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ABSTRACT

The Epoch of Reionization was the last major phase change of the Universe. The newly
formed galaxies emitted heavy ionizing radiation causing a shift from a neutral to an ionized
intergalactic medium. Even though the community has reached some consensus on the end-
point of the Epoch of Reionization (EoR), the early stages and main contributing galaxies
remain a mystery. One of the best tools to investigate the state of the EoR, is the Lyman-
Alpha emission, its hydrogen resonant properties give it the advantage of being absorbed by
neutral hydrogen, making it a great tracer for the state of the IGM. Nonetheless, if we want
to use Lyman-Alpha to infer the timeline of reionization we first need to understand its emer-
gent properties, that is the typical strength and profile of the line as it leaves the interstellar
and circumgalactic mediums. The launch of JWST has given us a new opportunity to face
these challenges, with its infrared capabilities we can now observe the rest-frame optical lines.
He is particularly interesting allowing measurements of: The non-escaping ionizing photon
production; the velocity shift of Lyman-Alpha due to resonant scattering; the fraction of
Lyman-Alpha photons that escape into the IGM. In this thesis I present a study on galaxies
at the end of the EoR (z ~ 3 — 7). These galaxies are not strongly aftected by the neutral
hydrogen of the IGM as those at higher redshift, making them useful for understanding the
emergent properties of the Lyman-Alpha line profile and their ionizing photon production

through Hao.

In the first project (Prieto-Lyon et al., 2023a), we present for the first time in history demo-
graphics study of the ionizing photon production of UV-faint galaxies. We study a sample of
370 galaxies (with 102 Lyman-Alpha galaxies) atz ~ 3 —7, reaching as low as Myy ~ —15.5.
With multiband photometry from JWST/NIR Cam imaging we inferred Ha flux measure-
ments and the non escaping ionizing fraction. We found that these analogs of the galaxies in
the EoR tend to have a big diversity of ionizing photon production, with an intrinsic scatter

of half an order of magnitude. We explore trends with other observables and find a preference
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for strong ionizers to be UV-faint; young, dust-free galaxies; have assumed low metallicities;
as well as having Lyman-Alpha emission. We conclude that the first ionizers, similar to our
UV-faint galaxies, may have a rich distribution of ionizing photon production that needs to

be considered when assessing the drivers of reionization.

In the second part (Prieto-Lyon et al., 2023b), we present new, never seen, Lyman-Alpha
velocity oftsets of UV-faint galaxies at z ~ 3 — 6, down to Myy ~ —16. Due to the degener-
acy between the effect of neutral hydrogen from the nearby IGM and ISM/CGM being de-
generate with each other, it is necessary to observe the Lyman-Alpha profile at the end of EoR
to have a baseline idea of the typical emergent emission. We find through VLI/MUSE and
JWST/NIRSpec observations that UV-faint galaxies typically have a median Lyman-Alpha
velocity offset lower than their brighter counterparts outside EoR, but also lower than most
galaxies found deep in this epoch. We find that the typical UV-faint galaxy needs at least
1pMpc of ionized hydrogen in the line-of-sight to transmit 30% of its original Lyman-Alpha
emission, from which follows that detection of low velocity offsets at EoR suggest the pres-

ence of large ionized bubbles.

In the third and final part (Prieto-Lyon in progress), we obtained restframe UV spectra of
236 galaxies, including 65 Lyman-Alpha detections. We added ancilliary data from JWST /
FRESCO, which allowed us to obtain systemic redshifts and H, fluxes for 51 sources. We
present new results on Lyman-Alpha shape and strength, including the first high-resolution
results of the Lyman-Alpha FWHM distribution at z~ 5 — 6, new Lyman-Alpha veloc-
ity offset results, and a new empirical model for Lyman-Alpha equivalent width and escape
fraction. Our results show that Lyman-Alpha is narrower and more offset than what can be
inferred from lower redshift samples, leading to a boosted Lyman-Alpha transmission of up
to s times. This suggests that the IGM might be more neutral at z>6 than previously pre-
dicted. Our line strength models 45 — 62% of Myy = —19.5 galaxies have a Lyman-Alpha

equivalent width > 25 Aand escape fraction > 0.2, respectively.

Past z~8, Lyman-Alpha will be our best tool to constraint the timeline of reionization, this

and similar works that measure emergent Lyman-Alpha properties will be key to break the
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ISM/CGM and IGM degeneracy. The growing samples of Lyman-Alpha deep into the EoR
will need of such models to be able to accurately infer the neutral gas fraction at the earlier

stages of the EoR.



ABSTRACT PA DANSK

Epoken for reionisering var den sidste store fasezndring i Universet. De nydannede galakser
udsendte kraftig ioniserende straling, hvilket forirsagede et skift fra et neutralt til et ioniseret
intergalaktisk medium. Selvom forskersamfundet er enige om slutpunktet for reioniseringse-
poken (EoR), forbliver de tidlige stadier og de vigtigste bidragende galakser et mysterium. Et
af de bedste varktojer til at undersege EoRs tilstand er Lyman-Alpha-emission. Dens reso-
nante egenskaber gor den i stand til at blive absorberet af neutralt brint, hvilket gor den til en
fremragende indikator for intergalaktisk mediums tilstand. Hvis vi ensker at bruge Lyman-
Alpha til at udlede reioniseringens tidslinje, skal vi dog ferst forsta dens fremkommende egen-
skaber, herunder dens styrke og profil, nir den forlader det interstellare og circumgalaktiske
medium. Lanceringen af JWST har givet os en ny mulighed for at tage disse udfordringer op.
Med sine infrarede kapabiliteter kan vi nu observere restframe-optiske linjer. Ha er sarligt
interessant, da den muligger mélinger af: produktionen af ikke-undslippende ioniserende
fotoner; Lyman-Alphas hastighedsforskydning forirsaget af resonant spredning; og fraktio-
nen af Lyman-Alpha-fotoner, der undslipper til det intergalaktiske medium. I denne athan-
dling prasenterer jeg en undersogelse af galakser i slutningen af EoR (z ~ 3-7). Disse galakser
pavirkes ikke sterkt af det neutrale brint i IGM, som dem ved hejere redforskydning, hvilket
gor dem nyttige til at forstd de iboende egenskaber ved Lyman-Alpha-linjens profil. De ligger
ogsa i det redforskydningsinterval, hvor vi kan bruge JWST til at detektere deres ioniserende
fotonproduktion gennem Ha.

I det forste projekt prasenterer vi for forste gang en demografisk undersegelse af ionis-
erende fotonproduktion i UV-svage galakser. Vi studerer et udvalg pi 370 galakser (herun-
der ro2 Lyman-Alpha-galakser) ved z ~ 3-7 og nir s langt ned som Myy ~ -15,5. Med
multibands-fotometri fra JWST/NIR Cam-billeder udledte vi Ha-fluxmalinger og den ikke-
undslippende ioniseringsfraktion. Vi fandt, at disse analoger til galakser i EoR har stor diver-
sitet i ioniserende fotonproduktion, med en indre spredning pa en halv sterrelsesorden. Vi
underseger tendenser med andre observabler og finder en praference for, at stzrke ionisatorer
er UV-svage; unge, stovfrie galakser; med lav antaget metalindhold; og med Lyman-Alpha-
emission. Vi konkluderer, at de forste ionisatorer, som minder om vores UV-svage galakser,
kan have en rig fordeling af ioniserende fotonproduktion, som skal tages i betragtning ved
vurderingen af reioniseringens drivkrafter.
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I den anden del prasenterer vi nye, hidtil usete Lyman-Alpha-hastighedsforskydninger af
UV-svage galakser ved z ~ 3-6, ned til Myy ~ -16. Pi grund af degenereringen mellem ef-
fekten af neutralt brint i det nerliggende IGM 0og ISM/CGM er det nedvendigt at observere
Lyman-Alpha-profilen i slutningen af EoR for at fi en baseline for typisk fremkommende
emission. Vi finder gennem VLI/MUSE- og JWST/NIRSpec-observationer, at UV-svage
galakser typisk har en median Lyman-Alpha-hastighedsforskydning, der er lavere end deres
lysere modparter uden for EoR, men ogsa lavere end de fleste galakser, der findes dybti denne
epoke. Vi konkluderer, at typiske UV-svage galakser krever mindst 1pMpc ioniseret brint i
sigtelinjen for at transmittere 30% af deres oprindelige Lyman-Alpha-emission. Dette an-
tyder, at detektion af lave hastighedsforskydninger i EoR indikerer tilstedevearelsen af store
ioniserede bobler.

I den tredje og sidste del opniede vi restframe UV-spektre af 236 galakser, herunder 65
Lyman-Alpha-detektioner. Vi tilfojede supplerende data fra JWST/FRESCO, hvilket gjorde
det muligt for os at opni systemiske redforskydninger og Ha-fluxmalinger for 51 kilder. Vi
prasenterer nye resultater om Lyman-Alpha-form og -styrke, herunder de forste hejoples-
ningsresultater for fordelingen af Lyman-Alpha FWHM ved z~5-6, nye resultater om Lyman-
Alpha-hastighedsforskydninger og en ny empirisk model for Lyman-Alpha-ekvivalent bredde
og escape-fraktion. Vores resultater viser, at Lyman-Alpha er smallere og mere forskudt end
hvad der kan udledes fra lavere redforskydningsprever, hvilket forer til en forsterket Lyman-
Alpha-transmission pa op til 1o gange. Dette antyder, at IGM kan vare mere neutral ved
z>6, end tidligere forudsagt. Vores linjestyrkemodeller indikerer, at 45-65% af galakser med
MUV = —19, 5 har en Lyman-Alpha-ekvivalent bredde > 25 og en escape-fraktion >o0,2.

Efter z~8 vil Lyman-Alpha vare vores bedste varktej til at begrense reioniseringens tid-
slinje. Dette og lignende arbejder, der maler fremkommende Lyman-Alpha-egenskaber, vil
vere neglen til at bryde ISM/CGM- og IGM-degenereringen. De voksende prover af Lyman-
Alpha dybt i EoR vil kreve sadanne modeller for pracist at kunne udlede brintens neu-
tralitetsgrad i de tidligste stadier af EoR.
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INTRODUCTION

The Epoch of Reionization (EoR) was the last great phase transition of the Universe.
As the Universe expanded and the baryonic matter cooled downed, the first galaxies were
formed. These new structures and the extreme ionizing radiation emitted by their newborn
stars lead to the majority of the neutral hydrogen in the intergalactic medium (IGM) to com-
pletely ionize. The evolution of the neutral gas fraction (x//) across cosmic time, named the

reionization timeline, and brings us to our first key question: When did reionization occur?

The large amount of neutral hydrogen present in the early Universe produces a very weak
HI 21cm signal, which at the moment has not been detected with state of the art radio tele-
scopes (Greig et al., 20215 HER A Collaboration et al., 2023). We may then shift our search
from direct detection of the IGM, to the effects of the IGM on the first galaxies and quasars.
The intergalactic neutral hydrogen in close proximity to a galaxy will absorb photons with
wavelengths below Lyman Alpha (Lya ). As the density of HI increases, the extreme den-
sity of absorption lines of the hydrogen transitions will lead to a Gunn-Peterson trough, in its
spectra (Gunn & Peterson, 1965). Depending on the strength of this absorption damping
wing, redder and redder wavelengths will be absorbed as the neutral hydrogen fraction of the
Universe increases at earlier epochs (Laursen et al,, 2011). Different methods take advantage
of these galactic features, and have independently inferred the later stages of the reionization
timeline. Examples of such are: Quasar Lyman Alpha forest (e.g. Becker et al., 2015; Yang
etal., 2020; Bosman et al., 2022), quasar damping wings (e.g. Davies et al., 2018; Wang et al.,
2020). These works have shown that reionization is near its conclusion at z ~ 5.5. But as
new research moves into the earlier stages of the EoR, the number of quasars becomes in-

creasingly rare past z > 7 (Euclid Collaboration et al., 2019).

The scarcity of quasars in the early Universe increases the need to use observations of the
first galaxies to infer the timeline of reionization. This has been done by multiple groups
through: Lya luminosity functions (e.g. Morales etal., 2021), and Lya equivalent width (EW)
distributions in Lyman break galaxies (LBG) (e.g. Mason et al., 2018a; Jung et al., 2020;

Whitler et al., 2020). As mentioned in the previous paragraph, as the damping wing of the



IGM gets stronger, it will start scattering wavelengths redwards of Ly . This reduction in the
relative strength of Ly to the UV continuum, named equivalent width (EW¢y, ), then can
be used to infer xAH7. But this is not a simple problem since Lya suffers from resonant scat-
tering: As young stellar populations emit ionizing radiation and strip the surrounding HI
of their electrons, these will later recombine around the edges of the strémgren sphere. One
of the most common transitions that atoms take when they fall back to their gound-state is
from n=2 — 1, which emits a Lya photon. Resonant scattering occurs as Lya will be ab-
sorbed again by neighboring hydrogen, and re-emitted and so on until it shifts enough out of
resonance to escape the HI region (Dijkstra, 2014). Depending on how strong the resonant
scattering is, Lya will emerge from the galaxy with a differently shaped profile, that may fa-
cilitate its transmission through the IGM. Therefore, we need to improve our understanding

of the emergent properties of Lya prior to considering the impact of the neutral hydrogen in
the IGM.

In this work we focus on studying the properties of Lyman Alpha emission as it emerges
from galaxies, focusing on: Lyman-Alpha equivalent width (EW<y, ), Lyman-Alpha escape
fraction (ﬁI;Zd ) and the Lyman-Alpha velocity offset (Avry, ). For this purpose we observed
galaxies that are near the end of the EoR (z~ 5 — 6.5)(e.g. Fan et al., 2006; Gaikwad et al.,
2023; Qin etal., 2021; Bosman et al., 2022) so that their Lya will not be strongly absorbed by
the HI at the EoR. The redshift range also promises that they will have physical properties as

similar as possible to galaxies atz ~ 7 — 10.

A second key question about the EoR is: Which galaxies drove the reionization process?
There currently are two disputed scenarios: Was it a few UV-bright galaxies or numerous
UV-faint galaxies? The answer to which one dominates is highly degenerate without fur-
ther studying the xA7 at the early stages of the EoR. At the same time, studying the drivers of
reionization is complicated since Lyman Continuum (LyC) is absorbed by the smallest traces
of neutral hydrogen in the ionized Universe. Nonetheless, thanks to the new Near-Infrared
capabilities of the James Webb Telescope, we have been able for the first time to observe the
He emission of galaxies up to redshift 7 in a large number of galaxies. This gives us a partial

window into the production rate of ionizing photons (£, ) through the ionizing photons

on
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CHAPTER 1. INTRODUCTION

that do not escape to the IGM, but are reprocessed into Hot .

For my thesis I have used multi-wavelength observations from ground and space telescopes
of high redshift galaxies with a focus on Lya emission. I have made measurements of the
emergent properties of high-redshift galaxies through analogs outside of the EoR, including
Eon > Avry, , EWLy, and feIs‘Z“ . T'have used the latter two to create empirical Bayesian models
based on easily observable UV properties, with the goal of having better constrained models
that can be used next to large datasets of future JWST z> 9 Lya observations to infer the
timeline of reionization at earlier epochs, hopefully answering the question of the evolution
of the neutral hydrogen fraction and the drivers of reionization. In the following sections I

will briefly introduce the importance of these measurements as tools to understand the EoR.

1.1 A GREAT CHANGE IN THE IGM: FIRST IONIZERS AND THE MORPHOLOGY OF THE
EoR

Legacy data and new JWST surveys of the early Universe (Eisenstein et al., 2023a; Treu et al.,
20225 Oesch et al., 2023; Bezanson et al., 2022, e.g.) have shown a great variety of ionizing
sources, from rare massively bright sources such as GNz-11 (Oesch et al., 2016; Bunker et al.,
2023) to numerous galaxies at the faint-end of the UV luminosity functions (Prieto-Lyon
et al,, 2023a,b; Simmonds et al., 2024a,b). This leads to the question: Which sources dom-
inated reionization? Depending on the answer, this will lead to very different morphologies
(Lu et al., 2024) and rejonization timelines (Naidu et al., 2020; Ishigaki et al., 2018; Finkel-

stein et al., 2019) of the early IGM.

This problem is non-trivial since the scenarios are degenerate as the EoR reaches its end
(z~ 5.5 — 7). The eftect of numerous low mass galaxies with low ionizing emissivity (i.e. 5%
ionizing photon escape fraction,f;,. ), will be similar to that of a few massive galaxies with high
emissivity (e.g. Greig & Mesinger, 2017; Finkelstein et al., 2019; Naidu et al., 2020; Lu et al,,
2024). Understanding the ionizing photon production and the escape fraction of these pho-
tons is crucial. Nonetheless, as of now detecting the Lyman Continuum directly has proven

to be impossible past z> 4 (Vanzella et al., 2018a) due to the IGM absorption, but a substan-



1.1. A GREAT CHANGE IN THE IGM: FIRST IONIZERS AND THE
MORPHOLOGY OF THE EOR

tial part of the ionizing photons never escape the galaxies, exciting the hydrogen in the ISM
and producing Ha (Osterbrock & Ferland, 2006).

Before the first JWST data release, observations of Ha at high-redshift had only been possi-
ble for non-stacked data of UV-bright galaxies (M, < —20)(Bouwensetal., 2016a; Harikane
etal., 2018; Lam et al.,, 2019a; Maseda et al., 2020). In Prieto-Lyon et al. (2023a) (Chapter 2)
we were able for the first time to measure Ha in individual UV-faint galaxies. Through the
power of JWST/NIR Cam, we revealed a large distribution of non-escaping &, which must

be considered when assessing the primary drivers of reionization.

Depending on the primary drivers of reionization, xHI evolution will behave differently.
Currently the community is evaluating (Ishigaki et al., 2018; Finkelstein et al., 2019; Naidu
et al., 2020; Nakane et al,, 2024, e.g.) between a rapid-late scenario: Where massive galaxies
that take time to assemble dominate the reionization process; and a gradual-early scenario:
Where low mass galaxies that are predominant since the earliest epochs, slowly ionize the
IGM. At the same time, the morphology of the ionized bubbles formed will also change de-
pending on the scenario (e.g. Hutter et al,, 2023; Lu et al.,, 2024). Reionization dominated
by low mass galaxies will start very early with numerous small ionized bubbles (Finkelstein
etal,, 2019), while in the rapid-late scenario we won’t see any early significant ionized bubbles
until enough mass has assembled into galaxies, at which point (z ~ 7 — 8) bubbles with a
greater volume start to form, completely ionizing the medium in ~ 400 Myr(Naidu et al.,
2020). But, separating both scenarios can be done by understanding ionized bubble sizes and

the neutral gas fraction at given cosmic times.

A crucial problem is that both scenarios are not very different as reionization approaches its
end, but the degeneracy fades as redshift increases and the scenarios become substantially dif-
ferent. Some of the most accurate measurements of reionization history are based on Lyman
Forest of luminous sources such as quasars (e.g., Fan et al., 2006; Eilers et al., 2019; Bosman
etal., 2022), but these are expected to be increasingly rare past z> 7 even with the upcoming
Euclid data (Euclid Collaboration et al., 2019) which might not be enough to give a univer-

sal view of reionization. One method that we expect to work past this redshift is the use of
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Lyman Alpha emission, with current observations finding Lya. up to 2 = 13 (Witstok et al.,
2024b). The observability of Lya highly depends on the neutral state of the Universe and
the size of the ionizing bubbles present, with it being far more likely to be observed in large
ionized regions with lines of sight devoid of neutral hydrogen. Lya has been used numerous
times as a tool to infer the state of reionization (e.g. Mason et al., 2018a; Jung et al., 2020;
Whitler et al., 2020), but before the launch of JWST, we have also been limited to probing
the late stages of reionization. As of now, the community has been pushing the observa-
tions of Lya to higher redshifts, and we expect future large scale surveys to provide enough

Lya detections and non detections for inferring xHI in the early stages of reionization.

1.2 LyMaN 1&LPHAJ A LIGHTHOUSE IN THE EARLY UNIVERSE

The ionizing radiation emitted by young stars in the first galaxies was not the only byproduct
of star formation. Type O and B stars will ionize and excite the neutral hydrogen in the sur-
rounding star forming regions, which will cascade in various emission lines, with one of the
most luminous and important for the EoR being Lya. The resonant nature of Lya , leads
to it being absorbed by neutral hydrogen in the IGM (Laursen et al.,, 2011). This relation
between Lya and the neutral IGM, can also be observed as the fraction of galaxies detected
with strong Lya emission (EW> 25 A) drop considerably once we set into the EoR (z > 6),
implying an increasing fraction of neutral gas in the IGM (e.g. Stark et al., 2010; Pentericci
etal.,, 2014; De Barros etal.,, 2017; Fuller et al., 2020; Tang et al., 2024a). But as Lyman Alpha
interacts with the neutral gas in the IGM, it also interacts with the gas in the ISM and CGM.
Making this a complex problem, where we need to understand the emergence of Lya from

the galaxies to learn how much it is scattered by the IGM’s damping wing.

The resonant nature of Lya leads to it being absorbed and re-emitted numerous time be-
fore it escapes HI regions. This will dictate its line profile shape and wavelength. Then,
depending on how Lya emerges from a galaxy, it will facilitate or difficult its transmission
through the neutral IGM. This leaves important open questions to answer: What is the typ-

ical velocity oftset (Avry, ) at which Lya escapes from these galaxies? How strong is the emis-
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sion that emerges from the galaxy at the EoR (EWy, )2 What are the typical Lya escape frac-
tions (feI;Z“ )? And how broad is the Lya emission before the damping wing eats at its emis-

sion? Among others.

One of the most interesting and important properties of Lya when talking about its trans-
mission through the IGM, is its velocity offset (Avry, ). The shift of Lya from resonance, due
to multiple scattering events, will lead to an easier transmission of the line through the damp-
ing wing of the IGM. Models have shown that an increase in the neutral hydrogen column
density in a galaxy will lead to a profile with a higher offset (Verhamme et al., 2015), with
the second most important factor being the outflow velocity of the gas, we expect overall for

massive galaxies to have a larger hydrogen column density due to their sizes.

In Prieto-Lyon etal. (2023b) (Chapter 3), we were able for the first time to measure Avy , in
UV-faint galaxies at z> 3 up to My, ~ —15.5. Our results and other similar observations
(e.g. Tang et al., 2024a) show UV-faint galaxies tend to have lower velocity offsets than UV-
bright galaxies, with My, being correlated to both galaxy size and mass (Shibuya et al., 2015).
From this we can conclude that overall UV-bright galaxies will have an easier time transmit-
ting their Lya emission in smaller bubbles due to its higher offset from the systemic wave-
length, while UV-faint galaxies usually suffer a stronger absorption through the damping
wing. Therefore the detection of Lya from a UV-faint galaxy deep into the EoR is a strong
indication of the presence of a large ionized bubble (2 1pMpc).

The strength of Lya is a key factor for its observability after transmission through the IGM.
Nonetheless, Ly« at the EoR remains rare. The presence of ionized bubbles leads to a bias to-
wards observing Lya in over dense regions (Leonova et al., 2022; Tacchella et al., 2023), spe-
cially in UV-bright galaxies that have an easier time transmitting Lya through higher Avy, .
Then again, we can shift our search towards galaxies at the edge of the EoR, where we can
have a clearer view of the emergent EW, distribution, while it is only minimally affected by
HI in the IGM. Several works have created empirical model of such sources by marginalizing
over the UV properties of high-redshift sources (Tang et al., 2024a) or building a linear model

from lower-redshift samples (Oyarzin et al., 2017). Both My, and {3 are ideal parameters to
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perform such models, they both are correlated to the production and escape of Lya through
the stellar population and dust attenuation; and are easily observable with limited photomet-

ric dataatz> 7.

In Prieto-Lyon et al. (in prep) (Chapter 4), we present in our main result a new high-
resolution dataset of Lya detections and non-detections at a median z~ 5.6. We report the
first Lye FWHM distribution of galaxies near the end of the EoR, and new velocity offset
results. This implies that Lya might be boosted ~ 5 times more than expected by models
based on z~ 2 observations. We also use this dataset and Bayesian inference to build an em-
pirical model of EWy, and ;Z“ . Each model is built from their correlation with M, , and
we find both: EWp, and f;I;Z“ to be strongly correlated to it. Our new EWr, model allows us
to infer the emergent Ly strength of a galaxy based on an easily observable UV property, and
will hopefully prove to be useful in future measurements of reionization history as a baseline

model of emergent Lye..

