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ABSTRACT

Context. The Lyman-« line in the ultraviolet (UV) and the [CII] line in the far-infrared (FIR) are widely used tools to identify galaxies in the early
Universe and to obtain insights into interstellar medium (ISM) properties in high-redshift galaxies. By combining data obtained with ALMA in
band 7 at ~320 GHz as part of the ALMA Large Program to INvestigate [CII] at Early Times (ALPINE) with spectroscopic data from DEIMOS at
the Keck Observatory, VIMOS and FORS?2 at the Very Large Telescope, we assembled a unique sample of 53 main-sequence star-forming galaxies
at 4.4 < z < 6 in which we detect both the Lyman-« line in the UV and the [CII] line in the FIR.

Aims. The goal of this paper is to constrain the properties of the Lya emission in these galaxies in relation to other properties of the ISM.
Methods. We used [CII], observed with ALMA, as a tracer of the systemic velocity of the galaxies, and we exploited the available optical
spectroscopy to obtain the Lya-[CII] and ISM-[CII] velocity offsets.

Results. We find that 90% of the selected objects have Lya-[CII] velocity offsets in the range 0 < Avpy,—(c < 400 km s7!, in line with the few
measurements available so far in the early Universe, and significantly smaller than those observed at lower redshifts. At the same time, we observe
ISM-[CII] offsets in the range —500 < Avisp_cy < Okms™, in line with values at all redshifts, which we interpret as evidence for outflows in
these galaxies. We find significant anticorrelations between Auvyy,—iciy and the Lya rest-frame equivalent width EWy(Lya) (or equivalently, the
Lya escape fraction fo.(Lya)): galaxies that show smaller Avy,jci have larger EWy(Lya) and feo(Ly@).

Conclusions. We interpret these results in the framework of available models for the radiative transfer of Ly« photons. According to the models,
the escape of Lya photons would be favored in galaxies with high outflow velocities, producing large EW,(Lya) and small Av y,.cir), in agreement
with our observations. The uniform shell model would also predict that the Lya escape in galaxies with slow outflows (0 < vy, < 300kms™) is
mainly determined by the neutral hydrogen column density (NHI) along the line of sight, while the alternative model by Steidel et al. (2010, ApJ,
717, 289) would more highly favor a combination of NHI at the systemic velocity and covering fraction as driver of the Lya escape. We suggest
that the increase in Ly« escape that is observed in the literature between z ~ 2 and z ~ 6 is not due to a higher incidence of fast outflows at high

redshift, but rather to a decrease in average NHI along the line of sight, or alternatively, a decrease in HI covering fraction.
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1. Introduction

The 1215.7A Lyman- line (Lye hereafter) is in principle the
strongest emission line to originate from a star-forming region
(Partridge & Peebles 1967). For galaxies at 2 < z < 6.5, it
lies in the spectral regime probed by optical spectrographs on
8 m class telescopes, such as the VIsible Multi-Object Spectro-
graph at the Very Large Telescope, VLT (VIMOS, Le Fevre et al.
2000), the Low Resolution Imaging Spectrometer (LRIS, Oke
et al. 1995), and the Deep Imaging Multi-Object Spectrograph
(DEIMOS, Faber et al. 2003) at the Keck Observatory.

For these reasons, this line has become a widely exploited
tool for identifying and studying galaxies at high redshifts. On
the one hand, it is used as a redshift machine, especially at z > 4,
where UV interstellar absorption features are difficult to iden-
tify over the continuum emission, which becomes very faint for
reasonable integration times. It also gives important information
about the physical conditions in galaxies: because it is a reso-
nant line, Lya is easily scattered and absorbed by neutral hydro-
gen HI and dust, depending on their geometry and kinematics
(Dijkstra 2014). Therefore the Lya escape fraction fu(Lya)
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(the ratio between the Lya flux that escapes the galaxy with
respect to the flux that is produced by star formation) can be
used to investigate the distribution and kinematics of the inter-
stellar medium (ISM).

In the past 20 years, much progress has been made on the
theoretical side: numerical and semianalytic simulations have
predicted the emergent Lye emission from individual galax-
ies as a function of ISM parameters such as density, tem-
perature, dust content, kinematics, and clumpiness, assuming
spherical symmetry (Ahn 2004; Dijkstra et al. 2006; Verhamme
et al. 2006, 2015; Laursen et al. 2013; Gronke & Dijkstra
2014; Duval et al. 2014), asymmetric distributions (Zheng &
Wallace 2014; Behrens & Braun 2014), and even coupling
radiative transfer models to hydrodynamical simulations of real-
istic galaxies (Verhamme et al. 2012; Behrens & Braun 2014).
These models in general predict that ISM winds favor the escape
of Lya photons, with most of the Ly emitters displaying out-
flows, that galaxies observed face-on in general are expected
to have stronger Lya than those observed edge-on, and that
a clumpier ISM, for a fixed amount of neutral hydrogen, also
allows more Lya photons to escape.
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From the observational point of view, its interpretation is
still very complicated, although the Lya line has been observed
in galaxies at all redshifts. The Lyman Alpha Reference Sam-
ple (LARS; Ostlin et al. 2014) provides a unique and complete
z ~ 0 benchmark sample of different galaxies displaying diverse
Lya properties, studied across the entire electromagnetic spec-
trum, from the UV to the 21 cm line, including Ha imaging and
spectroscopy. Despite the large amount of information available,
the authors identified many factors that can affect Lya emission,
however, such as dust, outflows, morphology, turbulence, and
clumpiness of the ISM (Hayes 2015; Herenz et al. 2016; Guaita
et al. 2015; Messa et al. 2019). A recent multivariate analysis
of the low-z dataset (Runnholm et al. 2020) indicates that Lya
emission primarily correlates with the star formation rate (SFR;
which sets the absolute scale), and then with the reddening of
the stellar continuum E(B — V), and the gas-covering fraction in
decreasing order, with both governing the Lya escape.

Interestingly, an increase in average Ly« escape fraction for
star-forming galaxies is observed between z ~ 2 and z ~ 6
(Hayes et al. 2011), accompanied by an increase in the frac-
tion of strong Ly emitters (i.e., galaxies for which the Lya line
has a rest-frame equivalent width, EW,(Lya), larger than 25 A)
over the same redshift range (Stark et al. 2010, 2011; Mallery
et al. 2012; Cassata et al. 2015). However, the physical processes
that shape this evolution are not clearly known so far (Pentericci
et al. 2016), although it is tempting to interpret these results with
an increase in outflow velocities, which are found to favor the
escape of Lya photons (Orsi et al. 2012; Verhamme et al. 2015).
Beyond z ~ 6, a sudden drop in the Ly escape fraction and
in the fraction of Ly emitters is observed (Hayes et al. 2011;
Pentericci et al. 2011, 2018; Schenker et al. 2012; Caruana et al.
2014; Hoag et al. 2019): these effects are in general interpreted
as evidence of an increasing neutral fraction of the Universe at
these epochs, as expected at the end of HI reionization, with the
neutral intergalactic medium (IGM) suppressing the Lya emis-
sion that escapes from galaxies.

The advent of ALMA opened a new window for the inves-
tigation of the early Universe: observations of the [CII] 158 yum
line, which enters ALMA bands 6 and 7 at z > 4, are now stan-
dard for galaxies at these redshifts (Capak et al. 2015; Pentericci
et al. 2016; Bradac et al. 2017), and [CII] has become a standard
tracer for the systemic velocity (Pentericci et al. 2016; Matthee
et al. 2019, 2020). [CII] is an optically thin cooling line that
is not absorbed by dust and therefore observable in the whole
galaxy. It traces the cold molecular phase and photodissociation
regions in star-forming galaxies (Carilli & Walter 2013; Vallini
et al. 2015; Accurso et al. 2017; Clark et al. 2019). For these rea-
sons, it is in principle a better systemic velocity tracer than opti-
cal nebular lines (typically He16863 A, [OII1]A5007 A), which
are widely used as systemic velocity tracers: these tracers are
heavily affected by dust attenuation, therefore they do not trace
the full kinematics of galaxies, but only those of regions with
moderate obscuration.

In this paper, we investigate the kinematics and the phys-
ical properties of the ISM in a sample of 53 main-sequence
star-forming galaxies at 4.4 < z < 6, for which we exploit obser-
vations of the [CII] 158 um line that are available as part of
the ALMA Large Program to INvestigate [CII] at Early Times
(ALPINE; Le Fevre et al. 2020; Béthermin et al. 2020; Faisst
et al. 2020), coupled with rich spectroscopic and photometric
data. In particular, we analyze the offset between the Lya line
and ISM lines with respect to the systemic velocity, for which
[CII] can be used as proxy. We further investigate the depen-
dence of this shift on several physical properties of the galaxies
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(i.e., outflow velocity, dust reddening, and Ly« escape fraction)
and of the Ly« line itself (EWy(Lya)) in order to constrain the
properties of the ISM. The paper is structured as follows: in
Sect. 2 we present the rich dataset we used, in Sect. 3 we analyze
the Ly offset and the outflow velocity and their dependence on
other physical quantities, in Sect. 4 we interpret our results in
the framework of available models, and in Sect. 5 we discuss
possible implications for the cosmic evolution of Lyman-a emit-
ters, and we draw our conclusions.

2. Sample and data
2.1. Associated optical/NIR and other multiwavelength data

The galaxies for this study have been selected from ALPINE
(Le Fevre et al. 2020; Béthermin et al. 2020; Faisst et al. 2020),
an ALMA project with the main goal of revealing [CII], and
the underlying ~158 um rest-frame continuum, in a sample of
118 main-sequence galaxies at 4.4 < z < 6 in the COSMOS
(Scoville et al. 2007) and GOODS-S fields (Giavalisco et al.
2004). The sample is originally drawn from large spectroscopic
surveys of normal star-forming galaxies: the bulk of the spec-
troscopic redshifts come from extensive campaigns at the VLT
(VUDS, Le Fevre et al. 2015; Vanzella et al. 2008; Balestra et al.
2010) and Keck (DEIMOS 10k survey, Hasinger et al. 2018).
The availability of high-quality spectroscopic redshifts is crucial
to ensure that the expected [CII] emission is redshifted in a high
transmission atmospheric window within ALMA band 7. This
restricts the sample to two subranges in redshift, 4.4 < z < 4.65
and 5.05 < z < 5.8. More details can be found in Le Fevre et al.
(2020).

