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A B S T R A C T 

Recent work has shown that UV-luminous reionization-era galaxies often exhibit strong Lyman-alpha emission despite being 

situated at redshifts where the IGM is thought to be substantially neutral. It has been argued that this enhanced Ly α transmission 

reflects the presence of massive galaxies in o v erdense re gions which power large ionized bubbles. An alternative explanation is 
that massive galaxies shift more of their Ly α profile to large velocities (relative to the systemic redshift) where the IGM damping 

wing absorption is reduced. Such a mass-dependent trend is seen at lower redshifts, but whether one exists at z ∼ 7 remains 
unclear owing to the small number of existing systemic redshift measurements in the reionization era. This is now changing 

with the emergence of [C II ]-based redshifts from ALMA. Here, we report MMT/Binospec Ly α spectroscopy of eight UV-bright 
(M UV 

∼ −22) galaxies at z � 7 selected from the ALMA REBELS surv e y. We detect Ly α in four of eight galaxies and use 
the [C II ] systemic redshifts to investigate the Ly α velocity profiles. The Ly α lines are significantly redshifted from systemic 
(av erage v elocity offset = 223 km s –1 ) and broad (FWHM ≈ 300–650 km s −1 ), with two sources showing emission extending 

to ≈750 km s −1 . We find that the broadest Ly α profiles are associated with the largest [C II ] line widths, suggesting a potential 
link between the Ly α FWHM and the dynamical mass. Since Ly α photons at high velocities transmit efficiently through the 
z = 7 IGM, our data suggest that velocity profiles play a significant role in boosting the Ly α visibility of the most UV-luminous 
reionization-era galaxies. 

K ey words: galaxies: e volution – galaxies: high-redshift – dark ages, reionization, first stars. 
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 I N T RO D U C T I O N  

eionization is a landmark event of early cosmic history, reflecting
hen the first luminous objects began ionizing nearly every hydrogen

tom in the Universe (Dayal & Ferrara 2018 ; Robertson 2022 ). Over
he past decade, substantial progress has been made in revealing the
imeline of reionization thanks to a variety of observational efforts.
he frequent detections of L y α and L y β forests in the spectra of
 ∼ 6 quasars indicate that reionization was largely complete by
 = 5.9 with an IGM neutral fraction x H I � 10 per cent (McGreer,
esinger & D’Odorico 2015 ). Quasars at slightly higher redshifts

 z = 7 − 7.5) show strong Lyman-alpha damping wing features,
ndicating a significantly neutral IGM only ≈200 Myr earlier (x H I 

50 per cent; Mortlock et al. 2011 ; Greig et al. 2017 ; Ba ̃ nados
t al. 2018 ; Davies et al. 2018 ; Wang et al. 2020 ; Yang et al. 2020 ).
his timeline is consistent with the reionization mid-point of z =
.8 ± 0.7 inferred from the cosmic microwave background (CMB;
lanck Collaboration VI 2020 ). 
 E-mail: ryan.endsle y@austin.ute xas.edu 
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Lyman-alpha emission from high-redshift galaxies is another tool
ften utilized to study reionization (Ouchi, Ono & Shibuya 2020 ). Be-
ause Ly α resonantly interacts with H I , its observed strength is very
ensitive to the ionization state of the surrounding IGM (e.g. Miralda-
scud ́e 1998 ). Deep spectroscopic surv e ys hav e demonstrated that

he fraction of typical star-forming galaxies showing strong (rest-
rame equi v alent width > 25 Å) Ly α emission declines abruptly at z
 6 (Fontana et al. 2010 ; Stark et al. 2010 ; Ono et al. 2012 ; Caruana

t al. 2014 ; Pentericci et al. 2014 , 2018 ; Schenker et al. 2014 ; Jung
t al. 2017 , 2020 ; Hoag et al. 2019 ; Fuller et al. 2020 ) suggesting a
ighly neutral IGM at z ∼ 7 −7.5 (x H I � 50 per cent; e.g. Mason et al.
018a ; Hoag et al. 2019 ; Jung et al. 2020 ; Whitler et al. 2020 ). It has
lso been shown that the faint end of the Ly α luminosity function
eclines faster than the UV continuum luminosity function at z > 6
Hu et al. 2010 ; Ouchi et al. 2010 ; Kashikawa et al. 2011 ; Konno
t al. 2014 , 2018 ; Ota et al. 2017 ; Zheng et al. 2017 ; Itoh et al. 2018 ;
u et al. 2019 ; cf. Wold et al. 2022 ), suggesting a similar reionization

imeline consistent with inferences from quasars and the CMB. 
Over the past few years, attention has shifted towards using

y α observations to study the structure of reionization. Recent data
uggest that the Ly α emission strengths of UV-bright ( M � −21)
UV 
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Table 1. Summary of our MMT/Binospec observations. REBELS-14 and 
REBELS-39 were each observed with two separate masks and we provide 
details for each mask. 

ID Exposure Seeing Wavelength PA 

Time (s) (arcsec) Co v erage ( Å) (deg) 

REBELS-03 13500 0.73 7385–9909 –37 .0 
REBELS-05 13500 0.73 6993–9516 − 37 .0 
REBELS-14 22500 0.87 7548–10070 − 52 .0 

27000 0.91 7783–10306 − 12 .0 
REBELS-15 18900 0.91 7806–10330 − 116 .2 
REBELS-23 23400 0.99 7435–9959 − 98 .5 
REBELS-26 32400 1.09 7207–9731 − 98 .5 
REBELS-27 16200 0.94 7493–10017 − 98 .5 
REBELS-39 7200 0.98 7250–9773 + 45 .0 

14400 0.73 7355–9875 − 155 .0 

a  

a  

l
r
a  

c
 

a
3  

0

2

I  

d
2  

U
a  

a  

C
(  

d  

d
a  

d
R  

p

2

W  

R  

s  

t  

≈  

a  

a  

d
T  

t  

(
m
T  

2
E  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/4/5642/6772458 by Biblioteca Scuola N
orm

ale user on 11 N
ovem

ber 2022
alaxies do not strongly evolve between z ∼ 6 and z ∼ 7 (Stark
t al. 2017 ; Endsley et al. 2021b ), even though the neutrality of
he IGM changes substantially o v er this time period. One likely
xplanation for these findings is that UV-bright galaxies (which 
referentially trace massive systems; e.g. Barone-Nugent et al. 2014 ; 
arikane et al. 2018a ) often reside in large ionized bubbles powered
y the enhanced number of neighbouring galaxies in their local 
 v erdensities (e.g. Wyithe & Loeb 2005 ; Dayal et al. 2009 ; Zitrin
t al. 2015 ; Castellano et al. 2016 ; Hutter et al. 2017 ; Weinberger
t al. 2018 ; Endsley et al. 2021b ; Garaldi et al. 2022 ; Kannan et al.
022 ; Leonova et al. 2022 ; Qin et al. 2022 ). The presence of these
 II regions boosts Ly α transmission by enabling the photons to 

osmologically redshift past the resonant core and into the damping 
ing before encountering intergalactic H I (Mesinger, Haiman & 

en 2004 ; Mason & Gronke 2020 ; Park et al. 2021 ; Smith et al.
022 ). Reports of UV-bright Ly α-emitting galaxies at z � 7 lying
n close proximity may further support the picture that large ionized 
tructures commonly surrounded early massive galaxies (Vanzella 
t al. 2011 ; Castellano et al. 2018 ; Jung et al. 2020 ; Tilvi et al. 2020 ;
u et al. 2021 ; Endsley et al. 2021b ; Endsley & Stark 2022 ). 
Ho we ver, ionized bubbles are not the only mechanism capable 

f boosting Ly α transmission during reionization. Resonant inter- 
ctions within galaxies can shift Ly α emission redward of systemic 
elocity by � 100 km s −1 (e.g. Shapley et al. 2003 ; Erb et al. 2014 ;
hibuya et al. 2014 ), and thereby push the photons into the damping
ing even before they escape the CGM. If such high Ly α velocity
ffsets are common among luminous reionization-era galaxies, this 
ould help explain their enhanced Ly α visibility and lessen the need 

or very large H II regions in their vicinity (e.g. Stark et al. 2017 ; Ma-
on et al. 2018b ). Unfortunately, our understanding of velocity offsets 
t z > 6 has remained limited by challenges in detecting not only
y α from such early systems, but also a non-resonant line tracing the
ystemic redshift (e.g. [C II ]158 μm). As a result, there are currently
nly four Ly α velocity offset measurements among extremely UV- 
uminous ( M UV < −22) Lyman-break selected galaxies at z > 6
Willott et al. 2015 ; Stark et al. 2017 ; Hashimoto et al. 2019 ). Until
 better census of these velocity offsets is obtained, considerable 
ncertainties will persist in how to connect the Ly α transmission of
 � 7 galaxies to the structure of reionization. 

In this work, we aim to significantly increase the number of Ly α
elocity offset measurements among UV-luminous reionization-era 
alaxies. Recently, the ongoing ALMA large program REBELS 

Reionization-Era Bright Emission Line Surv e y; Bouwens et al. 
022 ) yielded systemic [C II ]158- μm line detections from ≥22 UV-
right ( −23 � M UV � −21 . 5) galaxies at z ≥ 6.5 (Schouws et al.,
n preparation). Using the optical MMT/Binospec spectrograph, we 
ave obtained Ly α spectra of a substantial fraction (50 per cent; 
/16) of [C II ]-detected REBELS galaxies in the redshift range z =
.5 −7.1. With this combined UV + IR data set, we explore the role
f velocity offsets on Ly α IGM transmission among UV-luminous 
 � 7 galaxies. Our data additionally reveal how the broad Ly α
ine widths of these systems impact transmission through a partially 
eutral IGM. 
This paper is organized as follows. In Section 2 , we describe

he sub-sample of z � 7 REBELS galaxies which we have thus
ar targeted with MMT/Binospec, as well as the details of those 
pectroscopic observations. We present the Ly α spectra in Section 3 , 
ommenting on the resulting emission line strengths and line widths. 
e then utilize our ALMA [C II ] detections to place the Binospec

pectra into the systemic reference frame and measure Ly α velocity 
ffsets (Section 4.1 ). In Section 4.2 , we discuss the broad Ly α lines
een among our galaxies. We then test whether our sample shows
ny evidence of a connection between [C II ] luminosity at fixed SFR
nd Ly α equi v alent width (Section 4.3 ). Finally, we discuss how the
arge velocity offsets and broad line widths of massive, UV-luminous 
eionization-era galaxies result in efficient Ly α transmission through 
 significantly neutral IGM (Section 5 ). We summarize our main
onclusions in Section 6 . 

In this work, we quote all magnitudes in the AB system, assume
 Chabrier ( 2003 ) initial mass function (IMF) with limits of 0.1–
00 M �, and adopt a flat � CDM cosmology with parameters h =
.7, �M 

= 0.3, and �� 

= 0.7. 

 DATA  

n this work, we focus on a sample of z � 7 galaxies with recent [C II ]
etections from the ALMA large program REBELS (Fudamoto et al. 
021 ; Bouwens et al. 2022 ). REBELS (still ongoing) is targeting 40
V-bright ( −23 � M UV � −21.5) Lyman-break selected galaxies 

t z ≥ 6.5. These systems were primarily selected from the wide-
rea COSMOS and XMM fields ( ∼7 deg 2 total). Here, we use the
ycle 7 data from REBELS which delivered the large majority 
 ∼85 per cent) of all planned observations for this program. The
etails of the ALMA data reduction and processing for [C II ] and
ust continuum are described in Schouws et al. (in preparation) 
nd Inami et al. ( 2022 ), respectively. In this section, we begin by
escribing our spectroscopic Ly α observations for a subset of these 
EBELS galaxies (Section 2.1 ) and then detail how we infer physical
roperties among our Ly α-targeted sample (Section 2.2 ). 