In this thesis, I have aimed to answer: What are the emergent properties of the first galaxies
(z~ 7 — 10)? In my two publications and my upcoming paper, I have attempted to answer
this from the angle of Lya and the ionizing photon production, using galaxies near the end
of the EoR as analogs. Overall, we have found a rich distribution of £&_ in UV-faint galax-
ies above z> 3 and its correlation to UV observables. We have found that overall, UV-faint
Lya galaxies tend to have small Avyy, compared to massive UV-bright galaxies. And we have
constructed empirical Bayesian models to connect Lya emission to easy to observe UV con-
tinuum properties. All of this with the goal of procuring new insight and tools for the future

of studying the reionization timeline at z> 7.

My thesis is divided in 3 chapters. In the second chapter I present for the first time results
on the non-escaping ionizing photon production of UV-faint galaxies (Prieto-Lyon et al.,
2023a). In Chapter 3, I show for the first time the emergent wavelength of Lya from the
faintest galaxies at z ~ 3 — 6 (Prieto-Lyon et al., 2023b). In Chapter four I present my
upcoming work Prieto-Lyon et al.(in prep) which focuses on an empirical Bayesian model of

the emergent Lya equivalent width based in UV observables at the EoR. The thesis reaches
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its end with a summary of my work and prospects for the future of the area.
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2.1. INTRODUCTION

ABSTRACT

The demographics of the production and escape of ionizing photons from UV-faint early
galaxies is a key unknown that has hindered attempts to discover the primary drivers of reion-
ization. With the advent of JWST, it is finally possible to observe the rest-frame optical nebu-
lar emission from individual sub-L* z > 3 galaxies to measure the production rate of ionizing
photons, & ..

Here we study a sample of 370 2 ~ 3 — 7 galaxies spanning —23 < Myy < —15.5 (me-
dian Myy ~ —18) with deep multiband HST and JWST/NIR Cam photometry that covers
the rest-UV to the optical from the GLASS and UNCOVER JWST surveys. Our sample in-
cludes 102 galaxies with Lyman-alpha emission detected in MUSE spectroscopy. We used
Ha fluxes inferred from NIRCam photometry to estimate the production rate of ionizing
photons that do not escape these galaxies, & (1 — fesc)-

We find median log, , &, (1 —fec) = 25.33£0.47, with a broad intrinsic scatter of 0.42 dex,
which implies a broad range of galaxy properties and ages in our UV-faint sample. Galax-
ies detected with Lyman-alpha have ~ 0.1 dex higher & (1 — fi), which is explained by
their higher Ha equivalent width distribution; this implies younger ages and higher spe-
cific star formation rates and, thus, more O/B stars. We find significant trends of increasing
&on (1 — fosc) with increasing Ha equivalent width, decreasing UV luminosity, and decreasing
UV slope; this implies that the production of ionizing photons is enhanced in young galaxies
with assumed low metallicities. We find no significant evidence for sources with very high
ionizing escape fractions (f.,c > 0.5) in our sample based on their photometric properties,
even amongst the Lyman-alpha-selected galaxies.

This work demonstrates that considering the full distribution of & across galaxy properties

is important for assessing the primary drivers of reionization.

2.1 INTRODUCTION

In recent years, we have obtained increasing evidence that the reionization of hydrogen hap-
pened fairly late, approximately one billion years after the Big Bang (z ~ 5.5 — 10), with a

mid-point around z ~ 7 — 8 (e.g., Fan et al.,, 2006; Stark et al., 2010; McGreer et al., 2015;
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Mason et al., 2018a; Davies et al., 2018; Qin et al., 2021; Planck Collaboration et al., 20205
Bolan et al., 2022). However, there is evidence for significant star formation before this time
(e.g., Oesch et al., 2018; Hashimoto et al.,, 2018; McLeod et al., 2021), and thus it appears
that reionization lags behind galaxy formation. The reason for this lag is unknown: we are
still lacking a full physical understanding of the reionization process. In particular, we still do
not know which types of galaxies drive the process, that is to say, which physical mechanisms
mediate the production and escape of ionizing photons from galaxies. In order to produce
such a late and fairly rapid reionization, the ionizing population could have been dominated
by low mass, UV-faint galaxies with a low average escape fraction (~ 5%; e.g., Mason et al.,
2019; Qin et al,, 2021). Alternatively, rarer, more massive galaxies with higher escape frac-
tions could have been responsible (e.g., Sharma et al., 2017; Naidu et al., 2020). With only
measurements of the timing of reionization, these scenarios are degenerate, and thus physical
priors on the ionizing properties of galaxies across cosmic time are necessary to pinpoint the

sources of reionization.

The total ionizing output of galaxies can be simply parameterized (e.g., Madau etal., 1999;
Robertson et al., 2010) as the product of the production rate of ionizing photons relative to
non-ionizing UV photons, & (determined by the stellar populations; e.g., Stanway et al.,
2016) and the fraction of ionizing photons that escape the interstellar medium (ISM) into
the intergalactic medium, f;. (determined by the structure and ionization state of the ISM,
which is likely shaped by star formation and feedback; e.g., Trebitsch et al., 2017; Ma et al,,
2020). Both of these quantities are also expected to vary with time in an individual galaxy,
for example due to the lifetime and properties of young stellar populations, and depending

on the effects of feedback and bursty star formation on the ISM.

While we can easily observe the non-ionizing UV photons from galaxies, the high optical
depth of the intergalactic medium to ionizing photons makes direct measurements of the es-
caping ionizing spectrum statistically unlikely at z 2 3 (Inoue et al,, 2014; Becker etal., 20215
Vanzella et al., 2018b). Alternatively, fluxes of nonresonant recombination lines, emitted by
gas that was ionized in HII regions around massive stars, can crucially measure the flux of ion-

izing photons that do not escape galaxies. In particular, Hz emission can be used to directly
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estimate (1 — fesc) & (€.g., Leitherer & Heckman, 19955 Bouwens etal., 2016b; Shivaei etal.,
2018; Emami et al., 2020). As fe is inferred to be low ( < 10%) on average for Lyman-break
galaxies atz ~ 2 — 4 (Steidel et al., 2018; Begley etal., 2022; Pahl et al., 2023 ), measurements
of Ha should trace the intrinsic production of ionizing photons reasonably well. The value
of &, can also be inferred from the strength of [OIII]+Hp emission; however, due to the

dependence of [OIII] emission on metallicity and the ionization parameter, the correlation

is not as tight as with Ha (e.g., Chevallard et al., 2018).

Previous work atz << 2.5, where direct Ha spectroscopy has been possible from the ground,

erg HZ_l] ~ 25.3, with a scatter of ~ 0.3 dex, likely dominated

onl

has found a mean log, , &
by variations in stellar populations between galaxies (e.g., Shivaei et al., 2018; Tang et al,,
2019). At higher redshifts, where Ha redshifts into the infrared, broadband photometry
with Spitzer has been used extensively to estimate He line fluxes (e.g., Schaerer & de Barros,
2009; Shim et al., 2011; Stark et al., 2013; Smitetal., 2015; Bouwensetal., 2016b; Lam et al.,

2019a; Maseda et al., 2020; Stefanon et al., 2022).

However, due to the limited spatial resolution and sensitivity of Spitzer, previous works
were limited to studying & in isolated, bright (> L*) galaxies, where de-blending Infrared
Array Camera (IRAC) photometry was possible (e.g., Bouwens et al., 2016b), and using
stacks for fainter galaxies (e.g., Lam et al., 2019a; Maseda et al., 2020). With James Webb Space
Telescope (JWST) it is finally possible to extend these studies to individual UV-faint galaxies
(Endsley et al., 2022b) and obtain rest-frame optical spectroscopy at z > 3 (e.g., Sun et al.,

2022; Williams et al., 2022).

Results from previous analyses have been intriguing but require further investigation. Us-
ing stacked IRAC photometry, Lam et al. (2019a) find no significant evidence for a strong

correlation of &

on With My, . However, Maseda et al. (2020) find a population of extremely

UV-faint galaxies (M, > —16) selected as Lya emitters in deep Multi Unit Spectroscopic
Explorer (MUSE) observations, which have very elevated &, compared to higher luminosity
galaxies and at fixed Ha equivalent widths (EWs), which implies that these efficient ioniz-

ing galaxies are particularly young and of low metallicity. It is thus important to examine
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the distribution of &_, at low UV luminosities, and to compare galaxies with and without

on

Lya emission to better understand the demographics of the ionizing population.

Furthermore, using early JWST NIRCam data, Endsley et al. (2022b) discovered a popu-
lation of UV-faint galaxies (Myy ~ —19) atz ~ 6.5 — 8 with high specific star formation
rates (sSFRs) but low EW [OIII]+Hg inferred from photometry. The high sSFR would im-
ply high & due to the increased abundance of O and B stars. To explain the low [OIII]+H/A
EW, Endsley et al. (2022b) suggest that either these galaxies have extremely low metallicities
(reducing oxygen abundance) or, alternatively, that all nebular lines are reduced. A reduction
in all nebular lines could be due to either them being produced in density-bounded HII re-
gions with a very high ionizing escape fraction (e.g. Zackrisson et al., 2013; Marques-Chaves
etal.,, 2022) or a recent cessation of star formation. Atz ~ 3 — 7, both [OIlII]+HA and Ha

are visible in NIR Cam photometry, enabling us to test these scenarios.

In this paper we make use of deep multiband Hubble Space Telescope (HST)/ACS, WFC3,
and JWST/NIRCam imaging with overlapping MUSE observations, which enables us to
blindly detect a spectroscopic sample with precision rest-frame UV-to-optical photometry.

We measure the distribution of £

on

over a broader luminosity range (—23 < Myy < — 15.5)
than previously possible in individual galaxies thanks to the excellent resolution and sensitiv-
ity of NIR Cam at rest-optical wavelengths compared to Sprzzer/IR AC as well as the power of
gravitational lensing. We explore correlations of & , with empirical galaxy properties. We find
significant trends of increasing &, with decreasing UV luminosity, decreasing UV £ slope,
and increasing Ha EW, all of which implies that the strongest ionizers are young sources with
expected low metallicities. We also explore whether our sample shows evidence for very low

metallicities or an extremely high escape fraction.

The paper is structured as follows. In Sect. 3.2 we describe the photometric and spectro-
scopic data for our study. In Sect. 2.3 we describe how we infer the ionizing production

and in Sect. 3.4 we describe the correlations we find between £,

on

rate, &

ion ?

and other galaxy
properties and present a comparison to the literature. We discuss our results and state our

conclusions in Sect. 4.7.
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We assume a flat A cold dark matter cosmology with Q,, = 0.3, O, = 0.7and b = 0.7.

All magnitudes are in the AB system.

2.2 Data

For this work we selected fields with multiband HST/ACS and JWST/NIR Cam imaging and
overlapping MUSE spectroscopy. We selected sources detected with Lya emission (z ~ 2.9 —
6.7 in MUSE) and sources with a high probability of being in the same redshift range based on
photometric redshift, and we used the HST + JWST photometry to extract optical emission

line fluxes. Below we describe the data sets and the selection of our sample.

2.2.1 IMAGING

We used JWST NIR Cam imaging in parallel to and of the cluster Abell 2744 from the GLASS-
JWST program ERS-1324 (PI Treu Treu et al., 2022) and the UNCOVER" program GO-
2561 (co-PIs Labbé and Bezanson).

The GLASS-JWST NIRCam observations discussed in this paper were taken in parallel
to NIRISS observations of the cluster Abell 2744 on June 28-29, 2022. They are centered at
RA= 3.5017025 deg and Dec= —30.3375436 deg and consist of imaging in seven bands:
FogoW (total exposure time: 11520 seconds), F11sW (115205.), F150W (612055.), F200W
(5400s.), F277W (54005.), F356W (61205.), and F444W (234005.). The UNCOVER NIR-
Cam observations of the Abell 2744 cluster were taken on November 2-15, 2022. They are
centered at RA=3.5760475 deg and Dec= —30.37946 deg and consist of imaging in seven
bands: F115sW (10823 s.), F15o0W (10823 s.), F200W (6700 s.), F277W (6700 s.), F356W
(6700s.), F410M (6700s.), and F444W (8246s.).

In our analysis, we also included new and archival HST imaging; the ACS imaging is par-
ticularly important for constraining photometric redshifts. This includes new HST/ACS
data in F606W (59530 s.), F775W (23550 5.), and F814W (123920 s) from HST-GO/DD
program 17231" (PI Treu), as well as archival data acquired under the Hubble Frontier Fields
program (HST-GO/DD-13495, PI Lotz; Lotz et al., 2017), BUFFALO (HST-GO-15117 PI

*https://wmw.stsci.edu/jwst/science-execution/program-information.html?id=2561
Thttps 1/ /www.stsci.edu/cgi-bin/get-proposal-info?id=17231&observatory=HST
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Steinhardt; Steinhardt et al., 2020), and programs HST-GO-11689 (PI Dupke), HST-GO-
11386 (PI Rodney), HST-GO-13389 (PI Siana), HST-GO-15940 (PI Ribeiro), and HST-
SNAP-16729 (PI Kelly). Not all HST bands cover every object in our sample, and we only
kept objects in our sample that have a well-constrained photometric redshift, usually mean-
ing that there is ACS coverage (see Sect. 2.2.4). We also included HST/WFC3 imaging for
completeness, but it is generally not as constraining as the NIR Cam fluxes.

The image reduction and calibration, and the methods used to detect sources and measure
multiband photometry in both fields, closely follow that of Brammer et al., (in prep). Briefly,
we pulled calibrated images from the Mikulski Archive for Space Telescopes (MAST) * and
processed them with the grizli pipeline (Brammer et al., 2022). The pipeline first aligns the
exposures to external catalogs and to one another and corrects for any distortion within the
image. Following this, we subtracted a sky-level background, divided out flat-field structure
using custom flat-field images, and corrected for 1/f noise. We also corrected for NIRCam
image anomalies, which include persistence, any remaining cosmic rays, and “snowballs” (see
Rigby etal., 2022). Finally, we applied zero-point corrections calculated by G. Brammer® and
drizzled all exposures to a common pixel grid.

For source detection, we used SEP, Source Extraction and Photometry (Barbary, 2018), to

perform aperture photometry on the F444W detection image in each field.

2.2.2 LyaSpeEcTRA: VLT/MUSE SPECTROSCOPY

MUSE spectroscopy of the Abell 2744 cluster was obtained through ESO program o094.A-
or1s (PIRichard) and is described by Mahler et al. (2018) and Richard etal. (2021). We used
their publicly available catalog to select Lya -emitting galaxies. The data comprise a 4 sq. ar-
cmin mosaic centered on the cluster core. Four 1 sq. arcmin quadrants were observed for a
total of 3.5, 4, 4, and 5 hours, respectively, and the center of the cluster was observed for an
additional 2 hours. The median line flux 15 uncertainty in the MUSE data is 3.6 x 10~'% erg
s~' cm™2. This corresponds to a s EW limit of ~ 4 — 30A overz ~ 3 — Tfora galaxy

with My, = —19 (the median for our sample before accounting for magnification as EW is

ihttps ://archive.stsci.edu
§https ://github.com/gbrammer/grizli/pull/107
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invariant under magnification).

Very Large Telescope (VLT)/MUSE spectroscopy in the GLASS-JWST NIRCam fields
were obtained through a new ESO Director’s Discretionary Time program, 109.24EZ.001
(co-PIs Mason, Vanzella), on the nights of July 28 and August 20, 2022. The data comprise
five pointings (four of which are over 4 sq. arcmin and overlap with NIR Cam imaging), each
with 1 hour of exposure time. The raw data are publicly available on the ESO archive?. The
reduction, calibration, and source detection methods used for this work are identical to tech-
niques described in Caminhaetal. (2017) and Caminhaetal. (2019). A full assessment of the
depth is ongoing, but, based on the ~ 4 hour depth of the Mahler et al. (2018) observations
described above, we estimate a 5o EW limit of ~ 8 — 60 A in these shallower data.

In this work we used 102 spectroscopic confirmations atz ~ 2.9 —6.7: 42 from the GLASS-
JWST NIRCam fields and 60 from the Abell 2744 cluster field.

2.2.3 GRAVITATIONAL LENSING MAGNIFICATION

For the galaxies detected in the core of the Abell 2744 cluster, we corrected for gravitational
lensing magnification using the model from Bergamini et al. (2022). The median magnifica-
tion of the sampleis u = 3.54, and 90% of the galaxies have x = 2 —20. We removed sources
with a magnification with z > 50 (12 sources) due to high uncertainties in the model near
the critical curves. The galaxies in the parallel fields are ~ 3 — 10" away from the cluster
core, where the magnification is expected to be modest (¢ ~ 1). We do not account for the

magnification of these sources.

2.2.4 SAMPLE SELECTION

For this work we focused on selecting a sample of galaxies at z ~ 3 — 7 with high purity. We
selected 102 MUSE Lya -detected galaxies with overlapping HST/ACS and JWST/NIR Cam
data as described above. We also selected a comparison sample of galaxies based on peak pho-

tometric redshift, within the same footprint as the MUSE observations, which we expect to

Shttp ://archive.eso.org/wdb/wdb/eso/sched_rep_arc/query?progid=109.24EZ.001

22


http://archive.eso.org/wdb/wdb/eso/sched_rep_arc/query?progid=109.24EZ.001

CHAPTER 2. THE FIRST LOOK INTO THE FAINTEST IONIZERS

=1 Ly-a Detected =1 Ly-a Detected
60 1 no Ly-a Detected no Ly-a Detected
404
501
© 40+ 5 304
g 5%
E30 £
z Z 20+
204
101 104
0 : , , : o : : ,
-22 -20 -18 -16 3 4 5 6 7
Muyv, 1500 Redshift

Figure 2.1: Galaxies studied in this work: Lya -detected galaxies (in purple) and galaxies photometrically se-
lected (with no Lya detected, in gray). Lefi: Distribution of redshifts for the spectroscopic and photometric
samples. We show the spectroscopic redshift, where available, or the peak photometric redshift. Right: UV
magnitude distribution for our sample. We find a median value of —18.14 4= 1.58, with no statistically signifi-
cant difference between the two samples.

have slightly lower Ha EWs than the Lya selected sample.

We found the photometric redshift distribution of all sources detected as described in
Sect. 3.2.2 using EAZY (Brammer et al., 2008) and using all available photometric bands.
To build a photometric sample with high purity, following Bouwens et al. (2016b), we se-
lected sources with the peak of their photometric redshift between 2.9 < z < 6.7 and kept
only sources that have 90% of the redshift probability density between Az ~ 1 of the peak

of their distribution. The resulting high purity photometric sample consists of 268 galaxies.

The redshift and UV magnitude distribution of our sample is shown in Figure 2.1. The
median redshift of the full sample is 4.02, and the Ly« -selected sample has a median redshift
of 3.95. The median My, is -18.1, with a Kolmogorov-Smirnov (KS) test showing no signif-

icant difference between the Lya - and photometrically selected samples.
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2.3 INFERRING THE IONIZING PHOTON PRODUCTION RATE

2.3.1 INFERRING NEBULAR EMISSION LINE STRENGTHS FROM PHOTOMETRY

To estimate nebular emission line fluxes from broadband photometry, we followed approaches
in the literature and fit the spectral energy distribution (SED) to the full photometry, exclud-
ing bands we expected to contain strong nebular emission lines (e.g., Shim et al., 201 1; Stark
etal, 2013; Mdrmol-Queralté et al., 2016; Bouwens et al., 2016b). This provided us with a
model for the continuum flux in those bands that we could subtract from the observed pho-

tometry to infer the line flux.

We used BAGPIPES to fit SEDs (Carnall et al., 2018). Weadopted BCo3 (Bruzual & Char-
lot, 2003) templates and excluded any nebular emission contribution. We did not consider
any broadbands where Ho or [OIII]+HJ are observed according to each galaxy’s redshift.
For ease of comparison to the literature (e.g., Maseda et al., 2020; Lam et al,, 2019a), we as-
sumed a Chabrier (2003) initial mass function and a Small Magellanic Cloud (SMC; Prevot
et al,, 1984) dust attenuation law, allowing 4 to vary from 0 — 3 mag. Because metallicity
is not well known at the range of redshifts we explored, we allowed metallicity to vary from
0 — 2Z,. And because star formation histories are notoriously difficult to constrain at high
redshifts (Strait et al., 2021), we assumed an exponentially rising delayed 7 star formation
history, allowing 7 to vary freely. For the spectroscopically confirmed Lyman « emitters, we
fixed the redshift at the Lya redshift. For our photometric sample, we used the photometric

redshift obtained from EAZY with a uniform prior with Az = 1 (see Sect. 2.2.4).

We then compared the SED model of the galaxy’s continuum to the broadbands where
Ho or [OIII]+HE fall. We multiplied the non-nebular SED posteriors by the transmission of
the aforementioned broadbands to obtain the contribution of the galaxy’s continuum to the
observed flux. By subtracting this continuum flux contribution from the observed photom-
etry, we were then able to recover the flux distributions of the Ha and [OIII]+HJ emission
lines for each galaxy. We compared our measurements with a sample of six galaxies with
[OIII]+HA EW measurements from the GLASS-ERS program using JWST/NIRISS (Boyett

et al,, 2022a), finding that our method recovers the EW of these sources to within ~ 20 —
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40%. A full comparison of these photometric inference methods is left to future work.

There are some limitations to our method for obtaining line fluxes, such as contamination
from the 4000 A break in the broadband that contains [OIII]+HS , the chance that the line
falls outside the effective width of any of our broadband filters, or Ha and [OIII]+HJ falling
on the same band. We considered a contribution of 6.8% from [NII] to the calculated Ha flux,
and 9.5% from [SII] according to Anders & Fritze-v. Alvensleben (2003). We removed galax-
ies with a poor y? score (>50) on their SED fit; we chose this value by ignoring all galaxies on

the high end of the ;(2 distribution.

The advantage of this approach, unlike estimating line fluxes directly from the SED fit-
ting, is that it does not depend strongly on star formation history assumptions and allows
us to make a mostly empirical measurement of the line fluxes. We obtain comparable results
using the flux in the band redward of Ha as the continuum flux, assuming a flat optical con-
tinuum (see also, e.g., Maseda et al., 2020). Estimating other physical parameters, such as the
star formation rate and stellar mass, from the SED fitting did not give reliable results. This is
because the fitting was too dependent on the initial assumptions and needed extremely young
ages (<1oMyrs) and an instantaneous burst of star formation to recreate the observed nebular

emissions.

The following results consist of 83 and 64 Ly -emitting galaxies with Ha and [OIII]+HJ emissio
line measurements, respectively, and a photometric sample of 220 and 203 galaxies with
Ho and [OIII]+HA emission line measurements, respectively. We see both lines in 62 Lya galaxies
and 177 photometrically selected galaxies. We see no apparent biases in our My, distribution
after narrowing down the sample. Nebular emission flux errors are derived from the 68%

confidence interval of the resulting distributions.

2.3.2 MEASURING UV ABSOLUTE MAGNITUDE AND SLOPE

To infer the UV absolute magnitude, My, (magnitude at 1 sooA), and (8 slope, we fit the
power law (e.g., Rogers et al., 2013) /3 o< A to the fluxes from the HST and JWST bands.
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We performed the fit using a Markov chain Monte Carlo sampling and the python module
emcee (Foreman-Mackey et al., 2013). We assumed flat priors for 8 and My, , with bounds
—4 < B < land =25 < My, < —12, sufficient to explore the common value ranges for

galaxies (e.g., Bouwens et al., 2014).

To obtain the photometric bands that are observing the UV rest frame of our galaxies, we
excluded any bands that fall blueward of Lyman-« and might be affected by the Lyman break.
For the same reason, we excluded bands redward of the 4000A break in the rest frame. After
these requirements, we are left with three or four bands for each source. In the case of galaxies
with Lyman-« detected in MUSE, we used the line’s redshift. For photometrically selected
galaxies, in each call of the likelihood, we randomly drew a redshift from a Normal distribu-
tion, N(u = Zphots T = 0.5), and selected the appropriate photometric bands. For lensed
sources, we considered magnifications and applied them following the same random draw
method as for the redshift. We used the corresponding magnification and error obtained

from the Bergamini et al. (2022) lensing model.