A wealth of ancillary data is available for the targets in
the COSMOS field as part of the many observational projects,
including the i band of the Hubble Space Telescope (HST;
Scoville et al. 2007; Koekemoer et al. 2007), Subaru opti-
cal imaging (Taniguchi et al. 2007), deep NIR YJHK imaging
from the UltraVista Survey (McCracken et al. 2012), Spitzer 3.6
and 4.5 ym imaging (Sanders et al. 2007; Laigle et al. 2016),
with good X-ray coverage with both XMM-Newton (Hasinger
et al. 2007) and Chandra (Elvis et al. 2009; Civano et al.
2016), as well as radio waves (SmolcCi¢ et al. 2017). A sim-
ilar wealth of data is also available in the GOODS-S field,
including HST optical photometry with HST from the GOODS
project (Giavalisco et al. 2004), HST/NIR photometry with the
WFC3 camera from the CANDELS survey (Grogin et al. 2011;
Koekemoer et al. 2011), K; photometry with HAWK-I/VLT
from HUGS (Fontana et al. 2014), NIR photometry between 3.6
and 8 um with Spitzer, and with deep and wide X-ray coverage
with Chandra (Luo et al. 2017).

These observations allow us to build spectral energy distri-
butions (SEDs) from the UV to the NIR rest-frame that we fit
with standard procedures to obtain key quantities such as stel-
lar mass, star-formation rate, absolute magnitude in the far-UV
Mgyy, and E(B—V).. The SED fitting parameters that are used in
this paper are presented in Table B.1, along with their uncertain-
ties; for more details, see Faisst et al. (2020), where the ancillary
data for the ALPINE galaxies are presented in their full extent.
The ALPINE galaxies, as expected, are mainly main-sequence
galaxies with stellar masses 3 x 108 < M/M, < 10'', SFRs
3 < SFR < 300 M,yr™', and far-UV absolute magnitudes in
the range —23 < Mpyy < —20.5, which align perfectly with
the main-sequence parameterization for z ~ 5 by Speagle et al.
(2014). Most importantly, all the samples that we used as com-
parison at lower redshift (Shapley et al. 2003; Steidel et al. 2010;



P. Cassata et al.: ALPINE: small Lya-[CII] velocity offsets in main-sequence galaxies at 4.4 <z < 6

Talia et al. 2017; Marchi et al. 2019) also mainly include main-
sequence galaxies that largely overlap in stellar mass with our
sample, with differences in SFR and Mpgyy that are compati-
ble with the evolving main-sequence from z ~ 2to z ~ 5. In
particular, at z ~ 2.3, the sample in Steidel et al. (2010) cov-
ers masses 10° < M* < 1011M®, 10 < SFR < 100M®yr‘1,
and far-UV absolute magnitudes —22.5 < Mpyy < —19.7 (see
Erb et al. 2006a,b), with ranges that are very similar to those
reported by Du et al. (2018) and Pahl et al. (2020). The 800
galaxies at z ~ 3 that are stacked in Shapley et al. (2003) have
-22.6 < Mpyv < —20.3, with an average Mryy ~ —21.4, and
have SFRs 25 < SFR < 50 M, yr~!. Marchi et al. (2019) have
3x10% < M*/M, < 10" and 3 < SFR < 100 M, yr~!, which is
very similar to our sample.

2.2. ALMA observations and reduction

The ALMA observations were carried out in band 7 starting in
May 2018 during cycle 5 and completed in February 2019 in
cycle 6, in configurations C43-1 and C43-2, which ideally pro-
duce angular resolutions coarser than 0.7 arcsec (in order not to
over-resolve the flux for targets that have expected sizes of 0.5—
0.7 arcsec, Capak et al. 2015). Integration times range between
15 and 30 minutes, and the spectral setting for each object was
adjusted to set the spectral windows around the expected fre-
quency of [CII] emission, based on the UV spectroscopic red-
shift. The final spectral resolution varies with redshift from 26 to
35kms~! and the median beam size of the ALMA observations
is about 1.13” x0.85” full width at half maximum (FWHM). For
more details, see Béthermin et al. (2020), where the processing
of ALMA data is presented in full detail.

The data revealed bright [CII] flux (S/N > 3.5) for 75 galax-
ies (see Le Fevre et al. 2020; Béthermin et al. 2020 for details).
For these galaxies, we can derive reliable systemic velocities,
as traced by the [CII] emission. In particular, when the ALMA
spectrum is extracted for the [CII] emitting region, a Gaussian
is fit to the spectrum and the centroid of the Gaussian is used to
determine vcijobs, Z[CIrjobs, and in this way, the systemic veloc-
ity of the system (Béthermin et al. 2020). The typical error on
Vicinobs depends on the width of the [CII] line and corresponds
to an error on Zicmobs Of 0.0005-0.0010 (see Table B.2). As
expected, zjcmobs 15 in general different than the spectroscopic
redshift Zgec, which has been measured by combining different
UV rest-frame tracers (mainly Lya and the UV rest-frame ISM
lines).

2.3. Spectroscopic data and measurements

The full details of the spectroscopic data can be found in Faisst
et al. (2020). Here we briefly present the data analysis that is
relevant for this paper.

Out of the 75 galaxies for which [CII] is detected at a signal-
to-noise ratio (S/N) > 3.5, 8 are in the GOODS-S field: 7
have spectra obtained with VIMOS and FORS2 at the VLT
(Vanzella et al. 2008; Balestra et al. 2010), with spectral resolu-
tions R ~ 600, and the remaining galaxy has a spectrum obtained
from the HST/GRAPES grism data (Malhotra et al. 2005). The
remaining 66 galaxies lie in the COSMOS field: 49 have spectra
from DEIMOS at Keck (Capak et al. 2004; Mallery et al. 2012;
Hasinger et al. 2018), with a spectral resolution R ~ 2500, and
17 have spectra from VIMOS (VUDS survey; Le Fevre et al.
2015), with a lower spectral resolution R ~ 230. In order to
reduce the noise of the DEIMOS spectra, which also affects the
shape of the Lya line, we applied a boxcar smoothing to those
spectra, with a window length of 100 kms™'.

We computed the EWj(Lya), defined as the ratio of the flux
of the Lya emission and the flux density of the underlying con-
tinuum, from the calibrated spectra to the photometry (see Faisst
et al. 2020 for details). We used the continuum redward of the
Lya line (Ary,), as we expect the continuum at 4 < Apy, to be
affected by ISM absorption. We estimated the continuum as the
average flux value in the wavelength window [1225: 1245]A (an
amplitude of ~120 A in the observed spectra), thus considering
a region without strong absorption lines. Then, we moved the
window of 1 A towards larger wavelengths (i.e., [1226:1246]A)
and obtained a second value of the continuum. We repeated this
procedure for a total of ten windows and took the final value
of the continuum for the EW calculation as the median of the
ten estimates. The error on the continuum, which we consider as
the main source of error on the EW estimate, was taken as the
error on the mean in the first interval (i.e., the standard devia-
tion of the flux divided by the square roots of the elements in
the [1225:1245]A range). The typical error on the continuum is
~15%. All the spectra were visually inspected to confirm that no
strong features and corrupted wavelengths enter the wavelength
range where the continuum was computed. Finally, we computed
the total Lya flux (F1y,) by summing the flux values over the
wavelengths in the Lya region for which the flux is higher than
the continuum. .

The Lya emission is strong enough (EWy(Lya) > 4 A) for
53 of the 75 galaxies for which [CII] is detected at S/N > 3.5 to
reliably measure the velocity offset between Lya and [CII]. Four
galaxies were discarded because of different problems', and in
the remaining 18, Lye is either too weak or in absorption.

In order to allow for meaningful comparisons with galax-
ies at lower redshift, it is important to establish if our sample is
in some way biased towards strong Ly emitters. The classical
definition of Ly emitter (LAE) is an object with EW, > 20 A
(Ouchi et al. 2003), but the authors who establish the increase
in the fraction of strong LAE with redshift (Stark et al. 2011;
Mallery et al. 2012; Cassata et al. 2015) use a more stringent
definition with EW, > 25A. We checked how many galaxies
in our sample have EWy(Lya) in excess of those two values.
We find that, among the 53 galaxies with detected Lya, 20(28)
have EWy(Lya) > 25(20) A: this implies that the number of
LAEs among the sample of [CII] detected galaxies is 20(28)
out of 712, corresponding to fractions of 28(39)%. We verified
that this fraction is very close to the fraction we obtain for the
whole ALPINE target sample: 39(51) out of the 117 targets?
have EWy(Lya) > 25(20) 10\, corresponding to 33(44)%. This
implies that the probability of detecting [CII] is not strongly
dependent on the presence of bright Lya emission (see Schaerer
et al. 2020 for more details). These fractions are slightly larger
than those found in the literature for populations of typical star-
forming galaxies at similar redshifts: Stark et al. (2010, 2011),
Mallery et al. (2012), and Cassata et al. (2015) all reported
fractions of LAEs with EWy(Lya) > 25A  of about 25% at
z ~ 4 — 5. We verified that the slightly higher fraction of strong
emitters in ALPINE arises because when we selected targets,

' In two cases, the velocity offset between Lya and [CII] exceeds 2000
kms™!, likely because Ly and [CII] originate from two different galax-
ies; in one case, the [CII] emission from the object is contaminated by
a nearby companion; and in the remaining case, the multiwavelength
photometry is too noisy and does not allow robustly estimating stellar
mass, SFR, and Ly« escape fraction.

2 We excluded the 4 objects that we discarded because of various prob-
lems from the 75 detections.

3 Here we excluded only the object for which the [CII] emission is
contaminated by a bright companion.
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we preferentially excluded galaxies with weak Lya emission
(0 < EWpy, < 4) and no continuum, for which it is harder to
obtain a robust and reliable spectroscopic redshift. A redshift
with these qualities is crucial to ensure that the expected [CII]
emission falls within the ~6000 km s~! ALMA spectral window.
As a result, we have a slightly smaller global population, which
in turn results in a slightly higher LAE fraction. This implies at
the same time that the our selection is not biased toward strong
Ly« emitters and that we select a sample of typical galaxies with
Lya in emission.