.1 Lyman-alpha obser v ations 

e have thus far targeted Ly α emission in eight [C II ]-detected
EBELS galaxies at z = 6.5 −7.1 using the MMT/Binospec optical

pectrograph (Fabricant et al. 2019 ). For all observations, we utilized
he 600 l mm 

–1 grating which pro vides sensitiv e co v erage between
0.7 and 1 μm at moderate resolution ( R ≈ 4400) given our

dopted slit width of 1.0 arcsec. We report the total exposure time,
 verage seeing, wa velength coverage, and mask position angle (PA)
escribing the Binospec observations of each REBELS source in 
able 1 . The typical exposure time per source was 5.6 h with a

ypical seeing of 0.9 arcsec. Two of our target REBELS galaxies
REBELS-14 and REBELS-39) were observed using two separate 
asks with slightly different wavelength coverage and PA (see 
able 1 ). Initial Ly α results of REBELS-14, REBELS-15, REBELS-
3, REBELS-26, and REBELS-39 were previously presented in 
ndsley et al. ( 2021b , hereafter E21b ) and therein identified as
MNRAS 517, 5642–5659 (2022) 



5644 R. Endsley et al. 

M

X  

C  

e  

d  

f  

s  

o  

o
 

s  

e  

r  

c  

u  

e  

d  

fi  

c  

p  

t  

a
l  

S  

o  

t  

r  

e  

L  

t  

a  

T  

p  

w  

F  

t  

e  

a  

U
 

l  

t  

r  

a  

r  

r  

o  

e  

6  

L  

r
u  

i  

t  

i

2

T  

e  

(  

m  

(  

Table 2. Summary of the galaxy properties inferred for each of REBELS 
source considered in this work. Absolute UV magnitudes are reported at rest- 
frame 1600 Å. The [O III ] + H β EWs and stellar masses are inferred using 
the BEAGLE SED fitting code as described in Section 2.2 . We note that these 
v alues dif fer from those in the fiducial REBELS catalogue (Stefanon et al., in 
preparation) due to our alternate SED fitting approach (see Section 2.2 ). The 
reported errors do not account for uncertainties in modelling assumptions 
(e.g. star formation history), though we briefly discuss such uncertainties in 
the text. 

ID M UV log(M ∗/M �) [O III ] + H β EW ( Å) 

REBELS-03 −21.8 ± 0.3 8.9 + 0 . 6 −0 . 6 510 + 650 
−320 

REBELS-05 −21.6 ± 0.2 8.9 + 0 . 7 −0 . 5 1060 + 920 
−530 

REBELS-14 −22.7 ± 0.4 8.7 + 0 . 4 −0 . 3 1520 + 1300 
−900 

REBELS-15 −22.6 ± 0.3 9.1 + 0 . 3 −0 . 2 4570 + 1830 
−1940 

REBELS-23 −21.6 ± 0.5 8.8 + 0 . 4 −0 . 5 830 + 520 
−340 

REBELS-26 −21.8 ± 0.1 9.1 + 0 . 5 −0 . 7 800 + 640 
−390 

REBELS-27 −21.9 ± 0.2 9.5 + 0 . 3 −1 . 0 310 + 340 
−210 

REBELS-39 −22.7 ± 0.2 8.7 + 0 . 3 −0 . 1 3250 + 1010 
−930 
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MM3-227436, XMM3-504799, COS-469110, COS-534584, and
OS-862541, respectively. Here, we extend this previous work by
xploring the Ly α emission properties of this sample in greater
etail using the [C II ] and dust continuum information now available
rom our ALMA observations. Furthermore, we have since obtained
ignificantly deeper (i.e. 3–5 × longer exposure time) Binospec data
n REBELS-14 and REBELS-39 enabling a more detailed analysis
f their Ly α line profiles. 
Our Binospec data reduction largely follows the approach de-

cribed in E21b , which we briefly re vie w here. We first process
ach individual exposure separately using the public Binospec data
eduction pipeline (Kansky et al. 2019 ) which performs telluric
orrection. We then coadd each exposure (for an individual mask)
sing the weighting scheme of Kriek et al. ( 2015 ) and apply optimal
xtraction (Horne 1986 ) to obtain the 1D spectra of each source. To
etermine the spatial axis width for the optimal extraction, we first
t a Gaussian to the observed emission line profile. Absolute flux
alibration is determined using the spectra of multiple bright stars
laced on each mask. For REBELS-14 and REBELS-39, we coadd
he data between different masks using an inverse variance weighting
pproach. Slit loss correction factors are derived by adopting the size–
uminosity relation from Curtis-Lake et al. ( 2016 ) and assuming a
 ́ersic profile with n = 1.0, resulting in small correction factors
f ≈5–10 per cent. Because these slit loss corrections assume that
he Ly α surface brightness profile tracks the rest-UV emission, our
eported fluxes will underestimate the total line flux throughout the
xtended Ly α halo surrounding each galaxy. We also compute the
y α EWs following the approach of E21b as we aim to compare

he EWs of our REBELS sources to the EW distribution inferred
mong UV-bright ( −22 . 5 � M UV � −20 . 5) z ∼ 7 galaxies in E21b .
hat is, we adopt a continuum flux density (in μJy) from the
hotometric band closest to Ly α yet fully redward of the Ly α break,
hich ef fecti vely assumes a flat UV continuum (i.e. β = −2 where
 λ ∝ λβ + 2 ) between Ly α and the adopted band. While the true con-

inuum is likely weaker immediately redward of Ly α (e.g. Shapley
t al. 2003 ; Steidel et al. 2016 ), we use the photometric continuum
pproach abo v e since high signal-to-noise ratio (S/N) spectroscopic
V continuum measurements do not yet exist for our galaxies. 
For objects with no apparent Ly α detection, we determine upper

imits on the Ly α EW by calculating the integrated noise from
he fully reduced 1D spectrum o v er a wav elength interval assumed
ele v ant for the Ly α line. This wavelength interval is set to begin
t a value corresponding to the assumed Ly α redshift and spans a
ange equi v alent to an assumed FWHM of the line. We assume a
ange of possible Ly α redshifts corresponding to velocity offsets
f � v Ly α = 0–800 km s −1 relative to [C II ], where these values
ncompass all robust � v Ly α measurements in the literature at z >
 (see Table 4 ). Given the broad Ly α profiles observed in our four
y α-detected REBELS sources (Section 3 ), we consider line widths
anging between FWHM = 300 and 700 km s −1 . The range of 5 σ
pper limits for each REBELS galaxy not detected in Ly α is reported
n Table 3 , where these limits depend on not only the total exposure
ime and seeing of the observations, but also whether skylines are
mpacting the spectrum noise around the possible Ly α feature. 

.2 Galaxy properties 

he physical properties (e.g. stellar mass and [O III ] + H β EW) of
ach REBELS galaxy are inferred using the SED fitting code BEAGLE

Che v allard & Charlot 2016 ). BEAGLE adopts the photoionization
odels of star-forming galaxies from Gutkin, Charlot & Bruzual

 2016 ) which incorporate both stellar and nebular emission by
NRAS 517, 5642–5659 (2022) 
ombining the latest version of the Bruzual & Charlot ( 2003 ) stellar
opulation synthesis models with CLOUDY (Ferland et al. 2013 ).
e assume a delayed star formation history (SFR ∝ te −t / τ ) with

n allowed recent ( < 10 Myr) burst and we force star formation to
av e be gun at least 1 Myr ago, consistent with the fitting approach of
ndsley et al. ( 2021a ) and E21b . While the fiducial REBELS SED
ts assume a constant star formation history (Stefanon et al., in prepa-
ation), our moti v ation for adopting this alternative ‘delayed + burst’
tting approach is twofold. First, we wish to provide a self-consistent
omparison of [O III ] + H β EWs with those inferred in Endsley
t al. ( 2021a ) since it has been shown that higher [O III ] + H β

Ws connect to larger Ly α EWs at z ∼ 7 (Castellano et al. 2017 ,
21b ). Secondly, we aim to open up the possibility that the subset
f our sources with very strong IRAC colours (and hence very large
O III ] + H β EWs; e.g. REBELS-15 and REBELS-39) have not
ecessarily assembled all of their stellar mass within the past few Myr
see Endsley et al. 2021a ). We adopt a Chabrier ( 2003 ) IMF with mass
imits of 0.1–300 M � and apply an SMC dust prescription (Pei 1992 ).
he metallicity and ionization parameter are allowed to lie between
2.2 ≤ log( Z / Z �) ≤0.24 and −4 ≤ log U ≤−1, respectively, both
ith log-uniform priors. During the fits, we only use photometry

rom bands redward of the Ly α break to a v oid any bias due
o sightline variations in IGM transmission. Details of the near-
nfrared photometry used for these fits will be described in Stefanon
t al. (in preparation). From our BEAGLE fits, we report the median
nd inner 68 per cent credible interv al v alues marginalized o v er the
utput posterior probability distribution function as determined from
ULTINEST (Feroz & Hobson 2008 ; Feroz, Hobson & Bridges 2009 ).
hile our reported uncertainties do not account for variations in
odelling assumptions, we note below how adopting non-parametric

tar formation history models may change our reported values. 
The [C II ]-detected REBELS galaxies we have thus far followed

p with Binospec are all very luminous in the rest-UV with absolute
V magnitudes of −22 . 7 ≤ M UV ≤ −21 . 6 (Table 2 ). These values

orrespond to 2.5–6.9 × the characteristic UV luminosity at z �
 (M 

∗
UV = −20 . 6; Bowler et al. 2017 ). As expected from their

uminous nature, our REBELS targets typically represent the most
assive ( � 10 9 M �) z � 7 galaxies known with a median inferred

tellar mass of log (M ∗/M �) = 8.9. We note that adopting non-
arametric star formation history models that disfa v our strong, rapid
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hanges in SFR results in ∼0.5–1 dex higher inferred stellar masses
or our REBELS galaxies (see Topping et al. 2022 ), though this does
ot impact any of the main conclusions in this paper. The rest-frame
O III ] + H β equi v alent widths (EWs) of our REBELS targets (in-
erred from the broad-band SEDs with our fiducial BEAGLE fits) range 
etween 310 and 4570 Å with a median value of 940 Å (see Table 2 ).
his is similar to the typical [O III ] + H β EW inferred for the general
V-bright ( −22 . 5 � M UV � −21) z ∼ 7 galaxy population popula-

ion (760 ± 110 Å) in Endsley et al. ( 2021b ) where the same SED
tting procedure was adopted as abo v e (see also Labb ́e et al. 2013 ;
mit et al. 2014 ; De Barros et al. 2019 ; Stefanon et al. 2022 ). Because

he [O III ] + H β EWs are much more directly constrained by the mea-
ured IRA C [3.6] −[4.5] colour , these inferred EWs do not change
ignificantly if we instead utilize the results of the non-parametric 
tar formation history fits described in Topping et al. ( 2022 ). 

The inferred [O III ] + H β emission strengths of our galaxies
rovide an estimate of their production rate of hydrogen ionizing 
hotons, Ṅ ion (e.g. Che v allard et al. 2018 ; Tang et al. 2019 ; Emami
t al. 2020 ), and in turn, their intrinsic Ly α luminosity. With these
ntrinsic Ly α luminosities, we determine the total escape fraction of 
y α photons from each galaxy by comparing to the measured Ly α
uxes. The intrinsic Ly α luminosity of each galaxy is calculated as
 Ly α = 0 . 677 × h νLy α × Ṅ ion , where h is Planck’s constant and νLy α

s the rest-frame frequency of Ly α. The factor of 0.677 is the fraction
f hydrogen recombinations that result in the production of a Ly α
hoton assuming case B recombination and a temperature of 10 4 K 

Osterbrock & Ferland 2006 ; Dijkstra 2014 ). We note that the Ṅ ion 

alues (which are inferred from the BEAGLE fits described abo v e) do
mplicitly account for dust extinction, but may be underestimated if 
he dust optical depth is inhomogeneous across our galaxies. In this
cenario, [O III ] + H β emission may be much more heavily obscured
rom certain star-forming regions, leading to an o v erestimate of the
y α escape fractions of our galaxies. With our current low-resolution 
beam ≈ 1.4 arcsec) ALMA data, we cannot yet test for such strong
patial variations in dust attenuation within our sample, though we 
ote that a variety of dust morphologies have been seen in UV-bright
 ∼ 7 −8 galaxies with higher resolution maps (Bowler et al. 2022 ;
chouws et al. 2022 ). We report the inferred Ly α escape fractions of
ach galaxy in Section 3 and estimate the role of the IGM in Section 5 .