2.3.3 DETERMINATION OF £,

on

We define the production rate of ionizing photons, &, , as the ratio between the luminosity
of observed ionizing photons and the intrinsic luminosity of the ionizing UV photons (e.g.,

Leitherer & Heckman, 1995):

LHﬂt

% 7.37 x 10" Hzerg_1 (2.1)
(1 - feSC)LlLr}{Jr,v

gion =
where Ly, is the unattenuated Ha luminosity in erg s !land L, Uy iner 1s the intrinsic UV lu-
minosity density at 1500A. The models from where the conversion factor is derived assume a
young population of massive stars equivalent to a massive HII region. We assumed this type

of environment to be similar to what we would find in young galaxies.

Because Ha is produced by the excitation of hydrogen gas from ionizing radiation that does

not escape the galaxy, and because we cannot directly measure £ in our sample, we note that
P galaxy. y P

26



CHAPTER 2. THE FIRST LOOK INTO THE FAINTEST IONIZERS

the production rate we obtain is for ionizing photons that did not escape the galaxy, & (1 -

f;sc )

We first calculated L, directly from the SED obtained in Sect. 2.3.1, after accounting for
dust attenuation (Prevot et al., 1984). To obtain the intrinsic value of the UV luminosity,
we took the dust attenuation into account following Lam et al. (2019a), who defined the

intrinsic UV luminosity as :

Lilrjlg,y = LUV,V/f;sc,UV

Where fes,uv is the fraction of escaping UV photons not absorbed by the dust. For this, we
used the SMC dust law defined by Prevot et al. (1984):

faeuy = 107H1E2225 g > 993 (2.2)

Where £ is the UV slope obtained in Sect. 2.3.2. Galaxies with slopes bluer than 8 <
-2.23 were assumed to be dust-free and therefore not corrected for dust. In the following,

uncertainties on &,

are at the 68% confidence intervals and were obtained from propagating
the uncertainty in the He flux from its resulting distribution, as described in Sect. 2.3.1. The

posterior distributions for 8 and My, were obtained as described in Sect. 2.3.2.

2.3.4 CORRELATION ANALYSIS

For the purpose of studying the correlations between galaxy properties, we used the python
package linmixll to perform Bayesian linear regression, including intrinsic scatter and ac-
counting for two-dimensional errors (Kelly, 2007). We fitforlog, ,[(1—fec)&on) = 2+BX -,
where ¢ is the intrinsic scatter and is assumed to be normally distributed with a variance of o2
We recovered the best-fit trend line from the posteriors as well the 68% confidence interval
on the parameters. We report the results in Table 2.1 and show the best-fit line in the figure

plots.

"https ://github.com/jmeyers314/1inmix
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Figure 2.2: Distribution of (1-fesc )&, - The purple histogram includes galaxies with Ly emission detection
and the gray, galaxies without. Overall, Lya -emitting galaxies show stronger ionizing photon production than
galaxies with no Lya emission, with median values 25.39=+0.64 and 25.31F0.43, respectively. We show the
median relation from the literature at z ~ 2 — 5 as a dashed black line (e.g., Shivaei et al., 2018; Bouwens et al.,
2016b; Lam et al., 2019a)

2.4 RESULTS

In this section we present our results. In Sect. 2.4.1 we study the trends between &, , EWyy, ,
My, and the £ slope, and in Sect. 2.4.2 we investigate whether our sample shows evidence

for galaxies with very high ionizing photon escape fractions and/or very low metallicities.

2.4.1 BEHAVIOROF &

Figure 2.2 shows the distribution of (1 — fic)&,, for our Lya -selected and photometric
samples. We find median values of log, , &, 25.393-0.64 and 25.31+0.43, respectively, and
25.33%0.47 [Hz erg™ '] for the complete data set. We find an intrinsic scatter of 0.42 dex,
obtained by subtracting in quadrature the average uncertainty in log,, &, (= 0.21 dex)
from the standard deviation of the observed distribution. The recovered intrinsic scatter is
broader by ~ 0.1 dex than that found by Bouwens et al. (2016b) and Shivaei et al. (2018) in
Myy < — 20 galaxies. The broad distribution of &, is likely an outcome of the broad range
of stellar populations in these galaxies, that is to say, due to a range of star formation histories

(and thus ages) and stellar metallicities (see e.g., Shivaei et al., 2018).

2.8
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Figure 2.3: Myy vs. (1-fesc )& - Lya -detected galaxies are shown with purple stars and photometrically se-
lected sample with no Lya detected with gray circles. We show data from Maseda et al. (2020), Harikane et al.
(2018), Lam et al. (2019a), and Bouwens et al. (2016b) as colored boxes for comparison. We find evidence for
an increase in log, , [(1 — fesc )&, ) toward fainter UV magnitudes, with a slope of 0.03 4= 0.02, but only when
considering the range where our sample is Myy complete (Myy < -18.1). We show literature constraints at sim-
ilar redshifts as colored shapes (Bouwens et al., 2016b; Harikane et al., 2018; Lam et al., 2019a; Maseda et al,,
2020), noting that all constraints fainter than My, > -20 were obtained by stacking IRAC photometry.
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Figure 2.4: Comparison of the Ha EW with the ionizing photon production that does not escape the galaxy.
Lye -detected galaxies are shown as stars and photometrically selected galaxies with no Lya as circles. As above,
error bars are only shown for 30% of the sources for clarity. We color-code these two samples by UV fslope. In
the top panel we show the distribution of Ha EWs for the same two samples compared to the values found by
Tang et al. (2019). We add data from Harikane et al. (2018) and Lam et al. (2019a), which are at the high end
of our observed Ha EW distribution, for comparison. We see that a higher £, correlates very strongly with a
higher Ha EW. Galaxies with detected Lya emission have an Ha EW distribution with higher values, median
732 £ 187 A compared to 457 & 161 with a Kolmogorov-Smirnov test p-value < 0.01. The sources with
the reddest UV slopes systematically lie below the best-fit relation at fixed EWyy, .

We performed a two-sample KS test to determine whether the Lya -selected and photomet-
ric samples are drawn from the same distribution. We recover a p-value of 0.03, meaning it is
likely that the underlying distributions are different; this is consistent with the results from
Saldana-Lopez et al. (2022), where a statistically significant difference is found between the
&, distributions of Ly emitters and non-Lya emittersatz ~ 3 —5. Given that galaxies with
strong Lya emission also likely have high ionizing photon escape fractions (e.g., Verhamme
et al., 2015; Dijkstra et al., 2016), it is likely that the intrinsic ionizing photon production

efficiency of these galaxies is even higher than what we can infer based on Ha emission.

Figure 2.3 shows (1 — fi)&,, versus UV magnitude and demonstrates the revolution-
ary capabilities of MUSE and JWST/NIRCam: we are able to spectroscopically confirm ex-
tremely UV-faint galaxies via their high Lya EW, and we are able to infer Ha , and therefore

&.on » from much fainter individual galaxies than was previously possible with Spizzer, where
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Figure 2.s: UV Bslope vs. &, (1-f,). Lya -detected galaxies are shown in purple and the photometrically
selected sample with no Lya detected in gray. As above, error bars are only shown for 30% of the sources for
clarity. We add the stacked measurements from Lam et al. (2019a) for comparison. We find a very weak trend
of increasing &, with decreasing 8, with a linear slope of —0.10 = 0.06.
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stacking was necessary at My, 2 — 20 (e.g., Lam et al., 20192; Maseda et al., 2020). We reach
~ 1 dexlower than any previous studies at similar redshifts and without needing to use stack-
ing methods. We can reach individual detections of very faint galaxies, M, < —17. We also
find results consistent with those at z ~ 2 (Shivaei et al,, 2018) and atz ~ 4 — 5 for > L*
galaxies (Bouwens et al., 2016b) and < L* galaxies (Lam et al., 2019a, where a stacking anal-
ysis was used), as shown in Fig. 2.2. We note that our observations demonstrate the large
scatter in (1 — fic)&,, at fixed My, , which was not possible to observe in previous analyses
that used the stacking of Spizzer photometry for UV-faint galaxies.

As described in Sect. 2.3.4, we performed a linear regression to assess correlations in our
data. In contrast to Lam et al. (2019a), we find significant evidence for a weak trend between
&, and My, , where the highest £ tends to come from the faintest galaxies. Since our sam-
ple is not My, complete, we only study the correlation up to the peak of our M, distribution
(=-18.14)inFig. 2.1. We findlog, ,[(1—fuc)&on) = (0.03£0.02) (Myy +20)+25.36£0.03,
but with a large scatter (see Table 2.1).

Figure 2.4 shows that £_ follows a strong trend with Ha EW, as found in previous work
(Harikane et al., 2018; Lam et al,, 2019a; Tang et al., 2019). Such works were limited to
the highest Hae EW values, while we reach ~ 0.75 dex lower due to the sensitivity of NIR-
Cam. This trend is consistent with a picture where & is elevated in the youngest, most
highly star-forming galaxies (e.g., Tang et al.,, 2019). We find log, ,[(1 — fesc)&0n] = (0.73 &
0.04)(log,, EW, — 2.5) + 25.15 £ 0.02. The measurement by Maseda et al. (2020), ob-
tained from a stack of extremely UV-faint galaxies with high Lya EWs, lies significantly above
our sample and values from the rest of the literature, with higher (1 — fic)&,,, at fixed He
EWs. As discussed by Maseda et al. (2020), this likely implies their sources have a much lower
gas-phase metallicity than other samples.

We also find that Ly -selected galaxies have a higher Ha EW than the photometrically se-
lected sample (median EW=732 =+ 187 A compared to 457 + 161 A for the photometric
sample). A two-sample KS test establishes that the EW distributions of the two samples are
different (p-value < 0.01). This is likely the primary driver of the increased &, distribution
for the Lya -selected sample (Fig. 2.2).

At a fixed Ha EW, we see a clear tendency for galaxies with very blue 8 UV slopes to have
elevated &

on

(Fig. 2.4). This trend is also seen in the full sample (Fig. 2.5 ), where we find high
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Table 2.1: Linear fitting parameters for trends with log, (1 — fic)&on- We fit for log,  [(1 — fic)&on] =
a + X + ¢, where ¢ is the intrinsic scatter and is assumed to be normally distributed with variance o7 .

Parameter Slope, Intercept, £ Scatter variance, af
My + 20 0.03+0.02 25.33 £0.03 0.027 4+ 0.006
log,, EWn, — 2.5 0.73+0.04 25.14 +0.02 0.003 4+ 0.001
B+2 —0.20£0.04 25.38£0.01 0.032 4+ 0.005

&.on is weakly correlated to a blue 4 slope, but with a large scatter. We find log, (1 —fec)&on =
(—0.20 £ 0.04)(8+ 2) + 25.41 £ 0.01 (see Table 2.1). Similar correlations have been seen
at z~6 (e.g., Ning et al,, 2022). Using a KS test, we find no significant difference in the 3

distributions for the Lya and photometric samples. Our sample has a median 8 = —2.1.

2.4.2 A SEARCH FOR HIGH-ESCAPE-FRACTION AND EXTREMELY LOW-METALLICITY GALAX-

IES

As well as being a tracer of the ionizing photon production of galaxies, nebular emission lines
are also sensitive to the escape fraction. Zackrisson etal. (2013) proposed that in galaxies with
a very high ionizing escape fraction, one would expect a reduction in nebular emission line
strength (EWpg < 30 A)and extremely blue UV slopes (8 < —2.5) due to the lack of nebular
continuum. Early JWST observations have discovered potentially very blue galaxies (Topping
et al., 2022, though c.f. Cullen et al. 2023) and galaxies with weak nebular line emission yet
high sSFRs (via [OIII]+HJ ; Endsley et al., 2022b), potentially indicating a population with
a high ionizing escape fraction. However, the observation of low [OIII]+HS line strengths
could also be caused by very low gas-phase metallicity (decreasing the strength of [OIII] emis-
sion) or a recent turnoff in star formation (which would also decrease all nebular emission
lines). Given the redshift range of our sample, we can infer both Haand [OIII]+HJ line
strengths for 241 galaxies, allowing us to test these scenarios and to search for galaxies with
a high escape fraction. We obtained the [OIII]+Hp nebular line fluxes as described in Sect.

2.3.1.

In Fig. 2.6 we show UV g slopes as a function of intrinsic EWy, for our sample (where

we correct for dust attenuation as described in Sect. 2.3.1). We compare our sample to the
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region proposed by Zackrisson et al. (2017) to have f,c > 0.5. While several sources fall into
this region, and also have low [OIII]+HB EWs (< 100 A), the uncertainties are too large to

make them robust candidates. We discuss this further in Sect. 2.5.2.

Figure 2.7 shows the Ha EW as a function of [OIII]+HJ for our sample. We see the ex-
pected positive correlation between both nebular emission lines, as these lines are all gener-
ated by the effects of stellar ionizing radiation. We see a very large scatter (with a range of ~
1.5 dex) as expected due to variations in metallicity, temperature, and the ionization param-
eter, all of which affect the strength of individual [OIII] galaxies (e.g., Maiolino et al., 2008;
Steidel etal., 2014; Sandersetal., 2021). We find logio EWy, =0.97+0.06(logio EW([OIII] + Hp)
-2.5) + 2.52+0.03.

Galaxies with detected Lya emission tend to occupy the top right of the plot, with strong
nebular emission lines, suggesting they are young star-forming galaxies with low metallici-
ties and large ionization parameters that produce the copious amounts of ionizing photons
needed to power these emission lines (see e.g., Yang et al., 2017a; Du et al., 2020; Tang et al,,
2021, for more detailed studies). We find the Ly« -selected galaxies have stronger [OIII]+HS EWs
compared to the photometric population, following the trend with Ho EW in Fig. 2.4. How-
ever, as discussed by Tang et al. (2021), not all galaxies with strong nebular emission are de-
tected in Lya , indicating that Lya transmission is reduced due to a high column density of
neutral gas in these systems and/or inclination effects. We compare our datatoaz ~ 2sample
by Tang et al. (2019), which was selected based on strong [OIII] emission. We find a similar
correlation, but overall our ratio of Ha EW/[OIII]+HZ EW is higher by ~o.1 dex. Given
that the Tang et al. (2019) sample has a significantly subsolar gas-phase metallicity, Z < 0.3
Ze (Tang et al,, 2021), the decrease we observe in [OIII] at fixed Ha EW would likely imply

an overall lower metallicity due to a lower number of metal atoms in our sample.
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Figure 2.6: Comparison between the intrinsic (unattenuated) EW of Haand the UV 8 slope, color-coded
by [OIII]+Hf EW. Lya galaxies are shown with star-shaped markers, and the photometric sample as circles.
Galaxies shown in gray do nothave [OIII]+HfZ EW measurements. We show the region predicted by Zackrisson
etal. (2017) to show foe > 0.5. We rescale from HB EW to intrinsic Ha with a case B recombination scenario

of factor 2.89, assuming a flat optical continuum in f;, which we confirm from the SED fitting done in Sect.
2.3.1.

2.5 Discussion

2.5.1 THE PROFILE OF A STRONG IONIZER

Thanks to the depth of JWST/NIR Cam, we have been able to assess trends of & atz > 3
across the broadest range of galaxy properties to date. From these results, we corroborate
previous work at lower redshifts and high luminosities and push the measurement of &_, to
a large sample of individual UV-faint galaxies for the first time.

We find that galaxies with strong ionizing photon emission tend to have high Ha EWs,
low UV luminosities, blue UV Bslopes, and Lya emission — allimplying that these galaxies are
young and likely have a low dust content, low metallicity, and a high O/B star population that
is capable of producing hard ionizing photons (e.g., Tang et al,, 2019; Boyett et al., 2022b).

This picture of the integrated emission from galaxies is complemented by high spatial resolu-
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Figure 2.7: Comparison between the EW of Ha and [OIII]+Hf . Lya -detected galaxies are shown as stars
and the photometrically selected sample with no Lya detected as circles. In the top panel we show the distri-
bution of [OIII]+HB EW for both of our samples. We find a very strong correlation between Ho EW and the
[OIII]+HB EW, though with large scatter. The dashed lines are the correlation trends found for this work (red)
and Tang et al. (2019, green). The Ha EW/[OIII]+HB EW is higher than the z ~ 2 sample from Tang et al.
(2019), which was selected to have a strong [OIII] EW, implying that we might be observing lower-metallicity
galaxies.

tion observations of highly magnified arcs with JWST. They have revealed extremely young
star clusters ( < 10 Myr) with [OIII]+Hg EW > 1000 A. They dominate the ionizing pho-
ton production in their galaxy (Vanzella et al., 2022, 2023), indicating that there can be large

variations 1n g,

in individual galaxies if they contain multiple stellar populations, but also
that the variation is primarily driven by the age of the stellar populations. We also find that,
overall, our Lya galaxy sample has higher & | than the photometrically selected one; the pri-
mary reason for this difference is that the former has higher Ha EWs (Fig. 2.4). The enhanced
prevalence of Lya emission in strong Ha emitters is likely a combination of an increased pro-
duction of Lya photons due to the young stellar population implied by the strong Haand
(potentially) an increase in the Lya escape fraction in the ISM (Tang et al., 2021; Naidu et al.,
2022). In these rapidly star-forming galaxies, the hard ionizing radiation may be ionizing the
ISM and/or feedback may disrupt the ISM gas, leading to a reduced HI column density and
dust cover. We note that the galaxies with the highest (1 — /i), are not necessarily all Lya

emitters, likely due to variance in the geometry and column density of neutral gas and dust in
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these sources. Ning et al. (2022) show this same correlation between &, and Lya for a broad

range of luminosities and EWs.

2.5.2 THE IONIZING PHOTON ESCAPE FRACTION

In Sect. 2.4.2 we explore whether our sample shows signs of high ionizing photon escape
fraction, f., using the low HB EW-blue UV j slope region defined by Zackrisson et al.
(2017) for foie > 0.5. While several sources fell into this region, with both low Hae EW and
[OII]+HA EW (<100 A), the uncertainties on the line flux measurements are too large
for them to be robust candidates. More precise emission line measurements with JWST
spectroscopy will be vital for identifying such candidates and their relative abundance in the
galaxy population.

Thelack of high £, candidates amongst the Lya -selected galaxies is also surprising. As the
same conditions (a low neutral gas covering fraction) facilitate both Lya escape and Lyman
continuum escape, a correlation between the two is expected (e.g., Verhamme et al., 20153
Dijkstra et al,, 2016; Reddy et al., 2016).

As discussed by Topping et al. (2022), however, it is possible for galaxies with high f., but
very young ages to still have high nebular emission due to high ionizing photon production.
Itis likely that the criteria proposed by Zackrisson et al. (2017) can only find high f; systems
within the bounds of the assumptions made for their model, such as galaxy star formation his-
tories, ages, metallicities, and dust levels, but also the stellar models used. Our results suggest
the low luminosity galaxies with high sSFRs but low [OIII]+HA EWs observed by Endsley

et al. (2022b) may be more likely due to variations in metallicity than due to the high /e .

2.6 CONCLUSIONS

We have inferred the hydrogen ionizing photon production rate, modulo the escape fraction,
in the largest sample of individual sub-L* z > 3 galaxies to date, spanning —23 < My, < —
15.5 with a median My, = —18.1, thanks to deep JWST/NIR Cam imaging. This has en-
abled us to track the demographics of the ionizing population. Our conclusions are as fol-

lows:
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1. The median log, (1 — fic )&, of our sample is 25.33 &= 0.47 with an intrinsic scatter
of 0.42 dex. The inferred &, distribution of our sample has values in a range of ~

on

1.5 dex, implying a wide range of galaxy properties and ages.

2. We find significant trends of increasing (1 —fesc )&, with increasing Ha EW, decreasing
UV luminosity, and decreasing UV slope, all suggesting that the galaxies most efficient
at producing ionizing photons are young, highly star-forming, and normally expected

to have low metallicities and be dust-poor.

3. We find galaxies selected with strong Lya emission to have higher & than photomet-
rically selected galaxies, with median log, (1 — fic)&,, values of 25.39 + 0.64 and
25.31£0.43, respectively. We find the Lya -detected galaxies have an elevated He EW
distribution, and thus the increased £, is likely driven by the selection based on Lya selecting
ayounger population. As strong Lya emitters also likely have high ionizing photon es-
cape fractions, this implies the intrinsic production rate of ionizing photons in these

galaxies could be significantly higher than what we can infer from He luminosities.

4. We examine our sample for signs of very high f.. by comparing the inferred strengths
of nebular emission lines ([OIII]+HA and Ha ) and the strength of the nebular con-
tinuum via the UV g slope. We find no significant evidence for sources with high-
escape-fraction galaxies with low nebular emission line strengths and very blue UV
slopes. The reduced strength of the [OIII]+HA EWs in our z > 3 sample compared
to a sample at 2 ~ 2 from Tang et al. (2019) implies our sample likely has a lower

gas-phase metallicity and/or ionization parameter.

We have demonstrated the power of JWST/NIR Cam photometry to more precisely con-
strain the rest-frame optical emission of UV-faint high redshift galaxies than previously possi-
ble with Spitzer/IR AC. These observations allow us to constrain the production rate of ion-
izing photons from early galaxies, corroborating the picture obtained from previous stacking
analyses, that &  is elevated in young, highly star-forming galaxies but that there is a broad

distribution of £

ion 7

likely driven by variations in galaxy properties and ages.
With JWST spectroscopy it is becoming possible to obtain direct measurements of opti-

cal emission lines in large samples (e.g., Sun et al., 2022; Williams et al., 2022; Matthee et al.,
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2022.). Deriving a census of the ionizing photon production rate across the full galaxy popu-
lation will be necessary to fully understand reionization. Here we have shown that & is ele-
vated in UV-faint galaxies with strong nebular emission lines, likely due to young ages. While
a thorough analysis of the implications of our results for reionization is beyond the scope
of this work, it becomes more prominent at high redshift (e.g., Boyett et al., 2022b; Endsley
et al., 2022b), implying that it would be possible to complete reionization with modest £ .
Considering the full distributions of & and f. across galaxy properties will be required to

assess the primary drivers of reionization.
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ABSTRACT

Lyman-alpha (Ly«) emission from galaxies can be used to trace neutral hydrogen in the epoch
of reionization, however, there is a degeneracy between the attenuation of Ly« in the inter-
galactic medium (IGM) and the line profile emitted from the galaxy. Large shifts of Lyx
redward of systemic due to scattering in the interstellar medium can boost Ly transmission
in the IGM during reionization. The relationship between Ly velocity offset from systemic
and other galaxy properties is not well-established at high-redshift or low luminosities, due
to the difficulty of observing emission lines which trace systemic redshift. Rest-frame optical
spectroscopy with JWST/NIRSpec has opened a new window into understanding of Ly« at
z > 3. We present a sample of 12 UV-faint galaxies (—20 S Myy S —16)at3 Sz S 6,
with Ly velocity oftsets, Avyy,, measured from VLT/MUSE and JWST/NIRSpec from the
GLASS-JWST Early Release Program. We find median Avry, of 205 km s~! and standard

L compared to 320 and 170km s~ for Myy < —20 galaxies in the lit-

deviation 75 km s~
erature. Our new sample demonstrates the previously observed trend of decreasing Ly ve-
locity offset with decreasing UV luminosity and optical line velocity dispersion, extends to
Muyv 2 —20, consistent with a picture where the Lya profile is shaped by gas close to the
systemic redshift. Our results imply that during reionization Ly« from UV-faint galaxies will
be preferentially attenuated, but that detecting Lya with low Avyy, can be an indicator of

large ionized bubbles.