For each of the 53 galaxies we measured the velocity offset
between Ly and the systemic redshift as traced by [CII]. We
described in Sect. 2 that the systemic redshift is estimated as the
centroid of the Gaussian fit to the [CII] emission. For Ly, we
used the peak of the emission to determine ziy, and the velocity
difference. The choice of using the peak and not a fit to the line
is justified by two facts: 1. the Lya line is asymmetric, with the
blue tail absorbed by ISM, and fitting a half Gaussian to the red
part of the line does not give reliable and stable results; 2. most
of the theoretical works present their predictions for the Lya line
morphology using the peak of the line to determine the velocity
offsets (e.g., Verhamme et al. 2008; Marchi et al. 2019).

In order to estimate the random and systematic errors on
the measure of the Ly position with data with very different
spectral resolutions, we ran some simulations and tests. Starting
with the data with the best spectral resolution, that is, galaxies
with DEIMOS spectroscopy, we first verified that the smooth-
ing we applied to reduce the noise (boxcar with window length
100km s~!) increases the width of the line only marginally, and
more importantly, that it does not affect the position of the peak
of the line. By simulating asymmetric lines at the same spectral
resolution as the DEIMOS spectra, we find that the error asso-
ciated with the position of the peak is about 1/5 of the width
of the line; therefore, the typical error on the position of Lya
for DEIMOS spectra is about 25 kms™! (depending on the width
of each line). For galaxies in the CANDELS field (with spec-
tral resolutions R ~ 600) and galaxies coming from the VUDS
survey (with spectral resolutions R ~ 230), we verified again
that the random error in the positioning of the line is about 1/5
of the width of the line: this typically corresponds to errors of
70kms~! for CANDELS galaxies and of 150 kms~! for VUDS.
We propagated the uncertainties on zjcy (15-50km s~ depend-
ing on the width of the line) and z1y, on the velocity offset Avy yq,
and obtained errors on the Lya velocity offsets of ~50, ~80,
and ~150kms~! for galaxies with DEIMOS, CANDELS, and
VUDS spectroscopy, respectively (see Table B.1).

Moreover, in order to quantify the possible additional red-
dening of the Lya peak due to the resolution effects (the peak
of an intrinsically narrow but asymmetric Lya line would move
redward if it were convoluted with a wide Gaussian) we ran
some simple experiments: we degraded the DEIMOS spectra
at the resolution of CANDELS and VUDS, and we measured
the shift of the Lya peak induced by degrading the resolution.
As the Lye lines in the DEIMOS spectra have different spectral
shapes (as a result of different combinations of width and skew-
ness), we obtain a distribution of additional reddenings when we
degrade them: the more symmetric the line, the lower the addi-
tional reddening. We find that for CANDELS, the distribution of
the additional reddenings ranges between +20 and +80kms™,
with a peak at 50 km s~! and for VUDS, the distribution ranges
between +50 and +220km s~!, with a peak at 150km s~!. There-
fore we applied an average correction of 150 and 50 km s~ to the
offsets between Lya and [CII] for the VUDS and CANDELS
galaxies, respectively.
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The redshift of our sample is high enough (z > 4.5) that
intergalactic absorption from neutral hydrogen might play a sig-
nificant role in shaping the Lya line profile. This would sig-
nificantly reduce the blue tail (Laursen et al. 2011). However,
because of the large cosmic variance associated with this effect
(the HI in the Universe is very clumpy, and therefore some
lines of sight can be completely free of HI while others may
be severely affected, see Laursen et al. 2011), we preferred not
to correct the individual line profiles for this effect. However, we
note that only in galaxies with the smallest Avyy, might the red
peak be appreciably reduced (and possibly shifted by the ISM
absorption to redder wavelengths): in these 20% of the cases, it
is possible in principle that we underestimate the Ly flux and
overestimate the Avpy, (although it is unlikely that this is a sys-
tematic effect: these galaxies are already the galaxies with the
largest feoc(Lya) and the smallest Avyy,). Pahl et al. (2020) have
shown that the red peak in a composite of ~200 z ~ 5 galaxies is
only marginally affected by the IGM absorption.

We also estimated the velocity offsets between the UV
rest-frame ISM lines and the systemic velocity. The details
of how zisym is determined are given in Faisst et al. (2020):
to summarize, we used an automatic tool to cross-match the
Shapley et al. (2003) template with our spectra, identifying
features as Sill11260.4 A, OI+SillA1303 A, [CI]A1334.5A,
SilV1393.8+SiIVA1402.8 A, and Sill11526.7+CIVA1548.2 A
+CIVA1550.8 A. When it is seen in emission, Lya was not used
in the cross-correlation process. The errors were estimated by
repeating the cross-match 200 times, each time perturbing the
fluxes according to a Gaussian error distribution, with o~ defined
by the average flux noise of the continuum (Faisst et al. 2020),
and the errors are about 80—100 km s~!. These measurements are
more complex than for Ly because different ISM lines have far
smaller EWs than Lye, are detected with different significance
for each galaxy, and some of them might overlap, depending on
the redshift, with skylines or noisy parts of the spectra. We there-
fore visually inspected all the fits to exclude peak noises that are
misinterpreted as true lines, and we assigned a reliability flag that
depends on how many good lines are fit for each spectrum. We
used only objects for which at least two clean features were iden-
tified and that passed a visual quality assessment in our analysis.

Another important parameter that we need for our analysis
is the Lya escape fraction (fesc(Lya)): it is defined as the ratio
between the flux of Lya photons that can escape the galaxy and
reach the observer, and the intrinsic flux of Lya photons that is
produced by star formation. The observed Ly« flux is the same
as we used to estimate the Lya EW, while the intrinsic flux is
obtained starting from the observed SFR that we obtained from
the SED fitting (Faisst et al. 2020), and converting it into intrinsic
flux using the conversion by Kennicutt (1998), which is valid for
case B recombination (Brocklehurst 1971) and solar metallic-
ity, and taking into account the appropriate conversion between
a Salpeter (assumed in Kennicutt 1998) and Chabrier IMF (used
here). Because galaxies at high redshift typically have subso-
lar metallicities (Troncoso et al. 2014; Onodera et al. 2016), we
also corrected the intrinsic Ly fluxes that we obtained from the
Kennicutt relation for the following effect: when we assume a
metallicity of one-fifth solar (the typical value for main-sequence
galaxies found by Faisst et al. 2016 at z ~ 5), the inferred
Ly« fluxes are expected to be 0.2 dex higher for the same SFR
(Ly et al. 2016). The error on the fes.(Lya) is obtained by propa-
gating the error on the Lya flux and on the SFR; the error on the
SFR dominates the error budget.

All the relevant measurements we used are reported in
Table B.2, along with their uncertainties. Objects for which zisum
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Fig. 1. f...(Lya) as a function of EWj(Ly) for the galaxies in this sam-
ple. Green triangles show f.(Ly) in bins of EWj(Ly@). Cyan trian-
gles and magenta stars are the average values for samples at z ~ 2.2
and z ~ 2.6 by Sobral et al. (2017) and Trainor et al. (2016), respec-
tively, and the black solid and dashed lines indicate the empirical fit
Jese(Lya) = 0.0048 x EW, +0.05 proposed by Sobral & Matthee (2019).

was considered unreliable (estimated from fewer than two lines,
or from spectra with low S/N) do not have zjgy in this catalog.

Figure 1 shows fe(Lya), as a function of EWy(Lya): the
two quantities correlate well, and our measurements are spread
around the empirical correlation proposed by Sobral & Matthee
(2019) with only a few outliers. Although most galaxies with
EWy(Lya) < 10 A deviate below the relation, 65% of the objects
are within =10 from it. The average values agree well with those
determined at z ~ 2.2 and z ~ 2.9 by Sobral et al. (2017) and
Trainor et al. (2016), respectively. A correlation between these
two quantities is expected: a high escape fraction means that for
the same amount of star formation, or equivalently, UV photons,
more Ly photons escape from the galaxy; therefore the equiva-
lent width, that is, the ratio between Ly« flux and the underlying
UV continuum, increases as well. This correlation also reassures
us that the Lya escape fractions that we derived by compar-
ing the Ly flux to the SFR derived from the SED fitting are
reasonable.

2.4. Spatial coherence between [Cll] and Lya emitting
regions

As presented in Le Fevre et al. (2020), some of the ALPINE
galaxies may appear very different in the UV-optical rest-frame
and in the [CII] maps: in particular, although only one compo-
nent might appear in the [CII] map, some objects are composed
of many different bright clumps in the UV-optical. According
to the morpho-kinematic classification presented in Le Fevre
et al. (2020), ~40% of ALPINE galaxies are mergers, ~30% are
dispersion-dominated objects, ~15% are rotators, and the rest
are too faint to be classified.

It is therefore important to discuss how coherent the regions
are that emit [CII] and Ly« for the galaxies we studied. We pro-
vide this discussion in the appendix, where we show for each
object the [CII] map, overlaid with the contours of UV-optical
images, and the position of the spectroscopic slit. In this way,
we are able to compare the positions at which the Ly flux is
extracted with those for which the [CII] line is used to trace the
systemic redshift of the system.

20 — T T T T T T T 1
L —— Lya—[Cll] [53 objects] j
L ———— ISM—[CII] [28 objects] j
L Lya—ISM [28 objects] .
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Fig. 2. Red histogram: offset velocities between Lya and [CII] for the
53 galaxies in this work; the blue histogram shows the offset veloci-
ties between ISM lines and [CII] for the 28 of the original 53 objects
with Lya for which we were also able to reliably estimate zisy;, using at
least two ISM lines; the green histogram shows the velocity difference
between Lya and ISM lines for the same 28 galaxies.

Summarizing the result from the appendix, to which we refer
for all the details, the main conclusion is that Lya originates from
the same object that emits the [CII] line. In some cases, we find
spatial offsets between Lya and [CII] of about 0.5”, which can
be explained with an inhomogeneous gas and/or dust distribution
in these objects. For the many mergers that are in the sample, the
analysis presented here applies to the main component of the
merger (that emits the bulk of the [CII] and of the Lya flux).

3. Results

3.1. ISM kinematics inferred from Lya and ISM velocity
offsets

Figure 2 shows the histograms of the velocity offsets between
Lya and the ISM lines with respect to the systemic velocity,
traced by [CII], and the velocity difference between Lya and
ISM lines. It is clear that Ly« is almost always redshifted with
respect to [CII], with velocity offsets peaking at ~200 kms~! and
ranging from -200 to +600 km s~!. The Ly offsets found in this
work are consistent with the few available measurements atz > 5
(Pentericci et al. 2016; Bradac et al. 2017; Matthee et al. 2019,
2020), who also found offsets between Lya and [CII] around
+200kms~! for a handful of galaxies. However, the offsets are
smaller on average than those found at z ~ 2 and z ~ 3 by
Erb et al. (2004) and Steidel et al. (2010), and also smaller than
the recent estimates at z ~ 3.5 by Marchi et al. (2019), who all
found velocity offsets of ~400-500kms~!.