The total star formation rates of each galaxy are determined by 
umming their unobscured and obscured components. The fiducial 
nobscured SFRs are calculated from the UV luminosity (at 1600 Å
est-frame) adopting the conversion SFR UV /(M �/yr) = 7.1 × 10 −29 

 UV /(erg s –1 Hz –1 ; Stefanon et al., in preparation) which results in
.3 dex lower SFR relative to the Kennicutt ( 1998 ) conversion. This
onversion ratio assumes that the galaxy of interest has been steadily 
orming stars for the past � 100 Myr, such that the UV luminosity
ontribution from B stars has reached equilibrium. Accordingly, 
ur fiducial SFR UV /L UV ratio may significantly underestimate the 
nobscured SFRs of our galaxies with very strong [O III ] + H β

mission (EW � 2000 Å) which suggest a recent strong upturn in
FR. In Topping et al. ( 2022 ), we explicitly considered the age
ependence on the SFR UV /L UV ratio, finding that this ratio could be
pproximately equal to five times larger than our fiducial value for
bjects with the highest [O III ] + H β EWs. Ho we ver, we find that
his effect does not significantly impact our main conclusions (see 
ection 4.3 ). 
To calculate the obscured SFRs, we adopt SFR IR /(M � yr –1 )
 1.2 × 10 −10 L IR /L � (Inami et al. 2022 ) which yields SFRs

ower by 0.16 dex relative to Kennicutt ( 1998 ). Here, the total
nfrared luminosities, L IR , are computed as 14 νL ν , where ν is
requency of the [C II ] line and L ν is the dust continuum flux density
etermined from our ALMA observations (Sommovigo et al. 2022 ). 
or sources undetected in far-IR continuum (REBELS-03, REBELS- 
5, REBELS-23, and REBELS-26), we estimate their IR luminosities
y calculating an average infrared excess (IRX; L IR /L UV ) in two UV
lope bins (Topping et al. 2022 ). That is, we split all dust-undetected
EBELS objects by their median UV slope ( β = −2.04) and stack the
ontinuum data in each bin. A dust continuum detection is identified
n the stack of redder galaxies and we apply the average IRX to each
bject in this bin (REBELS-23 and REBELS-26). The stack of bluer
bjects still yields a non-detection and we thus adopt upper limits
n their IR luminosities from the limit on their average IRX (for
EBELS-03 and REBELS-15). The resulting UV + IR SFRs of our

ample span approximately 15–80 M � yr −1 (see Table 3 ). 

 LY MAN-ALPHA  SPECTRA  

e have thus far targeted Ly α from eight [C II ]-detected REBELS
alaxies with MMT/Binospec. In this section, we begin by detailing 
he Binospec spectra of the four sources in which we have confidently
etected ( > 7 σ ) Ly α (Section 3.1 ) and then describe the EW limits
f the remaining four sources that went undetected (Section 3.2 ). For
ach galaxy, we calculate the Ly α escape fraction by comparing the
bserved line flux to the intrinsic Ly α luminosity predicted from the
EAGLE SED fits as described in the previous section. We discuss

hese inferred Ly α escape fractions in Section 3.3 . 

.1 Lyman-alpha detections 

.1.1 REBELS-14 

EBELS-14 is an extremely UV-luminous ( M UV = −22 . 7) galaxy
n the XMM3 field at z [C II ] = 7 . 084 (Bouwens et al. 2022 ; Schouws
t al., in preparation), also referred to as XMM3-227436 in E21b .
his source is inferred to have a stellar mass of log (M ∗/M �) =
.7 and its red IRAC colour ([3.6] −[4.5] = 0.85 + 0 . 44 

−0 . 37 ) suggests an
O III ] + H β EW of 1520 Å. This is approximately twice the typical
O III ] + H β EW inferred among UV-bright ( −22 . 5 � M UV �
21 . 25) z ∼ 7 galaxies in Endsley et al. ( 2021a , 760 ± 110 Å) where

his value was determined using the same SED fitting procedures as
dopted in this work. 

The Binospec Ly α spectrum for REBELS-14 reveals a 19.0 σ de- 
ection with a peak wavelength of 9833.3 Å (Fig. 1 ), corresponding to
 Ly α = 7.089 adopting a rest-frame wavelength of λLy α = 1215.67 Å.
e measure a total Ly α flux of (21.5 ± 1.4) × 10 −18 erg s −1 cm 

−2 ,
orresponding to an EW of 14.6 ± 3.0 Å. This EW is similar to
he median value found among UV-bright ( −22 . 5 � M UV � −20 . 5)
alaxies at z � 7 (10 Å; E21b ), indicating that the Ly α emission
trength of REBELS-14 is fairly typical. Here, we are adopting the
IRCam J -band flux density (0.59 ± 0.14 μJy) for the continuum
f REBELS-14 given its [C II ] redshift (see Section 2.1 ), and
e note that the ef fecti v e wav elength of the J band corresponds

o a rest-frame wavelength of λeff, rest = 1544 Å. The measured 
y α flux from REBELS-14 suggests a Ly α escape fraction of 
 esc , Ly α = 5 . 0 + 2 . 9 

−1 . 4 per cent, where we use the intrinsic line luminosity
redicted from the BEAGLE SED fits as described in Section 2.1 . We
ote that the escape fraction estimates in this section include the
ransmission of Ly α through the galaxy (ISM and CGM) as well as
he IGM. As shown in Fig. 1 , a moderate-strength skyline overlaps
ith the redder portion of the Ly α profile from REBELS-14, possibly
bscuring some of the line flux. To estimate the potential extent of
he obscuration, we assume that the line flux density in this skyline
egion is 1.0 × 10 −18 erg s −1 cm 

−2 Å−1 , a value consistent with the
MNRAS 517, 5642–5659 (2022) 
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Table 3. Summary of Ly α and [C II ] properties of each REBELS source measured from our Binospec and ALMA observ ations, respecti vely. 
For sources undetected in Ly α, we quote the range of 5 σ EW (and associated total Ly α escape fraction) upper limits assuming Ly α redshifts 
corresponding to � v Ly α = 0–800 km s −1 and FWHMs between 300 and 700 km s −1 (see Section 2.1 ). For REBELS-23, we report lower limits 
on the Ly α EW, escape fraction, and FWHM given the possibility of significant skyline obscuration on the red side of the line. For sources 
undetected in the ALMA continuum data, we report 3 σ upper limits on their far-infrared luminosities. 

ID z [C II ] z Ly α Ly α EW f esc, Ly α � v Ly α Ly α FWHM L IR L [C II ] SFR UV + IR 
( Å) (per cent) (km s −1 ) (km s −1 ) (10 11 L �) (10 8 L �) (M � yr −1 ) 

REBELS-03 6.969 – < 14.7–35.5 < 5.2–12.6 – – < 2.8 3.2 ± 0.6 16 + 7 −3 

REBELS-05 6.496 – < 3.8–4.5 < 0.9–1.1 – – 3 . 3 + 2 . 5 −1 . 2 6.9 ± 0.4 53 + 23 
−23 

REBELS-14 7.084 7.089 14.6 ± 3.0 5 . 0 + 2 . 9 −1 . 4 177 + 30 
−30 640 + 60 

−190 3 . 4 + 2 . 6 −1 . 4 3.7 ± 0.5 76 + 29 
−26 

REBELS-15 6.875 6.883 3.7 ± 0.8 0 . 4 + 0 . 2 −0 . 1 324 + 138 
−34 340 + 80 

−140 < 3.6 1.9 ± 0.3 34 + 16 
−9 

REBELS-23 6.645 6.650 ≥13.5 ≥3.3 227 + 130 
−92 ≥330 < 3.9 1.3 ± 0.2 24 + 12 

−9 

REBELS-26 6.598 – < 5.4–6.1 < 1.9–2.2 – – < 4.8 2.0 ± 0.4 28 + 5 −5 

REBELS-27 7.090 – < 5.6–13.9 < 3.2–8.0 – – 2 . 9 + 2 . 2 −1 . 1 6.1 ± 0.6 52 + 20 
−20 

REBELS-39 6.845 6.849 10.0 ± 1.7 1 . 7 + 0 . 4 −0 . 3 165 + 36 
−35 640 + 60 

−40 4 . 3 + 3 . 2 −1 . 6 7.9 ± 1.4 88 + 30 
−30 
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ux density measured just outside both ends of the skyline. This
uggests that a small fraction (14 per cent) of the total Ly α flux is
bscured by this skyline which we have accounted for in the values
eported abo v e. 

REBELS-14 clearly exhibits a broad asymmetric Ly α profile
Fig. 1 ). Given the asymmetry, we calculate the width of the line
irectly from the 1D spectrum, i.e. the separation between data points
t half maximum flux. To account for uncertainties, we add 100 000
ealizations of noise to the 1D spectrum and take the median and
8 per cent confidence intervals on the deri ved FWHM v alues across
ll realizations. We derive a FWHM = 640 + 60 

−190 km s −1 , where this
alue is corrected for the instrument resolution ( ≈68 km s −1 ). We
ome back to discuss the possible physical origin of such a broad
y α profile in Section 4.2 and the implications for Ly α transmission
uring reionization in Section 5 . 

.1.2 REBELS-15 

EBELS-15 is an extremely UV-luminous ( M UV = −22 . 6) galaxy
n the XMM3 field at z [C II ] = 6.875 (Schouws et al., in preparation)
ith an inferred stellar mass of log (M ∗/M �) = 9.1. This source was

dentified as XMM3-504799 in E21b and exhibits a very blue IRAC
olour ([3.6]–[4.5] = −1 . 16 + 0 . 32 

−0 . 43 ) suggesting an [O III ] + H β EW
 4570 Å. At this redshift, [O III ] λ5007 only contributes slightly to

he 3.6- μm excess, requiring extremely strong H β and [O III ] λ4959
mission to produce the observed IRAC colour. 

Our Binospec data reveal a 7.5 σ Ly α detection with a peak
avelength at 9583.2 Å corresponding to z Ly α = 6.883 (Fig. 1 ). The

otal Ly α flux is measured to be (5.5 ± 1.0) × 10 −18 erg s −1 cm 

−2 

ndicating an EW of 3.7 ± 0.8 Å using the VIRCam Y -band photom-
try ( λeff, rest = 1295 Å) for the continuum flux density (0.58 ± 0.09
Jy). REBELS-15 is, thus, a relatively weak Ly α emitter among the
V-bright z � 7 population, and is particularly weak with respect to

he sub-population with strong [O III ] + H β emission (EW > 800 Å;
21b ). Consistent with this result, we estimate a very low total Ly α
scape fraction of 0 . 4 + 0 . 2 

−0 . 1 per cent from REBELS-15. The Ly α line
rofile of this source has a FWHM of 340 + 80 

−140 km s −1 . 

.1.3 REBELS-23 

EBELS-23 is a UV-bright ( M UV = −21 . 6) galaxy situated in the
ide-area COSMOS field at z [C II ] = 6.645 (Schouws et al., in prepa-
NRAS 517, 5642–5659 (2022) 
ation) and was identified as COS-469100 in Endsley et al. ( 2021a , b ).
his galaxy is inferred to have a stellar mass of log (M ∗/M �) = 8.8
nd its moderately blue IRAC colour ([3.6] −[4.5] = −0 . 53 + 0 . 18 

−0 . 19 )
uggests an [O III ] + H β EW = 830 Å, similar to the typical value
f z ∼ 7 galaxies. 
The Binospec data reveal a 7.5 σ Ly α detection with a peak

avelength at 9299.3 Å corresponding to z Ly α = 6.650 (Fig. 1 ). From
he portion of the spectrum that is unobscured by strong skylines, we

easure a Ly α flux of (9.7 ± 1.4) × 10 −18 erg s −1 cm 

−2 indicating an
W of 13.5 ± 3.8 Å using the VIRCam Y -band photometry ( λeff, rest =
334 Å) for the continuum flux density (0.27 ± 0.07 μJy). The
easured line flux implies f esc , Ly α = 3 . 3 + 2 . 0 

−1 . 3 per cent for REBELS-
3. Due to the patch of strong skylines redward of 9305 Å, we are
nable to estimate the amount of obscured line flux and thus treat
he abo v e Ly α flux, EW, and escape fraction measurements as lower
imits. The Ly α profile in the unobscured portion of the spectrum
as a FWHM = 330 + 60 

−100 km s −1 , though this width may also be
nderestimated due to the skylines. 

