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1 INTRODUCTION

There has been a steady increase in the number of sources
identified at moderately high redshifts (z 2 2-3) over the
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ABSTRACT

Deep narrow-band surveys have revealed a large population of faint Ly« emitters
(LAEs) in the distant Universe, but relatively little is known about the most luminous
sources (LLya 21027 ergs™!; LLya 2 Liya). Here we present the spectroscopic follow-
up of 21 luminous LAEs at z ~ 2 — 3 found with panoramic narrow-band surveys
over five independent extragalactic fields (= 4 x 10° Mpc? surveyed at z ~ 2.2 and
z ~ 3.1). We use WHT/ISIS, Keck/DEIMOS and VLT /X-SHOOTER to study these
sources using high 10nlsation UV lines. Luminous LAEs at z ~2-3 have blue UV
slopes (8 = —2.070%), high Ly« escape fractions (50722%) and span five orders of
magnitude in UV 1um1n051ty (Myy =~ —19 to —24). Many (70%) show at least one
high ionisation rest-frame UV line such as Crv, Nv, Cmi], Hell or O], typically
blue-shifted by ~ 100 — 200 kms~! relative to Lya. Their Lya profiles reveal a wide
variety of shapes, including significant blue-shifted components and widths from 200
to 4000kms—!. Overall, 60 + 11 % appear to be AGN dominated, and at Liya >
10%33 ergs™! and/or Myy < —21.5 virtually all LAEs are AGN with high ionisation
parameters (logU = 0.6 £ 0.5) and with metallicities of ~ 0.5 — 1 Z5. Those lacking
signatures of AGN (40411 %) have lower ionisation parameters (log U = —3.07}:§ and
log &ion = 25.4 £0.2) and are apparently metal-poor sources likely powered by young,
dust-poor “maximal” starbursts. Our results show that luminous LAEs at z ~2-3 are
a diverse population and that 2x L, and 2x M, mark a sharp transition in the
nature of LAEs, from star formation dominated to AGN dominated.

Key words: Galaxies: high-redshift; evolution; ISM; starburst; active; Cosmology:
observations.

past twenty years (e.g. Ellis et al. 2013; Bouwens et al.
2015a,b; Bowler et al. 2014; Finkelstein et al. 2015; Atek
et al. 2015; Santos et al. 2016). Most have been found us-
ing the Lyman-break technique (e.g. Koo & Kron 1980;
Guhathakurta et al. 1990; Steidel & Hamilton 1993; Gi-
avalisco et al. 1996), combined with deep, multi-band imag-

* Based on observations obtained with the William Herschel Tele-
scope, program: W16ANQ004; the Very Large Telescope, programs:
098.A-0819 & 099.A-0254; and the Keck II telescope, program:
C267D.
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ing with the Hubble Space Telescope (HST). However, spec-
troscopy of faint continuum-selected candidates has pro-
gressed at a much slower pace as spectroscopic continuum
detections are difficult for such faint sources. A different ap-
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proach is to find and study sources with bright Ly« in emis-
sion (e.g. Ouchi et al. 2008; Zitrin et al. 2015; Oesch et al.
2015; Sobral et al. 2015; Hu et al. 2016; Matthee et al. 2017c;
Jiang et al. 2017) across a range of redshifts (e.g. Harikane
et al. 2017; Sobral et al. 2018). While these can now be
found with wide-field ground-based surveys (e.g. Matthee
et al. 2015; Hu et al. 2016; Santos et al. 2016; Shibuya et al.
2018; Zheng et al. 2017), much is unknown about their na-
ture, metallicity and stellar populations (see e.g. Wold et al.
2014; Sobral et al. 2017b, 2018; Matthee et al. 2017d).