In the same figure we also show the offset Avigy; between the
ISM lines and the systemic velocity traced by [CII] for the sub-
sample of 28 objects with a robust determination of zisp (these
objects have at least two well-detected ISM lines): as found in
the literature, the ISM lines are almost always blueshifted with
respect to the systemic velocity, with offsets around —300km s™!
and ranging from -500 and 100kms~'. These offsets are
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Fig. 3. Top panel: velocity difference between ISM lines and [CII] vs.
velocity difference between Lya and [CII] for the 29 objects for which
we were able to reliably estimate zjsy. Red, green, and blue circles
indicate objects with f.(Lya) < 0.05, 0.05 < fu(Lya) < 0.3, and
Jese(Lya) > 0.3, respectively. The yellow and cyan regions indicate the
regimes of slow and fast outflows in the uniform expanding shell model
by Verhamme et al. (2006, 2015): for vy, > 300kms™!, the Lya off-
set is expected to always be small, regardless of the value of the out-
flow velocity; for vy, < 300kms™!, the Lya offset is determined by
the neutral hydrogen column density NHI. Bottom panel: histogram of
the Avyy, for all 53 galaxies in the sample (red) and for the 29 galaxies
(green) for which we were able to determine zjsm, Which are shown in
the upper panel.

similar to the values found in the literature at lower redshifts:
Erb et al. (2004) and Steidel et al. (2010) reported offsets
between —400 and 100kms~! at z ~ 2.3, with an average of
—150kms~!; Talia et al. (2017) reported an average offset of
—150kms™! at z ~ 2.3; and Marchi et al. (2019) found offsets
between -400 and 100 km s~! with an average of ~ —100kms~!
atz ~3.5.

In the same figure we also report for the subsample of 28
objects with a robust determination of zjgp the offset between
Lya and the ISM lines: we find a broad distribution for this
velocity difference, with an average value of 377, a scatter of 329
km s~!, and a standard deviation of the mean o ey, of 62 kms™!
This distribution largely overlaps the distributions for samples at
similar redshifts by Pahl et al. (2020) and Faisst et al. (2016),
who found average offsets of 496 (o0 = 222km sV, Omean =
26kms~!) and 429 (0 =229km s, O pean = 15kms™!), respec-
tively, at z ~ 5 (although the averages agree to within 1 0 ean
only between our sample and the sample of Faisst et al. 2016).
At z ~ 2-3, Shapley et al. (2003) and Steidel et al. (2010) find
an average Lya - ISM velocity difference of ~600 kms™!

Figure 3 shows the velocity offset Avgy as a function of
the offset Avry, for the 29 galaxies for which a robust zigm
could be measured (i.e., objects with at least three detected
ISM lines). No correlation between Avigm and Avpy, is evi-
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dent. When we interpret the blueshifted ISM lines as evidence
for outflows, this implies that these outflows do not seem to
strongly affect the Lya offset; in other words, larger or smaller
Ly offsets can be found in galaxies with or without outflows.
This is different from the results by Marchi et al. (2019), who
found a correlation between these two quantities, with objects
with small Ly offsets also having the largest (negative) ISM
offsets (and vice versa). Interestingly, galaxies with different
Jese(Lya) occupy quite different regions of the Avgy versus
Avry, plane: regardless of their Avigym, objects with low Lya
escape fractions, fesc(Lya) < 0.05, tend to have larger Lya off-
sets (Avrye > 200kms™), while objects with intermediate Ly
escape fractions, 0.05 < fi.(Lya) < 0.3, have smaller Ly« off-
sets (0 < vrye < 200km s71); the two objects with large Lya
escape fractions, fe(Lya) > 0.3 are also the only ones with
positive Ay in this figure. Their redshifted ISM lines would
indicate, formally, an inflow of gas in these galaxies. The first of
them is a quite faint [CII] emitter, detected at only 4 o, its [CII]
spectrum is quite noisy, and [CII] may even show two velocity
components; therefore it is possible in this case that the [CII] in
this galaxy is not a reliable tracer of the systemic velocity. The
other object with a high escape fraction, on the other hand, is
very bright in [CII] (detected at 32 o, the brightest emitter in the
sample), and its [CII] emission is spatially extended: this galaxy
might be embedded in a reservoir of cold gas that could be flow-
ing in to fuel star formation.

The bottom panel of Fig. 3 also shows that galaxies with or
without available ISM redshift determination have very similar
Auvy, distributions. In other words, the subsample of 29 galaxies
with zigm measurements is not different from the parent sample.

3.2. Correlation of Lya offsets with other physical properties

In Fig. 4 we show the velocity offsets Avyy, (for all 53 objects
in the sample) and Auvgy (for the subsample of 29 for which the
ISM redshift could also be measured) as a function of EW,y(Lya),
Jese(Lya), absolute magnitude in the far-UV Mpgyy, stellar mass,
SFR, and E(B — V).. We ran a Spearman rank test to check
and validate possible correlations between each parameter and
the velocity offsets: in each panel we report the p-value, that is,
the probability of the null hypothesis (no correlation) being true,
ranging from O to 1: a high p-value means that there is no corre-
lation, and a low p-value confirms the correlation.

We find that the Lya velocity offsets are anticorrelated with
EWy(Lye) and fe(Lya), but they correlate positively with the
E(B — V).: in these cases, the p-values are lower than 0.05.
In particular, galaxies with smaller EWy(Ly) (or equivalently,
smaller fo.(Lya)) on average have higher Avy, than galax-
ies with larger EWy(Lya) (or fec(Lya)): this agrees perfectly
well with the results shown in Fig. 3, although this figure only
shows the 29 out of 53 objects for which Auvgy could also be
measured. Erb et al. (2014) found a similar correlation between
Avry, and EWo(Lya) at z ~ 2 — 3 (highlighted in red in Fig. 4);
Du et al. (2018) confirmed that this correlation does not evolve
and still holds up to z ~ 4 (although they used composite spectra,
while we worked with individual measurements); Shapley et al.
(2003), although using A(Lya—ISM), find similar correlations
between offset velocity and EWy(Lya) (or E(B—V).). It is inter-
esting to note that the relation we find at z ~ 5 between Avry,
and EW,(Lya) is not exactly the same Erb et al. (2014) found at
z ~ 2 — 3; however, this relation does not seem to evolve very
significantly from z ~ 5 and z ~ 2 — 3: the intercepts of the two
linear fits agree within 1o, and the slopes are different only at a
20 level.
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Fig. 4. Velocity offset between Ly and [CII] (filled circles) and between ISM and [CII] (empty circles) as a function of EWy(Lya) (top left panel),
Jese(Lya) (top central panel), absolute magnitude in the far-UV Mgyy (top right panel), stellar mass (bottom left panel), SFR (bottom central
panel), and E(B — V), (bottom right panel). The green (cyan) triangles show the running median of the Ly (ISM) offset in bins of EWy(Lya),
Jese(Lya), redshift, stellar mass, SFR, and E(B—V),. The error bars on the offset velocity mainly reflect the spectral resolution of the optical spectra:
smaller error bars are for objects from DEIMOS, which have R ~ 2000, while larger bars are in general from VIMOS/VUDS spectroscopy, which
has a lower spectral resolution (R ~ 230). The continuous lines are linear fits to the black points, and the p-value of the Spearman rank test (the
probability of no correlation) is reported in each panel. In the first panel (Avey, vs. EWy(Lya) we show in red the correlation between the two
quantities reported in Erb et al. (2014): the continuous line is our best fit to the data in their Fig. A.1, and the dashed lines contain 68% of their

data points.

In addition, we find that objects with more reddening
have on average larger Avpy,: this is expected considering
the correlation between Avry, and EWp(Lya) discussed above
at the known correlation between E(B — V), and EWy(Lya)
(Pentericci et al. 2007; Shapley et al. 2003; Kornei et al. 2010;
Hayes et al. 2014; Cassata et al. 2015). No significant correla-
tions are observed between Avpy, and stellar mass, SFR, and
Mpyy: the Spearman rank test gives probabilities for the null
hypothesis to be true above 40%. This agrees with findings
by Steidel et al. (2010), who found no significant correlation
between Auvry, and stellar mass either for their sample of star-
forming galaxies at z ~ 2—3.

Although we do not report this in Fig. 4, we also find no corre-
lation between offset velocities (Lya or ISM) with redshift within
our sample: the probability that no correlation is true is ~50% for
the ISM offsets and ~80% for the Lya according to the Spearman
test. As mentioned in Sect. 2, the redshift coverage of the ALPINE
sample is not continuous: about two-thirds of the objects are at
4.4 < z < 4.6 and one-thirdis at5 < z < 6; both redshift bins have
a similar median Av(Lya) ~ 200km s~!. At the same time, we
do not see any robust correlation between EWy(Ly), Lya escape
fraction, Mryv, stellar mass, SFR, and E(B — V), with Avgym: the

probability that no correlation is present between these quantities
and Avisy 1s above 20% in all cases.

4. Discussion

While it is not straightforward to interpret Avgy, in terms of inter-
nal physical properties of galaxies (the observed offset is a com-
plicated function of the presence and velocity of outflowing gas,
geometry, and the distribution of gas and neutral gas column den-
sity NHI, see, e.g., Verhamme et al. 2015), the physical process
producing the absorption of ISM lines is quite simple, and the
prevalence of blueshifted ISM lines in star-forming galaxies (and
in our sample in particular) can be interpreted as evidence for out-
flows. Steidel et al. (2010, 2018), and Du et al. (2018), among
others, found that ISM lines are often broad and saturated, span-
ning velocity intervals between 0 and —1000km s~'. This indi-
cates that gas is outflowing with a range of velocities, from gas
that is at the systemic velocity of the galaxy up to gas that escapes
at 800-1000 km s~ Unfortunately, the S/N of our spectra is not
enough to analyze the details of the ISM line morphologies, and
we can only estimate the centroid of the line. In the following, we
assume for simplicity that the Avigy, estimated from the centroid
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of the ISM lines, traces the vy, (although we have to keep in mind
that the gas is very probably outflowing with a range of veloci-
ties, with faster and slower components, and therefore the rela-
tion between Avigy and v,y might be in reality less simple, see
Steidel et al. 2010 and Martin et al. 2012). The centroids are
almost always blueshifted, which implies the presence of out-
flowing gas in the bulk of the galaxies in our sample, with average
velocities vy ~ 200-500km s~ (but we have to keep in mind
that surely there are even faster components). This is consistent
with the results for the whole ALPINE sample by Ginolfi et al.
(2020), who analyzed the spectral shape of the [CII] emission to
identify outflows in the most highly star-forming galaxies in the
sample.