.1.4 REBELS-39 

EBELS-39 is an extremely UV-luminous ( M UV = −22 . 7) galaxy
n the COSMOS field at z [C II ] = 6.845 (Bouwens et al. 2022 ;
chouws et al., in preparation) and was identified as COS-862541

n Endsley et al. ( 2021a , b ). This source has an inferred stellar mass
f log (M ∗/M �) = 8.7 and a very blue IRAC colour ([3.6] −[4.5]
 −1 . 32 + 0 . 27 

−0 . 34 ). The IRAC colour suggests an extremely large
O III ] + H β EW of 3250 Å given that this galaxy lies at a redshift
here [O III ] λ5007 is only slightly transmitting through the [3.6]
lter. 
The Binospec data of REBELS-39 reveal a confident (15.3 σ )

y α detection with a peak wavelength of 9542.3 Å corresponding to
 Ly α = 6 . 849 (Fig. 1 ). We measure a total Ly α flux of (15.6 ± 1.3) ×
0 −18 erg s −1 cm 

−2 , indicating an EW of 10.0 ± 1.7 Å using the
IRCam Y -band photometry ( λeff, rest = 1300 Å) for the continuum
ux density (0.61 ± 0.12 μJy). While this Ly α EW is typical of UV-
right z � 7 galaxies ( E21b ), the line flux from REBELS-39 implies a
ow total Ly α escape fraction of 1 . 7 + 0 . 4 

−0 . 3 per cent given the extremely
igh [O III ] + H β EW inferred for this system (3250 + 1010 

−930 Å). The
y α profile for REBELS-39 does o v erlap with a moderate-strength
kyline at ≈9553 Å, though the Binospec data suggest that any
bscuration is likely small. Because the observed Ly α profile is
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Figure 1. MMT/Binospec spectra of the four REBELS galaxies with Ly α detections. The top panels of each sub-figure show the 2D S/N maps where black 
is positive. The bottom panels show the 1D extraction with the 1 σ noise level in gre y. F or clarity, we use hashed grey regions to mask portions of the 1D Ly α
profiles o v erlapping with sk ylines. 
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onsistent with zero flux density at both ends of the skyline (Fig. 1 ),
e do not introduce a correction factor for possible flux obscuration. 
imilar to REBELS-14, the Ly α profile of REBELS-39 is extremely 
road with FWHM = 640 + 60 

−40 km s −1 . 

.2 Lyman-alpha non-detections 

.2.1 REBELS-03 

EBELS-03 is a UV-bright ( M UV = −21 . 8) galaxy situated in the
MM1 field at z [C II ] = 6.969 (Bouwens et al. 2022 ; Schouws et al., in
reparation). This galaxy has an inferred stellar mass of log (M ∗/M �)
 8.9 and a relatively weak [O III ] + H β EW of 510 Å given

ts flat IRAC colour ([3.6] −[4.5] = 0 . 01 + 0 . 22 
−0 . 23 ). We have observed

EBELS-03 for 3.75 h with MMT/Binospec with clear conditions 
nd relatively good seeing (0.73 arcsec). 

We find no indication of significant ( > 5 σ ) Ly α emission from
his source after searching our Binospec spectrum in conserv ati ve
avelength range corresponding to velocity offsets betweeen −500 

nd 1000 km s −1 (Fig. 2 ). Due to the presence of a strong skylines
round the expected wavelength of Ly α, the 5 σ EW upper limit for
EBELS-03 is quite poor ranging from 14.7–35.5 Å for the various 
MNRAS 517, 5642–5659 (2022) 
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Figure 2. Each panel shows the 2D S/N map of the MMT/Binospec spectra of 
each REBELS source lacking a Ly α detection ( < 5 σ ). We show wavelengths 
corresponding to a conserv ati v e Ly α v elocity offset range of � v Ly α = −500 

to 1000 km s −1 (relative to [C II ]) with each panel centered on the expected 
spatial position of the source. 
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ssumed velocity offsets and FWHMs (see Section 2.1 ). Here, we
ave used the UKIRT J -band photometry ( λeff, rest = 1564 Å) for
he continuum flux density (0.29 μJy). The corresponding range of
 σ limiting Ly α fluxes translate to an upper limit on the total Ly α
scape fraction of < 5.2 −12.6 per cent. 

.2.2 REBELS-05 

EBELS-05 is another UV-bright ( M UV = −21 . 6) galaxy in the
MM1 field that lies at z [C II ] = 6.496 (Bouwens et al. 2022 ; Schouws

t al., in preparation) and was first identified as ID = 118 717 in
owler et al. ( 2014 ). Because this source lies at z < 6.6 where
oth IRAC bands are contaminated by strong nebular emission lines
i.e. [O III ] + H β in [3.6] and H α in [4.5]), there is significant
e generac y between the inferred stellar mass and [O III ] + H β EW
e.g. Schaerer & de Barros 2010 ). The median posterior values
rom BEAGLE suggest a stellar mass of log (M ∗/M �) = 8.9 and
n [O III ] + H β EW of 1060 Å given its moderately blue IRAC
olour ([3.6] −[4.5] = −0 . 47 + 0 . 29 

−0 . 35 ). REBELS-05 was observed using
he same Binospec mask as REBELS-03 with a total exposure
ime of 3.75 h under clear conditions and relatively good seeing
0.73 arcsec). 

We again search for Ly α at wavelengths corresponding to � v Ly α

 −500 to 1000 km s −1 and find no evidence of significant emission
Fig. 2 ). To calculate the EW upper limit, we adopt the same set of
ssumed velocity offsets and FWHM values as REBELS-03 and
se the VIRCam Y -band photometry ( λeff, rest = 1360 Å) for the
ontinuum flux density (0.35 μJy). This results in 5 σ limiting EWs
anging between < 3.8 and 4.5 Å. Such stringent EW constraints are
NRAS 517, 5642–5659 (2022) 
nabled by the fact that no strong skylines exist in the wavelength
egime where Ly α is expected for REBELS-05. The upper limits on
y α flux translate to f esc, Ly α < 0.9 −1.1 per cent for REBELS-05. 

.2.3 REBELS-26 

EBELS-26 is a UV-bright ( M UV = −21 . 8) galaxy in the wide-area
OSMOS field at z [C II ] = 6.598 (Schouws et al., in preparation)
nd was first identified as ID = 104 600 in Bowler et al. ( 2014 ).
ue to this redshift, the inferred stellar mass and [O III ] + H β EW
f REBELS-26 are quite degenerate similar to REBELS-05. The
edian posterior values from BEAGLE suggest log (M ∗/M �) = 9.1

nd [O III ] + H β EW = 800 Å for REBELS-26 given its moderate
RAC colour ([3.6] −[4.5] = −0 . 42 + 0 . 16 

−0 . 17 ). We hav e observ ed this
alaxy for 9.0 h with Binospec under largely clear conditions and
oderate seeing on average (1.09 arcsec). 
We find no indication of significant emission in our Binospec

pectra for REBELS-26 at wavelengths corresponding to � v Ly α

 −500 to 1000 km s −1 (Fig. 2 ). Because no strong skylines exist
round the e xpected wav elength of Ly α, we derive stringent 5 σ EW
pper limits between 5.4–6.1 Å. Here, we have used the VIRCam Y -
and photometry ( λeff, rest = 1342 Å) for the continuum flux density
0.37 μJy). The total Ly α escape fraction of this system is inferred
o be < 1.9 −2.2 per cent using the range of 5 σ upper limits on the
ine flux. 

.2.4 REBELS-27 

EBELS-27 is another UV-luminous ( M UV = −21 . 9) galaxy iden-
ified across the wide-area COSMOS field located at z [C II ] = 7.090
Bouwens et al. 2022 ; Schouws et al., in preparation). This source
as referred to as UVISTA-Y-004 in Stefanon et al. ( 2017 , 2019 )

nd UVISTA-301 in Bowler et al. ( 2020 ). It has an inferred stellar
ass of log (M ∗/M �) = 9.5 and its flat IRAC colour ([3.6] −[4.5]
 0 . 10 + 0 . 20 

−0 . 22 ) suggests relatively weak [O III ] + H β emission (EW
 310 Å). We hav e observ ed REBELS-26 for 4.5 h with Binospec

nder clear conditions and moderate seeing (0.94 arcsec). 
After searching for Ly α at wavelengths corresponding to � v Ly α

 −500 to 1000 km s −1 , we find no indication of significant line
mission (Fig. 2 ). The 5 σ upper limiting EW ranges between 5.6–
3.9 Å given that a moderate-strength skyline impacts part of the
ele v ant wav elength re gime. F or the continuum flux density, we use
he VIRCam J -band photometry ( λeff, rest = 1543 Å) measurement of
.47 μJy. The total Ly α escape fraction from REBELS-27 is inferred
o be < 3.2 −8.0 per cent. 

.3 Lyman-alpha escape fractions from REBELS galaxies 

t is well-established that luminous, UV-selected galaxies at z ∼
 −3 tend to have low Ly α escape fractions ( ≈5 per cent) due to
heir substantial dust content and high H I co v ering fractions (e.g.
ayes et al. 2010 ; Steidel et al. 2011 ; Ciardullo et al. 2014 ; Matthee

t al. 2016 ; Weiss et al. 2021 ). It is, ho we ver, much less clear how
fficiently Ly α photons are able to escape from galaxies at z > 6.
n average, these very early systems are found to be much bluer
ith considerably larger sSFRs relative to typical galaxies at z ∼ 2

e.g. Stark et al. 2013 ; Bouwens et al. 2014 ; B ́ethermin et al. 2015 ;
almon et al. 2015 ; Strait et al. 2020 ; Stefanon et al. 2022 ), suggesting

hey may have physical conditions more conducive to efficient
y α escape. Our REBELS sample enables us to investigate this
ossibility among the most UV-luminous ( −22 . 7 ≤ M UV ≤ −21 . 6)
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nd massive (M ∗ � 10 9 M �) galaxies at z ∼ 7. In the previous
ub-section, we quantified the Ly α escape fraction of each of our 
inospec-targeted REBELS galaxies and the resulting values are 

ummarized in Table 3 . Notably, the [C II ] systemic redshifts enable
s to place confident upper limits on the escape fraction for sources
hich went undetected in Ly α since we know whether their Ly α
rofiles may o v erlap with strong skylines. 
None of the eight UV-luminous ( −22 . 7 ≤ M UV ≤ −21 . 6) z ∼ 7

EBELS galaxies which we have targeted with Binospec appear to 
how strong Ly α emission (EW > 25 Å). This is particularly striking
iven that a large fraction (75 per cent) of these systems are inferred to
xhibit high EW [O III ] + H β emission ( ≥800 Å) implying efficient
roduction of hydrogen ionizing photons (Che v allard et al. 2018 ;
ang et al. 2019 ; E21b ). As expected from this result, we find that
t least half our REBELS galaxies have low Ly α escape fractions of
 2.5 per cent (Table 3 ). Even after correcting these values for Ly α

ransmission through the IGM ( T ≈ 50 −80 per cent; see Section 5 ),
e find that only 3–4 per cent of Ly α photons typically escape
ur REBELS galaxies, comparable to that of similarly massive ( �
0 9 M �) systems at z ∼ 2 −3. This suggests that much of the Ly α
hotons are resonantly trapped within the galaxy, likely due in part 
o a large column density of neutral hydrogen close to the systemic
elocity (e.g. Neufeld 1990 ; Mas-Hesse et al. 2003 ; Verhamme, 
chaerer & Maselli 2006 ; Steidel et al. 2010 ) though destruction
y dust likely plays a significant role as well. 
While our Binospec-targeted REBELS galaxies are blue in the 

est-UV (median β = −1.94), our ALMA data none the less indicate 
he presence of substantial dust reservoirs in many of these systems
M dust ∼ 10 7 M �; Dayal et al. 2022 ; Ferrara et al. 2022 ) which likely
ontribute significantly to the absorption of their Ly α photons (see 
.g. Behrens et al. 2019 ). It may be expected that we find a correlation
etween Ly α escape fraction and far-infrared luminosity among our 
EBELS sample. In reality, such a trend is challenging to reco v er
ith our current data set for two reasons. First, our ALMA data
nly provide shallow upper limits on the far-infrared luminosity for 
ources undetected in dust continuum (see Table 3 ), allowing for the
ossibility of large dust masses within these systems. Secondly, our 
ample is limited by small statistics and a narrow dynamic range 
n Ly α escape fraction ( � 5 per cent). Indeed, we find that when
e separate our sample by low ( < 2.5 per cent) and moderate (2.5–
 per cent) Ly α escape fractions, we do not find a clear difference in
he average far-infrared luminosity. The two sources with moderate 
y α escape fractions (REBELS-14 and REBELS-23) have far- 

nfrared luminosities of 3.4 × 10 11 and < 3.9 × 10 11 L �, respectively,
here we quote 3 σ upper limits for non-detected objects. Our ALMA 

ata are consistent with similar far-infrared luminosities among the 
our galaxies with low ( < 2.5 per cent) Ly α escape fractions within
urrent sensitivity limits ( ≤3.3 × 10 11 to 4.3 × 10 11 L �; see Table 3 ).
ere, we are ignoring the two sources with Ly α escape fraction upper

imits abo v e 2.5 per cent (i.e. REBELS-03 and REBELS-27) since
e cannot determine which bin these galaxies fall into. Further Ly α
bservations of the REBELS sample as well as impro v ed constraints
n their far-infrared luminosity would enable a better assessment 
f the impact of dust on Ly α escape among massive ( � 10 9 M �)
eionization-era galaxies. 

