. Symbols color-coded by number of spectra included in a given model stack.

Simulations cover a grid of b and Cf with toggling of the residual flux discrepancy.

words, the true Rf cannot be recovered. E.g., for Cf = 1 in Si II λ1260, one will measure a minimum of Rf ∼ 0.25
(Cf ∼ 0.75) from the stack, not Rf = 0. Recovery in Wλ continues to improve with increasing S/N, likely due to the
fact that area of the absorption feature is more or less conserved during the convolution process even as the emergent
flux is redistributed.
To assess whether the Cf discrepancy is purely an instrumental artefact rather than a genuine attribute of the stacks,

we calculate the variance-weighted average LIS and H I line properties Wλ and Rf for all the simulated stacks using
the methods outlined in §6. From the averaged LIS and H I Rf without any discrepancy imposed (i.e., Rf,HI = Rf,LIS

intrinsically), we determine the two-sided 0.9 quantile for the intrinsic 1:1 agreement and describe the distribution
with the linear expressions

Rf,HI ∈ [ 1.308Rf,LIS − 0.389, 1.385Rf,LIS − 0.304 ] (D5)

and verify that > 90% of the simulated Rf,HI = Rf,LIS results fall between these. Thus, we can with confidence say
that results with Rf,HI between these two lines are likely the result of COS optics alone. Above and below this region,
results cannot be explained solely by the LSF, meaning the observed discrepancy is physical (i.e., “real”) with p < 0.05
confidence. We compare this limit to the simulation results in Figure 26. We perform a similar assessment for the 1:1
agreement between Wλ,H I and Wλ,LIS finding 90th percentile limits of

Wλ,HI ∈ [ 1.60Wλ,HI − 0.35, 1.55Wλ,HI + 0.25 ] (D6)

which we show in Figure 26.

E. CANONICAL CORRELATION ANALYSIS

To undertake our assessment of results measured from the stacks, we employ two separate tools: the non-parametric
Kendall’s τ for univariate correlations (introduced in §6) and canonical correlation analysis (CCA) for multivariate
correlations. CCA is a generalization of principal component analysis (PCA) and computes the linear combination
of predictor variables X which maximizes their correlation with response variables Y.The canonical coefficients a are
the so-called “loadings” of X and represent the relative significance of each parameter to maximizing the multivariate
correlation. In other words, a relatively large value of some element ak ∈ a indicates that variable Xk ∈ X contributes
significantly to the correlation between X and Y. Using the R package CCA (González et al. 2008; González & Déjean
2021), we solve for the canonical correlation coefficients a for Y′ =fLyC

esc for different subsets of properties associated
with stellar populations (f⋆(t < 3), f⋆(3 < t < 6), f⋆(t > 8)), feedback (ξion, Emech), ISM (β1550, Wλ,H I, Rf,LIS,
Cf,LIS/Cf,H I), and all three subsets together. We list the results for both Kendall’s τ and the loading factors a from
CCA in Table 6.
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Figure 26. Simulated absorption line residual fluxes Rf (left) and equivalent widths Wλ (right) with a discrepancy imposed

by assuming Rf,H I=0 as Rf,LIS varies (grey circles) or with no discrepancy by assuming Rf,HI = Rf,LIS (black squares). Black

dashed lines are the intrinsic lines of agreement Rf,H I=Rf,LIS and Wλ,H I=Wλ,LIS. Red solid lines indicate the Rf,H I=Rf,LIS

and Wλ,H I=Wλ,LIS agreement after accounting for effects of the COS LSF and stacking. Red dashed lines indicate the two-

sided 90% confidence intervals between which measured discrepancy can be attributed solely to LSF effects. The wavelength

dependence of the LSF is increasingly apparent as Rf decreases and Wλ increases: the H I lines are measured blueward of Lyα

while the LIS lines are redward of Lyα. The discrepancy in Rf measured in the LzLCS+ stacks cannot be reproduced solely by

instrumental effects and can only be recovered if a genuine discrepancy exists.
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