The interpretation of Ly« emission is far more complicated.
The uniform expanding shell model (e.g., Verhamme et al. 20006,
2008, 2015; Gronke et al. 2015) is widely used and quite suc-
cessful in reproducing the spectral profiles of Lya for star-
forming galaxies at all redshifts (e.g., Hashimoto et al. 2015,
Duval et al. 2016, Gronke 2017; Orlitova et al. 2018; Marchi
et al. 2019). In its framework, the region that emits Lya pho-
tons is surrounded by a uniform shell of gas that expands at a
fixed velocity, and the variety of spectral shapes for the Ly« line
in star-forming galaxies can be reproduced by varying only six
parameters (Gronke 2017). This model might be simplistic for
the galaxies in our sample, which have continuous and smooth
star formation (Faisst et al. 2020), often display small but signifi-
cant spatial offsets between the Ly« and the UV continuum emis-
sion (indicating that the ISM is likely not homogeneous), and
have mixed morphologies (see Appendix A). Gronke & Dijkstra
(2016) suggested that extracting information from shell mod-
els is not straightforward, and they cautioned against overinter-
preting the results from these models; nevertheless, Gronke &
Dijkstra (2016) offered a possible explanation for the success
of the uniform shell model in reproducing the Ly« line spec-
tral morphology, showing that the solution for a very clumpy
medium essentially converges to the uniform case.

According to the uniform shell model, galaxies with fast out-
flows have in general smaller Ly« offsets: when the Lya photons
reach the fast expanding shell, they are seen out of resonance
and not absorbed; on the other hand, Lya photons in galax-
ies with slower outflows do not take advantage of this effect,
and are absorbed more or less easily at resonance (at the sys-
temic velocity of the system) depending on the neutral hydro-
gen column density NHI. In this respect, it is worth noting that
in our sample we have 20 of 29 galaxies in the slow outflow
regime (o < 300kms™!), for which the shift of the Lya line
depends strongly on NHI, and 8 of 29 in the fast outflow regime
(Uout > 300kms™!): most of these latter (5 out of 8) have a
large Lya escape fraction and small Avpy,, which qualitatively
agrees with the predictions of the uniform expanding model. It
is worth noting that of all the sources with slow outflows and
Avrye > 300km s7!, 4 have very low escape fractions. This is
consistent with the fact that according to this model, very large
shifts of the Lya line in galaxies with slow outflows can be
observed only for very large NHI, log(NHI[cm~2])> 20. Galax-
ies with Avy, < 300km s~! are a mixture of fast and slow
outflows, and most of them have intermediate escape fractions.
Sources with 100 < Aviy, < 300kms™' would in the framework
of the expanding shell model have an average log(NHI[cm™2])~
19.5, which is lower than for sources with Avy, > 300km s7L,
consistently with their characteristic f.(Ly@) values. Finally,
galaxies with Avry, < 100 kms™' would span a wide range of
NHI values, from log(NHI[cm~2]) = 16 to log(NHI[cm~2])= 21,
therefore we cannot make tentative conclusions on their average
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log(NHI[cm~2]) value. It is important to keep in mind that these
average NHI values are obtained in the framework of a model
that assumes a uniform composition for the expanding material.
Allowing for a decreasing covering fraction, for the same total
NHI, would also lead to smaller Lya velocity offsets and larger
EWy(Lya) (e.g., Reddy et al. 2016; Steidel et al. 2018).

Steidel et al. (2010) presented an alternative phenomenologi-
cal model to interpret the spectroscopic data in their sample. This
was physically motivated by the observation that the blueshifted
ISM lines in the spectrum of z ~ 2—3 galaxies are also broad and
saturated, with a range of covering fractions of the underlying
stellar continuum source. According to this model, the ISM gas
absorbing the stellar continuum is outflowing at a range of veloc-
ities, with the outflow velocity a monotonic function of the galac-
tocentric distance. This model can simultaneously reproduce the
broad ISM blueshifted absorption lines and the asymmetric red-
shifted Lya line in Steidel et al. (2010). The offset of the Ly«
line in this case is the result of the combination of the absorp-
tion due to the gas near the systemic redshift of the galaxy and
the velocity of the outflowing gas that ultimately scatter the Lya
photons towards us. This model can reproduce the complex spec-
tral morphologies of the Ly« line: when there is less (more) NHI
near the systemic velocity in the galaxy, the model predicts small
(large) Ly« offsets and strong (weak) Lya, naturally predicting
the anticorrelation between Auvry, and EWy(Lya) observed by
many others and ourselves. Although the S/N of our spectra are
not good enough to allow for a detailed study of the shape of
the ISM absorption lines in comparison with Lya, which would
be needed to fully test this model, we can only confirm zeroth-
order predictions of this prescription. In particular, this model
predicts a quite consistent Avry, — Avsy difference, in the sense
that when Avigy moves toward more positive velocities because
more NHI is present near the systemic velocity, Avry, also shifts
redward. Our sample does not seem to show this behavior, as we
do not see any positive correlation between Avigy and Avyy, (see
Fig. 3), although it is possible that our large error bars wash out
the signal.

5. Conclusions

We used the [CII] line, detected in 53 star-forming galaxies at
4.4 < z < 6 that were observed as part of ALPINE, to trace the
systemic velocity of these galaxies and to measure the velocity
offsets of Lya (and ISM lines, for a subsample of 29 galaxies)
with respect to it. We then used these offsets to gain insights into
the ISM properties of galaxies and to understand the physical
driver of the increase in the escape fraction of Ly photons that is
observed from z ~ 2 to z ~ 6 (Stark et al. 2010, 2011; Schenker
et al. 2012; Cassata et al. 2015).

We stress that the original selection of the parent ALPINE
sample (see Le Fevre et al. 2020; Béthermin et al. 2020; Faisst
et al. 2020) is primarily based on the UV-optical rest-frame
properties of these galaxies: the targets are selected to be main-
sequence galaxies at 4.4 < z < 6, and therefore they can be
considered typical galaxies at such epochs. They indeed have
stellar masses similar to samples in the literature at lower red-
shifts, such as those in Steidel et al. (2010), Erb et al. (2004), Du
et al. (2018), Pahl et al. (2020), and Marchi et al. (2019), with
higher SFRs and brighter Mgyy according to the relative evo-
lution of the star-forming main sequence from lower redshift to
z ~ 5. We also showed in Sect. 2 that the requirement of accurate
and robust spectroscopic redshifts, which is required to appropri-
ately tune the ALMA spectral setting to cover the [CII] line, did
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not bias our sample toward strong Lya emitters. As a result, this
is the largest sample of main-sequence star-forming galaxies at
z > 4 with published Avy, and Avigy offsets, and one of the
largest samples at all redshifts.

The main result of the paper is that the bulk of our galax-
ies show small Avpy, offsets, compared with other works at z ~
2 - 3.5, with a peak around 200 km s~! and up to ~ 400 km s~!; at
the same time, we also measure Avigym offsets between -500 and
0kms™! (see Fig. 2). We do not find any significant correlation
between Avyy, and Avigy, but we find a correlation between Avyy,
and fi.(Lya) (or, equivalently, EWy(Lya), as found at lower
redshift among others by Erb et al. 2014 and Du et al. 2018).
These correlations are highlighted in the first two panels of Fig. 4,
and are also evident in Fig. 3: objects with smaller f.s.(Ly@) tend
to have larger Avyy,, and vice versa.

We also explored the possible correlation between the off-
set velocities Lya-[CII] and ISM-[CII] and a number of proper-
ties, such as EWy(Lya), Lya escape fraction, stellar mass, SFR,
E(B - V)., and Mpyy. The strongest and more robust correla-
tions we found are between Lya escape fraction, EWy(Ly«), and
E(B - V), with the Lya offsets: these correlations are routinely
observed at lower redshift (Erb et al. 2014; Trainor et al. 2015;
Pentericci et al. 2007; Shapley et al. 2003; Kornei et al. 2010;
Hayes et al. 2014) and can be easily explained by models (uni-
form expanding shell or more complex configurations such as
in Steidel et al. 2010): objects with large f..c(Ly@) (and con-
sequently larger EWy(Lya)) are those with smaller Ly« offsets
because they are those with less dust (smaller E(B—V),), smaller
NHI, or smaller gas covering fraction. We do not observe a large
evolution of the correlation between Avyy, and EWyLya between
z ~ 2-3 (Erb et al. 2014), and z ~ 5 (this paper; see Fig. 4 and
Sect. 3): we only find a 20 difference for the slope of the relation,
while the two intercepts agree to within 1o

At the same time, no strong correlations between physical
properties and ISM offsets are found. When we assume that the
ISM offsets are the direct evidence of outflows, these results
imply that at least at these redshifts, outflows are not the main
driver of the escape of Lya photons. This is because, return-
ing to the analysis of Fig. 3, the outflow velocities in most of
the galaxies in our sample are quite slow (in the slow-outflow
regime for the uniform expanding shell model) and the Lya pho-
tons are therefore easily absorbed by the gas at the systemic
velocity of the galaxies. Coincidentally, Fig. 4 also clearly shows
that objects with fast outflow velocities (voy > 300kms~!, or
Avism < —300kms™') tend to have large fis.(Lya) (top mid-
dle panel), as expected from all models, but they are not numer-
ous enough to drive a correlation between Avisym and Ly« escape
fraction.