 ANA LY SIS  

ll of the galaxies considered in this work have ALMA detections of
heir [C II ] 158- μm emission (Bouwens et al. 2022 ). In this section,
e first use the [C II ] data to measure the Ly α velocity offsets of
he four galaxies with Binospec detections, and discuss our results in
ontext of the literature (Section 4.1 ). We then consider how the broad 
y α line widths of these four z � 7 REBELS galaxies likely assist

n enhancing transmission through the IGM (Section 4.2 ). Finally, 
e explore whether our sample shows any evidence of a connection
etween Ly α EW and [C II ] luminosity at fixed SFR (Section 4.3 ). 

.1 Lyman-alpha velocity offsets of UV-bright z > 6 galaxies 

n increasing number of observations have demonstrated that UV- 
right ( M UV � −21) galaxies do not show strong evolution in their
y α line strengths between z ∼ 6 and z ∼ 7 (Ono et al. 2012 ;
tark et al. 2017 , E21b ) even as the IGM neutral fraction rises
apidly o v er this time period (e.g. McGreer et al. 2015 ; Davies et al.
018 ; Wang et al. 2020 ; Yang et al. 2020 ). This indicates that Ly α
hotons from UV-luminous z ∼ 7 galaxies are somehow able to 
 v oid strong resonant interactions with the surrounding intergalactic 
 I . One possible explanation is that their photons often escape the
GM at velocities significantly redward of systemic ( > 100 km s −1 ),
lacing them beyond the resonant core and well into the damping
ing where transmission is greatly enhanced. While such large 
y α velocity offsets are commonly observed among similarly bright 
alaxies at z ∼ 2 −3 (Hashimoto et al. 2013 ; Erb et al. 2014 ; Shibuya
t al. 2014 ), a statistical analysis at z > 6 has been hindered by
bservational challenges. To date, only a small fraction of UV- 
uminous z > 6 galaxies have been detected in Ly α, and much
ewer have detections of a second emission line tracing the systemic
edshift (e.g. [C II ]158 μm). Here, we help address this issue using
ew [C II ] detections of UV-luminous z ≥ 6.5 galaxies from the
LMA REBELS program (Bouwens et al. 2022 ). 
We have thus far detected Ly α emission in four REBELS galaxies

t z [C II ] = 6 . 6 − 7 . 1 (REBELS-14, REBELS-15, REBELS-23, and
EBELS-39; Section 3.1 ). All four of these systems are in the UV

uminosity range where Ly α transmission appears to not be strongly 
volving between z ∼ 6 and z ∼ 7 ( M UV ∼ −22). We compute
he Ly α velocity offsets of these galaxies using systemic redshifts 
orresponding to the central [C II ] wavelength from Gaussian fits
o the 1D ALMA spectra (Schouws et al., in preparation). The
y α redshifts are measured from the wavelength of peak line flux
see Section 3.1 ) similar to the approach of many previous studies
Maiolino et al. 2015 ; Stark et al. 2015 , 2017 ; Carniani et al. 2017 ,
018b ; Mainali et al. 2017 ; Matthee et al. 2020 ). From our redshift
easurements, we calculate Ly α velocity offsets of 177, 324, 227, 

nd 165 km s −1 for REBELS-14, REBELS-15, REBELS-23, and 
EBELS-39, respectively (see Table 3 ). Our results indicate that 
 significant portion of Ly α photons from these four UV-luminous 
 M UV ∼ −22) z ∼ 7 galaxies are emerging well into the damping
ing (av erage v elocity offset of 223 km s −1 ) where IGM transmission

s significantly boosted. 
To place our results in the context of previous studies, we consider

he sample of z > 6 velocity offset measurements from the literature.
ere, we only include measurements derived from secure (S/N > 5)
y α detections where the bluer side of the observed Ly α emission
eature (containing the peak of the profile) is not significantly 
mpacted by skylines. We also ignore measurements derived from 

ystemic line detections that were considered tentative in their 
ublished works. With our REBELS sample, we have nearly doubled 
he number of Ly α velocity offset measurements among extremely 
V-luminous ( M UV < −22) Lyman-break selected galaxies at z 
 6, boosting available statistics from N = 4 to 7 (see Table 4 ;
illott et al. 2015 ; Stark et al. 2017 ; Hashimoto et al. 2019 ). These

ev en e xtremely bright galaxies have an av erage v elocity offset of
MNRAS 517, 5642–5659 (2022) 
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Table 4. Summary of literature measurements of Ly α velocity offsets at z > 6 including those from this work. We only consider measurements derived 
from galaxies where the Ly α feature is detected at S/N > 5 and where the bluer side of the observed Ly α emission feature is not significantly impacted 
by skylines. We also ignore measurements derived from systemic line detections that were considered tentative in their published works. 

ID z M UV � v Ly α Ly α EW References 
(km s −1 ) ( Å) 

Lyman-break selected galaxies 

CLM1 6.17 − 22 .8 430 50 Cuby et al. ( 2003 ), Willott et al. ( 2015 ) 
WMH5 6.07 − 22 .7 504 13 Willott et al. ( 2013 , 2015 ) 
REBELS-14 7.08 − 22 .7 177 15 This work 
REBELS-39 6.85 − 22 .7 165 10 This work 
REBELS-15 6.88 − 22 .6 324 4 This work 
B14-65666 7.15 − 22 .4 772 4 Furusawa et al. ( 2016 ), Hashimoto et al. ( 2019 ) 
EGS-zs8-1 7.72 − 22 .1 340 21 Oesch et al. ( 2015 ), Stark et al. ( 2017 ) 
COS-zs7-1 7.15 − 21 .9 135–420 a 15–28 a Pentericci et al. ( 2016 ), Laporte et al. ( 2017 ), Stark et al. ( 2017 ) 
COSMOS24108 6.62 − 21 .7 240 27 Pentericci et al. ( 2016 , 2018 ) 
REBELS-23 6.64 − 21 .6 227 14 This work 
NTTDF6345 6.70 − 21 .6 110 15 Pentericci et al. ( 2011 , 2016 ) 
UDS16291 6.64 − 21 .0 110 6 Pentericci et al. ( 2016 , 2018 ) 
BDF-3299 7.11 − 20 .5 71 50 Vanzella et al. ( 2011 ), Maiolino et al. ( 2015 ), Carniani et al. ( 2017 ) 
RXJ2248-ID3 6.11 − 20 .2 b 235 40 Mainali et al. ( 2017 ) 
A383-5.2 6.03 − 19 .3 b 85–120 c 138 Stark et al. ( 2015 ), Knudsen et al. ( 2016 ) 

Narrowband-selected Lyman-alpha Emitting Galaxies 

VR7 6.53 − 22 .4 213 38 Matthee et al. ( 2019 , 2020 ) 
CR7 6.60 − 22 .2 167 211 Sobral et al. ( 2015 ), Matthee et al. ( 2017 ) 
Himiko 6.59 − 21 .9 145 78 Ouchi et al. ( 2013 ), Carniani et al. ( 2018b ) 

Notes. a Different Ly α redshifts and EWs are reported for COS-zs7-1 in Pentericci et al. ( 2016 ), Laporte et al. ( 2017 ), and Stark et al. ( 2017 ). We list the 
corresponding range of velocity offsets and EWs found between the three works. 
b The UV magnitudes of RXJ2248-ID3 and A383-5.2 have been corrected for gravitational lensing adopting μ = 5.5 and 7.3, respectively (Stark et al. 
2015 ; Mainali et al. 2017 ). 
c For A383-5.2, we report the Ly α velocity offset measured using the [C III ] λ1909 redshift from Stark et al. ( 2015 ) and the [C II ]158 μm redshift from 

Knudsen et al. ( 2016 ). For both measurements, we adopt the Ly α redshift from Stark et al. ( 2015 ). 
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Figure 3. Ly α velocity offsets measurements versus M UV among Lyman- 
break selected galaxies at z > 6. The stars show measurements from 

the REBELS sample while squares show additional measurements from 

the literature where points are colour-coded by the Ly α EW. All values 
shown here are tabulated in Table 4 where, in cases when a property 
has multiple reported values across various works, we plot the average of 
those reported values. The black cross shows the average velocity offset of 
387 km s −1 measured among extremely UV-luminous ( M UV < −22) z > 6 
galaxies while the black dashed line shows the predicted relation between 
the av erage Ly α v elocity offset and UV magnitude at z = 7 from Mason 
et al. ( 2018a ). Av ailable z > 6 velocity of fset measurements at the fainter 
end ( M UV ≥ −20 . 5) may be biased low given the relatively high Ly α EWs 
(40–138 Å) of these three objects. 
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87 km s −1 . Moreo v er, each e xhibits � v Ly α> 100 km s −1 indicating
hat such large values are very common (if not ubiquitous) in the
xtremely UV-luminous z > 6 population (see Fig. 3 ). 

We now compare the velocity offsets seen among the extremely
V-luminous ( M UV < −22) z > 6 galaxy population to those in

he z ∼ 5 ALMA ALPINE surv e y (Le F ̀evre et al. 2020 ). Using
he ALPINE DR1 catalogue (B ́ethermin et al. 2020 ; Cassata et al.
020 ; Faisst et al. 2020 ), we find that there are twenty M UV < −22
alaxies with both Ly α and [C II ] redshift measurements at z =
.4 −5.7. These 20 galaxies exhibit Ly α velocity offsets spanning
192 km s −1 ≤ � v Ly α ≤ 520 km s −1 with an average of 193 km s −1 .
his average value is substantially lower than that seen among the

uminosity-matched z > 6 sample (387 km s −1 ). Ho we ver, we note
hat the velocity offsets of these ALPINE galaxies will be weighted
o wards lo w v alues gi ven their relati vely high Ly α EWs. It has
een shown that galaxies with larger Ly α EWs tend to exhibit
maller velocity offsets, both at z ∼ 2 −3 (e.g. Hashimoto et al.
013 ; Erb et al. 2014 ) as well as within the z ∼ 5 ALPINE
ample (Cassata et al. 2020 ), likely in part because lower H I

olumn densities near systemic leads to more efficient Ly α escape
rom the galaxy at � v Ly α∼ 0 km s −1 . According to the ALPINE
atalogue, 45 per cent (9/20) of the extremely UV-luminous galaxies
ith velocity offset measurements show strong Ly α emission (EW
 25 Å), a considerably larger fraction than that typically reported

mong Lyman-break selected UV-bright ( M UV < −20 . 5) galaxies
t z ∼ 5 ( ≈25 per cent; e.g. Stark, Ellis & Ouchi 2011 ; Cassata
t al. 2015 ). This is to be expected given that the ALPINE galaxies
ere partially assembled from a sample of narrow-band selected
y α emitters (Faisst et al. 2020 ). We note that the sample of seven
NRAS 517, 5642–5659 (2022) 
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xtremely UV-luminous z > 6 galaxies considered abo v e e xhibit
airly representative Ly α EWs with respect to the broader UV-bright 
 ∼ 6 −7 population ( E21b ), suggesting that their Ly α velocity
ffsets will also be representative. Only 14 per cent (1/7) of these
ystems show strong Ly α, comparable to that typically seen among 
V-bright ( M UV < −20 . 5) Lyman-break selected z ∼ 6 −7 samples

 ≈10 per cent; Stark et al. 2011 ; Ono et al. 2012 ; Schenker et al.
014 ; De Barros et al. 2017 ; Pentericci et al. 2018 ). Moreo v er, the
edian Ly α EW of these seven galaxies (13 Å) is very similar to

hat inferred for the larger UV-bright z ∼ 7 population in E21b 
10 ± 3 Å). 