3.1 INTRODUCTION

Lyman-alpha (1216 A, Lya) emission from astrophysical sources has long been used as a
tracer of neutral gas in the intergalactic medium (IGM) (e.g., Gunn & Peterson, 1965; Miralda-
Escude, 1998). Atz 2 6, the declining strength of Lya emission from galaxies has been used
to infer the timing of reionization (e.g., Stark et al., 2010; Ouchi et al.,, 20105 Treu et al.,
20125 Mesinger et al., 2015; Mason et al., 2018a; Morales et al., 2021; Bolan et al., 2022),
complementary to measurements from the CMB electron scattering optical depth (Planck
Collaboration et al., 2018) and the optical depth in the Lya forest of quasars (e.g., Fan et al.,

2006; McGreer et al., 20155 Lu et al,, 2020; Qin et al., 2021).
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However, there is a degeneracy between the strength of the damping wing absorption —
due to the abundance of neutral hydrogen in the IGM - and the Lya emission line profile
emerging from the galaxy — set by scattering by neutral hydrogen within the interstellar and
circumgalactic medium (ISM, CGM) (e.g., Neufeld, 1991). If a Lya emission line emerges
from a galaxy with its flux profile redshifted to 2 300 km s~ from the systemic velocity of
the galaxy, these photons will experience a greatly reduced optical depth in the IGM and thus
have high Lya transmission, even in a highly neutral IGM (e.g., Dijkstra et al., 20115 Mason
et al., 2018a; Mason & Gronke, 20205 Endsley et al., 2022b). Indeed, high rates of Lya de-
tection that have been reported in z > 7.5 luminous galaxies (Zitrin et al., 20155 Oesch et al.,
2015; Roberts-Borsani et al., 2016; Stark et al., 2017) could be partially explained if substan-
tial HI ISM reservoirs in these systems strongly scatter Lya, and/or if strong outflows are
more common in UV-bright galaxies, such that Lya emerges from the galaxy at highly red-
shifted velocities (Mason et al., 2018b; Endsley et al., 2022b; Tang et al,, 2023). Nonetheless,
even if Lya transmission is boosted by high velocity offsets, the resulting broadening of the
profile is likely accompanied by a weakening of the line, reducing its detectability (Verhamme

etal.,, 2018).

Until the advent of JWST, measurements of Lya velocity offsets have only been possible
for statistical samples at z S 2, where rest-frame optical emission is visible from the ground
for Lyman-break galaxies (e.g., Erb et al., 2014; Steidel et al., 2014); for local analogs, strong
line emitters atz ~ 0.3 — 0.4, with detailed HST/COS spectroscopy (e.g., Henry etal., 2015;
Yang et al., 2017b; Hayes et al., 2023); and for smaller samples of UV-luminous sources with
bright [CII] emission lines visible with ALMA (Willott et al., 201 5; Pentericci et al., 20165
Inoueetal., 2016; Bradad etal., 2017; Cassata et al.,, 2020; Endsley et al., 2022b) or the highly
ionized UV line CIII] (Stark et al., 2015, 2017), or in stacks of absorption line spectra of
LAEs (Muzahid et al., 2020). Thus, reionization inferences have relied on extrapolating z
< 2 samples to higher redshifts and direct measurements for only a handful of galaxies in
the Epoch of Reionization (e.g., Mason et al., 2018a). JWST’s near-IR spectroscopy opens
the gates to accurate measurements of the Lya velocity offset and its evolution with galaxy
properties, which will allow us to break the degeneracy between ISM scattering and IGM
opacity.

In this paper we present a first look at the Lya velocity offsets, Avr, , of 2 > 3 UV-faint
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galaxies, made possible for the first time by JWST. We use JWST/NIR Spec (Jakobsen et al.,
2022) spectra of rest-frame optical emission lines, obtained as part of the GLASS-JWST ERS
program (Treu etal.,, 2022), to measure the Lya velocity offsets of 12 My 2 — 20 galaxies at
z ~ 3—06, with lower luminosity and at higher redshifts than previously possible. We explore
empirical trends between Avyy, and other galaxy properties, to explore the physical mecha-
nism behind Avyy, , and we discuss our results in the context of Lya observations during the
Epoch of Reionization.

The paper is structured as follows. In Section 3.2 we describe the photometric and spec-
troscopic data for our study. In Section 3.3 we describe how we measure the Lya velocity
offsets for our sample and other relevant properties for the galaxies. We describe our results
and comparison to the literature in Section 3.4. We discuss our results in Section 3.5 and
state our conclusions in Section 4.7.

We assume a flat ACDM cosmology with Q,, = 0.3, Qp = 0.7, h = 0.7, all magnitudes

are in the AB system, and all distances are proper unless specified otherwise.

3.2 Data

In this section we describe the data and sample selection used for our study. All observations

are made in the lensing cluster Abell 2744.

3.2.1  VLI/MUSE sPECTROSCOPY

Lyo emitters (LAEs) at 2.9 < z < 6.7 were selected from VLI/MUSE spectroscopy in
Abell 2744 performed by the ESO program 094.A-or15 (Mahler et al., 2018; Richard et al.,
2021). These data consist of four 1 sq. arcmin regions centered on the Abell 2744 cluster
core. These quadrants have observing times of 3.5, 4, 4 and 5 hours respectively, with 2 extra
hours of observation overlapping at the center of the cluster. The MUSE data have a median
emission line flux 1 uncertainty of 3.6 x 107 ergs™! cm ™2, translating to an EW 5o limit
of ~ 4-30A foraMy, = —19 galaxyatz ~ 3 — 7.

The MUSE program applied three complementary detection methods: (i) forced extrac-
tion in the location of 7, < 30 sources detected in Hubble Frontier Fields imaging (HST-

GO/DD-13495 Lotzetal., 2017), using an extraction aperture corresponding to the SExtractor
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segmentation map convolved with the MUSE point spread function; (ii) detection of emis-
sion lines via narrow-band filtering of the MUSE cube; (iii) manual extractions of a field
sources found through visual inspection, e.g. multiply-imaged systems. In the following, we
will compare MUSE-selected Lya -emitters (LAEs) to, mostly, Lyman-break selected samples.
It is known that LAEs may be the extreme end of the Lyman break galaxy population (e.g.,
Dijkstra & Wyithe, 2012; Morales et al., 2021), undergoing very recent star formation, and are
more likely to be low mass, less dusty and show lower Lya velocity offsets than Lyman-break

selected samples (e.g., Hashimoto et al., 2013; Shibuya et al., 2014).

In this study, we are most interested in understanding the expected properties of Ly emission
from Lyman-break selected galaxies at z 2 6, during the Epoch of reionization. Atz ~ 6 a
much larger fraction (~ 30 — 60%) of UV-faint galaxies are detected with high Lya EW
(> 25 A, e.g., Stark etal,, 2011; Cassata et al., 2015; De Barros et al., 2017; Fuller et al., 2020)
than at g < 3 (~ 10%, e.g., Cassata et al,, 2015). Furthermore, due to both an expected re-
duction in dust attenuation (as evidenced by steepinging UV slopes, 8, e.g., Bouwens et al.,
2014) and an increase in specific star formation rates (e.g., Stark et al,, 2013; Endsley et al.,
2022a) we should expect strong Lya emission to be even more prevalentatz > 6. Therefore,
we assume that the MUSE LAE sample is a suitable analog of UV-faint # 2 6 Lyman-break

galaxies.

To test this assumption we compare with the sample of Fuller et al. (2020) who obtained
deep Lya spectroscopy of lensed UV-faint Lyman break galaxies atz ~ 6, with that of Richard
et al. (2021, the origin catalog for our Ly« -selected galaxies). We select sources in the Fuller
et al. (2020) catalog with 5.5 < 2z < 6.5 (using photometric redshift for non-detections,
where we only include sources with P(5.5 < zypoe < 6.5) > 0.6 to minimize contamina-
tion by low-redshift interlopers) and My in the same range as our sample. Non-detections
for this subset of the Fuller et al. (2020) catalog have median upper limit EW< 42 A. The
Richard et al. (2021) sample has a slightly bluer UV slope by A8 = 0.4. This means that we
are possibly studying a population slightly younger and/or less dust-attenuated than galaxies
selected by their Lyman Break. However, we find that the Lya EW distributions have sim-
ilar medians, Lya EW = 36 A for our parent MUSE sample, and the Fuller et al. (2020)
sample has median Lya EW = 42 A if all non-detections are treated as having Lye EW uni-

formly distributed between o and their EW,,j;,. Performing 10,000 iterations, and doing
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a Kolmogorov—Smirnov test of each, we find a median 80% chance that the underlying dis-
tributions are statistically the same. We conclude it is highly likely that the underlying EW
distributions of our parent sample are representative of 5.5 < z < 6.5 UV-faint LBG se-
lected galaxies.

We further compare the Lya EW of Richard et al. (2021) with all LBGs targeted by the
GLASS-NIRSpec program between 3 < zphee < 7. To form the sub-sample of LBGs, we
perform a color criteria with their HST photometry (Bouwens et al., 2015, 2016b), this sam-
ple has a median z~4. We match the resulting 48 NIRSpec LBGs to Richard et al. (2021),
obtain Lya fluxes and compute their EWs. For 38 galaxies we find no Lya counterpart, and
use the soflux limit of the MUSE observations. Asin the previous paragraph, we treat upper-
limits as a uniform distribution and iterate 10,000 times performing a Kolmogorov—Smirnov
test between each distribution. Including the non-detections, we find it unlikely (p < 5%)
that the LBG selected sample has the same Lya EW distribution as our MUSE LAE parent
sample. In summary, we conclude that our parent sample (Richard et al., 2021) is likely bi-
ased towards high EWs compared to z~4 LBG selected galaxies, but that it is comparable to
UV-faint LBG selected sources at the end of reionzation, z~6.

We note that it is possible that the Lya fluxes reported by Richard et al. (2021) are under-
estimated, since they do not consider spatially extended Lya emission of the galaxies for their
Lya extractions. Measurements including the spatially extended Lya flux for MUSE LAEs
with NIRSpec observations in the GLASS-ERS survey will be presented by Roy et al. (2023).
In this we use the flux as reported by Richard et al. (2021) which we consider a more simi-
lar measurement to that obtained by slit spectrographs, which is how the majority of our

comparison samples have been observed”

3.2.2  JWST NIRSPEC SPECTROSCOPY

Near infrared spectroscopic data in Abell 2744 was obtained from the GLASS-JWST Early
Release Science Program (PID 1324, Treu et al,, 2022), observed on November 1o, 2022.

Three grating configurations were used, G140H/F1ooLP, G23sH/F170LP and G395sH/F290LP,

“We note that this assumption may not be valid if Lya is significantly offset from the UV continuum, but
recent work shows this is not likely to be the significant at the redshifts and magnitude range we are considering
(Hoagetal,, 20192; Lemaux et al,, 2021).
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each with 4.9 hours exposure time. This allows observations spanning the wavelength range
0.81 — 5.14 um. It is possible to observe Haup to 2 ~ 6.8 and [OIll]soo7 up to z ~ 9.2.
The high-resolution, R ~ 2700 (corresponding to o ~ 50 kms™'), allows for precise mea-
surements of spectral properties of the emission lines: most important for us is the line cen-
troid and dispersion.

Details of the reduction process are given by Roberts-Borsani et al. (2022); Morishita et al.
(2022). Briefly, we use the STScI JWST pipeline (ver.1.8.2)" for Level 1 data products, and
the msaexp* Python package for Level 2 and 3 data products. We extract the 1D spectrum
following Morishita et al. (2022) and use the msaexp package to optimize our extraction using
an inverse-variance weighted kernel following Mascia et al. (2023). The kernel is derived by
summing the 2D spectrum along the dispersion axis and fitting the resulting signal along the
spatial axis with a Gaussian profile (¢ ~ 0.4"). This 2D kernel is then used to extract the 1D
spectrum along the dispersion axis.

MUSE LAEs from the Mahler et al. (2018); Richard et al. (2021) catalog were included
in the GLASS NIRSpec MSA. The MSA target selection is described by Treu et al. (2022)
briefly, 2 > 5 and spectroscopically confirmed sources were prioritized. Therefore, the sam-
ple of MUSE LAEs observed is not guaranteed to be magnitude complete, but provides a
qualitative comparison sample to UV-bright literature samples galaxies with measured veloc-
ity offsets.

A total of 17 MUSE LAEs were observed with NIRSpec in the GLASS-JWST ERS pro-
gram. We detect rest-frame optical emission lines for 12 out of the 17 sources in the NIR Spec
spectra, which we use for our work. From the remaining 5 sources we did not detect any op-
tical emission lines (see also Mascia et al., 2023). The lack of detection is not surprising, the
5 sources are faint (mp50;7 ~ 27.5) and were selected from a single faint Lya line detection.
Properties of our sample are presented in Table 3.1.

We check if our 12 galaxy sub-sample of Richard et al. (2021) is representative of the com-
plete sample. Following the methods in Section 3.2.1, we extend our statistical KS test to
our 12 galaxy sub-sample and compare them to Richard et al. (2021). We find a ~70% prob-

ability that the EWy, distributions of these two are the same. If we compare the 12 galaxy

Th‘ctps ://github.com/spacetelescope/jwst
1https ://github.com/gbrammer/msaexp
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sample with Fuller etal. (2020) (5.5 < 2z < 6.5) and the LBGs targeted by GLASS-NIR Spec
(z ~ 4), wearrive to the same conclusion of Section 3.2.1: Our 12 galaxy sample behaves sim-

ilar to it’s parent sample and is representative of UV-faint LBGs at the end of reionization.

3.2.3 PHOTOMETRIC CATALOGS

We use the photometric catalogs for Abell 2744 by Paris et al. (2023). The catalogs include
HST/ACS and WFC3/IR from the Hubble Frontier Fields project (HST-GO/DD-13495
Lotz et al., 2017), photometric bands include: F435W, F6o6W, F814W, FrosW, F125W,
F140W, F160W. These catalogs also include JWST/NIRCam data from the UNCOVER
collaboration (GO-2561, Bezanson et al., 2022): including photometry from the following 7
JWST/NIR Cam filters: F115W, F150W, F200W, F277W, F356W, F410M and F444W. The
catalogs by Paris et al. (2023 ) use F444 W as the detection band but as we require the photom-
etry to measure the UV-restframe continuum of our sources, we only use HST photometry

in this work as our sample are all at z < 6.

3.2.4 GRAVITATIONAL LENSING MODELS

To account for the magnification caused by the strong lensing of Abell 2744 cluster, we use
the lensing maps developed by Bergamini et al. (2022), which can be accessed in their online
tool’. We do not find any galaxies near the critical curves, with all sources having magnifica-

tions between p ~ 2 — 7, with less than 10% uncertainties.
3.3 METHODS
In the following section we present our methods to retrieve the UV magnitude of our sam-

ple (Section 3.3.1), Lya equivalent widths and velocity offsets Avry, , and the dispersion of

optical emission lines (Section 3.3.2). All resulting values are shown in Table 3.1.

Shttp://bazinga.fe.infn.it:s007/SLOT

48



CHAPTER 3. THE EMERGENCE OF LYMAN-ALPHA FROM THE FAINTEST
GALAXIES 49

3.3.1 MEASURING My,

To measure My, (absolute magnitude at 1 sooA)and (B slope we fit a power-law model f o 2f
to the photometry (e.g., Rogers etal., 2013). We use all the photometric bands that have their
response cutoffs in the UV continuum between 1216 A and 3000 A. We fit the model using
Markov Chain Monte Carlo with emcee (Foreman-Mackey et al., 2013). Flat priors are used:
—25 < Myy < —12and —4 < £ < 1, which covers the expected ranges (e.g., Bouwens
etal., 2014). We correct the UV magnitudes for gravitational lensing magnification using the
lens model by Bergamini etal. (2022). We take Myy , 8 and the corresponding 1-oerrors from
the resulting posterior distributions of the fitted power-laws.

Three sources were not detected in the Paris et al. (2023) catalogs, due to their extremely
low continuum flux. In these cases we perform a forced photometry in the coordinates ex-
pected by Lya (MUSE) observations, with a circular aperture of 0.28” corresponding to the 2
FWHM aperture of the F444W point spread function. One of these galaxies was (ID: 8008)
was detected in the forced extraction, but not detected in the Paris et al. (2023) catalogs as it
is close to a non-deblended source. We report the other two galaxies (IDs : 70017 and 70022)
M, measurements as 5o upper-limits in Table 3.1.

The median My, and 1o scatter of our sample, corrected for magnification, is —17.8 £ 1.4.

3.3.2 LYa EW AND VELOCITY OFFSETS

To measure the Lya equivalent width (EW) of these 12 galaxies we use the Lya fluxes reported
in the public catalogs by Richard et al. (2021), and the continuum flux density as inferred
from the HST photometry described in Section 3.2.3. We use the posteriors of My, and 3
obtained in Section 3.2.3 to infer the posterior distribution of flux densities at 1250 A. The

median EW and 1o scatter of our sample is 34 = 21 A.

RLya —Zsys
1+Zsys

redshift measured from rest-frame optical emission lines with NIRSpec and 21, is the red-

We measure Lya velocity offsets as follows: Avpy, = ¢ ( > wherezqy, is the systemic
shift measured from Lya, corrected to vacuum wavelength, as reported in the MUSE catalog
(Richard et al,, 2021). For Lya, the redshift is measured at the peak of the red peak, if the

line is double-peaked (J. Richard, private communication).
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For sources at z < 6.5 we use Ha and [OIlI]soo7 emission in NIRSpec to measure ve-
locity offsets. For sources at 6.5 < z < 6.7 only [OIII]soo7 is visible, due to the wave-
length coverage. We measure the redshift of Ha and [OIII]soo7 by performing a Gaussian
profile fit using a Markov Chain Monte Carlo sampling with emcee (Foreman-Mackey etal.,
2013), and recovering the posterior distribution of the central wavelength of the lines and
the velocity dispersion (7,p) of the line profile. We repeat this process separately for Ha and
[OII]s007, and take g, as the average. We include any redshift difference between the lines
in the Avry, error. We propagate the errors in the central wavelength of the optical lines, and
the Lya central wavelength measured by Richard et al. (2021) for our measurement of Avyy, .
Uncertainties in all cases are dominated by the precision of MUSE/VLT measurements of the
Lya centroid, especially in low signal-to-noise sources. The precision of systemic redshifts ob-
tained from optical emission lines (JWST/NIRSpec) is extremely high, with errors ~ 1 — 8

kms~!.

Discrepancies between ground-based and JWST/NIR Spec redshifts of the same observed
emission lines at > 1 zm have been reported (Tang et al., 2023; Larson et al., 2023). This
is likely due to the ubiquity of atmospheric skylines in ground-based spectra in the near-IR,
which introduce considerable uncertainty in line centroid measurements, though there may
also be uncertainties in the wavelength calibration. To verify the consistency of the MUSE
and NIRSpec wavelength calibrations we check three galaxies in the Abell 2744 field where
it is possible to compare the redshifts measured from nebular lines which trace systemic both
with MUSE and NIRSpec. For the systemic redshifts we use: CIII]1909 detections for
MUSE (Richard et al., 2021), and Ha and/or [OIII] for NIRSpec. We find a negligible differ-
ence in redshifts between the two instruments, with a median offset of ~30 km s™!, which
is well within the uncertainties of our Avyy, measurements, and below the instrumental res-
olution. We also find one galaxy observed by GLASS-ERS which had a previous systemic
redshift measurement from VLT/KMOS from the [OII]3726-3729 doublet (Mason et al.,
2017) and find similarly good agreement. Therefore, it is unlikely that any systematic difter-

ences between redshift measured from space and ground-based telescope biases our results.
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Figure 3.1: Example spectra from this sample, with the velocity axis centered at the systemic redshift
given by Ha. We show galaxies 70003 and 80070, which have low and high Avp, respectively. Spectra
from JWST/NIRSpec Ho (purple) and VLI/MUSE Lya (yellow). Vertical lines mark the He (solid) and
Lye (dashed) peaks.

3.4 RESULTS

In the following section we present our results and look for evidence of trends that can explain
the mechanisms behind the shift of Lya emission from the systemic redshift. As described
above, our sample is not magnitude-complete so our comparison to the literature is quali-
tative and the sample-selection is different from literature samples which are Lyman-break
galaxy selected (and we expect LAEs to be typically lower mass and less dusty than Lyman-
break galaxies, e.g., Kornei etal., 2010; Shibuya et al., 2014). Nevertheless, we find our sample
is representative of z~6 UV-faint LBGs, of interest during reionization. Our sample allows
us to quantify Lya velocity offsets in UV-faint galaxies for the first time, and investigate the
trends by comparing with UV-bright galaxies from the literature.

Our measured Lya velocity offsets, velocity dispersion, rest frame EW Lye, and other ob-
served quantities are presented in Table 3.1. In Figure 3.1 we show examples of the spectra
observed with JWST/NIR Spec and legacy spectra from VLT/MUSE extracted by Roy et al.
(2023).

3.4.1  Auvry, AND UV MAGNITUDE

In Figure 3.2 we show our measured Lya velocity offsets versus the UV magnitude of the sam-
ple, as well as previous measurements from the literature: z ~ 2 — 3 (Erb et al., 2014; Steidel
etal, 2014);4 < z < 7.5 (Stark et al., 2015; Willott et al., 2015; Bradad et al., 2017; Inoue

etal., 2016; Mainalietal., 2018; Pentericcietal., 2016; Stark et al., 2017; Endsley etal., 2022b;
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Table 3.1: Lya and rest-optical properties of z ~ 3 — 6 galaxies in GLASS-ERS used in this work.

1D R.A. Dec. Zsys FLya* u Moy * B Lya EW [A] * Avpy, [km/s]  gope [km/s]
90155 || 3.60687 —30.38557 2.9402 2.9430 1.9+0.1 —-16.6+0.1 —2.24+0.2 59 + 12 207 £ 83 < 44
80053 || 3.57497 —30.39678 3.1287 3.1327 3.7+£0.1 —-19.2+0.1 -—-2240.1 1141 287 £ 11 51 +3
8or13 || 3.60465 —30.39223 3.4724 3.4782 2.0+0.1 -17.6+0.1 —2.0£0.1 26+ 5 390 £ 142 < 42
80027 || 3.56929 —30.40963 3.5796 3.5831 2.0+0.1 —-19.4+0.1 —-2.440.1 T+1 235 4+ 38 4740
80029 || 3.60318 —30.41571 3.9509 3.9540 2.8+0.1 —-18.9+0.1 —2.0£0.1 7T+1 192 +£ 78 48+1
80013 || 3.56934 —30.40873 4.0428 4.0454 2.0+£0.1 —-183+0.1 —-234+0.1 47+5 162 £ 19 50 + 3
80085 || 3.57435 —30.41253 4.7246 4.7290 2.1+0.1 —-1544+04 —-2.5+1.0 85+ 11 230 £ 56 35+2
8oo7o || 3.58232 —30.38765 4.7968 4.8016 5.3+0.2 —181+0.1 —1.8+0.1 43+ 3 24549 58 £1
70017 || 3.60666 —30.39328 5.1864 5.1892 2.0+£0.1 < —16.2 - > 25 132 + 105 < 30
70018 || 3.58790 —30.41159 5.2824 5.2843 6.8+0.2 —18.2+0.1 —-22+0.1 8+1 83 +42 23+4
70022 || 3.57113 —30.39295 5.4292 54335 3.5+0.1 < —15.7 - > 21 199 + 150 <41
70003 || 3.575685 —30.38929 5.6180 5.6210 4.6 £0.1 —16.3+0.2 —-3.7+1.2 104 + 19 144 4+ 25 40 + 10

*For non-detections, s upperlimits are shown.

Cassata et al., 2020); 2 > 7.5 (Stark et al,, 2017; Tang et al., 2023). Thanks to gravitational
lensing and the sensitivity and wavelength coverage of JWST/NIRSpec to detect rest-frame
optical lines, we are able to reach much fainter UV magnitudes than in previous works, down
to My, ~ —16. The median My, with 17 scatter of our sample is -17.8 & 1.4 and Avyy, of
205 75 kms™!. This is consistent with the median Aoy, measured for a stack of z &~ 3.3
LAEs from the MUSEQuBES survey (their median Avry, = 17148 km s~! Muzahidetal,,

2020).