Finally, it is interesting to compare the velocity offsets Avyy,
and Avigym for our sample at z ~ 5 with other similar samples
in the literature at lower redshifts. In Fig. 5 we report the aver-
age and dispersion of these offsets for our sample in comparison
with the samples by Steidel et al. (2010) at z ~ 2.3, Talia et al.
(2017) at z ~ 2.3, Shapley et al. (2003) at z ~ 3 (a stack of 800
spectra), and Marchi et al. (2019) at z ~ 3.5, and with the hand-
ful of measurements for Lya only at z ~ 7 by Pentericci et al.
(2016), Bradac et al. (2017) and Matthee et al. (2019). The ISM
offsets do not vary significantly from z ~ 2 to z ~ 5: the linear
best fit has a negative slope, but the slope is compatible with zero
within the errors. At the same time, Avry, significantly evolves
over the same redshift interval, it extends from ~ 500kms™' at
7 ~2to~200kms™ z > 5, with a negative slope that is differ-
ent from zero at 40-. When we consider the observed evolution
of the fraction of LAE emitters with redshift (Stark et al. 2011;

8oo [ .

600 |
400}

200}

AVISM,Lyo: [km/s]

-200f

-400}

2 3 4 5 6 7
redshift

Fig. 5. Evolution of the Ly and ISM offsets with redshift. We report
individual measurements for our sample (filled and empty symbols indi-
cate Ary, and Ajgy, respectively), and for galaxies at z ~ 7 (green tri-
angles, from Pentericci et al. 2016; Bradac et al. 2017; Matthee et al.
2019). Red and blue circles indicate the average values of Ary, and
Ay for different samples at different redshifts: the values at z ~ 2.3
are from Steidel et al. (2010); at z ~ 2.3 (for the ISM alone) they are
from Talia et al. (2017); at z ~ 3 they are from the stacked spectrum in
Shapley et al. (2003); at z ~ 3.5 they are from Marchi et al. (2019); at
z ~ 4.5 and 5.5 they are from this work; and at z ~ 7 they are for Lya
alone from Pentericci et al. (2016), Bradac et al. (2017), and Matthee
et al. (2019). The blue and red continuous lines are linear best fits to the
points. In the bottom panel we also report second-degree polynomial fit
that also incorporates the z ~ 7 data well.

Mallery et al. 2012; Cassata et al. 2015) together with the well-
established correlation between EWy(Lya) and Avyy, (first panel
of Fig. B.1, Shapley et al. 2003; Erb et al. 2014), it is indeed
expected to find that the average Auvry, decreases with redshift:
at increasing redshift, between z ~ 2 and z ~ 6, samples of
normal star-forming galaxies contain increasingly more strong
Lya emitters (meaning that the distribution of EWy(Lya) shifts
toward higher values), and therefore, through the correlation
between Avry, and EWy(Lya), these samples display smaller
Lya velocity offsets on average.

These results together can give interesting insights that help
to interpret the observed increase in the fraction of Ly emitters
in the same redshift interval (Schenker et al. 2012; Cassata et al.
2015), or similarly, the observed increase in the average Lya
escape fraction (Hayes et al. 2011; Konno et al. 2016). If the
average ISM offsets do not evolve, this would imply that the
incidence of outflows, and their velocity, does not change sig-
nificantly from z ~ 2 to z ~ 5; assuming therefore no signifi-
cant change in the incidence of fast and slow outflows over that
redshift range (again: the peak and dispersion do not change sig-
nificantly), the observed decrease of Avpy, in the framework of
the uniform expanding shell model might be due to a decrease in
the amount of NHI (and possibly dust reddening) from z ~ 2 to
z ~ 7. Konno et al. (2016) suggested that in situ, NHI decreases
by almost one order of magnitude from z ~ 2toz ~ 6 as a
result of a simultaneous increase in the ionization parameter,
which is consistent with our interpretation. Alternatively, mod-
els that do not assume a uniform composition for the expanding
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material (e.g., Steidel et al. 2010, 2018) show that the observed
increasing fraction of strong LAE with redshift and the simulta-
neous decrease in Avyy, might also be explained by a decrease in
gas covering fraction, or in other words, by a more clumpy dis-
tribution of gas and dust (Du et al. 2018; Pahl et al. 2020). If this
trend of decreasing NHI, dust content, and/or gas-covering frac-
tion continues beyond z ~ 6 into the epoch of reionization, this
would also imply an increase in the escape fraction of Lyman
continuum photons that could make up the bulk of the ionizing
continuum.
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Appendix A: Coherence of regions emitting Ly«
and [CII]

In this appendix we compare the spatial distributions of the
regions emitting [CII] with those emitting Ly for our 53
objects. Figure A.1 shows the [CII] map, overlaid with the con-
tours of the optical image containing the Ly« line (depending on
the redshift, 7, or r, SUBARU images for the COSMOS field,
and ACS/F814W image for the GOODS-S field) and an image
that is as similar as possible to the optical rest-frame (UltraV-
ISTA DR4 K, image for the COSMOS field, and WFC3/F160W
for the GOODS-S field), and the position of the spectroscopic
slit, which is always 1" wide. We confirmed that for each optical
spectrum, the Lya emission is always aligned within 1” (typ-
ically, the spatial resolution of the spectroscopic observations)
with the UV rest-frame continuum, and therefore it can be con-
sidered spatially coincident, within the same precision, with the
position of the optical photometric emission. We also show the
spectra around [CII] and Lya lines, centered in velocity on the
position of [CII]. The [CII] spectra shown here are obtained
by integrating over the regions in which the [CII] emission is
detected at > 20" (see Béthermin et al. 2020 for details); for cases
in which the [CII] emission is more extended than the optical,
or for which the [CII] emission has many components, we re-
extracted a [CII] spectrum from a smaller region coincident with
the Lya/optical region to determine whether the [CII] velocity
peak moves. We also report this spectrum in the insets.

We also report in the label of each panel the morpho-
kinematic class estimated in Le Fevre et al. (2020) according to
the following coding: 1. rotating disks; 2. mergers; 3. extended,
dispersion dominated; 4. compact, dispersion dominated; and 5.
too faint to be classified. Six of the 53 galaxies studied here are
disks, 20 are mergers, 14 are dispersion dominated (extended
or compact), and 8 are faint. The most frequently represented
class (40%) are mergers: objects are classified as such in three
cases: 1) the [CII] image shows multiple components; ii) multiple
components appear in the position-velocity diagram extracted
from the [CII] cube; and iii) the ancillary images, typically for
the COSMOS field HST/ACS (Koekemoer et al. 2007) and for
the GOODS-S field HST/WFC3 (Koekemoer et al. 2011), show
multiple components. We comment on the result of this analysis
below for each object.

Object 12. This object is too faint in [CII] for us to perform
a morpho-kinematic classification. The Lya-optical light is off-
set by ~0.5” from the peak of the [CII] emission. There is no
evidence of multiple components.

Object 14. This object is classified as dispersion dominated.
The Lya-optical light is offset by ~0.5” from the peak of the
[CII] emission.

Object 21. This object is classified as dispersion dominated.
The Lya-optical light is offset by ~0.5” from the peak of the
[CII] emission.

Object 38. This object is classified as a merger because mul-
tiple components, separated by ~250kms~!, are present in the
position-velocity diagram (see Le Fevre et al. 2020). The Lya-
optical light is offset by ~0.5” from the peak of the [CII] emis-
sion.

Object 42. This object is too faint in [CII] to perform a
morpho-kinematic classification. The optical image close to Lya
(in green in the figure) reveals two weak peaks, and the Lya line
is extracted from the right peak, closest to the [CII] peak.
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Object 47. This object is classified as dispersion dominated.
The Lya-optical rest-frame emission is offset by ~0.5” from the
peak of the [CII] map.

Object 5100537582. This object is classified as dispersion
dominated. TheLya-optical emission is coincident with the peak
of the [CII] map. There is no evidence of multiple components.

Object 5100541407. This object is classified as a merger
because the [CII] map shows multiple bright clumps. The Ultra-
VISTA K, image (mapping the optical rest-frame light) also
shows two components, but only one of them is in the spectro-
scopic slit. It is clear that the Lya spectrum has been extracted
from the region coincident with the brightest [CII] peak, and we
verified that the position of the [CII] velocity peak is not affected
by the faintest clumps.

Object 510082662. This object is classified as a merger
because the [CII] emission originates from two bright compo-
nents. However, only one of these two [CII] clumps is coincident
with the UV-optical emission, where the Lya spectrum has been
extracted.

Object 5100994794. This object is classified as dispersion
dominated. The [CII] emission is quite extended and well cen-
tered in the spectroscopic slit. The Lya and [CII] spectra are
extracted from the same physical region.

Object 5101210235. This object is classified as a rotator.
The Lya-optical emission is coincident with the peak of the [CII]
emission.

Object 5101244930. This object is classified as a merger
because multiple clumps appear in the ancillary HST and Sub-
aru optical images. The optical rest-frame light, traced by the
UltraVISTA K| image, is coincident with the peak of the [CII]
emission, while the Lya-UV light might be slightly offset from
it, by 0.5” at most.

Object 510605533. This object is too faint in [CII] for us
to perform a morpho-kinematic classification. The Lya-optical
rest-frame light is offset by ~0.5” from the peak of the [CII]
emission.

Object 510786441. This object is classified as a merger
because multiple components are detected in the position-
velocity diagram (Le Fevre et al. 2020), separated by
~200kms~!. The Lya-optical emission is spatially coincident
with the peak of the [CII] emission.

Object 5180966608. This object is classified as a merger
because multiple clumps appear in the ancillary HST and Sub-
aru optical images, although the [CII] emission is extended and
is not resolved in multiple components. The Lya line has been
extracted from the UV-optical peak that is coincident with the
[CII] emission. Because [CII] is extended, we re-extracted a
[CII] spectrum from a region coincident with the UV-optical
region, and we find that the position of the [CII] velocity peak is
not affected.

Object 274035. The optical emission (tracing the Ly emis-
sion and UV rest-frame continuum) and the K emission (tracing
close to the optical rest-frame) are offset by 0.5 and 0.3" from
the peak of the [CII] emission. The object is classified as disper-
sion dominated, and there are no signs of multiple components
from the images or from the spectra.

Object 308643. This object is classified as a merger mainly
because two dynamical components are present in the position-
velocity diagram (see Le Fevre et al. 2020), although a rotating
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disk could also produce a similar velocity pattern. The spatial
UV-[CII] and spectral Lya-[CII] offsets are both very small.

Object 351640. This object is classified as a dispersion-
dominated galaxy. It is very weak both in the optical and in the
NIR image, which is expected because it is selected as Ly emit-
ter by the narrow-band technique, and therefore it is difficult to
identify possible spatial offsets between Ly and [CII]. There is
no evidence of multiple components.