Significant spectroscopic progress has also been made by
targeting lensed galaxies (e.g. Swinbank et al. 2010; Vieira
et al. 2013; Stark et al. 2014, 2015a), allowing the detection
and study of intrinsically very faint features/lines. Combin-
ing results from intrinsically bright and faint sources reveals
a picture in which galaxies appear to have ubiquitous high
equivalent width nebular emission lines at high redshift (e.g.
Smit et al. 2014; Sobral et al. 2014; Smit et al. 2016; Marmol-
Queralté et al. 2016; Khostovan et al. 2016). This may be
due to high redshift galaxies producing more ionising pho-
tons per UV luminosity (e.g. Topping & Shull 2015; Bouwens
et al. 2016; Matthee et al. 2017a; Stanway 2017). Recent re-
sults also highlight that high redshift galaxies can have hard
ionising spectra, as indicated by UV emission lines such as
Cril, Crv, Omi] or Herr (e.g. Stark et al. 2015b; Sobral et al.
2015; Jaskot & Ravindranath 2016; Schmidt et al. 2017; La-
porte et al. 2017). This is in agreement with more detailed,
larger statistics results, which show an increase in the ion-
isation parameter with redshift, traced by e.g. [O1]/[O11]
(e.g. Erb et al. 2010; Nakajima & Ouchi 2014; Khostovan
et al. 2016; Nakajima et al. 2016; Vanzella et al. 2016, 2017)
or evidence for hard spectra from iron-poor stellar popula-
tions (Steidel et al. 2016). Understanding the origin of the
strong evolution relative to local galaxies is still a major open
question and it is fundamental to unveil the nature of high
redshift galaxies and identify which sources contributed the
most to cosmic re-ionisation (e.g. Robertson et al. 2013; Top-
ping & Shull 2015; Faisst 2016). Many mechanisms/physical
processes have been proposed, including binary stars, bursty
star formation histories, active galactic nuclei and several ef-
fects at low metallicity (e.g. Eldridge et al. 2008; Eldridge &
Stanway 2009, 2012; Ma et al. 2016; Grifener & Vink 2015;
Stanway et al. 2016).

Furthermore, the common approach of selecting Lyman-
break galaxies has resulted in statistically large samples, but
failed to reveal a convincing population of Lyman continuum
(LyC) leakers (e.g. Siana et al. 2007; Guaita et al. 2016;
Marchi et al. 2017b,a), required for re-ionisation (e.g. Faisst
2016). This may be a consequence of selection, as Lyman-
break galaxies (LBGs) are biased against sources leaking
significant amounts of LyC photons (e.g. Cooke et al. 2014).
LBGs tend to be more evolved and show little to no Ly« in
emission (e.g. Cassata et al. 2015). In addition, recent theo-
retical and observational work suggest an important link be-
tween LyC and Ly« escape fractions (e.g. Verhamme et al.
2015, 2017; Dijkstra et al. 2016; Izotov et al. 2018; Vanzella
et al. 2018), implying that Ly« emitters (LAEs) contribute
significantly to the LyC luminosity density. The faint end
slope of the Ly« luminosity function (LF) is steep (o ~ —2),
implying a large number of faint LAEs (e.g. Gronke et al.
2015; Dressler et al. 2015; Santos et al. 2016; Drake et al.
2017b) and LAEs produce typically many more ionising pho-

tons per UV luminosity than Lyman-break galaxies (e.g.
Nakajima et al. 2016; Matthee et al. 2017a; Harikane et al.
2017). The combination of recent results on LAEs is particu-
larly promising and further enhances the motivation to study
those: the high equivalent width (EW) LAEs may be exactly
what is needed to re-ionise the Universe, having “high” es-
cape fractions (e.g. Verhamme et al. 2017), high production
of ionising photons (e.g. Nakajima & Ouchi 2014; Nakajima
et al. 2016, 2018), and large number densities (e.g. Drake
et al. 2017b; Sobral et al. 2018).

Despite recent progress, little is known about the na-
ture and redshift evolution of the most luminous LAEs
(Lrya ~ 10875 ergs™!). At z ~ 2-3 spectroscopic studies
have mostly focused on the follow-up of fainter, more nu-
merous LAEs typically below the characteristic Lya (Liya <
10*3 ergs™!) and UV luminosities at that redshift (e.g. Ouchi
et al. 2008; Trainor et al. 2015; Hathi et al. 2016), or by
blindly finding and studying faint LAEs with deep but
small volume searches with IFU instruments such as MUSE
(e.g. Drake et al. 2017a; Hashimoto et al. 2017). Impor-
tant progress has also been made by studying extremely
rare quasars found with SDSS (e.g. Richards et al. 2006),
~ 7 — 10 orders of magnitude brighter in the UV and re-
vealing large Lya haloes with Liye ~ 10*3 **ergs™ (e.g.
Borisova et al. 2016). Still, little is known about the general
population of bright LAEs, although there is some evidence
for these sources to have a significant AGN contribution (e.g.
Ouchi et al. 2008; Sobral et al. 2017b; Matthee et al. 2017b).