The left panel of Figure 3.2 shows a clear trend of increasing Avyy, with increasing lu-
minosity. Our new results push these measurements to the UV-faint and low Awvyy, end,
demonstrating the trend seen from the literature at brighter luminosities extends to lower
luminosities. We compare our observations with the semi-empirical model by Mason et al.
(2018a), which assumes an underlying relation between Lya velocity offsets and halo mass
which is independent of redshift. This assumes Lya scattering is predominantly determined
by the total mass of the galaxy, which in turn is assumed to be proportional to the column
density of neutral hydrogen, which is predicted to be key factor in shaping Lya line profiles
(e.g., Neufeld, 1990; Verhamme et al., 2006, 2008; Gronke et al., 2016; Kakiichi & Gronke,
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2021). In this model, redshift evolution of Avy, arises only from the predicted evolution in
the UV luminosity — halo mass relation, whereby galaxies with fixed halo mass are brighter

at higher redshifts, due to increased mass accretion rates (e.g., Mason et al., 2015).

In the right panel of Figure 3.2 we map our measured UV magnitudes to an inferred halo
mass, M, using the UV luminosity — halo mass model by Mason et al. (2015) to compare
with the redshift-independent Avy, (M),) model by Mason et al. (2018a). When transform-
ing to halo mass we see a similar trend as with My, , with less massive galaxies having lower
Lyo offsets, and that our new results are consistent with the model, suggesting there is not
strong evolution of Avyy, (M)) with redshift. While our new data follows the model trend,
our sample appears to have slightly higher velocity offsets than predicted at faint UV lumi-

nosities, which we discuss further in Section 3.5.1.

We see reasonable agreement with the models for galaxies between 6 < z < 7.5 from the
literature. Galaxies with z > 7.5 (Stark et al,, 2017; Tang et al., 2023; Bunker et al,, 2023)
have much higher Lya offsets than those expected for galaxies given their My, or halo mass,
indicating a possible bias towards detecting high Lya offsets during the epoch of reionization,

which we will discuss in Section 3.5.2.

3.4.2 AULY“ AND NEBULAR LINE VELOCITY DISPERSION

The emerging Lya line profile is expected to be shaped by both the column density (Ngr)
and the kinematics of neutral gas close to line center (e.g., Verhamme et al., 2006, 2008;
Hashimoto etal,, 2015; Henry et al., 2015; Kakiichi & Gronke, 2021; Hayes et al., 2023). As
Lya and Ha likely are produced in the same HII regions, we therefore expect the Lya profile
may be linked to the kinematics of the gas as traced by Ha (e.g. see Hayes et al., 2023, who
find the correlation between optical line dispersion and Awvyy, is primarily driven by the cor-
relation of both those properties with mass). We follow Erb et al. (2014) and examine the
correlation between Ay, and the velocity dispersion of optical lines, as measured by rest-

frame optical emission lines. We report the intrinsic dispersion, corrected for the instrumen-
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Figure 3.2: Lya velocity offset versus UV magnitude and implied halo mass, using the mapping derived in the
UV luminosity function model by Mason et al. (2015), color-coded by redshift. Our new sample is shown as
colored stars. For comparison, we show values from the literature at & ~ 2 — 3 (Erb et al., 2014; Steidel et al.,
2014, gray squares), at 4 < g < 7.5 (Stark et al,, 2015; Willott et al., 2015; Bradac et al., 2017; Inoue et al.,
2016; Mainali et al., 2018; Pentericci et al., 2016; Stark et al., 2017; Endsley et al., 2022b; Cassata et al., 2020,
colored squares), atz > 7.5 (Tang et al., 2023, blue circles), and GN-z11 (Bunker et al., 2023, black diamond).
We also show the model by Mason et al. (2018a) which was derived from the z ~ 2 literature samples. The new
GLASS-ERS sample extends this measurement to galaxies ~ 2 mag fainter than previously possible. Avyy, error
bars are dominated by the uncertainty of the centroid in MUSE Lya emission observations.
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Figure 3.3: Aupy, vsvelocity dispersion of the optical lines. We present our data as stars color-coded by redshift.
In gray squares are z ~ 2 — 3 sources from Erb et al. (2014). We show upperlimits for measurements below
0res = 47 km's™1 . Uncertainties are dominated by MUSE Lya centroid measurements. Both samples suggest
a correlation between optical line velocity dispersion and Avyy, .

tal broadening due to the resolution of our NIRSpec data, as gopeiner = o2, — 02, with

o res’
Ores ~ A7 kms™!.

In Figure 3.3 we plot Avry, and o for our sample and compare with the Erb etal. (2014)
sample. The majority of our sample have very low intrinsic velocity dispersion, <50 km s~ L
implying low dynamical masses. The literature sample shows a positive correlation between

Auwry, and 7., and our new sample extends it to higher redshift, showing no strong evolution.

3.4.3 Auvry, AND EQUIVALENT WIDTH

Previous works have found an anti-correlation between Avr y, and the Lya EW (e.g., Erbetal,,
2014; Tang et al,, 2021). Both of these quantities are correlated with the neutral gas column
density and scattering events (Verhamme et al., 2006, 2008; Yang et al., 20172). Higher Ny,
or a high covering fraction of neutral gas, makes it less likely for a Lya photon to escape at its
central wavelength, increasing Aoy, , and can also imply higher dust content (Santini et al.,

2014) — decreasing Lya EW (Charlot & Fall, 1993).
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In Figure 3.4 we can see these effects for sources in the literature: 2 ~ 2 — 3 (Erb et al,,
2014; Steidel et al., 2014), 3 < 2z < 7.5 (Stark et al., 2015; Willott et al., 2015; Bradal et al.,
2017; Inoueetal., 2016; Mainali et al., 2018; Pentericci etal., 2016; Stark et al., 2017; Endsley
et al,, 2022b; Cassata et al., 2020; Tang et al., 2021), 2 > 7.5 (Stark et al., 2017; Tang et al,,
2023) where galaxies with low EW Lya more commonly have high Lya offsets. In general
we find our sources lie in the same region as the literature. However, the bulk of galaxies in
our sample have Avry, < 300 km s, considerably lower than many sources in the litera-
ture. This is not surprising, since our sample only covers a small and less massive range of
halo masses, where high Avyy, is less common. For Lya EW < 20A all of our sample have
Lya velocity offsets below 300 kms™!, lower than the sources in the high-redshift literature
(z> 7.5).

One source, 70018, has both low Lya EW= 8 £ 2 Aand low Avyy, = 88 & 42, which
is rare compared to the literature and physically unexpected, albeit the Avry, error is high,
and the source is only ~2.50 away from galaxies at similar EW. We find that the galaxy is
formed of two clumps in UV and optical continuum, but only the main clump has Ha and
Lya emissions, likely indicating a younger stellar population. Low Lya EW and velocity off-
sets can be explained by dust absorption (Laursen et al., 2009). However, the galaxy does
not appear to be particularly reddened (8=-2.1) and Roy et al. (2023) measures a low Balmer
decrement Ha /Hp=2.89. Nevertheless, Roy et al. (2023) measures a low Lya escape fraction
of 3% implying significant Lya absorption in the ISM. The lack of emission lines in the second
clump is not enough to result in low EW due to it being fainter in the UV than the emitting
clump. We find no evidence of a strong magnification gradient in the galaxy when using the
lens models from (Bergamini et al., 2022), which could cause differential magnification and

strongly effect Lya flux measurements.

3.5 DISCUSSION

The results described in Section 3.4 provide a qualitative framework for understanding the

transmission of Lya through the ISM and through the reionizing IGM. We discuss the phys-
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Figure 3.4: Avpy, against rest-frame equivalent width of Lya . Our data is shown as stars color-coded by red-
shift. We present values from the literature at z ~ 2 — 3 (Erb et al.,, 2014; Steidel et al., 2014, gray squares), at
3 <z < 7.5 (Stark etal., 2015; Willott et al., 2015; Brada¢ et al., 2017; Inoue et al., 2016; Mainali et al., 2018;
Pentericci et al., 20165 Stark et al,, 2017; Endsley et al., 2022b; Cassata et al., 2020; Tang et al., 2021, colored
squares), z > 7.5 (Stark et al,, 2017; Tang et al., 2023, blue circles), and GN-z11 (Bunker et al., 2023, black
diamond). Both the literature data and our sample show low Avyy, at higher EW.
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ical picture of Lya scattering in the ISM emerging from our results in Section 3.5.1 and the
implications of our results for Lya visibility from UV faint galaxies in the Epoch of Reion-

ization in Section 3.5.2.

3.5.1 PHYSICAL DRIVERS OF LYot VELOCITY OFFSETS

The shift of Lya photons to wavelengths redward and/or blueward of central wavelength is
due to resonant scattering with neutral hydrogen in the ISM and absorption by dust (e.g.,
Neufeld, 1991; Verhamme et al., 2006). The amplitude of the velocity shift will be linked to
the number of scattering events: set by the column density of neutral gas, Ny (e.g., Neufeld,
1990; Verhamme et al., 2006; Hashimoto etal., 2015; Henry et al., 20155 Kakiichi & Gronke,
2021), and its covering fraction (e.g., Shibuya et al., 2014; Jaskot et al., 2019) and the velocity

of HI gas and any outflows (e.g., Pettini et al., 2001; Shapley et al., 2003).

In Figure 3.2 we demonstrate data at a range of redshifts imply a correlation between
Auvry, and UV luminosity, and therefore halo mass. This correlation is likely due to both to
higher Ny in more massive galaxies and increased velocity of HI gas in the ISM and higher
outflow velocities (e.g., Heckman et al., 2015; Xu et al,, 2022). We also find that several of
our UV-faint galaxies show double-peaked Lya , implying a line of sight with lower Ny and

thus may be Lyman continuum leaker candidates (Roy et al., 2023).

While our results demonstrate a decrease in Lya velocity offset with decreasing UV lumi-
nosity our results appear to lie above the Mason et al. (2018a) model predictions, especially at
the lowest My, . We note that the model is semi-empirical and was made using observations
of z ~ 2 galaxies brighter than My, ~-19, thus the model lines fainter than this point in
Figure 3.2 are an extrapolation both in redshift and UV luminosity (we also note the model
predicts a large intrinsic scatter in Avry, — see Figure 2 by Mason et al. 2018a). Below we
discuss a couple of physical factors which could cause our z ~ 3 — 6 sample to have higher

velocity offsets than the model predictions.

It is possible that our z ~ 3 — 5.6 sample is biased towards higher Avyy, , compared to the
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z ~ 2 samples the model is based on, due to the increasing Gunn & Peterson (1965) optical
depth in the IGM with increasing redshift (e.g., Faucher-Giguere et al., 2008; Becker et al.,
2015). In particular, the infall of dense gas around dark matter halos may lower the transmis-
sion of Lya emitted redward of systemic, as red photons are blue-shifted into the Ly« resonant
frequency in the frame of the infalling gas (e.g., Santos, 2004; Dijkstra et al., 2007; Laursen
etal, 2011). We test the expected impact of this scenario by using Ly transmission curves
extracted from the llustrisTNG-100 simulations (Nelson et al., 2019) by Byrohl et al. (2019).
We use sooo randomly selected mass halos and lines-of-sight. Atz~ s we find Lya transmission
rises above 30% at a median Awvry, of 9okm s~ ! (with a standard deviation of sokms™!),
making detections of Lya with velocity offset lower than this rare. By contrast, at z~2, where
the model by Mason et al. (2018a) was calibrated, the median Avry, where > 30% Lya is
transmitted decreases to 6okms™!, making it easier to detect low Awvry,. The impact of
resonant absorption in the IGM could be tested by seeing how both the velocity offset and
spectral shape of Lya evolves with redshift, as resonant absorption due to infalling will cause

a sharp cut-oft on the ‘blue side’ of a Lya line redward of systemic (e.g., Park et al., 2021).

Observing higher Avry, than the models could also be achieved with an increasing pres-
ence of outflows with increasing redshift, for example due to increased star formation rates at
fixed UV luminosity with increasing redshift. Lya photons scatter in outflowing gas, making
it preferentially easier to detect photons which are ‘backscattered’ on the far side of the source
to the observer. These photons are Doppler shifted to a velocity offset ~ 2 the outflow ve-
locity and thus the photons fall out of resonance and transmit through the gas more easily,
making redshifted Lya line profiles ubiquitous in galaxies with strong outflows (e.g., Shapley
etal., 2003; Verhamme et al., 2006; Erb et al., 2014). The incidence and velocity of outflows

atz > 2 can now be measured more easily with JWST (see e.g., Carniani et al,, 2023).

In Figure 3.3, we see a correlation between Awry, and the velocity dispersion of optical
lines, finding that our sample of galaxies with low Auvpy, also have low optical line velocity
dispersion. This suggests that Lya scattering is correlated to the velocity dispersion of gas
close to the line center, as suggested by Erb et al. (2014). Since the nebular emission lines we

observed, Ha and [OII]], are produced in the same HII regions around massive stars as Lya.,
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and are not affected by resonant scattering, but broadened by the velocity distribution of the
ionized gas, their line profiles should contain information about the velocity dispersion of
the HII regions. At the same time, Avy, and Lya broadening is produced by a combination
of the column density and kinematics of HI (resonant scattering). All of the aforementioned
processes are correlated to galaxy mass, shown in the analysis by Hayes et al. (2023) for z ~
0 — 0.4 LAEs, finding that the correlation of optical line dispersion with Avyy, is mostly
driven by the correlation of both quantities with mass. This is consistent with the picture
proposed by Henry et al. (2015) that HI column density dominates Lya escape in low mass

galaxies.

3.5.2 IMPLICATIONS FOR LYot OBSERVATIONS IN THE EPOCH OF REIONIZATION

One of the main results we can conclude from Figure 3.2, is that UV-faint galaxies (M, <
—20) at z ~ 3 — 6 tend to have low Avp, (<300 kms™"). As the galaxy population shifts
to faint luminosities at high redshift (e.g., Bouwens et al., 202.1) we expect that a large fraction
of galaxies at z 2 6 may be UV-faint galaxies with emitting Lya with low velocity offsets and
intrinsically high Lya EW ( 2 25 Ae.g., Stark etal., 2011; Cassataetal., 2015; De Barros et al.,
2017; Fuller et al., 2020). When the IGM was still significantly neutral, as during and before
the epoch of reionization (z ~ 6 — 10, e.g., Mason et al., 2019), we expect the Lya damping
wing to strongly or completely attenuate Lya photons that escape the galaxies near their cen-

tral wavelength (e.g., Dijkstra et al., 2011; Mason & Gronke, 2020).

In this case it would be possible for Lya to propagate through the IGM to the observer only
if it has high enough Avyy, such that the photons do not experience the strong damping wing.
Assuming that the line is not broadened and weakened out of the detection limit of the obser-
vations, this should then produce a bias, where we will be more likely to see galaxies with very
high Ay, (2500 km s~1) during the epoch of reionization, even if such sources are less
common in the population. We can see hints of this in the results of Stark et al. (2017); Tang
et al. (2023): they report Lya emission from UV-bright (M, < — 21) galaxies atz > 7.5,
well within the epoch of reionization. All of these galaxies have Avry, > 300 km s, higher

than most of our sample, and higher than the predictions by Mason et al. (2018a). The re-
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sults from Bunker et al. (2023 ) show that this trend continues at higher redshift in a detected

Lya galaxy at z ~10.6, with Avry, = 555 km st

This is in contrast to the low detection rates of Lya in UV-faint galaxies at z 2 7 (Hoag
etal., 2019b; Mason et al., 2019), including the case of A2744-27p9OD, az = 7.88 spectro-
scopically confirmed overdensity where none of the seven UV-faint (M, > —20) galaxies
in a 6o proper kpc radius have observed Lya emission > 16 — 28 A (Morishita et al., 2022).
Our results imply that the low Lya velocity oftsets in UV-faint galaxies likely contribute to the
preferential attenuation of Lya from these galaxies during reionization, in addition to these
galaxies likely tracing less overdense and late reionized regions of the IGM compared to UV

bright galaxies (Mason et al., 2018b; Lu et al., 2023).

The detection of Lya with low Avyy, in reionization epoch galaxies can be an important
indicator of the presence and size of large ionized bubbles: Lya emitted from galaxies inside
large ionized bubbles does not need to have have been scattered far from its central wave-
length in order to transmit through the IGM. In Figure 3.5 we illustrate this by showing
the fraction of Lya flux transmitted through the IGM, assuming a single ionized bubble in
a neutral IGM, following Mason & Gronke (2020), as a function of ionized bubble size
and emitted Avry, . Here we make mock Lya emission lines with FWHM = Ay, (Ver-
hamme et al,, 2015; Mason et al., 2018a, fixing FWHM = 50 km s~ for lines with Aoy, <
50 kms~!) and calculate the transmission fraction as the ratio of total observed flux to to-
tal emitted flux. This shows that the detection of Lyaat 200 km s~ with high Ly escape
fraction, implying significant transmitted flux close to line center, provides strong evidence of
= 1 pMpc ionized bubbles (see Saxena et al., 2023, for a recent candidate), but that Lya with
Avry, 2400 km s~! can still transmit > 10% flux through the IGM even if the source is in-
side a very small ionized bubble (or even in a fully neutral IGM, see also, Dijkstra et al., 20115
Mason & Gronke, 2020; Endsley et al., 2022b). UV-faint galaxies around UV-bright Lyo -
emitting galaxies are thus ideal targets for deep spectroscopic follow-up to confirm and esti-
mate the size of ionized bubbles, as they have high number densities and are likely to emit
their Lya at low velocity offset from systemic. In the case where we detect no Lya from the

surrounding faint galaxies then the reionization bubble is likely not sufhciently large to allow
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Figure 3.5: Fraction of Lya flux transmitted through the IGM as a function of the radius of ionized bubble
and emitted Avyy, , color coded by transmission through the IGM. We show the contour of 30% transmission
as a white curve. The IGM transmission values are calculated assuming a Lya emitting galaxy is in the center
of a single ionized bubble in a neutral IGM, as described in Section 3.5.2. This figure shows that Ly emission
lines with Avry, <200 kms™* must reside at least > 1 proper Mpc from the neutral IGM in order to transmit
a significant fraction of their flux through the IGM.
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Ly transmission close to the line center.

Furthermore, it may prove useful to use the properties of optical emission lines, such as
the correlation between Ay, and 7, to estimate the ematted Lye line profile (before atten-
uation in the IGM) and thus infer the attenuation of Lya during the epoch of reionization.
While we observe a large scatter in the correlation between Avyy, and 7, JWST enables op-
tical line spectroscopy for large samples of 2 ~ 3 —6 LAEs and thus opens the door to finding

good estimators of emitted Lya line profiles (e.g. Hayes et al., 202.3).

3.6 CONCLUSIONS

We have measured the velocity offset of Lya emission from systemic in 12 galaxies at & ~
3 — 6, as well as the velocity dispersion of their optical emission lines, Ha and [OIII] s007.
Thanks to JWST and the lensed cluster Abell 2744, we were able to measure Avgy, in at UV

magnitudes not previously possible (—19 < My < — 16). Our conclusions are as follows:

1. Oursample has a median My, of —17.8 1.4 and we find a median and 1o dispersion
Avry, = 205+ 75 km s~ . Combined with observations from previous work target-
ing more luminous galaxies we find a positive correlation between UV luminosity and

Auvry, , consistent with a theoretical model where Avyy, depends on halo mass.

2. We observe that our sample follows the previously reported correlation between Avy, and
the velocity dispersion of optical lines, though with a large scatter. With upcoming
large samples with JWST, properties of optical emission lines could prove to be a use-

tul predictor of Lya line properties during the epoch of reionization.

3. We find agreement with the literature when comparing Avry, and Lya EW, with the

majority of sources falling on a trend of increasing EW with decreasing Avy, .

4. Our results are consistent with, and extend towards fainter magnitudes, the framework
explored by previous studies that Lya velocity offsets are driven by the abundance and
velocity of neutral hydrogen close to the HII regions where Ly« is produced. Our re-

sults are thus consistent with the assumption that Lya emission from UV-faint galaxies

63



64 3.6. CONCLUSIONS

during the Epoch of Reionization may be preferentially attenuated compared to that
from UV-bright galaxies because of the strong damping wing optical depth close to

line center produced by intergalactic neutral hydrogen.

We have demonstrated JWST/NIRSpec is a powerful tool to understand the properties of
high redshift galaxies and to help in our understanding of the reionization era. An exciting
prospect for the JWST era is the robust confirmation of ionized bubbles at z 2 6. Observa-
tions of UV-faint galaxies with low Lya velocity offsets should indicate the presence of large
ionized bubbles, as to observe Lya close to systemic velocity during reionization implies a low
optical depth at line center. The demonstrated low Lya velocity offsets in our sample moti-
vate deep, high resolution spectroscopy of reionization era galaxies with JWST/NIRSpec, to

obtain Lya and optical line measurements to enable such studies.
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LYMAN-ALPHA EMISSION AT THE END OF REIONIZATION

This chapter contains the unpublished upcoming article written by me as the main author:

“Lyman-alpha emission at the end of reionization: line strengths and profiles from
MMT and JWST observationsatz ~ 5 — 67

Authors: Gonzalo Prieto-Lyon, Charlotte Mason, Victoria Strait, Gabriel Brammer
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ABSTRACT

With JWST, it is now possible to use Lyman-Alpha (Lya ) emission from galaxies beyond
z > 8 to trace neutral hydrogen in the intergalactic medium (IGM) as the Universe became
reionized. However, observed Lya emission lines are affected by scattering by neutral hydro-
genin both the IGM and the interstellar and circum-galactic medium, necessitating ‘baseline’
models of Ly properties in the ionized IGM to disentangle their impacts. In this work, we
characterize Ly« properties at the end of reionization, 2 ~ 5 — 6, providing a baseline that

can be applied to z > 6 observations.

We targeted GOODS-N with MMT/Binospec, obtaining R~4360 rest-frame UV spectra
of 236 galaxies atz ~ 5 — 6, finding 65 Lya detections. We use overlapping JWST observa-
tions from JADES and FRESCO for a subset of our sources to characterize Ly« properties
as a function of UV continuum and rest-frame optical emission line properties. We present
the first statistical measurements of the Lya FWHM distribution at 2 ~ 5 — 6, and produce
empirical baseline models of Lya equivalent width (EW<, ) and escape fraction (fe ) based
on UV magnitude.

We find a strong dependence of our EWp, and fc, models on UV magnitude, and infer
that 45£5% and < 62 & 8% of My, = -19.5 galaxies have EWp, > 25A and fo.e > 0.2,
respectively. We find a mean FWHM_,, of 120 km s~ and median Lya velocity offset of 258
kms™!, finding positive correlation of these properties with UV luminosity and optical line
broadness. Compared to models based on z ~ 2 Lya emission lines, our median observed
line profile is narrower with significantly higher velocity offset, enhancing Lya transmission
in a fully neutral IGM by up to s X, providing insight into recent detections of Ly« emission

atz > 10.

4.1 INTRODUCTION

The epoch of reionization (EoR) was the last phase transition of the Universe, when the ma-
jority of the neutral hydrogen in the intergalactic medium (IGM) became ionized due to the

injection of ionizing photons from the first galaxies (e.g., Stark, 2016). The rate and morphol-
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ogy of this transition is determined by the galaxies’ ionizing properties and thus constraining
the reionization process ofters unique insights into early galaxies, even those below our direct
detection limits. Multiple independent studies have reached consensus that the Universe was
tully reionized atz ~ 5 - 6 (e.g. Fan etal., 2006; Gaikwad etal., 2023; Qin etal., 2021; Bosman
etal., 2022), butlikely predominantly neutral atz ~ 7 —8 (e.g., Stark etal., 2010; Treu etal,,
20125 Pentericci et al., 2014; Schenker et al., 2014; Mason et al., 2018a; Davies et al., 2018;
Yang et al., 2020; Wang et al., 2020; Jung et al., 2020; Whitler et al., 2020; Bolan et al., 2022;
Umeda et al., 2024; Nakane et al,, 2024; Tang et al., 2024¢; Jones et al,, 2024a). The earliest
stages of reionization at z > 9 are still very poorly constrained, but will be crucial for un-
derstanding the build up of the first galaxies and the higher than expected UV luminosity
density detected by JWST (Gelli et al., 2024; Munoz et al., 2024).