Many studies have established that faint ( −20 � M UV � −18)
alaxies exhibit a strong, rapid decline in Ly α emission strength 
t z > 6 (e.g. Schenker et al. 2014 ; Pentericci et al. 2018 ; Fuller
t al. 2020 ), in contrast to the bright ( M UV � −21) population. This
uminosity dependence on Ly α transmission could arise (at least in 
art) from smaller velocity offsets among fainter z > 6 galaxies, 
s may be expected if lower mass systems have less H I gas near
ystemic velocity (e.g. Steidel et al. 2010 ; Erb et al. 2014 ). Ho we ver,
t is not clear that this is the case from existing data. There are
urrently only three intrinsically faint ( M UV ≥ −20 . 5) galaxies at z 
 6 with robust Ly α velocity offset measurements (see Fig. 3 and
able 4 ; Maiolino et al. 2015 ; Stark et al. 2015 ; Carniani et al. 2017 ;
ainali et al. 2017 ). This limited sample size is largely the result of

hallenges in obtaining multiline detections of faint reionization-era 
ystems. While all three galaxies do show velocity offsets smaller 
han the average of UV-luminous ( M UV < −22) systems (Table 4 ),
heir Ly α emission is clearly unusual. With EWs of 40–138 Å, these
alaxies fall into the rare ( ∼5–20 per cent) sub-class of very strong
y α emitters among the faint z ∼ 6 −7 population (Pentericci et al.
018 ). Because galaxies with higher EW Ly α emission typically 
xhibit smaller velocity offsets (at least at z < 6; e.g. Hashimoto et al.
013 ; Erb et al. 2014 ; Cassata et al. 2020 ), the measured offsets of
hese three faint galaxies may be biased to wards lo w v alues. Further
bservations of faint z > 6 galaxies with more typical Ly α emission
EW � 10 Å; Pentericci et al. 2018 ) are required to better assess the
v erage v elocity offset of this population. 

.2 Lyman-alpha line widths of UV-luminous z > 6 galaxies 

long with velocity offsets, the Ly α line widths of z > 6 galaxies
etermine how efficiently their photons transmit through a partially 
eutral IGM. Galaxies with broader Ly α profiles emit a larger 
raction of flux at high velocities where the damping wing absorption 
s weaker, thereby boosting IGM transmission. In this subsection, 
e discuss the Ly α line widths of our UV-luminous ( M UV ∼ −22)
EBELS galaxies and compare to those of fainter sources. 
All four REBELS galaxies with Binospec detections display broad 

y α lines with FWHM > 300 km s −1 (see Table 3 ). Two of these
ystems (REBELS-14 and REBELS-39) show extremely wide Ly α
rofiles (FWHM ≈ 650 km s −1 ) with significant emission detected 

750 km s −1 relativ e to systemic (see Fig. 4 ). At these v elocities,
y α photons are pushed far into the damping wing where the 
bsorption cross-section is nearly 2 orders of magnitude less than 
hat at 100 km s −1 (Dijkstra 2017 ). The presence of Ly α flux at
uch large velocities undoubtedly enhances the visibility of these 
V-luminous galaxies in a mostly neutral IGM. 
We can obtain more stringent constraints on this population 

ooking at all UV-selected z > 6 galaxies with Ly α FWHM 

easurements. Here, we only consider S/N > 7 Ly α detections 
here the measured width is not strongly impacted by OH skylines.

n the sample of six UV-luminous ( M UV < −22) galaxies, we find an
verage Ly α FWHM of 450 km s −1 , with values ranging from 310–
40 km s −1 (see Fig. 5 a and Table 5 , Cuby et al. 2003 ; Willott et al.
013 ; Oesch et al. 2015 ). If these large line widths are to preferentially
oost Ly α transmission with respect to less luminous galaxies, we 
ould expect to see a luminosity-dependent trend in the FWHM of
y α. In the nine UV-selected z > 6 galaxies with low luminosities
 M UV ≥ −20 . 5) and published Ly α line width measurements, we
nd FWHMs ranging from 130 to 285 km s −1 with an average of
85 km s −1 (Table 5 ; Nagao et al. 2005 ; Vanzella et al. 2011 , 2014 ;
tark et al. 2015 ; Mainali et al. 2017 ; Hoag et al. 2019 ; Pelliccia
t al. 2021 ). These are uniformly smaller than the widths of the more
uminous systems considered in this paper, hinting at a luminosity- 
ependent trend (see Fig. 5 a). 
The presence of such broad Ly α widths in the REBELS galaxies is

ot necessarily surprising. UV-luminous galaxies at z � 7 are likely
o have neutral outflows with large column densities spanning a wide
ange of velocities, as are commonly seen in similarly luminous 
alaxies at lower redshifts (e.g. Shapley et al. 2003 ; Verhamme et al.
008 ; Steidel et al. 2010 ). The Ly α profiles in these systems will
ccordingly take on broader widths from back-scattered emission off 
he far side of the outflowing gas. Such resonant scattering effects
urely play a significant role in transferring Ly α photons to the large
elocities described above. 

Our ALMA data suggests another factor may also contribute to 
he broad line widths. The two systems in our sample exhibiting
xtremely broad Ly α emission (REBELS-14 and REBELS-39) also 
how atypically broad [C II ] profiles with FWHM = 300–520 km s −1 

see Table 5 ; cf. the median FWHM = 220 km s −1 among all 24
C II ]-detected REBELS galaxies; Schouws et al., in preparation), 
ndicating that the broadest Ly α emission is seen from galaxies 
ith ISM reservoirs spanning the largest range of velocities. This is

lso true in the wider literature sample (see Fig. 5 b). If we consider
he seven UV-selected z > 6 galaxies with Ly α and [C II ] FWHM

easurements (Table 5 ), the three with the largest [C II ] FWHM
 ≥300 km s −1 , WMH5, REBELS-39, REBELS-14) have an average
y α FWHM of 530 km s −1 (Willott et al. 2013 , 2015 ). The four with

ower [C II ] FWHM ( � 160 km s −1 , CLM1, REBELS-15, BDF-3299,
383) have an average Ly α FWHM of just 270 km s −1 (Cuby et al.
003 ; Vanzella et al. 2011 ; Maiolino et al. 2015 ; Stark et al. 2015 ;
illott et al. 2015 ; Knudsen et al. 2016 ). 
The connection between the Ly α and [C II ] line widths suggests

hat the velocity dispersion of the gas powering the line emission
s likely playing a significant role in driving the FWHM of Ly α
mission. The origin of the very broad [C II ] emission is still
ot entirely clear (Kohandel et al. 2019 , 2020 ). High-resolution
maging from HST potentially gi ves some insight, re vealing that UV-
uminous ( M UV < −22) z � 7 galaxies tend to be composite systems
omprised of several bright clumps separated by � 2–5 kpc (Sobral
t al. 2015 ; Bowler et al. 2017 ; Matthee et al. 2019 ). These clumps are
ikely to have significant peculiar motions ( > 100–500 km s −1 ) given
heir separation and the dynamical masses of their host galaxies 
 � 1 × 10 10 –3 × 10 10 M �), consistent with ALMA observations
or a subset of these sources (Jones et al. 2017 ; Matthee et al. 2017 ;
arniani et al. 2018a ; Hashimoto et al. 2019 ). At the spatial resolution
f the REBELS [C II ] maps (beam ≈ 7 kpc), these putative clumps
re mostly blended, which can naturally produce the broad (and 
otentially multipeaked) [C II ] profiles seen in our data (Kohandel
t al. 2019 ). If each clump of gas is also powering Ly α emission,
e would expect the intrinsic Ly α profile to start out fairly broad in

hese luminous galaxies, mirroring the [C II ] line profile. Resonant
cattering off of the outflowing gas will further broaden the line and
hift it to higher velocities. 
MNRAS 517, 5642–5659 (2022) 
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Figure 4. Top panel: ALMA [C II ] (blue) and dust continuum (red) contour maps o v erlaid on the near-infrared χ2 image of each REBELS source detected 
in Ly α. We show the 2 σ , 3 σ , and 4 σ contours of detections within 1 arcsec of the source centroid from near-infrared imaging. The Binospec slit positions 
are shown with black lines where REBELS-14 and REBELS-39 were observed with two different slit orientations. Also shown is the ALMA beam size in the 
lower left-hand of each panel. Middle panel: Ly α velocity profiles of each source using the systemic redshift measured from [C II ]. We highlight portions of the 
profiles free of skyline obscuration with detected flux. Bottom panel: [C II ] velocity profiles of each source. Format is similar to the middle panels. 

Figure 5. (a) Ly α FWHM versus M UV among Lyman-break selected galaxies at z > 6. The stars represent measurements from the REBELS sample while 
squares show additional measurements from the literature. All values shown here are tabulated in Table 5 and we only consider sources with M UV < −22 or 
≥ −20 . 5 to explore evidence of a luminosity dependence on Ly α FWHM at z > 6. Current data suggest that brighter z > 6 sources commonly exhibit larger 

Ly α FWHMs, with an average FWHM of 450 km s −1 measured among extremely UV-luminous ( M UV < −22) galaxies (black cross). (b) Measurements of 
Ly α FWHM versus [C II ] FWHM when available among this same sample (see Table 5 ). These existing data suggest that the broadest Ly α emission is seen 
from galaxies with ISM reservoirs spanning the largest range of velocities. 
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Table 5. Literature measurements of Ly α FWHM among Lyman-break selected galaxies at z > 6. We consider only those with either M UV ≤ −22 
or ≥ −20 . 5 (separated by the horizontal line) to explore a luminosity-dependent trend. This sample is limited to S/N > 7 Ly α detections where the 
measured line width is not strongly impacted by skylines. [C II ] FWHM measurements are also listed where available. 

ID z M UV Ly α EW Ly α FWHM [C II ] FWHM References 
( Å) (km s −1 ) (km s −1 ) 

CLM1 6.17 − 22 .8 50 400 162 Cuby et al. ( 2003 ), Willott et al. ( 2015 ) 
WMH5 6.07 − 22 .7 13 310 400 Willott et al. ( 2013 , 2015 ) 
REBELS-39 6.85 − 22 .7 10 640 523 This work 
REBELS-14 7.08 − 22 .7 15 640 301 This work 
REBELS-15 6.88 − 22 .6 4 340 160 This work 
EGS-zs8-1 7.72 − 22 .1 21 360 – Oesch et al. ( 2015 ) 

BDF-521 7.01 − 20 .5 64 240 – Vanzella et al. ( 2011 ) 
BDF-3299 7.11 − 20 .5 50 200 102 Vanzella et al. ( 2011 ), Maiolino et al. ( 2015 ) 
RXJ2248-ID3 6.11 − 20 .2 a 40 131 – Mainali et al. ( 2017 ) 
SDFJ132442 6.04 − 20 .0 236 220 – Nagao et al. ( 2005 ) 
RELICS-DP7 7.03 − 19 .5 a 342 285 – Pelliccia et al. ( 2021 ) 
A383-5.2 6.03 − 19 .3 a 138 130 100 Stark et al. ( 2015 ), Knudsen et al. ( 2016 ) 
MACS0744-064 7.15 − 18 .5 a 58 160 – Hoag et al. ( 2019 ) 
macs0717 0859 6.39 − 18 .3 a 45 � 150 – Vanzella et al. ( 2014 ) 
macs0717 1730 6.39 − 17 .3 a 32 � 150 – Vanzella et al. ( 2014 ) 

Note. a We adopt magnification factors of μ = 5.5, 1.15, 7.3, 3.2, 6.9, and 17.3 for RXJ2248-ID3, RELICS-DP7, A383-5.2, MACS0744-064, 
macs0717 0859, and macs0717 1730, respectively as stated by the corresponding references listed in the table. 
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While fainter systems are likely to also breakup into clumps, these 
ess massive and more compact galaxies should have smaller velocity 
ispersions, leading to narrower initial line widths (before transfer 
hrough the outflowing gas). If the outflowing gas of these faint 
alaxies also has smaller velocities and lower column densities, it 
ill further contribute to narrow Ly α widths. This physical picture 
ill soon be easily testable with higher spatial resolution ALMA 

aps and JWST IFU observations of Ly α and non-resonant nebular 
ines. If shown to be true, it would suggest that the substantial peculiar
otions of clumps in very luminous galaxies will impact the observed 
y α profile and in turn the atypical visibility of Ly α emission lines

n this population. It would also suggest that when multiple spectral 
eaks in Ly α are observ ed, the y do not al w ays imply that one of the
eaks is blueward of the systemic redshift (e.g. Matthee et al. 2018 ;
eyer et al. 2021 ). Such blue Ly α peaks are e xciting as the y imply

 low co v ering fraction of neutral gas, potentially an indicator of
yman-continuum leakage (e.g. Henry et al. 2015 ; Verhamme et al. 
015 ; Jaskot et al. 2019 ; Gazagnes et al. 2020 ; Hayes et al. 2021 ). We
uggest that systemic redshifts (as provided by [C II ]) are critical for
nterpreting the Ly α profiles, as multiple peaks can arise naturally 
rom blended clumps of gas in large composite systems. 