In this paper we study bright LAEs at z ~2-3 through
relatively deep spectroscopic follow-up, in order to unveil
their nature and physical properties. These bright sources
span the parameter space between faint LAEs and rare
quasars. The paper is organised as follows. In §2 we present
the observations of our sample of bright Lya candidates
with WHT/ISIS, Keck/DEIMOS and VLT/X-SHOOTER,
followed by the respective data reduction. In §3 we present
the measurements and analysis. Results are presented in §4.
The nature of bright LAEs is studied in §5, based on high
ionisation UV lines. We discuss our results in §6. Conclu-
sions are presented in §7. Throughout this paper, we use AB
magnitudes (Oke & Gunn 1983), a Salpeter (Salpeter 1955)
IMF and a ACDM cosmology with Hy = 70kms~! Mpc™?,
Qv = 0.3 and Qp =0.7.

2 OBSERVATIONS AND DATA REDUCTION
2.1 Sample selection

Our luminous LAEs are selected from wide-field narrow-
band Lya surveys. Candidate bright LAEs at z ~ 2.2 are
selected from the 1.43 deg® CALYMHA survey (which cov-
ered the UDS and COSMOS fields, see Matthee et al. 2016;
Sobral et al. 2017b, 2018). We select those with Lya lumi-
nosities above 10%-% ergs™* (up to 10*3-% erg sfl); see Figure
1. Luminous z ~ 3.1 Lya candidates are selected from a to-
tal of ~ 3.1 deg? over the GOODS-N, SA22 and Boétes fields
(see Matthee et al. 2017b) to have luminosities in excess of
10*2 7 ergs™" (up to 10**Zergs™!). Our targets have num-
ber densities of 107*-107% Mpc 2 (e.g. Matthee et al. 2017b;
Sobral et al. 2018), and have been found in a total volume
of &~ 4 x 10° Mpc3. We note that due to the selection applied
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Figure 1. Comparison between the distribution of Lya luminosi-
ties and rest-frame EWs (both quantities derived from narrow-
band imaging) of the z = 2.2 (from the CALYMHA survey, S+17;
Sobral et al. 2017b; Matthee et al. 2017b) and z = 3.1 parent
samples (M+17; Matthee et al. 2017b). We also show a sample
of fainter LAEs at z = 3.1 probing a smaller volume (G+07;
Gronwall et al. 2007) and the large sample of Lya emitters at
z ~ 2.5 — 3.2 (SC4K; Sobral et al. 2018). Liva (the knee/typical
luminosity of the Lya luminosity function; Sobral et al. 2018) is
indicated at z ~2-3 as a shaded region, representing the errors
and positive evolution from z ~ 2 to z ~ 3. Our spectroscopic
sample is representative of Ly < LI’:y o LAEs, probing a large
range in luminosities and EWs.

to obtain candidate LAEs from the full sample of emission
line candidates (see Sobral et al. 2018) our samples will be
biased against potential (galaxy-galaxy) lensed sources, as
the continuum of the foreground lens will lead to classifying
lensed LAEs as low redshift interlopers.

In total, we have targeted 23 sources as candidate lu-
minous LAEs. We present their Lya luminosities and rest-
frame Equivalent Widths (EWy) in Figure 1, compared to
the parent sample of more typical, lower luminosity LAEs
at both z ~ 2.2 (Sobral et al. 2017b) and z ~ 3.1 (Matthee
et al. 2017b). As Figure 1 shows, our sample is representative
of the most luminous LAEs, covering 1.5dex in Ly« lumi-
nosities (10*27**2ergs™) and 1.2dex in rest-frame Ly«
EW, (20 — 400 A).

2.2 Spectroscopic observations
2.2.1 WHT/ISIS

We used the Intermediate dispersion Spectrograph and
Imaging System (ISIS) on the William Herschel Telescope
(WHT) to observe z ~ 2-3 Ly« candidates. ISIS is a double-
armed, medium-resolution spectrograph, which allows simul-
taneous observing with the blue and red arms.

A total of six z ~ 2-3 Lya candidates were selected from
GOODS-N and Bootes. We observed each source for roughly
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one hour during May 4-6 and Jun 30-Jul 01 2016; see Table
A1. All observations were done under clear conditions and
the seeing varied between ~ 0.4” and ~ 1.5” (typical seeing
~ 0.9"”). We used a 1" slit for all observations.