Lyman-alpha (Lya ) emission from galaxies is one of our best probes of the early stages
of the EoR. Its high cross-section for damping wing scattering by neutral hydrogen means
Lya flux traces the IGM opacity (e.g., Miralda-Escude, 1998; Mesinger & Furlanetto, 2008)
and we are now detecting 100os of z > 8 galaxies with JWST (e.g. Donnan et al., 202.4; Wit-
stok et al., 2024b; Tang et al., 2024b; Jones et al., 2024b), providing large samples to com-
prehensively trace the IGM at high redshift. By contrast, the number density of quasars, the
typical IGM probes at lower redshifts (e.g., Fan et al., 2006; Eilers et al., 2019; Bosman et al.,
2022), decreases at ¢ > 7 (Euclid Collaboration et al., 2019). The visibility of Lya from
galaxies drops considerably at z > 6, implying an increasing neutral IGM (e.g., first seen in
the declining fraction of galaxies detected with strong (EW> 25 A) Lya, Stark et al., 20105
Pentericci et al., 2014; De Barros et al., 2017; Fuller et al., 2020; Tang et al., 2024a). JWST has
opened a new window on rejonization studies — enabling Lya observations in faint galaxies at
z 2 6 without the atmospheric and sensitivity limitations of ground-based telescopes. Early
JWST results have confirmed the downturn in Lya emission at 2z 2 6 seen from the ground
and demonstrated strong Lya is extremely rare at z > 8 in current samples (Nakane et al.,
2024; Chen et al,, 2024; Tang et al., 2024a; Jones et al., 2024a), and have also provided the
first detections of Lya. atz > 10 (Bunker et al,, 2023; Witstok et al., 2024b). These observa-

tions demonstrate JWST will be a key tool to understand the earliest stages of reionization.

However, the interpretation of Lya observations during the Epoch of Reionization rests
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on understanding the transmission of Ly« on multiple spatial scales. Lya photons are sub-
ject to scattering not only by neutral hydrogen in the IGM, but also in the interstellar and
circumgalactic media (ISM and CGM). To use Ly« to track the reionization history, an un-
derstanding of Lya emerging from the ISM/CGM is necessary. In particular, because of the
strong wavelength dependence of the IGM Lya damping wing (Miralda-Escude, 1998), both
an understanding of the Lya line strength and spectral shape emerging from the ISM/CGM
is important to disentangle the impact of the IGM (Dijkstra et al., 201 1; Mason et al., 2018b;

Endsley et al., 2022b).

To this end, samples of galaxies at the end of the EoR, z ~ 5 - 6 have been commonly
used as a baseline for interpreting higher redshift observations (Stark et al., 20115 De Barros
et al.,, 2017). These galaxies are expected to be physically similar to those at earlier epochs,
but suffer minimal damping wing attenuation by the neutral IGM. Therefore, these galaxies
provide a window into the emergent Lya emission from the ISM & CGM, and have been
used to infer the additional impact of the IGM on z > 6 galaxies’ Lya (e.g., Mason et al.,
2018a; Whitler et al., 20205 Jung et al., 2020; Bolan et al., 2022). However, these baseline
samples had been limited to the most readily available observables pre-JWST — Lya EW and
UV photometry, and, with only a handful of systemic redshifts known from strong rest-UV
or FIR lines (e.g., Stark et al., 2017; Brada¢ et al., 2017), our knowledge of the emerging
Lya line profile had been severely limited. These and other limitations, such as the unknown
Lya profile broadness distribution at z~6, have led previous models (Mason et al., 2019) to
rely on empirical relations based on z ~ 2 galaxy samples. However, it is unclear whether
z ~ 2 samples are good analogs of reionization-era sources. For example, recent works have
shown the Lya velocity offsets of z~6 galaxies appear systematically higher than models de-
rived from g ~ 2 galaxies (Prieto-Lyon et al., 2023b; Tang et al., 2024a). JWST’s ability to
observe the rest-frame optical is transforming our ability to understand galaxies in this era.
We now have systemic redshifts for rooos of 2 > 5 galaxies (e.g., Roberts-Borsani etal., 2024)
and measurements of Lya escape fractions (fe ), relative to Balmer lines, and velocity offsets
(Avy, ) are now routinely being measured for z ~ 5 — 9 galaxies (e.g., Lin et al., 2024; Chen
et al,, 2024; Tang et al,, 2023, 2024a; Saxena et al., 2024). Tang et al. (2024a) recently pre-

sented constraints on the emergent Lya EW and escape fraction distributions in bins of My ,
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UV {3 slope and [OIII]+H( EW, and velocity offset distributions in z ~ 5 — 6 galaxies. These
observations are providing a more detailed baseline for understanding emergent Lya. during

reionization (Tang et al., 2024c¢).

However, these works have mostly focused on measuring Lya emission distributions in
bins of galaxies properties, limiting the information used in the conditional distributions,
and much less attention has focused on the shape of the Lya line profile atz ~ 5 — 6. Ac-
curately measuring the emergent lineshape is critical for understanding the transmission of
Lya through the IGM (Dijkstra & Wyithe, 2010; Mason et al,, 2018a, 2019; Endsley et al,,
2022b; Tang et al., 2024b; Mukherjee et al., 2024). High resolution spectroscopy is required
to accurately measure both the asymmetric shape of Ly, and its offset from the systemic
redshift (Aovry, ). Resolution below ~ 100kms™! (R 2 4000) is optimal, as typical full-
width half-max (FWHM) in local Lya -emitters range from ~ 100 — 400 km s~ (Verhamme
etal., 2018) and values of Avpy, range from 150 km s ' to500 km st (e.g., Prieto-Lyonetal.,
2023b; Tang et al., 2024a). Tang et al. (2024a) demonstrated that z ~ 5 — 6 Lya lineprofiles
appear more offset from systemic than profiles for comparable sources atz ~ 2 — 3, implying
residual neutral gas in the ionized IGM is resonantly scattering Lya close to linecenter. But
we currently have no statistical information about the broadness and asymmetry of Lya line
profiles at these redshifts, primarily due to the moderate resolution of Lya spectroscopy in
fields overlapping with deep JWST spectroscopy (i.e. VLI/MUSE R ~ 3000).

To that end, we have carried out a deep, high-resolution (R ~ 4400) near-infrared spec-
troscopic survey of 236 2 ~ 5 — 6.5 Lyman-break galaxies in the GOODS North field
(Giavalisco et al., 2004), selected from deep HST imaging, with MMT/Binospec (Fabri-
cant et al., 2019), with the aim of constraining the Lya strength, and line profiles emerg-
ing from the ISM/CGM of galaxies in the post-reionization era. Our sample includes 65
Lya detections. Thanks to the excellent ancillary datasets in GOODS-N, we supplement our
Lya spectroscopy with JWST/NIR Cam slitless spectra from FRESCO (Oesch et al., 2023),
and deep HST and JWST photometry from the CANDELS (Giavalisco et al., 2004; Grogin
et al,, 20115 Koekemoer et al., 2011) catalog by Barro et al. (2019) and JADES (Eisenstein

et al., 2023a) to obtain precise measurements of galaxy properties (UV magnitudes, UV 3
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slopes, systemic velocities, Lya escape fractions: fe. ). With these data we build two new em-
pirical models for EWy, and fc, conditional on UV observables, M, and {3, which can be
used as a baseline for constraining the reionization history. We also explore the properties of

Lya lineprofiles (Avry, , FWHM, asymmetry) in our sample.

The paper is structured as follows. In Section 3.2 we describe our target selection, the
MMT/Binospec spectroscopy and ancillary datasets. In Section 4.3 we describe our Ly and
rest-optical emission lines measurements. We describe our Lya measurements in the context
of other galaxy properties in Section 4.4. We present our new empirical model for emergent
EW1y, and fc in Section 4.5. We discuss our results in 3.5 and present our conclusions in
Section 4.7. We assume a flat ACDM cosmology with Q,, = 0.3, Q) = 0.7, h = 0.7. All

magnitudes are in the AB system.

4.2 Data

Here we describe the observational dataset used in this work. First, we describe our tar-
get selection (Section 4.2.1) and the MMT/Binospec spectroscopic observations of z ~ §
- 7 Lyman Break Galaxies in the GOODS-N field (Section 4.2.2). Second, we describe the
JWST/NIR Cam slitless spectroscopy from the FRESCO survey” which provides rest-frame
optical spectroscopy of a subset of our targets (Section 4.2.3). Finally we describe the JWST
and HST photometric datasets from the DJA T (The DAWN JWST Archive) photometric
catalog of JADES* (Eisenstein et al., 2023b), the CANDELS/SHARDS (Giavalisco et al.,
2004; Grogin et al., 2011; Koekemoer et al., 2011) catalog by Barro et al. (2019) and 3D-

HST?(Skelton et al., 2014; Brammer et al., 2012) imaging in Section 4.2.4.

4.2.1 TARGET SELECTION

Our primary targets are 236 Zphoe ~ 9 — 7 candidates in GOODS-N (Giavalisco et al., 2004)

selected by Lyman-Break color criteria from Bouwens et al. (2015). All candidates are de-

“https://jwst-fresco.astro.unige.ch
"hetps://dawn-cph.github.io/dja/
*https://jades-survey.github.io
Shttps://archive.stsci.edu/prepds/3d-hst/
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Figure 4.1: Spectra of zs-GND-21153. Top: MMT/Binospec spectra of Lya . Bottom: Ha counterpart from
JWST/NIRCam of the same source. Dashed line and shaded area show the emission line fitand the correspond-
ing 1o uncertainty of the fit. On the left, the vertical red line shows the systemic/Ha redshift, in this example
there is a 315 km s~ ! velocity offset between Lya and Ha . The upper axis shows velocity centered at the peak
of the systemic line. In the bottom are the 2D spectra.

tected with a magF16o0W< 27.5. ACS/WFC & WFC3/IR filters from the deep GOODS
imaging were used for tracing the Lyman-Break and the rest-frame UV continuum, and two
low wavelength Spitzer/IR AC bands break the degeneracy between the Lyman-Break and
4000A break. The 236 sources include 24 spectroscopically confirmed Ly -detected galaxies
previously reported by Hu et al. (2010), Stark et al. (2011), and Jung et al. (2018), in order to

obtain higher resolution, higher S/N observations of their Ly« lineshapes.

4.2.2 MMT /BIiNoSPEC

We performed observations of our targets in GOODS-N with MMT/Binospec (Fabricant

et al., 2019). The observations are divided into 4 masks with two detectors of 8’x15’ field
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of view, covering a total footprint of 0.27 degz, with exposure times between 10 - 16 hours
per mask. We used the 600 lines/mm grating, providing R~4360 and a wavelength range
between 7255 - 9750, enabling Lya detections between z = 4.9 to 7.0. Thanks to the high
resolution per pixel, 0.61 /pix and instrumental resolution of ~ 70 km s~ 1, we are able to
accurately retrieve the profile shape of the observed Ly« lines, improving on e.g., JWST NIR-
Spec and VLI/MUSE Lya observations (R ~ 3000) by a factor of 45%. In Figure 4.1 we

show an example of our Lya spectra. Properties of each mask are described in Table 4.1.

4.2.3 JWST /NIRCAM - SLITLESS SPECTRA

We include NIRCAM/grism observations from FRESCO (Oesch et al., 2023) which tar-
geted 62 arcmin? in GOODS-N, covering 82/236 of our MM T/Binospec targets. The wave-
length range with the F444W filter covers 3.8-5um, allowing the observation of the most lu-
minous optical lines, Ha and the [O111] doublet, from z~4.8-6.6 and z~6.6-9 respectively,
with R~1600~ 180km s~ . This provides systemic redshift for a subset of our targets, with
lines fluxes above the FRESCO average 5o flux limit of 2-10 *®erg s™! ecm™2. Ha flux mea-
surements also provide an estimate of the intrinsic Lya flux, enabling us to estimate Lya escape
fractions. The reduction and spectral extraction of FRESCO data reported by Oesch et al.
(2023). The accuracy of the wavelength calibrations is crucial due for Lya velocity offsets
near the instrumental resolutions (See Figure 4.1). To verify the calibration, we compare the
systemic redshift of FRESCO sources with known ground-based spectra, and find no sub-
stantial systematic differences, with a scatter in the order the wavelength pixel resolution. We

show the spectra of all galaxies with a Lya and optical line detection in Appendix 4.9.

4.2.4 PHOTOMETRIC DATA

Deep HST and JWST photometry of our candidates is provided by JADES (Eisenstein et al.,
2023a), CANDELS (Giavalisco et al., 2004; Grogin et al., 2011; Koekemoer et al., 2011),
and 3D-HST (Skelton et al., 2014) imaging in GOODS-N. These data provide rest-frame
UV coverage of our targets. JADES JWST/NIR Cam imaging covers 128/236 of our targets,
and provides imaging in FogoW, F115W, F150W, F200W, F277W, F335M, F356W, F410M,
and F444W.
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We use the data reduction from DJA processed with grizli (Brammer, 2023) which in-
cludes both NIR Cam imaging from JADES and legacy HST ACS/WFC & WFC3/IR bands
reduced self-consistently (Valentino et al., 2023) (JADES-DJA). For sources outside of the
FoV of JADES, we use ACS/WFC & WFC3/IR photometry catalogs from Barro etal. (2019),
which provide consistent photometry to the Valentino et al. (2023) catalogs. In cases where
we do not find a match in either catalog, we use photometry from 3D-HST (Skelton et al.,

2014). For all catalogs we use aperture corrected fluxes.

4.2.5 DaTa REDUCTION

We use the synthetic models that best fits the spectrum of our standard stars. We extract and
normalize the spectra to obtain the telluric transmission 7(1) by dividing the data by the
model (both continuum normalized). We apply the transmission function to all spectra in

each exposure:

Seorr(2) = —Téb{la)c)ﬁ (4.1)

The constant & accounts for any wavelength shifts between the spectra and transmission and
( is used as a scaling factor of the transmission. To calculate 2 and 5 we minimize the RMS
in the two most important telluric regions, O2 A& B bands in f,,,,(1) for every exposure for

every slit containing a high redshift target.

We perform flux calibration for each exposure by calibrating our standard stars with mag-
nitudes obtained in the SDSS (Abdurro’uf et al., 2022). We use the 7 filter of Sloan since it
covers a similar wavelength range as the MM T/Binospec data. We convolve our standard star

spectra with the corresponding 7, filter using SEDPy.

We perform additional sky subtraction of the exposures for each mask, to improve on the
pipeline sky subtraction. We make a global 1D sky spectrum for each individual exposure,
S(2), using the standard deviation of flux in all slits containing z > 5 targets with no clear
emission lines (as our targets are faint, we do not expect to detect the continuum, so the

‘empty’ slits should measure the sky), using sigma clipping to remove any cosmic rays. We
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Exposure Time Median Seeing! | Flux Limit (50) | Targets Lya detections
[hr] [ergs™! cm™?]
Mask 1 | 15.5 0.90" 1.26 x 10717 93 30
Mask 2 | 13.0 0.85" 1.26 x 10~Y7 8o 17
Mask 3 | 13.3 0.92" 1.35 x 1077 6o 12
Mask 4 | 7.8 0.97" 1.63 x 1077 50 7

Table 4.1: Overview of Binospec masks and z ~ 5 — 7 targets (Section 4.2.2). T After excluding exposures
with seeing > 1.2".

perform additional sky subtraction to each spectrum per exposure as:

Sogsub(A) = fops(A) — 4 - S(2) (4.2)

We find 4 by minimizing the RMS of fysub(4) per slit’s exposure given the S(1) measured in
each mask, so that the distribution of signal in an empty region of the slit is centered around

3~ 0. For this we use LMFIT: non-linear least-squares minimization’.
We finally merge the telluric corrected, flux calibrated and sky subtracted exposures into
the final science spectra, using sigma clipping to remove cosmic rays. Exposures with seeing

above 1.2" are excluded. Table 4.1 provides an overview of the exposure times, average seeing

and targets for each of our four masks.

4.3 LYMAN-ALPHA AND REST-FRAME OPTICAL LINE IDENTIFICATION

In the following section we describe our search for Lya emission in our MMT/Binospec spec-
tra (Section 4.3.1), and Ha and/ or [O111] emission in the FRESCO JWST/NIR Cam slitless

spectra (Section 4.3.2).

hetps://Imfit.github.io/lmfit-py/
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4.3.1 LYMAN-ALPHA EMISSION LINE DETECTION

For the case of spectroscopically confirmed galaxies (either from rest-optical lines or existing
Lya spectroscopy), extracting the Lya profile is straightforward since the redshift is already
known. For sources without spectroscopic confirmation we perform a systematic search for
the emission line given the photometric redshift.

We first collapse the 2D spectra into 1D spectra for each target by extracting within the
median spatial extension of our Lya detections (= 1.7" = 7 pixels). We maximize the signal
captured in the extraction, with more extended extractions the SNR plateaus adding mostly
noise. Starting at the position of the UV continuum, we repeat this process for every spatial
position of the slit within 2.4” of the UV coordinates to account for any spatial offset between
the UV continuum and Lya emission (Hoag et al., 2019a; Lemaux et al,, 2021). We then
scan through the 1D spectra to search for high SNR peaks, scanning all wavelengths. We
flag line candidates where SNR >3 is found in 3 consecutive wavelength pixels, essentially an
integrated SNR> 5 detection. Finally, we manually inspect the candidate lines in the 1D
and 2D spectra to remove any false positives near the sky lines or from randomly high peaked
background. For galaxies where we have a systemic redshift from the restframe-optical lines,
we do a manual search of Lya within ~ 2000 km s ™" of the systemic redshift. For detected
emission lines we measure Lyo fluxes from a fitted asymmetric Gaussian (Section 4.3.1.3) as
this allows for more accurate measurements in the case of strong skylines near the emission

line than obtaining the flux directly from the 1D spectra.

4.3.1.1 COMPLETENESS

To evaluate the completeness of our emission line search we perform Monte Carlo simula-
tions. We add simulated Gaussian Lya profiles at random wavelengths into the slits of non-
detected targets and then attempt to recover them with the method described above. We vary
the line flux and FWHM as these are the most important factors in determining the detection
of aline, and show the resulting completeness in Figure 4.2. The asymmetry of the profile is
sub-dominant to the flux and FWHM so we use a Gaussian profile for simplicity. The pres-
ence of sky lines plays an important role, retrieval is unlikely if an emission line falls at the

same wavelength, leading to high redshift line recovery to be even harder due to the increased
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Figure 4.2: Here we show the completeness of our Lya search as a function of observed FWHM and flux. The
fraction of recovered detections drops with increased line broadness.

sky line emission at longer wavelengths.
Figure 4.2 shows the line flux is the most significant factor in completeness. We achieve
> 80% completeness for fluxes 2 10717 ergs cm~2. The FWHM of the line impacts com-

pleteness by 10% at fixed line flux across the range we considered: 100 — 400 km sL.

4.3.1.2  SLIT LOSSES

As Lya can be spatially extended beyond the width of our extraction window (1.7”) we cor-
rect our Lye fluxes for slit losses following the approach of Tang et al. (2024a). We first pro-
duce a 2D Lya surface brightness profile following for typical z~5-6 galaxies as measured by
MUSE (Leclercq et al., 2017): consisting of two declining exponential functions to describe
a Lya core and an extended Lya halo, with 0.3 kpc and 3.8 kpc exponential decay constants
respectively. We allocate 35% and 65% of the total flux to the core and halo respectively. We
convolve the resulting model with the PSF of each mask, and quantity the flux that would be
obtained following the Lya extraction (7pix ~ 1.7").

For all sources, we estimate 65 — 70% of the total Lya flux is captured by our extractions
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in the Binospec slits. We take this into account for any calculations involving these quanti-
ties. We calculate the slit loss directly for individual sources, and use the median of 67% slit
loss for our non-detection upper limits. We note that we assume each galaxy has the same
surface brightness profile, therefore the only difference between galaxies will be the redshift

and following angular size conversion.

4.3.1.3 LYo FLUXES AND UPPER LIMITS

For galaxies with Lya detections we obtain line fluxes by fitting the lines with an asymmet-
ric Gaussian profile, this enables us to account for the presence of sky lines. Thanks to the
R ~ 4000 resolution of our spectra, we are able to observe detailed Lya line profiles for our

detections. We fit a skewed Gaussian model to our Lya lines:

A

w\ 2w

fx; A, w,2) =

=52 /207) { m erf[“(;f\;;)] } (43)
The location is represented by £ The skewness is parameterised by «. The scale is w and it
describes the standard deviation with a factor of skewness. For example, a symmetrical Gaus-
sian profile will have @ = 0, while for a completely red-sided asymmetric profile # — +o0.
When fitting we fix e > 0 as we expect only profiles which are truncated on the blue side due
to the resonant scattering of Lya photons (Laursen et al., 2011). The flux of the line is then
obtained by integrating the resulting line profile. To be consistent with the literature, we ex-
tract the FWHM by its definition, by measuring the width of the profile at half its maximum
and subtract the instrumental resolution in quadrature.

We fit the line profiles using an MCMC with the python library emceel (Foreman-Mackey
etal,, 2013). As the skewness, is most sensitive to @ ~ 0 — 3 we set a log uniform prior on the
skewness between a¢ [0,15], allowing perfectly Gaussian to completely asymmetric profiles.
For all other parameters of the fit, amplitude,location and scale, we use uniform priors with
positive values. By setting 30 walkers with 2000 steps, with a burn-in of 750 steps, we obtain
converged distributions for our parameters. We use the chains of the MCMC to measure the

FWHM posterior distribution. In Appendix 4.9 we show some examples of the spectra and

I https://emcee.readthedocs.io/
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Figure 4.3: The final sample consists of 236 galaxies. It consists of 131 galaxies which have neither Lya or
Ha (gray), the lack of emission might comes from a non-detection of Lya , and Ha not being observed or de-
tectable. The other 105 sources have a spectroscopic redshift, from either Lya and/or Ha or [O11] (black).

the resulting fits.

For the galaxies which do not show a Lya emission feature, we calculate flux upper limits
using the following procedure. We add simulated emission lines to the 2D spectra of our
sources, consideringa grid of flux, FWHM and redshift. We take uniformly distributed values
of lux between 0.1 — 3.2 x 10717 erg/s/cmz, and FWHM values between 100 — 400 km/s,
which span the range we find most of our detections (see Section 4.4). To account for the
presence of skylines and the photometric redshift we take uniformly distributed values of
redshift within 2,;,, & 0.5. We generate fully asymmetric Gaussian profiles and run the line

selection code (Section 4.3.1) to detect SNR > 5 simulated lines.

We simulated 500,000 lines for each galaxy across the above grid of parameters. We calcu-
late the minimum detectable line flux for every sampled FWHM and redshift. We take the

median of the resulting flux distribution as the Lya flux limit for the galaxy.
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4.3.2 REST-FRAME OPTICAL EMISSION LINE DETECTION

82/236 of our Binospec targets fall into the footprint of JWST/NIR Cam grism slitless spec-
troscopy from FRESCO (Section 4.2.3), providing rest-frame optical emission line coverage.
We perform an initial search for emission lines based on the griz/i extractions (Brammer &
Matharu, 2021) and refine the search around the Lya redshift for Lya detections or photo-
metric redshift for Lya non-detections. We require a total SNR> 5 extracted over the median
FWHM of the detections (385 kms™!) as a detection limit for rest-frame optical lines. Due
to the nature of the slitless spectra, contamination from emission lines of overlapping galax-
ies is present in some of our sources, this effect is mostly taken into account by the extraction
as described by Oesch et al. (2023). In cases where there is a misidentification between the
Lya of our target and emission lines of a foreground source, we look for extra emission lines
to discard the foreground source, as these do not match with the zg..

For the 25 galaxies with detected Lya emission which fall in the FRESCO footprint, we
do a manual search for SNR> 5 rest-optical emission lines within ~ 2000 km s™* of the
Lyo redshift™. We detect either Ho or [O111] for 11/25 galaxies. For the remaining 57 tar-
gets with no Lya detection in Binospec we search over the complete FRESCO wavelength
range 3.83 - 5.084 micron for any optical emission lines, focusing mostly within zype & 0.5.
We detect Haor [Om11] for 51/82 galaxies. Overall, 62% of our targets with overlapping
FRESCO data were spectroscopically confirmed. Using the systemic redshifts obtained from
JWST/FRESCO, we go back to the rest-frame UV data of MMT/Binospec. We replace the
photometric redshifts for systemic redshifts and perform a new search for Lya , and find 2
new detections that we failed to recover in our previous searches.