Our Binospec data may be providing evidence of multipeaked Ly α
rofiles arising from separate gas clumps in extremely luminous z � 7
alaxies. As can be seen in Fig. 6 , the Ly α profiles of both REBELS-
4 and REBELS-39 tentati vely sho w multiple peaks of emission even
hough all flux is detected redward of the systemic velocity from
C II ]. In the Ly α spectra of REBELS-14, there are potentially two
eaks at velocities of approximately 220 and 380 km s −1 relative to
ystemic where this separation of 160 km s −1 is more than twice the
esolution of our Binospec data ( ≈68 km s −1 ). There is also a possible
hird Ly α peak in REBELS-14 giving rise to the flux seen on both
ides of the moderate-strength skyline at ≈680 km s −1 relative to 
ystemic. The Ly α profile of REBELS-39 shows a similar structure. 
here are possibly two separate peaks at velocities of approximately 
10 and 300 km s −1 relative to systemic along with a potential third
eak at ≈670 km s −1 . We acknowledge that the presence of skylines
nd the current S/N of our data leaves significant uncertainty in the
rue number of Ly α peaks for each REBELS source, though we note
hat lower redshift ( z ∼ 2 −4) galaxies have been shown to exhibit
ignificant spatial variations in their Ly α profiles (e.g. Erb, Steidel &
hen 2018 ; Claeyssens et al. 2019 ; Leclercq et al. 2020 ). 
To assess the plausibility of these potential multipeak Ly α

olutions, we fit the 1D spectra of REBELS-14 and REBELS-39
ssuming three peaks of emission. During the fits, we assume that
he bluest peak is a half-Gaussian while the redder two peaks are
ymmetric Gaussians (due to less attenuation by the IGM/CGM 

t higher velocities). Each peak component is convolved with the 
nstrument resolution and re gions o v erlapping with strong skylines
re masked during the fits. For comparison, we also consider single-
eak profile solutions treated as a half-Gaussian convolved with 
he instrument resolution. The triple-peak Ly α models are able 
o reproduce the observed line shapes for both REBELS-14 and 
EBELS-39, yielding best-fitting reduced χ2 values of 0.50 and 0.66, 

espectively. The single-peak models provide a poorer match to the 
ata with best-fitting reduced χ2 values of 1.16 and 1.20, respectively, 
here here we are accounting for the fact that the triple-peak fits
ave more degrees of freedom. None the less, deeper spectra will
e required to verify whether multiple emission peaks (all redward 
f systemic velocity) are indeed present in the Ly α profiles of these
wo extremely luminous ( M UV = −22 . 7) z � 7 galaxies. If shown
o be true, these separate Ly α peaks could support the presence of

ultiple gas clumps with large peculiar motions within each galaxy 
cf. Park et al. 2021 ), as may be further evidenced by their possible
ultipeaked [C II ] profiles (Fig. 4 ). Such a physical picture would

learly help explain the extremely broad Ly α emission (FWHM ≈
40 km s −1 ) observed from these two galaxies, though it is unclear
n this picture why the bluest Ly α peak is the strongest given that it
ies closest to systemic where the H I column density is perhaps the
argest. 

.3 The dependence of [C II ] production on Ly α EW at z ∼ 7 

he first ALMA surv e ys targeting z � 7 galaxies resulted in very
ew [C II ] detections (Ouchi et al. 2013 ; Ota et al. 2014 ; Maiolino
t al. 2015 ; Schaerer et al. 2015 ), even though the observation depths
ere calibrated to local empirical relations between [C II ] luminosity

nd SFR (e.g. De Looze et al. 2014 ). It has been proposed that this
MNRAS 517, 5642–5659 (2022) 
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Figure 6. We find tentative evidence of multipeaked Ly α emission from 

REBELS-14 (top) and REBELS-39 (bottom). We show the MMT/Binospec 
data similar to Fig. 1 and o v erlay the best-fitting single-peak and triple- 
peak line profile models. Hashed grey regions show portions of the spectra 
o v erlapping with strong skylines that were not used in the fits. The triple- 
peak solutions provide a better match to the data (reduced χ2 = 0.50–0.66) 
compared to the single-peak solutions (reduced χ2 = 1.16–1.20) for both 
sources. These tentative multiple Ly α peaks (all redward of systemic) may 
be originating from multiple gas clumps moving with large peculiar motions 
within each galaxy. 
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o-called [C II ] deficit was in part due to the selection bias towards z �
 galaxies with strong Ly α emission which had known spectroscopic
edshifts (e.g. Pentericci et al. 2016 ; cf. Pallottini et al. 2019 ; Carniani
t al. 2020 ). These strong Ly α emitters may be expected to show
eaker [C II ] at fixed SFR due to e.g. lower metallicities relative to

he typical high-redshift galaxy population (e.g. Ouchi et al. 2013 ;
aiolino et al. 2015 ; Vallini et al. 2015 ; Pentericci et al. 2016 ;

errara et al. 2019 ). Because our REBELS galaxies were selected
ia the Lyman break (Bouwens et al. 2022 ), they show Ly α EWs
ore typical of bright z ∼ 7 systems and thus provide a valuable

aseline for [C II ] production in the reionization era. Below, we
xplore whether REBELS galaxies with higher Ly α EWs show
ignificantly weaker [C II ] emission at fixed SFR. 

We divide our REBELS galaxies into two sub-samples split by
y α EW = 10–20 Å and EW < 10 Å, where 10 Å is the approximate

ypical Ly α EW of UV-bright z ∼ 7 galaxies ( E21b ). For this anal-
sis, we ignore REBELS-03 and REBELS-27 given their relatively
eak upper limits on Ly α EW from skyline contamination. The [C II ]

uminosities (Schouws et al., in preparation) and UV + IR star forma-
ion rates of each galaxy (Topping et al. 2022 ) are reported in Table 3 .

Our current sample does not show a strong trend between Ly α EW
nd [C II ] luminosity at fixed SFR. The three galaxies with relatively
eak Ly α emission (EW < 10 Å) have [C II ] luminosity to SFR

atios spanning (0.06–0.13) × 10 8 L �/(M � yr −1 ) with an average
alue of (0.09 ± 0.04) × 10 8 L �/(M � yr −1 ). These L [C II ] /SFR ratios
re very similar to the three more moderate Ly α emitters (EW = 10–
0 Å) which show values spanning (0.05–0.09) × 10 8 L �/(M � yr −1 )
ith an average of (0.06 ± 0.02) × 10 8 L �/(M � yr −1 ). Here, we

re adopting a fixed conversion factor between UV luminosity and
nobscured SFR (see Section 2.2 ), as is common in the literature
e.g. Maiolino et al. 2015 ; Pentericci et al. 2016 ; Matthee et al.
019 ). Utilizing age-dependent SFR UV /L UV ratios (e.g. Topping
t al. 2022 ) does substantially increase the estimated unobscured
FRs of two sources (REBELS-15 and REBELS-39) given that their
igh [O III ] + H β EWs suggest very young ages (see Section 2.2 ).
o we ver, since each Ly α EW bin contains one of these sources,
e still find that the average L [C II ] /SFR ratios are comparable for
eak and moderate Ly α emitters in our sample when adopting age-
ependent SFR UV /L UV ratios. 
There are two possible explanations for why we do not find

ignificantly weaker [C II ] emission (at fixed SFR) among the
tronger Ly α emitters in our sample. The first potential reason is
hat our REBELS galaxies probe a rather limited dynamic range
f Ly α EWs ( < 20 Å). Previous studies have found evidence that
elatively weak [C II ] production becomes more apparent among z
 6 galaxies with Ly α EW � 50 Å (e.g. Carniani et al. 2018a ;
arikane et al. 2018b ; Matthee et al. 2019 ). It is possible that only at

uch high EWs do galaxy properties which reduce [C II ] production
e.g. low metallicity or strong stellar feedback; Ouchi et al. 2013 ;
allini et al. 2015 ; Ferrara et al. 2019 ) become significantly more
ommon. We also may not yet have adequate statistics to identify
 modest correlation between L [C II ] /SFR ratios and Ly α emission
t EW � 20 Å. Further rest-UV spectroscopic follow-up of the
EBELS sample would better establish if a correlation is present

n this typical Ly α EW regime. 

 DISCUSSION  

umerous observational campaigns have presented evidence that the
GM rapidly transitioned to a highly neutral state at z > 6 (e.g. Becker
t al. 2001 ; Fan, Carilli & Keating 2006 ; Kashikawa et al. 2011 ;
NRAS 517, 5642–5659 (2022) 
onno et al. 2014 ; McGreer et al. 2015 ; Greig et al. 2017 ; Zheng
t al. 2017 ; Ba ̃ nados et al. 2018 ; Davies et al. 2018 ; Wang et al. 2020 ;

hitler et al. 2020 ; Yang et al. 2020 ), thereby greatly increasing the
ptical depth to Ly α given its resonant nature. Surprisingly, UV-
right ( M UV � −21) galaxies show no evidence of strong evolution
n Ly α emission strengths between z ∼ 6 and z ∼ 7 (Ono et al. 2012 ;
tark et al. 2017 , E21b ), raising the question of how photons from

hese systems were able to transmit efficiently through a partially
eutral IGM. Using our ALMA observations, we have demonstrated
hat UV-bright z ∼ 7 galaxies commonly exhibit both large Ly α
elocity offsets and broad Ly α lines (Section 4 ). Here, we explore
ow these properties enhance Ly α transmission in the reionization
ra. 

In this paper, we have nearly doubled the number of Ly α velocity
ffset measurements among extremely UV-luminous ( M UV < −22)
yman-break galaxies at z > 6 (see Table 4 ). To quantify the
xpected IGM transmission of these systems, we calculate the
amping wing optical depth (Miralda-Escud ́e 1998 ) faced by Ly α

art/stac3064_f6.eps


Efficient Ly α transfer of bright z � 7 galaxies 5655 

Figure 7. Illustration of how Ly α IGM damping wing transmission during 
reionization depends on both the bubble size and the Ly α photon velocity 
relative to systemic. We assume that the emitting galaxy is at z = 7 and 
resides in the centre of a highly ionized (x H I � 10 −5 ) bubble with radius 
in physical Mpc given by the x -axis. Extremely UV-luminous ( M UV < −22) 
galaxies at z > 6 exhibit large velocity offsets (average ≈400 km s −1 ) and 
nearly half also show very broad profiles with detectable flux extending 
to ∼750 km s −1 (Fig. 4 ). At these high velocities, Ly α photons transmit 
efficiently ( � 40 per cent) through the neutral IGM even when emitted from 

within small ( R = 0.1 physical Mpc) bubbles. 
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hotons at their average velocity offset ( ≈400 km s −1 ). We assume
hat the IGM outside the emitting galaxy is highly ionized (x H I 
 10 −5 ) out to a bubble radius R beyond which the IGM is

ompletely neutral. In a moderate-sized bubble ( R = 0.5 physical 
pc), a typical extremely UV-luminous z = 7 galaxy will transmit

 considerable fraction ( ≈35 per cent) of its Ly α emission at peak
elocity ( � v Ly α = 400 km s −1 , see Fig. 7 ). Since the Ly α photons
f these luminous systems are redshifted far past the resonant core, 
heir IGM transmission will remain significant ( T ≈ 20 per cent) even
f situated in small ( R = 0.1 physical Mpc) bubbles. 