Object 372292. This object is classified as a merger mainly
because two dynamical components are present in the position-
velocity diagram, separated in velocity by ~200kms™' (see
Le Fevre et al. 2020), although a rotating disk could also pro-
duce a similar velocity pattern. Neither the spatial nor the spec-
tral Lya-[CII] offset are significant.

Object 400160. This object is classified as dispersion dom-
inated. There is no evidence of multiple components, and there
is no significant offset between the UV and optical rest-frame
emission and [CII].

Object 403030. This object is classified as a merger mainly
because the optical SUBARU images, tracing the UV rest-frame,
show multiple components (green contours in the figure). The
Lya spectral profile is double peaked (the main peak lies at ~
+400kms~!, the other at ~ —200km s™!), but we confirmed in
the 2D spectrum that there is no spatial offsets between the two
peaks, meaning that within the resolution, they arise from the
same region. Double-peaked Ly« profiles are easily predicted
in the framework of the homogeneous expanding shell model
(Verhamme et al. 2008).

Object 416105. This object is classified as a rotator. Small
and insignificant spatial offsets are present between the UV and
optical rest-frame and the [CII] emission. There is no evidence
of multiple components.

Object 417567. This object is classified as a merger because
the [CII] maps show fainter components close to the main cen-
tral source. The morphology in the UV and optical rest-frame is
disturbed by the presence of a nearby foreground source, never-
theless, it is clear that the Lya emission originates from the main
[CIT] component. We confirmed that the secondary [CII] peaks
do not contribute to moving the position of the [CII] velocity
peak.

Object 422677. This object is classified as a merger because
multiple kinematic components are present in the position veloc-
ity diagram, separated in velocity by less than 200km s~ (see
Le Fevre et al. 2020). However, the [CII] emission is coincident
with the optical rest-frame light and is only slightly offset from
the Lya-UYV rest-frame emission.

Object 430951. This object is too faint in the [CII] map to
be morpho-kinematically classified. The [CII] spectrum is quite
wide, with a red tail extending up to +1500 km s~! from the spec-
tral peak. Moreover, the [CII] emission is offset from the position
of the spectroscopic slit, therefore [CII] and Ly« in this case do
not originate from the same physical region. Interestingly, this is
one of the few cases in which we measure a negative Lya-[CII]
velocity offset.

Object 432340. This object is classified as a merger because
multiple components are present in the [CII] map. It is clear,
however, that the Lya emission (and the optical rest frame) orig-
inate from the main [CII] clump, and the secondary [CII] clumps
do not affect the position of the [CII] velocity peak.

Object 434239. This object is classified as a merger because
multiple components are present in both the [CII] map and in the
UV-optical photometry. However, the Ly emission originates
from the same region where the bulk of the [CII] emission is
detected.

Object 488399. This object is classified as dispersion dom-
inated, and the [CII] emission is much more extended than the
optical light. This object is selected as a narrow-band emitter,
with a very weak UV continuum, and therefore it is not detected
in the optical images. For this object, we re-extracted the [CII]
spectrum from a smaller region, coincident with the K emission,
but the position of the [CII] velocity peak did not change.

Object 493583. This object is classified as a merger mainly
because two dynamical components are present in the position-
velocity diagram, separated in velocity by ~200kms™' (see
Le Fevre et al. 2020). The Lya-UV-optical rest-frame and [CII]
emissions are all spatially coincident.

Object 494057. This object is classified as a rotator, and
the [CII] emission is much more extended than the Lya-optical
emission. We re-extracted the [CII] spectrum from a smaller
region, coincident with the Lya-optical emission, but the posi-
tion of the [CII] velocity peak was not affected. There are no
signs of multiple components from the images or the spectra.

Object 494763. This object is classified as dispersion domi-
nated. The Lya-UV-optical rest-frame and [CII] emissions are all
spatially coincident. The Lya spectral profile is double peaked,
as it often is in models of homogeneous expanding shells
(Verhamme et al. 2008).

Object 510660. The [CII] emission for this object is very
faint, and therefore it was not possible to obtain a morpho-
kinematic classification. The [CII] spectrum is also quite noisy.
The Lya-optical rest-frame emission is coincident with the peak
of the [CII] emission. There are no signs of multiple components
from the images or the spectra.

Object 519281. This object is classified as a merger because
a faint second component is present in the position velocity dia-
gram (Le Fevre et al. 2020) and because the [CII] map shows a
fainter companion southwest of the main emission (at the edge of
the spectroscopic slit). We confirmed that these secondary peaks
do not affect the position of the [CII] velocity peak. The Lya-
optical rest-frame light is well aligned with the main [CII] emis-
sion.

Object 536534. This object is classified as a merger because
the [CII] emission is resolved into three to four clumps. The
Lya-optical emission is spatially coincident with the brightest
[CII] clump: we re-extracted the [CII] spectrum from this region
alone, and we verifired that the [CII] velocity peak does not
move (green line in the small inset).

Object 539609. This object is classified as a rotator. The
Lya-optical emission is well aligned with the [CII] emission, and
there is no evidence of multiple components. The spectral Lya-
[CII] offset is also very small.

Object 627393. This object is classified as a merger because
two distinct components are present in the position velocity dia-
gram (Le Fevre et al. 2020). However, these components are sep-
arated by ~200 km s~! in velocity and by less than 0.5 in space.
The Lya and [CII] spectra are extracted from the same physical
region.

Object 628063. The [CII] emission for this object is quite
faint, and no morpho-kinematic classification was performed.

A6, page 13 of 21



A&A 643, A6 (2020)

There is a spatial offset of ~0.5" between the Lya-optical emis-
sion and the [CII] emission, but there is no evidence of multiple
components in the images or spectra.

Object 630594. This object is classified as dispersion domi-
nated, and the Ly« emission is possibly slightly offset by ~0.5”
from the optical and the [CII] emissions.

Object 665509. This object is classified as a merger because
a secondary [CII] peak lies next to the main peak. The Lya-
optical rest-frame emission is coincident with the brightest [CII]
clump. We re-extracted the [CII] spectrum for this bright clump
alone, and the position of the [CII] velocity peak is not affected.

Object 665626. This object is too faint in [CII] for us to
perform a morpho-kinematic classification. Its UV continuum is
very faint, and therefore it is not detected in the optical band
containing the Ly line. However, the optical rest-frame light,
traced by the UltraVISTA K, image, is coincident with the
peak of the [CII] emission. There is no evidence of multiple
components.

Object 680104. This object is too faint in [CII] for us to per-
form a morpho-kinematic classification. The Lya-optical rest-
frame emission is possibly offset by ~0.5” from the peak of the
[CII] emission, but there is no evidence of multiple components.

Object 709575. This object is classified as a rotator. The
Lya-optical rest-frame light is well aligned with the [CII] emis-
sion, and there is no sign of multiple components.

Object 733875. This object is classified as dispersion dom-
inated. The Lya-optical rest-frame light is well aligned with the
[CII] emission, and there is no sign of multiple components.

Object 742174. This object is too faint in [CII] for us to
perform a morpho-kinematic classification. The Lya and optical
emissions are offset by ~0.7” from the peak of the [CII] emis-
sion. There is no evidence of multiple components.

Object 773857. This object is classified as a merger because
a faint [CII] clump is detected alongside the main clump. The
UV rest-frame continuum of this object, which is selected as a
narrow-band emitter, is very faint, therefore it is not detected in
the optical image. However, the optical rest-frame light origi-
nates from a region close to the peak of the [CII] emission. We
verified that the secondary [CII] clump does not affect the posi-
tion of the [CII] velocity peak.

Object 803480. This object is classified as dispersion dom-
inated. The Lya-optical rest-frame light is well aligned with the
peak of the [CII] emission, and the velocity offset Lya-[CII] is
also very small. There is no evidence of multiple components.

Object 814483. This object is classified as a merger because
the [CII] emission has many components. The UV and optical
rest-frame light is aligned with only the brightest [CII] emitting
region: we verified that the position of the [CII] velocity peak is
not affected by the faintest clumps.

Object 848185. This object is classified as dispersion dom-
inated. The [CII] emission is spatially extended: in the same
region in which the [CII] is detected, several clumps are revealed
in the UV rest-frame by the HST, but these clumps are not
deblended in the optical rest-frame or in the spectroscopic data.
The Lya and [CII] spectra are extracted from the same region.

Object 859732. This object is classified as a merger because
multiple [CII] clumps are present. However, only the brightest

A6, page 14 of 21

[CII] clump lies in the spectroscopic slit where the Lya line has
been extracted. The secondary [CII] clumps do not affect the
position of the [CII] velocity peak.

Object 873321. This object is classified as a merger because
the [CII] emission arises from two bright clumps. The Lya-
optical emission is coincident with only one of the two clumps:
in this case, we also re-extracted a [CII] spectrum from a smaller
region, coincident with the region emitting the Lya-optical light,
and we find that the position of the [CII] velocity peak does not
change.

Object 873756. This object is classified as a merger because
of multiple components in the ancillary optical Subaru images
(and partly because of fainter [CII] structures around the main
one). In particular, there is a bright UV-optical emitter southwest
of the main [CII] emitter, just outside of the spectroscopic slit. Is
important to stress that this companion is not responsible for the
Ly emission that is extracted from within the slit, right on top
of the main [CII] peak. We re-extracted a [CII] spectrum from
a smaller region around the optical rest-frame emission, and we
find that the [CII] velocity peak is not affected.

Object 880016. This object is classified as dispersion dom-
inated. The Lya-optical emission is coincident with the peak of
the [CII] emission.

Object 881725. This object is classified as a rotator, and the
Lya-optical emission is coincident with the peak of the [CII]
emission. The Lya spectrum is quite noisy and double-peaked.

We can draw a few conclusions from this analysis. First, in
all cases that were not classified as mergers, we are quite sure
that the [CII] emission, Lya, and the continuum arise from the
same galaxy, although in many cases, a small offset is present,
typically 0.5 at most. This is expected because the Lya emis-
sion is often found to be offset from the UV continuum by similar
amounts (Leclercq et al. 2017; Hoag et al. 2019). These spatial
offsets might imply that the ISM medium is inhomogeneous and
clumpy, and Lya photons can more easily escape from one side
of the galaxy than from the other.