In Figure 4.3 we show the redshift distribution of the sample. We have a final number
of 236 galaxies. We are able to obtain a spectroscopic redshift for ros galaxies via three
approaches: Lya, Haand [O111] . Out of the 105 sources, 65 have Lya emission, so have
He emission and 1 has [O111] . Out of these, 10 have Lya + Ha and 1 has Lya + [O111] . For
131 targets no emission line was found. We find a median redshift of 5.6 in both the spectro-

scopic and photometric redshift samples.

Lya velocity offsets are typically ~ 100 — 500 km s~1, with rare instances of offsets up to 1000 —
2000 km s~ (e.g. Erb et al., 2014; Steidel et al., 2014; Tang et al., 2023; Bunker et al., 2023; Prieto-Lyon et al.,
2023b)
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Figure 4.4: Myy and § slope. We show galaxies with Lya detected (purple) and galaxies without detected
Lya (gray). These observations are the input into our two empirical models and other results. On top we show
the Myy distribution, there is no substantial difference between Lya galaxies and Lya non detections, with me-
dian My of -20.0 and -20.1 respectively. On the right, the UV slope distribution, both populations show small
difference, with median [ of -2.0 and -1.8 respectively. The shaded area highlights the range where our sample
becomes incomplete due to our target selection (see Section 4.6.1 for discussion).

To obtain line fluxes, centroids and intrinsic FWHM we fit a Gaussian line profile to the
detected rest-optical emission lines. We show the resulting 1D and 2D spectra for the rest-
frame optical lines and the fitted models in Appendix 4.9. We calculate the flux limits for
non-detections with a SNR=5 limit, given the 1D noise array with an extraction the size of
the median Ho FWHM (=375kms 1) at ZLya OF Zppoy.

4.4 LyMAN ALPHA AND GALAXY PROPERTIES

The combination of high resolution Lya spectroscopy, deep HST and JWST photometry,

and rest-frame optical JWST spectroscopy allows us to characterize Lya emission in our
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z ~ 5 — 6 sample via measurements of Lya. EW, line profiles and velocity offsets, and escape
fractions. In the following section we describe these properties in our sample and investigate

trends between Lya properties and galaxy properties to better understand Lya transmission
in the ISM and CGM in our sample.

4.4.1 UV CONTINUUM PROPERTIES

We calculate the UV absolute magnitude (Myy) and UV slope (@) for our targets using HST
and JWST photometry as described in Section 4.2.4. We include only filters that have their
effective width (Wg) within the rest-frame UV between 1250 — 2600 A so as to not include
bands containing Lya flux. We obtain all filter information from Rodrigo & Solano (2020).

For the redshift, we use z, when Lya is detected, and z,p,,c when it is not detected.

We fita power law, f; o lg, to the selected photometric filters that capture the UV contin-
uum. We retrieve My, by evaluating the fitat 1 s00A. For sources with JWST NIR Cam data,
the My and 3 estimates are consistent with the HST estimates, but we obtain lower uncer-
tainties. We fit the continuum using an MCMC method assuming a Gaussian likelihood for

the flux densities.

We plot the resulting M,y and 3 for our sample in Figure 4.4, showing the median and 1o
uncertainties. Similarly to previously reported trends in the literature (e.g. Bouwens et al,,
2012, 2014) we see 3 increase as galaxies are brighter in UV magnitude, but this correlation
becomes unclear for fainter sources. We find our F160W selection is incomplete for My, >

—19.5 sources with blue (3 < —2) UV slopes, which we discuss later in Section 4.6.1.

Opverall we see no significant difference in the My, distributions between galaxies with and
without Lya detection, with median values of My, = —20.0 and —20.1 respectively. We
find a slight difference in the ( slope distributions for galaxies that had a Lya detection and
galaxies that do not: galaxies with Lya detection show bluer {3 slopes, with a median value of 3
=-2.0, compared to (b = -1.8 for galaxies without Lya detections. Performing a Kolmaogorov-
Smirnov (KS) test shows a p-value> 0.1, implying a weak difference between the (3 slope

distribution of galaxies with and without detected Lya .
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Figure 4.5: Left: Myy and rest-frame EWpy,. Right: 3 slope and rest-frame EWp,. We show galaxies with
Lya detection (purple) and galaxies without Ly detection (gray) as upper-limits. We find increased EWry, at
fainter Myy , similar to previous works (e.g. Shapley et al., 2003; Stark et al., 20115 Oyarzin et al,, 2017; Tang
et al., 2024a), and an unclear correlation with UV-slope. We show the median 5o flux limit of the survey in

dashed line.

4.4.2 Lya EQUIVALENT WIDTHS

To calculate Lya rest-frame equivalent widths (EW), we compare the Lya flux, or upper limit,
with the flux density of the UV continuum. We estimate the continuum flux density, f3 v, at
the Lya wavelength, 1215.6 A, using our power-law fit to the UV continuum (Section 4.4.1).

The rest-frame EW is:
FLyzx

EWres = 7 7 N
i fk,UV<I -+ Z)

(4-4)

Where Fry, is the total flux of the Lya line in erg s~tem™2 (or upper limit) and f; yy the flux

density [ergs™ cm™2 ']

of the UV continuum at 1215.6. As our sources are faint and the
continuum is not detected in the spectra, we do not perform continuum subtraction. For

sources with only photometric redshifts we use z,, as the redshift.

In Figure 4.5 we show our EWp, measurements against the 2 UV observables. We mainly
find enhanced EWy, in UV faint galaxies, while a trend with UV slope is not evidently present.
We also show the average so flux limit of our observations. Since the line flux limit is related
to Lya broadness, it is possible to observe lines below this limit if they are narrower than the

median FWHM_,, of our sample.
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Figure 4.6: Stacked spectra of Lya detections. Lines are stacked at their Lya peak and shown in restframe
wavelength given their zr . 70% of the profiles have a strong emergent asymmetric shape.

4.4.3 LYo LINE PROFILES

Thanks to the R ~ 4000 (= 70 kms~") resolution of the Binospec spectra and high S/N
of many of our detections, we are able to observe detailed Lya line profile shapes, which ofter
insights into the scattering of Lya in the ISM and CGM (e.g., Neufeld, 1991; Verhammeetal,,
2006; Gronke et al., 2015). Atz ~ 0.2 — 2, the strongest Lya emitters tend to show narrow
Lya emission lines with flux close to the systemic velocity, implying Lya is scattering in low
column density neutral gas and thus not diftusing significantly in frequency space (e.g., Erb
etal,, 2014; Hashimoto etal., 2015; Henry etal.,, 2015; Yang et al., 2017b; Tang et al., 202.4¢).
Atlow redshifts (z = 0.05 — 0.44), Lya line widths and velocity offsets are seen to correlate
with properties, e.g. My, , FWHM of rest-frame optical lines, which likely trace gas mass
(Hayes et al., 2023). The sample of published spectra with sufficient S/N and resolution to
measure Lya lineshapes at z ~ 5 — 6 is small (e.g. MUSE resolution is ~ 100 kms™!). Our
sample thus provides new insights into the lineprofiles at z ~ 5 — 6. We are particularly
interested in understanding if Lya lineshapes at 2 ~ 5 — 6 are significantly different from

lower-z samples in ways which may impact the transmission of Lya through the IGM.

As discussed in Section 4.3.1.3 we fit our 65 detected Lya lines with an asymmetric Gaus-
sian profile, enabling us to measure the broadness and skewness of the lines, which we discuss

in more detail below. To show our general findings on Lya lineshapes, we produce a compos-
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Figure 4.7: FWHML,, distribution of our sample. We also plot our fitted log-normal distribution: median as
a black dashed line, and the 16th and 84th percentile range in a yellow region. Our log-normal distribution is
similar but lower than the prediction of Mason et al. (2019) (green dashed line) evaluated at the same median
Myy and redshift as our sample.

ite spectrum (Figure 4.6). We create this by stacking each of the 65 detections at the Lya peak

(i.e. assuming gy = 21y,). The stacked spectrum show a clear asymmetric shape.

A strong asymmetric shape is expected at z 2 5 due to resonant scattering by residual neu-
tral gas in the ionized IGM (e.g., Laursen et al., 2011; Mason & Gronke, 2020). To explore
the asymmetry in our data, we choose a binary classification of asymmetric and symmetric.
We set profiles with @ > 3 in our asymmetric Gaussian model (see Equation 4.3) as asym-
metric profiles and sample from our posteriors in our error analysis. We find that 69£7% of

our Lya sample have asymmetric line profiles.

The shape of the profile emerging from the ISM/CGM affects the fraction of Lya transmitted
through the IGM (e.g., Dijkstra et al., 2011; Tang et al,, 2024a), but can also reveal the im-
pact of the IGM at z 2 6 as the IGM damping wing should produce smooth attenuation as
a function of wavelength (Miralda-Escude, 1998), making profiles more symmetric. To test
this, we explore the redshift evolution of asymmetry splitting our samples in two bins. We
find the asymmetric fraction is 724+6% between z = 5.2 — 5.8, and 6ot 9% atz = 5.8 — 6.4.
This is tentative evidence that profiles become more symmetric atz > 5.8, potentially due to
the impact of the IGM damping wing, though the uncertainties are still large. Larger samples

of Lya line profiles would provide more insight into this effect.
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In additional to the asymmetry, the distribution of FWHM|, is a key uncertainty in reion-
ization inferences (Mason et al., 2019), as it is an important factor in understanding non-
detections: i.e. are Lya detection rates lower at 2 > 6 because Lya is intrinsically broader
and thus more difficult to detect? (Section 4.3.1.1). We can address this in our sample by
inferring the distribution of FWHM_, at 2 ~ 5 — 6. In Figure 4.7 we show the distri-
bution of FWHM(, our sample. As the observed distribution looks log-normal, we fit the
FWHM(y, sample with a log-normal distribution. The resulting distribution is shown in

Figure 4.7, and is described by:
P(log,, FWHMy,,) = N (1 = 2.07733}, 0 = 0.34205)) (45)

Where ¢ is the mean and o the standard deviation of the normal distribution of logo(FWHM_, ).
The mean of the log-normal distribution is 120 km s~ ! on alinear scale. For comparison, we
plot the model FWHM distribution predicted by Mason et al. (2019), based on a model for
Lya velocity offsets as a function of My, , and an empirical relation between FWHM_, and
Auwry, derived by Verhamme et al. (2018). We evaluate this model at the median M, and red-
shift of our Lya detected galaxies. We find reasonable agreement with this model, although
their median is slightly higher, with a peak at 155 km s~1, we discuss the implications of this
in Section 3.5.

To better understand what drives Lya line shapes in our sample we compare FWHM ,, with
galaxy properties. In Figure 4.8, we plot FWHM({, versus My, , and FWHMy, when avail-
able. Using the Pearson correlation coefhicient we find a mild correlation (p-value ~ o.1) of
increasing FWHM(, with My, , which we expect if My traces galaxy mass and/or size (e.g.,
Shibuyaetal.,2015; Roperetal., 2022; Allenetal., 2024; Morishitaetal., 2024). FWHM,, and
FWHMy, also shows a mild increasing correlation (p-value ~ o.1). As the broadness of op-
tical lines is correlated to galaxies dynamical mass (Binney, 2004; Erb et al., 2014), this may

indicate enhanced resonant scattering of Lya due to higher Nyy;.

4.4.4 LYo VELOCITY OFFSETS

For the 11 galaxies in our sample with both Lya and systemic redshifts we can measure the

velocity oftset of Lya from systemic, Avry, , which provides additional insight into the scat-
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Figure 4.8: Left: FWHMpy, and My, . Right: FWHML,, and FWHMp, . We show galaxies with only a
Lya emission (gray) and with Lya. +Ha emission (purple). We find a mild (p-value ~ o.1) correlations between
FWHML,, and Myy , and between FWHM}, and FWHMpy,, .

tering of Lya in the ISM and CGM (Neufeld, 1991; Verhamme et al.,, 2008; Erb et al., 2014;
Yang et al., 2017b):

RLya — Zsys
AULyac = C(#) (46)
sys

We measure zy, from the peak of the Skewed Gaussian profile. To measure zy;, we follow
the procedure described in Section 4.4.5. The uncertainty in Avry, is mostly dominated by
the uncertainties of the Lya profile caused by the presence of strong sky-lines, though a few
cases of weak Ha also add to the Avyy, uncertainty. For most measurements the error bars
remain small, but nonetheless, we are limited by the spectral resolution of both Binospec
and the NIR Cam grism (~ 100 kms™').

We show Ay, as a function of UV magnitude for our sample in Figure 4.9. We compare
our results to those in the reionization era (i.e., Bunker et al,, 2023; Tang et al., 2023, 2024a,
z > 7.5), mid redshift (i.e., Brada¢ et al., 2017; Stark et al., 2015; Willott et al., 2015; In-
oue et al., 2016; Pentericci et al., 2016; Stark, 2016; Mainali et al., 2018; Cassata et al., 2020;
Endsley et al., 2022b; Prieto-Lyon et al., 2023b, 4 < z < 7.5), and low redshift (i.e., Stei-
del et al,, 2014; Erb et al,, 2014, 2 < z < 3). We find a median and standard deviation
(0) Avry, of 258 £ 144 km s, By excluding Avry, < 50 km s~ ! results, we find a median
and o Avry, of 315 £ 125 km s~1. Both results are higher than the 205475 measured in
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My, > —19 galaxies in Prieto-Lyon et al. (2023b) at 2 ~ 3 — 5. Our results are consistent
with similar measurements at & ~ 5 — 6 by Tang et al. (2024a), who find a median and &
Avry, =250+ 156 km s~ for galaxies in our same My, range (Myy < —19.5). Our new data
spans a relatively narrow My, range, but combining with other samples at g > 3 referenced
in the previous paragraph, we see a strong correlation of increasing Avry, for higher UV lumi-
nosities (p-value«0.01). We also compare with the semi-empirical model from Mason et al.
(2018a). We see most of the z > 5 data lie above the model, which was derived from a sample

of Myy < —19 and z ~ 2 galaxies (Steidel et al., 2014; Erb et al., 2014).

Our sample includes two galaxies with extremely low Avyy,, < 50kms™', zs-GND-17752
(z = 5.77)and zs-GND-39445 (2 = 5.50), implying only minimal scattering in the ISM/CGM.
We find that z5-GND-17752, our lowest Avpy, (20 km s~ 1) measurement, also shows low
FWHMp, (120 kms™'). Looking at their Lya line profiles (Appendix 4.9) we find signifi-
cant emission bluewards of the Lya peak, implying a highly ionized and/or low density sight-
line through the IGM enabling Lya transmission around systemic velocity (Mason & Gronke,
2020). However, such low Aupy, is at the limit of the spectral resolution, making them sus-

ceptible to systematic errors.

We find no strong correlation between Avry, and optical emission line broadness (Figure
4.9, p-value> 0.5). We further discuss implications of our Avyy, results on Lya transmission

in Section 3.5.

4.4.5 LYOESCAPE FRACTION

Lya and He are both emitted predominantly in photoionized nebulae in a series of Hydrogen
line transitions, or recombination cascades, therefore linking the production of both types
of photons. The ratio of products of the recombination cascade depends on the electron
temperature (T.) and electron number density (n.), but most importantly the optical depth
of the medium (Dijkstra, 2014). In this work, we assume a Case-B recombination scenario,
where the surrounding medium is optical thick to the Lyman series, as expected of HII re-
gions, with n. = 250cm ™2, T, = 10* (Dijkstra, 2014). This yields an intrinsic Lya flux of 8.7 x

the dust-corrected Ha flux.
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Figure 4.9: Left: Lya velocity offset versus UV magnitude, with redshift as a color bar. Right: Ly velocity
offset and FWHMyy, in our sample. We show the data from this work as stars, and the UV-faint (z~3-5) sample
of Prieto-Lyon et al. (2023b) as circles. For reference we show a high redshift sample (i.e., Bunker et al., 2023;
Tang et al,, 2023, z > 7.5), mid redshift (i.e. (i.e., Brada¢ et al., 2017; Stark et al,, 2015; Willott et al., 2015;
Inoue et al., 2016; Pentericci et al., 20165 Stark, 2016; Mainali et al., 2018; Cassata et al., 2020; Endsley et al.,
2022b; Tang etal., 20242, 4 < z < 7.5), and low redshift (i.e., Steidel et al., 2014; Erb et al., 2014, 2 < 2 < 3).
We add the semi-empirical model from Mason et al. (2018a). We see a slight increase of Avry, as UV luminosity
increases, but we also find galaxies with low Avy, . By joining our data with other works above z > 3 we find
a strong increasing correlation (p-value<< 0.01). We see do not find a significant trend between Lye velocity
offset and FWHMyy, .

The Lya escape fraction is the ratio of the observed to intrinsic Lya flux:

g Lya

8.7TF, dust corrected, Ha

ﬂsc,lya -

(4.7)

With both terms referring to the total flux of the emission lines (observed in the case of Lya.,
dust-corrected in the case of Ha ), and the 8.7 is the factor derived from case-B recombination.
Recovering foc < 1 implies not all Lya escapes from the galaxy, due to dust absorption or
scattering by high column densities of neutral hydrogen, effectively removing Lya from the

line-of-sight.

We correct all Ha fluxes for dust attenuation following Lam et al. (2019b). We assume
an SMC (Small Magellanic Cloud) dust curve (Prevot et al., 1984), which is expected to be
similar to that in z ~ 4 — 6 galaxies based on the infrared excess (IRx) - 3 slope relationship

(Bouwens et al., 2016a). The dust correction increases Ha fluxes by ~ 1 — 10%. We prop-
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agate the uncertainty of ( into the dust correction, though we find the error bars of f are

dominated by the uncertainty of the line fluxes in all cases.
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Figure 4.10: Left: Myy and fi . Right : § and fesc . We separate the sample into three types of measurements;
galaxies with Lya and Ha detections (purple), galaxies with only Ha detection as upper-limits (red) and galaxies
with only Lya detection as lower-limits (yellow). We find a strong trend (p-value< 0.01) where galaxies have
an increased feo the more UV-faint they are. For UV-slope, as in Figure 4.5, we do not find any clear trends.
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Figure 4.11: Escape fraction of Lya against other Lya properties. Left: fec and EWry, . Middle: fi and
FWHMyy, . Right o, and FWHMy,, . The data shows an increase in EWp, with higher £ , and an interest-
ing population of weak Lya with relatively high leakage (fesc > 0.2). We find mild correlations (p-value< 0.05)
of higher f;. with low FWHMp, and low FWHMp,, .

In Figure 4.10 we show the resulting Lya escape fractions as a function of My and . We
have three classes of measurements, galaxies with Ha: emission only, galaxies with Lya emission

only, and galaxies with both Lye and He.. These classes produce upper limits, lower limits
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and measurements of f. , respectively. For galaxies with only He., we use the Lya flux limit
as presented in Section 4.3.1.3 to obtain an upper limit on f¢ . When only Lya is present, we
calculate He upper limits as the 5o flux limit at the expected location of Ha, assuming zt y,,
integrated in a width randomly drawn from our observed FWHMy, distribution. We use
the median flux limit of 10,000 realizations for this method. Uncertainties in f resulting
from unknown Lya velocity offsets are negligible. Our results in Figure 4.10 are dominated
by upper-limits and lower-limits, to measure any correlations, we use a Pearson correlation
coefficient, and do random draws from a uniform distribution between [o,upper-limit] and
[lower-limit,1]. With 1000 iterations we find a strong increasing correlation between £, and
My (p-value< 0.01), while f¢;c and UV slope show no trend.

In Figure 4.11 we compare fe,c with EW, , FWHM, , and FWHMy, , using the same
classification explained in the previous paragraph. Applying the random sampling method
outlined in the previous paragraph, we identify mild correlations and anti-correlations (p-
value < 0.05): fe increases with higher EW,, but decreases with both larger FWHM y,, and
FWHMp, . Beyond the positive correlation between fe, and EWpy, , we find a small popu-
lation of sources with weak EWr, < 10A and fese > 0.1, indicating a possible ISM configu-
ration that allows weak Ly to still escape from the galaxy. For Lya broadness, we find a mild
correlation of high £ in sources with narrow Lya profiles, including two of the narrowest
profiles in our sample, which exhibit fi;c ~ 1. Similarly, comparing fi with FWHMyp, , we
find that detections and upper limits generally show higher f.,. with narrower Ha profiles.

We further discuss the implications of these correlations and anti-correlations in Section 3.5.

4.5 AN EMPIRICAL MODEL FOR EMERGENT Lya

We now seek to build an empirical model to predict emergent Lya properties based on easily
observable galaxy properties, My, and UV slope 3. In the following section we describe the
approach we used to produce model distributions for both Lya EW and £ .

To estimate the Lya EW and /., distributions we use a Bayesian approach (e.g., Treu et al.,

2012; Schenker et al., 2014; Oyarzan et al., 2017; Mason et al., 2018a; Tang et al., 2024a)
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which allows to obtain the posterior distribution of the parameters that describe the EWp, and
fesc distributions. We follow Mason et al. (2018a) and assume the distributions for EW and
fesc are described by an exponential with a potential peak at zero for non-emitters, with two
parameters § = (A, Xy). We note that previous work has shown the exact form of the distri-
butions (exponential, log-normal etc.) does not significantly impact results (Schenker et al.,
2014; Oyarzin etal., 2017; Tang et al., 2024a). In the following we use X to denote the ‘data’

EW or f.i as we model both distributions in the same way. The model distribution is:
A _xx
p(X16 = {4,Xo}) =By "H(X) + (1 — 4)d(X) (4-8)

The parameter X, represents the scale length of the exponential, and A is a normalization
term which represents the fraction of Lya emitters (i.e. the fraction of galaxies which have
EW or foc > 0). Bis a normalization term for the distribution given the limits of EW and
fese (B=1forEW,and B =1/(1 — exp(—1/X))) for fesc ). H(X) is the Heaviside function
and 9(X) is the Dirac-delta function.

We assume Gaussian measurement uncertainties with standard deviation ¢ on our data X,

for each galaxy such that:

1 (X — Xobs)2
obs — P .
P(Xops|X) 5o, 5P [ 502 (4.9)
Thus the likelihood for an individual observation is:
pitanld) = [ XpCEalp(10 (4.10)

Where the limits of integration are [0, oo] for EWy, and [o,1] for fe .

Convolving our likelihood with the Gaussian distribution and solving the integral, we ob-
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tain the likelihood for our observations:

A I —QXSXObS Xmax
P(Xonsl6) = Bz—Xoe 24 [erf (Z + E’) — erf(Z)]

(1_14)[%, (4.11)

1
Where Z = —— (i - Xobs)
V27 \ X

Where erf is the error function, and X,,,,x = oo for EW and 1 for £, .

For galaxies with Lya non-detections (i.e. upper limits in EWp, and fc ) the likelihood is:
P()(z',obs | (9) - p()(z',obs < Xuplim I 5) (4 I 2‘)

Where the cumulative distribution function is obtained by integrating p(X; os|6) (Equa-

tion 4.10) from ¥; 4y = —00 tO Xyplim-

For galaxies with no He detection we have only a lower limit on fi , thus in those cases

the likelihood is:
p()(z',obs | 9) = P()(z',obs > )(lowlim |€) (4 I 3)

Where we integrate p(X; ops|6) from Xjouiim to 1.

The final posterior is the product of all individual galaxy posteriors:
PO Xobs } o p(&) T, p(X: 005|6). We assume flat priors on A and X,: 4 € [0, 1], W, €
[0,500] and fe6 € [0, 1].

4.5.1 DEPENDENCE OF THE DISTRIBUTIONS ON GALAXY PROPERTIES

To better understand the dependence of Lya emission on galaxy properties we parameterise
our model as a function of Myy and . Previous work, and our results in Section 4.4, have
demonstrated that Lya EW and escape may be enhanced in UV-faint, bluer, galaxies (e.g.,

Tang et al., 2024a; Oyarzin et al., 2017).
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We follow the approach done by Oyarzin etal. (2017) and parameterise our model param-

eters 4 and X, as a linear combination of My and (3.

A = Ay, Myy + AP + 4,

(4.14)
Xo = XMUVMUV + X@B + X

To compute the posterior distributions, we follow the same method as before, assuming the

same priors on 4 and Xj.