Extremely UV-luminous ( M UV < −22) z > 6 galaxies commonly 
xhibit not only large velocity offsets, but also broad Ly α profiles
ith an average FWHM = 450 km s −1 (see Fig. 5 a and Table 5 ).
he combination of these two properties indicate that a substantial 

raction of Ly α photons are frequently pushed deep into the damping 
ing where the H I absorption cross-section is minimized. Indeed, 
early half (3/7) of extremely UV-luminous z > 6 galaxies with 
y α detections and systemic redshift measurements show Ly α flux 
xtending to ≈750 km s −1 (see Fig. 4 and Hashimoto et al. 2019 ),
nabling Ly α photons transmit efficiently through the IGM even 
hen emitted within a small ( R = 0.1 physical Mpc) ionized bubble

 T � 40 per cent ; see Fig. 7 ). This ability to displace Ly α photons to
uch high velocities clearly aids in the persistent visibility of massive, 
V-luminous galaxies at z > 6. 
With the Ly α velocity profile information of our Binospec- 

etected REBELS galaxies, we can estimate the net IGM trans- 
ission fraction for each system assuming a given ionized bubble 

ize. That is, for each wavelength pixel in the observed 1D Ly α
rofiles (Fig. 1 ), we divide the line flux density by the IGM
ransmission fraction at the corresponding velocity and re-integrate 
he line profile to obtain an estimate of the line flux escaping from
he interstellar and circumgalactic medium. For these UV-luminous 
 −22 . 7 ≤ M UV ≤ −21 . 6) z ∼ 7 galaxies, we assume a fiducial
ubble size of R = 1 physical Mpc (Endsley & Stark 2022 ) and
stimate that approximately half (48–54 per cent) of the Ly α flux
scaping from each galaxy has escaped through the IGM. If these
ighly UV-luminous systems are instead often situated in the centre 
f very large ( R � 3 physical Mpc) ionized bubbles (possibly as a
esult of surrounding strong galaxy o v erdensities; e.g. Barkana &
oeb 2004 ; Endsley & Stark 2022 ; Leonova et al. 2022 ), we then
stimate that � 75–80 per cent of their Ly α photons are transmitted
hrough the IGM. Nevertheless, we expect that the high peak Ly α
elocity offsets and large line widths of UV-luminous z > 6 galaxies
ead to a relatively high net transmission ( � 50 per cent) of Ly α
hotons through the IGM. 
In contrast to bright systems, faint ( −20 � M UV � −18) galaxies

how a strong decline in Ly α emission strengths at z > 6 (Schenker
t al. 2014 ; Pentericci et al. 2018 ; Fuller et al. 2020 ). It is possible
hat this apparent luminosity dependence on Ly α transmission is (at 
east in part) due to smaller velocity offsets and narrower Ly α widths
t lower UV luminosities. While such a picture is consistent with
xisting observations, all these measurements come from faint z > 6
ources with exceptionally strong Ly α emission (EW = 32–342 Å; 
ee Tables 4 and 5 ) thereby potentially biasing this conclusion. 

Until Ly α detections become more accessible for typical faint 
eionization-era galaxies, expectations of their IGM transmission 
roperties must be guided by data at lower redshift. One particularly
ele v ant result is that Ly α velocity offsets positively correlate with
V luminosity at z ∼ 2 −3 (Erb et al. 2014 ). Of course, if a similar

elation holds at z > 6, the Ly α emission of fainter galaxies would be
ore susceptible to scattering by intergalactic H I . To better quantify

he possible extent of this effect, Mason et al. ( 2018a ) developed a
odel calibrated to the z ∼ 2 − 3 data that predicts a galaxy’s velocity

f fset gi ven its UV luminosity and redshift. The main assumption
nderlying this model is that velocity offsets correlate with halo 
ass independently of redshift, and can therefore be linked to UV

uminosity via theoretical M UV –M halo relations. With our results, 
e can begin testing this model’s predictions at z ∼ 7. From the

ev en e xtremely UV-luminous ( −23 < M UV < −22) Lyman-break
alaxies at z = 6 −8 with robust velocity offset measurements,
e calculate an average of 〈 � v Ly α 〉 = 387 km s −1 (Table 4 ). The
ason et al. ( 2018a ) model predicts this empirical value within
0.1 dex ( 〈 � v Ly α 〉≈ 300 km s −1 for M UV = −22 . 5 and z = 7),

ndicating reasonable agreement (see Fig. 3 ). Assuming this model 
an be applied to lower luminosities, we would expect a typical
aint ( M UV = −19) galaxy at z = 7 to show a velocity offset of
100 km s −1 which is consistent with measurements from A383-5.2 

 z = 6.03, M UV = −19 . 3; Stark et al. 2015 ; Knudsen et al. 2016 ).
he Ly α IGM transmission at this velocity offset is nearly half that
t � v Ly α = 400 km s −1 assuming a moderate-sized ( R = 0.5 physical
pc) host bubble at z = 7 (see Fig. 7 ). The difference becomes much
ore substantial in smaller bubbles ( R = 0.1 physical Mpc) where
y α transmission is only T ≈ 1 per cent at 100 km s −1 compared with
 ≈ 20 per cent at 400 km s −1 . 
Another rele v ant question is ho w we might expect Ly α FWHM to

ary with UV luminosity in the reionization era. Data at lower redshift 
gain provides a valuable baseline. Upon investigating a large set of
iterature Ly α observations (primarily at z ∼ 0 −4), Verhamme et al.
 2018 ) found a positive correlation between the FWHM and the
elocity offset of the red Ly α peak. This observed trend may arise
n part from larger H I column densities both broadening the Ly α
ine as well as pushing the peak of emission to higher velocities (e.g.
erhamme et al. 2006 , 2018 ; Zheng et al. 2014 ). Outflows may also
elp drive this correlation since systems with gas extending to higher
MNRAS 517, 5642–5659 (2022) 
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elocities would be expected to show both a wider Ly α profile and
 more redshifted peak. If fainter z > 6 galaxies have systematically
ower H I column densities or slower outflows (perhaps due to lower

ass), they would, thus, be expected to sho w narro wer Ly α lines
n addition to smaller velocity offsets. While the lower H I column
ensities may lead to more efficient Ly α escape within the galaxy,
he resulting narrower and less redshifted lines will face stronger
ttenuation from the partially neutral z � 7 IGM. Assuming an a ver -
ge velocity offset of ≈100 km s −1 for faint ( M UV ∼ −19) galaxies
t z = 7 (Mason et al. 2018a ), the literature compilation from Ver-
amme et al. ( 2018 ) suggests a typical FWHM of ≈200–250 km s −1 .
his is consistent with measurements from RELICS-DP7, A838-
.2, and MACS0744-064 ( −19 . 5 ≤ M UV ≤ −18 . 5) which show an
verage FWHM = 190 km s −1 (Stark et al. 2015 ; Hoag et al. 2019 ;
elliccia et al. 2021 ), and implies that the Ly α flux from faint
 = 7 galaxies would often be limited to � 300 km s −1 relative to
ystemic. At these velocities, IGM transmission will be considerably
uppressed (factor > 3) in small ( R ∼ 0.1 physical Mpc) bubbles
elative to the UV-bright systems that have emission extending
o ≈750 km s −1 . 

These predictions help explain why it has been so challenging
o detect Ly α emission from faint z � 7 galaxies, even those
hich appear to sit in the vicinity of an ionized bubble. One

ikely ionized region is in the BDF field where three relatively
right ( M UV ≤ −20 . 5) galaxies at z = 7.0 −7.1 exhibit strong Ly α
mission (Vanzella et al. 2011 ; Castellano et al. 2018 ). Ho we ver,
eep follo w-up observ ations yielded no Ly α detections among
ll twelve fainter ( M UV > −20 . 25) z ∼ 7 candidates targeted in
his field (Castellano et al. 2018 ). While it is currently unclear
hether these faint systems indeed reside in the same ionized

tructure(s), it is none the less expected that their Ly α photons
 ould experience weak er IGM transmission due to smaller velocity
f fsets and narro wer line widths. Using the predictions described
bo v e, an intrinsically faint ( M UV ∼ −19) z = 7 galaxy would likely
ave ≈2 × lower Ly α IGM transmission relative to an extremely
uminous ( M UV < −22) system assuming a moderate-sized ( R =
.5 physical Mpc) host bubble. These expectations for reduced IGM
ransmission also help explain the dearth of Ly α detections among
aint yet lensed z ∼ 7 −8 galaxies (Hoag et al. 2019 ; Mason et al.
019 ). 

 SUMMARY  

e present MMT/Binospec Ly α spectra of eight UV-luminous
 −22 . 7 ≤ M UV ≤ −21 . 6), massive (8.7 ≤ log (M ∗/M �) ≤ 9.5) [C II ]-
etected galaxies at z = 6.5 −7.1 selected from the recent ALMA
arge program REBELS (Bouwens et al. 2022 ). With this data,
e report four new measurements of Ly α velocity offsets among
V-bright reionization-era galaxies, improving our understanding
f how their photons transmit efficiently through a partially neutral
GM. We also investigate the role played by the broad Ly α profiles
f UV-luminous z > 6 galaxies. Our conclusions are as follows: 

(i) We confidently ( > 7 σ ) detect Ly α in four of eight [C II ]-
etected REBELS galaxies that we have so far targeted with
MT/Binospec. The Ly α EWs of our detected sources range

etween 3.7 and 14.6 Å which are all typical of massive UV-luminous
 � 7 galaxies ( E21b ). For two of the sources lacking a Ly α detection,
e place stringent 5 σ EW limits of ≤6 Å given the lack of skylines

n the rele v ant part of the spectrum. 
(ii) Among the four REBELS galaxies with Binospec detections,

e measure Ly α velocity offsets of 165, 177, 227, and 324 km s −1 .
NRAS 517, 5642–5659 (2022) 
ur sample nearly doubles the number of velocity offset measure-
ents among extremely UV-luminous ( M UV < −22) Lyman-break

elected galaxies at z > 6. All seven of these systems show large
 > 100 km s −1 ) velocity offsets, indicating that their Ly α photons
re pushed well past the strong resonant core of the H I absorption
ross-section. At their average velocity offset of 387 km s −1 , Ly α
hotons transmit efficiently through the IGM with T ≈ 35 per cent
hen emerging from a z = 7 galaxy situated in a moderate-sized

 R = 0.5 physical Mpc), highly ionized (x H I < 10 −5 ) bubble. 
(iii) All four REBELS galaxies with Binospec detections display

road Ly α lines with FWHM > 300 km s −1 , indicating that a large
raction of their photons are at high velocities where damping wing
bsorption is weak er. Tw o of these galaxies show extremely broad
y α profiles (FWHM = 640 km s −1 ) with significant emission ex-

ending to ≈750 km s −1 relative to systemic. At such high velocities,
y α photons transmit efficiently ( T � 40 per cent) through the
GM, even when the emitting source resides in a small ( R = 0.1
hysical Mpc) ionized bubble. Broad Ly α profiles (FWHM = 300–
00 km s −1 ) are also observed from the three other UV-luminous
 M UV < −22) continuum-selected z > 6 galaxies in the literature
Cuby et al. 2003 ; Willott et al. 2013 ; Oesch et al. 2015 ), indicating
n average FWHM = 450 km s −1 for this population. These broad
ine widths undoubtedly assist in boosting the Ly α visibility of UV-
right galaxies at z � 7. 
(iv) A contributing factor to the broad Ly α profiles of massive,

V-bright z > 6 galaxies may be that their Ly α emission is produced
n gas spanning a wide range of motions, as evidenced by our ALMA
ata. In the two REBELS galaxies showing extremely broad Ly α
rofiles, we also observe very broad [C II ] emission (FWHM = 300–
20 km s −1 ) indicating that these are composite galaxies containing
ultiple gas clumps moving with large peculiar motions (e.g. Bowler

t al. 2017 ; Carniani et al. 2018a ). If these high-velocity gas clumps
lso produce Ly α emission, the intrinsic Ly α profile will mirror
hat of [C II ] before being further broadened by resonant interactions
ith outflowing material. The large peculiar motions of these clumps
ight also produce Ly α profiles with multiple peaks redward of

ystemic velocity. Such profiles are different in nature from those
howing a peak blueward of systemic which signal low H I column
ensity channels on the near side of the galaxy (e.g. Gazagnes et al.
020 ). We suggest that systemic redshifts from [C II ] and other
on-resonant lines are critical to interpret the physical origin of
ultipeaked Ly α lines. 
(v) We find no strong trend between the strength of Ly α emission

nd the [C II ] luminosity at fixed SFR in our REBELS sample. The
hree galaxies with relatively weak Ly α emission (EW < 10 Å)
how an average [C II ] luminosity to SFR ratio that is very similar
o the average ratio among the three more moderate Ly α emitters
EW = 10–20 Å). This lack of an apparent trend may be due to
he limited dynamic range in Ly α EWs among our Lyman-break
elected sample, though impro v ed statistics are also required to test
or a modest correlation in this EW regime. 

(vi) Recent studies may suggest that faint galaxies in the vicinity of
onized bubbles at z ∼ 7 do not show strong Ly α emission (Castellano
t al. 2018 ). While this could imply relatively small bubbles around
right sources, it may also reflect a luminosity dependence on the
y α profile properties discussed in this paper. Faint ( M UV ∼ −19) z
7 galaxies are expected to typically exhibit much smaller velocity

ffsets ( � v Ly α ∼ 100 km s −1 ; Mason et al. 2018a ) and narrower line
idths (FWHM ∼200–250 km s −1 ; Verhamme et al. 2018 ) relative

o that seen among extremely luminous ( M UV < −22) systems.
hese predictions imply ≈2 × lower IGM transmission among

aint z = 7 galaxies at fixed moderate bubble size of R = 0.5
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hysical Mpc, helping explain why their emission is more difficult to 
etect. 
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