For about half of the objects that are classified as merg-
ers, it is evident that they are composed of two subgroups:
cases in which multiple components are resolved both in ALMA
[CII] images and UV-optical rest-frames (e.g., 417567, 536534,
665509, 859732, 873321, etc.), and cases in which the multi-
ple components are unresolved in [CII] (e.g., 308643, 372292,
422677, 5101244930, etc.). For mergers in the first category, we
stress that the Lya line is always extracted from a region coin-
cident with the brightest [CII] clump, and we showed that the
position of the [CII] velocity peak does not change, regardless
of whether the [CII] spectrum is extracted from a small region
around the region from which Lya is extracted. The analysis
presented in this paper therefore applies to the main compo-
nent of the merger. Mergers in the other category are all classi-
fied as such because multiple components were identified in the
position-velocity diagram, although these are not resolved in the
[CII] map. Their [CII] emission is not very extended (~1" —1.5"
across, corresponding to ~6-9kpc at z ~ 5), and the different
components are typically separated in velocity by ~200kms~!.
They can therefore be considered late-stage mergers, very close
to coalescence. The Lya line is extracted from the same region
that emits [CII]. For them, the Lya-[CII] and ISM-[CII] offsets
are relative to the barycenter of the system, which is traced by
the [CII] peak velocity, and the analysis presented in this paper
applies to their integrated extent.
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Appendix B: Tables

Table B.1. Properties of the sample from multiwavelength photometry.

1D log(M.) logSFR  E(B-V). Mryv
Moy Mo yr~ !

CG_12 9.3079%  1.12%9%0 0.05 -21.317092
CG_l14 10.49*3%4  1.507007 0.05 22,1109
CG_21 9.76*07% 13732 0.20 -20.39018
CG_38 9.631018 1547024 0.20 -21.337043
CG_42 9.38%026  1.0570%¢ 0.00 -20.60%023
CG_47 9.09%018  1,19+020 0.10 —20.80*0:43
DC_274035 9.42+013  1.20*013 0.05 —21.7470.18
DC_308643 9.77+01,  1.837012 0.10 —22.437008
DC_351640 9.67013  1.20%% 0.00 -21.75+5¢2
DC_372292 9.44%016 1457024 0.10 -22.017830
DC_400160 9.65*017  1.6770% 0.10 -22.36%0%
DC_403030 9.68*01° 1567026 0.15 -21.74*0.17
DC_416105 9.45:013 1 0g+012 0.00 -21.785%,
DC_417567 9.81*01%  1.8770% 0.10 229204
DC_422677 9.85%014  1.90+021 0.20 -21.63*013
DC_430951 9451014 1 0g+016 0.00 -21.70*5%
DC._432340 10107017 1797026 0.15 -22.09731¢
DC_434239 10.327913  2.00%927 0.25 -21.91701
DC._488399 10.201013 1,67+026 0.05 -22.06535
DC_493583 9.61+21 1364921 0.10 -21.76*3:1
DC_494057 10157013 1.62*9% 0.00 -22.377033
DC_494763 9.53+015  1.30%030 0.15 —21.437033
DC_510660 947101 L11*9% 0.10 —21.55%022
DC_519281 9.87101% 1407027 0.00 —21.74+039
DC_536534 1036701 1.71#91 0.05 -22.32%032
DC_539609 9.38*012  1.48+0.10 0.00 -22.36+934
DC_627939 9.98%014  1.71+021 0.10 -21.60%01%
DC_628063 9.86*014  1.39*033 0.20 -21.1602
DC_630594 9.77+014 150702 0.20 -21.35%0%7
DC_665509 9.75%014 1374023 0.05 -21.9571¢
DC._665626 9217016 07179 0.00 -20.7355}
DC_680104 9.23*012 1174318 0.05 —-21.72+0:17
DC_709575 9.68*01¢ 1427027 0.15 —21.297029
DC_733857 9.54*017 159702 0.10 -22.017013
DC_742174 9.56*13  1.11%9% 0.00 -21.37793
DC_773957 10.00%512  1.437038 0.00 -21.797027
DC._803480 9221012 1.08%930 0.00 -21.3555%
DC_814483 9.91+213 1.60%923 0.10 —22.24*0:12
DC_848185 103749%  2.46+01! 0.20 —22.54*037
DC_859732 9.77:014 1217038 0.05 -21.10%331
DC_873321 9.97+013  1.96%322 0.15 —-22.427038
DC_873756 10.25799%  0.73*047 0.00 -20.87+9:32
DC_880016 9.75%013  1.5070% 0.20 -21.12%027
DC_881725 9.96*016  1.94%923 0.25 -21.557022
ve 5100537582 9.76*013 11703 0.00 -21.20*9%7
ve_5100541407 10123014 1.54+026 0.10 -21.15%034
ve_5100822662  10.17+313  1.827023 0.15 -21.89*0:18
ve_5100994794  9.73*013  1.45+0.2¢ 0.15 —21.34+039
ve 5101210235 9.78*012  1.41+016 0.00 -22.26%57
ve 5101244930 9.67*01¢  1.427023 0.10 -21.90*0:1
ve_510605533 9.47+014  1.13+016 0.00 —21.487023
ve_510786441 9.99*016  1.60*9% 0.05 —-22.54+006
ve_5180966608  10.82*312 215027 0.20 —21.747017

Notes. IDs starting with CG indicate objects in the CANDELS GOODS South area; IDs starting with vc indicate objects with VUDS VIMOS/VLT
spectra in the COSMOS field; DC indicates objects with DEIMOS spectra in the COSMOS field.
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Table B.2. Ly, [CII], and ISM measurements for the sample.

ID S/N(CH])  EWo(Lya)  fesc(Lya) (e Arye Aism
A kms™! kms™!

CG_12 4.4 30422 0197005  4.4310+0.0005 110 +85

CG_14 4.6 59.6£3.7 0417007 5.5527+0.0005 334+ 80

CG_21 4.2 47.7+37 023710 55716 +0.0005 168 77

CG_38 4.7 212+21 00570  55721+0.0007 36+82  —127+1%

CG_42 37 53.5+£6.9 027715 5.5252+0.0005 707 +36

CG_47 4.0 428+53  0.15%0%  55745+0.0009 378 £77

DC_274035 4.4 133£1.2  0.08%02 44791 +£0.0004 202+£57 —191%3

DC_308643 7.7 256+ 15  0.0970 45253+£0.0004 3255  -352%0

DC_351640 5.7 757273 031*31% 57058 £0.0005 7536

DC_372292 9.6 103£1.0 017705 5.1364+£0.0005 —48+44 —161")%

DC_400160 45 109+1.0  0.04709% 45404 £0.0007 200+58 22738

DC_403030 5.0 10921 0037007  45594+0.0004 35036  —20073%

DC_416105 53 71.5+145 0477015 5.6309 +0.0005 103 +40 949

DC_417567 6.4 94+1.9  0.0370  5.6700+0.0005 386+60 —269*%

DC_422677 7.1 1L5+18  0.01709)  4.4381+0.0004 308+54 —317°]I8

DC_430951 4.1 1062 +27.1  0.64*070  5.6880 £0.0020 —201 +63

DC_432340 5.5 176 £2.1  0.0579)  4.4045+0.0004 9439  -166%

DC_434239 7.4 48+10 0007000 4.4883+0.0004 136+ 64

DC_488399 26.2 18.0£27  0.0870; 5.6704+0.0005 377 +60

DC_493583 8.3 24736 0117008 4.5134+0.0004 157 £45

DC_494057 17.1 228+ 1.7 01370 55448 £0.0005  32+42

DC_494763 10.5 47.0+£20.0  0.10*0%% 52337 +£0.0004 250+60  —225%77

DC_510660 4.0 100.7 £43.0 051753 4.5480+0.0010 32459

DC_519281 6.7 74+13 00370 55759+0.0005 100+53  -100*%

DC_536534 5.0 240+55 008707 5.6886+0.0006 255+85  —1127})°

DC_539609 8.9 290+4.7 025700 5.1818+£0.0005 -4£50 38535

DC_627939 13.0 63+£1.8 0010 45341£0.0004 21649 3037

DC_628063 3.8 374+186  0.09700%  4.5327+0.0005 28160

DC_630594 11.2 342+£168  0.09%00%  4.4403 £0.0004 336 + 64

DC_665509 4.8 255+38  0.20700F 45256 +0.0004 178 +50

DC_665626 4.4 19469  0.12*50¢ 45773 £0.0004 257 +41

DC_680104 4.2 23.8+63 0167007 45295+0.0004 11345 —439%)5

DC_709575 55 21.8+34 0127011 44121 +0.0004 188 + 44

DC_733857 7.3 19.8+23  0.08700)  4.5445+0.0004 259+42  -32*%

DC_742174 4.8 58.0+12.6 020700, 5.6360+0.0005 8136

DC_773957 8.5 19044 0107007 5.6773+0.0005 345+ 50

DC_803480 3.7 56.8+14.7  0.28%0%° 45417 +0.0004 —27 +38

DC_814483 4.6 52+1.0  0.047093  4.5810+£0.0004 155+50  —201%32°

DC_848185 183 53+1.0  0.00%90 52931 +£0.0004 50948  -292*7%

DC_859732 4.3 21.0£10.6  0.19*905 45318 £0.0005 135+£57 2760

DC_873321 7.5 83+1.0  0.0879 5.1542+£0.0004 180+45 —565*1%

DC_873756 32.6 199+£3.6 0327020 4.5457+0.0004 129+71  199*3

DC_880016 8.6 59+1.0  0.01709)  4.5415+£0.0004 254+53  —470*]%

DC_881725 12.3 103+32 0017000 45777 +£0.0004 408 £46  —247+7

ve_5100537582 8.1 193+12  0.09709 45501 +£0.0004 -4+146 377178

ve_5100541407 11.4 157+24  0.02709 45630 +0.0004 11+ 146

ve_5100822662 14.9 76+1.0 0017090 4.5205+0.0004 403 +242 -255%1

ve_5100994794 12.0 99+12  0.0270%2 45802 +0.0004 268+ 192

ve_5101210235 4.3 25410 0207005 45761 +0.0004 16+ 144  —182%]77

ve_5101244930 5.0 22414 011709  45803+£0.0006 27+150 -225*1,

ve_510605533 4.9 128£1.0  0.067002 4.5019+0.0006 460 + 146

ve_510786441 111 324+14 025709 4.4635+0.0004 157 +197

ve_5180966608 12.5 1179 +£19.1  0.02*)07  4.5296 £0.0004 —90 + 195

Notes. The IDs are the same as in Table B.1.
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