We perform tests to mock dataset to assess whether our sample size is sufficient to ro-
bustly recover these parameters. We find that our Lya EW sample (236 galaxies, includ-
ing 65 Lya detections) is large enough that we expect to recover the parameters in Equa-
tion 4.14 within s-30% of the t7#e parameters. We find our f;,. sample (72 galaxies, including
10 Lya +Ha detections) is not large enough to fit the linear model robustly, so we assume
constant 4 and X, and find we can recover these robustly when splitting our sample into

two bins. Both 4 and X are recovered with similar accuracy and precision in our tests.

4.5.2 LYMAN ALPHA EQUIVALENT WIDTH MODEL

As described above we will fit for the Lya EW distribution assuming an exponential model
with parameters described by a linear model in My, and 3 (Equation 4.14). We use the
measured EW, uncertainties and so upper limits, as described in Section 4.4.2, in our likeli-
hood (Equation 4.11), accounting for uncertainties in My, and 3 for each galaxy by sampling
from their posteriors (Section 4.4.1). We perform the fitting using an MCMC with emcee
(Foreman-Mackey et al., 2013) with 10,000 steps and 25 walkers, enough to reach conver-
gence. We find that our model clearly returns 4 ~ 1, i.e. a purely exponential distribution
with no peak at EW= 0 A. Thus we fit only for the scale-length Xy = EWW%,.

We show the resulting corner plots for the £1#; parameters in Figure 4.12. We find that
our model is completely described by My, , with the UV slope having a weak dependence
within 1o of o. This lack of correlation with the UV slope is likely due to our source selection,

as discussed further in 4.6.1. Consequently, we opt to re-run the model excluding the UV
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Figure 4.12: Corner plot for the MCMC run explained in our methods. The three posterior distributions
shown correspond to W, dependence on My, , UV-slope, and a constant value that encapsulates other possible
sources of correlation. Posterior distributions shows correlation between Wy and W..
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Figure 4.13: Probability distribution of EWy, . We plot 3 distributions for different Myy within our data
range. The Lya emitter fraction p(EWp, > 25A) is low for UV bright (Myy = -21.5) galaxies (8%), while for
UV-faint (Myy = -19.5) sources it reaches 45%.
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slope. The inferred scale-length is:
EWy=11.2737 - (Myy + 20) + 27.275 (4.15)

Where we give the median and 68% credibile intervals for each parameter given their posterior
distributions.

In Figure 4.13 we visualize the normalized EWp, distribution. We show the resulting dis-
tribution for 3 examples with My, = —19.5, —20.5, —21.5. We plot the median and 68%
credible interval of the distributions obtained by sampling from the posterior predictive dis-
tributions for the E17 parameters. We see that faint galaxies have a broader EW distribution
than bright galaxies, and therefore much higher likelihood of having a strong EW¢, as dis-
cussed in the next paragraph.

Using our EW distribution model we can also calculate the ‘Lya fraction’: the fraction
of Lyman-break galaxies with EW> 25 A (e.g., Stark et al., 2010). We obtain this by in-
tegrating Equation 4.8 given our inferred parameters in Equation 4.15. For the three cases
shown in Figure 4.13 the Lya fraction ranges from 8 to 45% (£5%) for My, = —21.5 to
My, = —19.5. Assuming the most commonly used UV magnitude range in the literature
(—18.75 < Myy < —20.25,i.e. median My, = —19.5) we find a Lya fraction of 45% =+ 5%,
consistent with recent findings by Tang et al. (2024a) of 3537%. Based on our distributions,
we expect 21 £ 3% of My, =—19.5 galaxies to show EWy,, > 50A, consistent with Tang
etal. (2024a), and 5 4= 2% to show EWp, > 1004, 2 lower than Tang et al. (2024a). Over-
all, we should expect a non-negligible fraction of very strong emitters as we move deep into

the reionization era where My, > —19.5 galaxies become more common.

4.5.3 LymaN ArLrHA EscaPE FRACTION MODEL

As our sample of sources with f,c measurements is not large enough to fit the linear model
(Equation 4.14), we fit the f;, distribution assuming constant parameters 4 and Xj in two
bins. We create two UV magnitude bins: UV-faint (M, > —20.1), UV-bright (M, <
—20.1); and two UV slope bins: red (3 > —2.0) and blue (B < 2.0). These bins are de-
fined so each contains the same number of sources.

We infer the parameters 4 and X; in our 4 sub-samples and give the resulting inferred pa-
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Figure 4.14: Probability distributions of observed fe. . Results are obtained by binning the dataset in My and
UV slope separately. As in our EWp, results, we find that the model is dominated by My , while the two UV
slope scenarios are not statistically different.
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Sub-sample Xo A
All 0271038 > o0.99*

Mgy > -20.1 | 0.527023 > 0.08*

My, < -20.1 | 0.20700% > 0.98*

B>-2.0 0407027 > 0.97*

B<-2.0 0.28f8:(1)g > 0.99*

Table 4.2: Results for exponential (X,,) and delta (A) parameters for the four f;, bins. Results shown are the
posterior’s median, 16th and 84th percentile values. *For lower limits we give the 68% limit.

rameters in Table 4.2. We show the inferred distributions in Figure 4.14. We recover median

fese =0.18 £0.6 in the full sample. Again, we find a delta function at £, = o is disfavored.

We find the probability of high £, increases dramatically from UV bright to UV faint
galaxies. Between the two My, samples, we find median f goes from 0.13 £ 0.05 in UV-
bright galaxies to 0.28 + 0.8 in UV-faint galaxies. From our UV-faint bin we obtain that
62 £ 8% of Myy > —20.1 galaxies have f.,c > 0.2. This is considerably higher than the
30 = 6% found by Tang et al. (2024a) for My ~ —19.5. We attribute this difference to our
high upper limits on fi which do not significantly constrain our models and the use of a
uniform prior on f¢ . If we decrease our Lya flux limits by a factor 2(4), we obtain 50 £ 12%
(35 £ 10%) of Myy > —20.1 galaxies have fo,c > 0.2, demonstrating the sensitivity of the
inference to upper limits. Thus we consider our reported distribution an upper limit on the

underlying distribution.

We do not find significant difference between the fe distributions binned by UV slope.
Previous works (Tang et al., 2024a; Chen et al., 2024) have shown that /., strongly correlates
with UV slope, but we do not see this effect in our sample (see also Figure 4.10). This is likely
due to our target selection which is incomplete for blue (f < —2) My, < —19.5 galaxies (see

discussion in Section 4.6.1).
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4.6 DiscussioN

In this paper we have presented new measurements and models of Lya for Lyman-Break se-
lected galaxiesatz ~ 5—6. In Sections 4.4 and 4.5 we have connected the shape and strength
of the Lya line with other physical properties such as My, and optical line broadness. In the
following discussion, we explore the implications of our findings for predicting Ly« emission
emerging from the ISM/CGM, as well as the impact of this transmission on its observability

during the epoch of reionization.

4.6.1 PREDICTING Lyt TRANSMISSION FROM THE ISM/CGM ATz ~ 5 —6

The main goal of this paper was to build a predictive model for Ly at the end of reioniza-
tion, providing a basis to better interpret Lya observations at 2 > 6. These baseline observa-
tions are important due to the degeneracy between scattering of Lya by neutral hydrogen in
the IGM and ISM/CGM during the EoR. In particular, we focused on Lya line shape and
strength properties, including FWHMy, , Avry, , EWry, and fe . In this section we discuss
their trends with physical galaxy properties, My , UV slope and optical emission line broad-
ness. Finally, we explore the possible physical drivers behind these trends and how they can
be used to better predict Lyaatz > 6.

In Section 4.4.3 we showed that Lya lineshape properties: Avry, and FWHML,, , have
tentative correlations with My, and optical line FWHM. In Figure 4.9, when adding our
Auvry, results with similar works at z > 3 (i.e. Bradac et al,, 2017; Stark et al., 20155 Willott
et al,, 2015; Inoue et al., 2016; Pentericci et al., 2016; Stark, 2016; Mainali et al., 2018; Cas-
sata et al., 2020; Endsley et al., 2022b; Bunker et al.,, 2023; Tang et al., 2023; Prieto-Lyon
et al,, 2023b; Tang et al., 2024a) they show a strong correlation of increasing Avyy, with
higher UV luminosity. We have also found mild correlations of increased FWHM¢, in UV
bright galaxies and in galaxies with broader optical emission lines. It has been shown in
previous works (e.g. Neufeld, 1991; Verhamme et al., 2006) that broader Lya profiles and
higher Avyy, are byproducts of increased Lya resonant scattering events. The trends we find
of increasing Avry,, and FWHM_, with UV luminosity and/or high optical line FWHM are
consistent with the physical picture of more massive, and spatially extended galaxies, having

increased resonant scattering events. This scenario is supported by observations and sim-
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ulations, which show that a galaxy’s size and eftective radius is strongly correlated with in-
creasing UV luminosity (e.g., Shibuya et al.,, 2015; Roper et al., 2022; Morishita et al., 2024).
Additionally, optical line broadness has been shown to increase with galaxy dynamical mass
(Binney, 2004; Erb et al., 2014). Together, larger sizes and masses of galaxies should lead to
higher HI column densities (Ny;), where Ny is the main driver of increased resonant scat-
tering of Lya in the ISM/CGM (Dijkstra, 2014; Verhamme et al., 2015). Our results have
made another step toward using UV properties and optical line properties to better predict
emergent Lya in galaxies at z > 6. We have shown optical line FWHM, for which samples
are steadily increasing with JWST, could be a promising way to predict Ly« lineshapes during
the reionization era. Furthermore, the higher velocity offsets compared to z ~ 2 samples can
boost Lya transmission through the IGM, which we will further discuss in Section 4.6.2 (see

also, Tang et al., 2024c).

In Section 4.5.2, we showed that EWy, and fc strongly correlate with increasing UV lu-
minosity. Additionally, we identified a strong correlation between increasing fe,c and EWp, .
We also showed that f increases as Lya and optical lines become narrower. These findings
are consistent with previous studies, where EWy, and f;,. have an enhanced probability of
being stronger in galaxies that are UV faint and bluer (Oyarzin et al,, 2017; Tang et al,,
2024a). However we find no strong trends with UV slope in our sample. As discussed by
Tang et al. (2024a), the strong correlation of increasing EWp, and fi suggests that strong
EW1,, requires an environment capable of high f¢, . This is consistent with the same sce-
nario as in the previous paragraph, where increased resonant scattering events are more com-
mon in UV bright galaxies that tend to have larger sizes and masses. We then expect UV
bright galaxies to have a shorter mean-free path between scattering events, leading to higher
probability of Lya being destroyed by dust (Dijkstra, 2014) and therefore reduced £, . The
aforementioned link between Lya strength and the properties of the ISM/CGM suggest that
EW1,, and fi, can be predicted using non-Lya observables at z > 6. This implication is
supported by our results, which, consistent with previous studies (Tang et al., 2024a; Chen
et al,, 2024; Lin et al,, 2024), show that Lya strength can be inferred from UV observables,
and tentatively also through optical line broadness. Both My, and optical line broadness are
detectable through JWST, even at the highest redshifts ([OIII] up to z~9). Our measure-

ments and models have shown their potential as a powerful tool for estimating emergent
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Lya strength for galaxies during the EoR.

Our measurements in Figures 4.5 and 4.10 show no robust trends of EWp, and fe,c with
UV slope. The same is true when retrieving the posterior distributions of our EWp,, and
fesc empirical models in Section 4.5.2 and 4.5.3. Overall, we find no significant dependen-
cies of the two models with UV slope. Nonetheless, previous works have found that Ly is
strongly enhanced in galaxies with bluer UV continuum (Oyarztn et al., 2017; Tang et al.,
2024a; Lin et al., 2024). We attribute this missing trend to a lack of galaxies that are UV
faint, high EWp, and blue (3 < —2), arising from our target selection, magFr6oW < 27.5
(see Section 4.2.1) which results in a lack of My, > —19.5, blue galaxies. We tested this
by comparing our sample in My, and UV slope against the JADES-DJA photometric cata-
logs. We find that imposing a magFr6oW < 27.5 cut for galaxies within 5 < zpee < 6.5
in the JADES-DJA catalog does biases against blue UV slopes for My, 2 —19.5 galaxies.
At My, > —19.5 we find median 3 = —1.6 in our data, while the full JADES-DJA sam-
ple finds p = —2.2. If we apply the magF160W < 27.5 cut to JADES-DJA, the median
UV slopes also becomes p = —1.6. As the faintest, bluest galaxies typically have strongest
Lya emission (Oyarztn et al., 2017; Tang et al., 2024a; Lin et al., 2024) we attribute our lack
of trends of EWp, and /i, with UV slope to our sample incompleteness. Omitting sources

with Myy > —19.5 from our EWp, and fc models does not significantly impact our results.

4.6.2 IMPLICATIONS FOR LYot OBSERVABILITY DURING REIONIZATION

Our primary goal was to better understand the typical emergent Ly« emission as it leaves the
ISM/CGM in high-redshift galaxies. As the effects of HI in the IGM and ISM/CGM over
Lya are entangled at the EoR, we must separate between the emergence of Lya from galaxies
and its absorption caused by the damping wing of the IGM (Miralda-Escude, 1998; Dijkstra
etal.,, 2007, 2011; Mason et al., 2018a). With this goal, we have produced baseline measure-
ments with observations at z ~ 5 — 6. Our observations at the end of EoR, allow us to
isolate the effects of the ISM/CGM over Lya , and to better infer the reionization timeline in

the future.

With R ~ 4000 resolution and observations of up to 15 hours, we have made the first
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statistical measurement of the FWHM_,, distribution at z ~ 5 — 6, previously limited to
bright sources and stacked profiles (e.g., Pentericci et al., 2018). We found in Section 4.4.3
that our FWHM(, distribution is comparable, indeed slightly lower, than the predictions of
Mason et al. (2019). FWHM_y, and Aoy, play a key role on the Lya detection rate once the
IGM becomes sufficiently neutral at z 2 6, as both properties shift Lya closer or further from
its resonant wavelength. Therefore, we must understand to what extent the Lya transmission
drop pastz 2 6 is purely due to the IGM damping wing, or to the emergent line properties of
Lya.. The FWHM_L, has two opposing effects over the observability of Lya : First, a broader
line profile will more easily transmit through the IGM due to more flux being redwards of
Lyo at lower optical depths (Prieto-Lyon et al., 2023b; Mukherjee et al., 2024; Yuan et al,,
2024). For the second effect, a broader profile will lead to the same flux being spread over a
longer wavelength range, hindering its detection in flux-limited observations. In contrast to
FWHMy, , increased Avyy, will always boost Lya transmission through the IGM by shift-
ing Lya to redder wavelengths with lower optical depths. The mild correlation of smaller
FWHM_,, in UV faint galaxies found in Figure 4.8 implies that: UV faint galaxies which are
prevalent at higher redshifts, should have narrow profiles and thus be more easily detectable

for lower Ly fluxes.

To assess the impact of the lineshape on reionization analyses we compare our lineshape
with the assumptions by Mason etal. (20184, 2019) in their neutral fraction inference. Given
our median FWHMt,, , we find ~ 1.4x tighter lower limits on the IGM neutral fraction
atz ~ 8 by Mason et al. (2019) which assumed a higher FWHM_,, (see their Figure Cr),
as non-detections become more significant, implying a higher IGM attenuation. We further
compare the IGM Lya transmission for an My, = —20 galaxy atz = 9 using our median line
profile and the model by Mason et al. (2018a). We assume a completely neutral IGM, in a re-
gion without ionized bubbles (using the approximation by Dijkstra, 2014). The transmitted
Lya using our line shape median values (Gaussian, with FWHM{, = 120 km s, Avry, =
258 kms™!)is 5 higher than that predicted by Mason et al. (2019) (Gaussian FWHMy,, =
160 km s Avry, =150 km s~1, and truncated at 8o km/s due to infalling IGM) - finding
0.6% vs 0.1% transmission respectively, though the difference in transmission is negligible for

bubbles R 2 1 pMpc.

We also examine how the strongly asymmetric shape of Lya should facilitate Lya transmission
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in a mostly neutral IGM. For the 11 sources in our sample with measured velocity offsets we
calculate the fraction of flux at Avry, > 400 km/s, which can be transmitted even in a neutral
IGM (Dijkstra et al., 20115 Mason et al., 2018b; Yuan et al., 2024). We obtain a median and
standard deviation of 224-18% from this sample, agreeing closely with recent results from
hydrodynamical radiative transfer simulations by Yuan et al. (2024).

The higher transmission for Lya which is both more offset from systemic and has extended
red wings implies Lya can be visible even in a very neutral IGM (Dijkstra et al., 201 1; Witstok
etal,, 2024c). These results suggest we may require a higher neutral fraction atz 2 8 to explain
the Lya decline compared to analyses which use z ~ 2 lineshapes as a baseline, demonstrating
z ~ 5 — 6 samples such as these will be important to include in future reionization inferences

(see also, Tang et al., 2024a,c; Yuan et al., 2024).

4.7 CONCLUSIONS

A detailed understanding of Lya as it emerges from galaxies in the first billion years is critical
for interpreting Lya observations during the reionization era. Our main goal was to produce
empirical baseline models and correlations of Lya to better constraint reionization history.
We have presented an analysis of Lyman-break galaxies atz ~ 5—6, in a mostly ionized IGM.
With our new ground-based Lya spectra, supplemented by JWST imaging and spectra, we
have studied the correlations between Lya shape and strength with other physical properties,

such as UV luminosity and optical line broadness. We conclude the following:

1. We present high-resolution MMT/Binospec restframe-UV spectroscopy for 236 tar-
gets. We detect Lya at S/N> 5 for 65 of these, with a median 5o flux limitof 1 34x10717
ergs—' cm™ 2 Overlapping ancilliary NIR spectra from JWST/NIR Cam - FRESCO

allows us to measure zg for 51 of our targets.

2. With R ~ 4600 we measure Lya line profiles with a high-resolution of ~ 70 km sL.
We measured for the first time the FWHMy, distribution atz ~ 5—6, akey unknown
quantity in interpreting the decline of Lyaat z > 6. Our modeled distribution shows

mean FWHM_, =120 km sh, slightly lower, but consistent, with models based on
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z ~ 2 Lya observations (Mason et al., 2019).

3. Weobtain 11 new measurements of Lya velocity offsetsatz > 5 through systemic red-
shifts from He or [O111] from FRESCO NIR Cam slitless spectra. We reported cor-
relations between physical properties and Lya lineshape: Avry, and FWHMp,, . We
find that he majority of galaxies show Aoy, 2 100 km s, withamedian 258 kms™".
Combined with z > 3 data from the literature, we find a very strong correlation for in-
creased Avyy, in UV bright galaxies. We found mild correlations of higher FWHM_,, in
galaxies that are UV-bright and/or have broad optical lines. Our lineshape trends are
consistent with an scenario of high Lya optical depth, with numerous scattering events
in the ISM/CGM. Overall, we find that our median Avry, and FWHM_, are respec-
tively higher and lower than those used by reionization models calibrated with Lya ob-
servationsatz ~ 2(Masonetal., 2018a,2019). The higher observed velocity offsets re-
sultin higher Lya transmission: given our median Avry, and FWHM(, measurements,
Lye can boosted up to 5x in a neutral IGM relative to z ~ 2 lineprofiles. This could

imply amore neutralIGM atz > 8 than inferred from models using z ~ 2lineprofiles.

4. We measured line strength properties: EWry, and fi. . We found strong correlations
of EWyry, and fi with increasing UV luminosity, and mild correlations of increasing
fese with higher FWHM(,, and optical line FWHM. The decline of f;,c with line broad-
ness and UV luminosity is consistent with an scenario of higher Ly« optical depth in

UV bright galaxies.

5. We created an empirical model for the probability distribution of EWp, and £, at the
end of EoR, as a function of My, and UV slope. Our EWp, and f,c models strongly
depend on My, . We find strong EWp, (> 25 A) and fesc (> 0.2) are common at
z ~ 5 — 6: Our models predict that 45+5% and < 62 4= 8% of My, = —19.5 galaxies
have EWp, > 25 A and fo,c > 0.2.
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The NIR capabilities of JWST have enabled us to unlock new information about emer-
gent Lya through rest-frame optical emission lines (Haand [O111] ): Avry, , fo and optical
line broadness. With our high-resolution Lya observations, we have made the first steps on
studying trends of Ly« shape and strength with optical observables. As optical line samples
atz ~ 5 — 9 grow steadily by the 100s (e.g. Covelo-Paz et al., 2024; Meyer et al., 2024),
we will be able to better constrain the emergent trends of Lya and optical line broadness at
z ~ 5 — 6, and predict Lya shape and strength for Lya non-detections at the EoR. Addition-
ally, the unprecedented detections of Lyaat 2 ~ 9 — 13 (Bunker et al., 2023; Witstok et al.,
202.4b,c) will offer completely new constraints on reionization. Baseline Lya empirical corre-
lations and models, like the ones we have presented, combined with observations of Ly and

optical emission lines at the EoR, will be crucial for constraining the reionization process.
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Foundation under grant DNRF140.

104



CHAPTER 4. LYMAN-ALPHA EMISSION AT THE END OF REIONIZATION 105

4.8 Lya DETECTIONS
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4.9 SPECTRA, MMT/BinosPec AND NIRCam/JWST
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A BRIGHT FUTURE FOR THE EPOCH OF REIONIZATION

5.1 CONCLUSIONS

The evolution of neutral hydrogen in the EoR and the galaxies that inhabit the early Uni-
verse are linked to each other. Galaxies will change the structure of the IGM, while at the
same time, the IGM changes their observed emission. In this thesis, I have attempted to un-
derstand the emission of these galaxies as it emerges from their ISM/CGM through the use of
analogs at the end of the EoR z~ 3 - 6.5. I have approached this problem from their ionizing
photon production rate and their Lyman Alpha emission line.

In the previous chapters I have measured for the first time the &, distribution of individual
UV-faint (M, >-20) galaxies (Chapter 2), and shown the first measurements of Lya velocity
offsets in galaxies as faint as My, >-16 (Chapter 3). Finally we have developed an empirical
Bayesian model for inferring EWp, and fc,. based on a galaxies My , as well as given for the
first high-resolution measurements of FWHM({,, at z ~ 5 - 6 (Chapter 4).

Our key results, and questions that remain open are :

* We showed for the first time the distribution of log10&,,,, (1-fesc ) up to Myy ~ -15 and
how it evolves with different galaxy properties. With an overall median of 25.33 and
an intrinsic scatter of .42, tge broad distribution brings the question : What are the
physical processes that produce such varied & values for galaxies with the same UV
luminosity? And can we reasonably constraint f.. in order to know the true budget
that galaxies release at the EoR?

* We gave the first view into the Lya velocity offset of the faintest galaxies. Our results
reveal that they do not differ much from the systemic redshift, implying an almost
direct escape from the ISM/CGM. We expect sources like this to be only detectable in
massive ionized bubbles, but it remains to be seen how well they may help predicting
their presence.

* Thehigh-resolution of our observations allowed us to tightly constraint the FWHM{,
distribution for the first time in galaxies at z ~ 5 - 6.5. The new Ly« line shape mea-
surements imply that the transmission might be boosted 5 times more than what pre-
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vious models made from low-redshift observations show. Leading to the possibility
of the IGM being even more neutral than what we currently think. With our new
Lya observations we produced a new model for inferring EWr, based on My, . This
emergent properties of Lya, next to our simple f.,. model, and other results such as
Auvry, , take us one step closer to solving the biggest questions of the EoR: When did
reionization occur, and what sources dominated the process?

With the lower number of quasars expected in the high-z Universe, the best tool to answer
these questions is through observations of Lya . As of now, great results have been achieved
at z > 8 with JWST, finding thousands of galaxies (e.g. Donnan et al., 2024; Tang et al.,
2024bj; Jones et al., 2024b), but likely 100s of Lya detections from new surveys across the
sky will be needed to properly constraint xHI. New surveys have shown promising results on
Lya detection in the early Universe (e.g. Witstok et al., 2024,b; Nakane et al., 2024), probing
that indeed it is indeed possible to observe Lya up to redshift 14.

New high redshift Lya observations, next to empirical models and observational correla-
tions built from galaxies outside of the EoR, such as the ones presented here, will be key assets
for constraining the epoch of reionization. Hopefully within the next decade of JWST as high
redshift Lya surveys and spectroscopic datasets increase in number, we will finally answer the
question “When did reionization occur?”.
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