The blue and red arms were used with the R600 grat-
ings, with central wavelengths 4800 A (R ~ 2400) and
7000 A (R ~ 3900) on the first three nights and with
the R300B/R316R gratings with central wavelengths 5000 A
(R ~ 1200) and 8000 A (R ~ 2200) for the final two nights.
We obtained biases, arcs and flats for each grating, arm and
central wavelength, at the start and end of each night.

Our targets are all too faint (typically I ~ 23 — 24 mag)
in the continuum to be directly acquired using WHT/ISIS,
and thus we identified a relatively nearby star (I ~ 13 —
16 mag, ~ 20 — 60" away from our target) which we used for
acquisition. We conduct our observations by first acquiring
the offset star, taking a 30-60 s (depending on its magnitude)
exposure on the star, then blindly offsetting the telescope to
the target and taking one 900-1000 s exposure of the target.
After each science exposure, we go back to the star, offset
along the slit by 10", acquire the star again, take another
star spectrum, and then offset to the science target to take
another exposure. This procedure allows us to use the star as
a flux calibrator and slit loss estimator. Our procedure also
allows us to extract the trace and its curvature in an optimal
way, which we use to combine and extract the spectra (see
§2.3.1).

2.2.2 Keck/DEIMOS

DEIMOS was used to spectroscopically target eight lumi-
nous Lya candidates at z ~ 3 in five different masks for
the Bootes field, and in one mask for GOODS-N over three
different nights in June 2, July 6 and July 29 in 2016. We
have also observed other line emitters; see Table A3 and
Matthee et al. 2017b. Observations were conducted under
clear conditions. The seeing was in the range ~ 0.6” — 0.9”.
We used a central wavelength of 7200 A and the 600L grating
(R ~ 2400), with a pixel scale of 0.65 A pix ™!, which allowed
us to probe from 4550 A to 9850 A. We used the 0.75" slit,
in the same mode as used by Darvish et al. (2015).

We obtained biases, arcs and flats at the start of each
observing night. Typical science exposures of 900 s were ob-
tained with a 2.5” dithering for two of the nights and with-
out dithering for the final observing night on 30 July 2016.
Observations are listed in Table A3.

2.2.8 VLT/X-SHOOTER

We used X-SHOOTER (Vernet et al. 2011) to observe eleven
candidate luminous z = 2.2—3.1 LAEs in October 2016, Jan-
uary, June-July, December 2017 and January 2018 (see Table
A4). X-SHOOTER allows to simultaneously obtain a rela-
tively high resolution spectrum with the UV /blue (UVB),
visible (VIS) and near-infrared (NIR) arms, providing a cov-
erage from 3000 to 24,800 A. The seeing varied between
0.8” and 1.5” (median seeing 0.9”) and observations were
done under clear conditions. We used the low read-out speed
without binning. Typical exposure times of 200s, 300s and
4 % 80s in the UV, optical and NIR arms were used, respec-
tively; see Table A4. We first acquired a star (with I-band
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magnitudes 16-17 AB) and applied a blind offset to the tar-
get. We nodded along the slit from an A to a B position
(typically 4-6" apart), including a small jitter box in or-
der to always expose on different pixels. We used 1" slits
for both the optical and near-infrared arms (resolution of
R ~ 2500 and R ~ 4400, for the optical and near-infrared
arms, respectively) and the 1.2” slit in the UV (R ~ 4400).
The total exposure times for each source are given in Table
A4.

2.3 Data Reduction
2.3.1 WHT/ISIS: the William Herschel ISIS pipeline

We developed a PYTHON pipeline to reduce ISIS spectral
and exploit our observing setup/methodology. We reduce
the data on a night by night basis, and only combine
data from different nights for extracted 1D spectra. Our
pipeline follows standard steps: we bias-subtract, flat-field
and wavelength-calibrate the spectra using appropriate cal-
ibration frames. Additional wavelength calibration is per-
formed by exploiting the sky lines in deep spectroscopic ex-
posures. We describe the processes in more detail in Ap-
pendix Al. In Figure 2 we show our reduced 2D spectra,
centred on the Lya line within a window of £4000kms™".

We flux calibrate our spectra by using the blind offset
stars and their SDSS magnitudes. The resolution (FWHM)
of each arm/grating is estimated with un-blended sky lines
and found to be 2 and 1.8 A for the R600B/R600R gratings
spectra and 4.0 and 3.6 A FWHM for the R300B/R316R
gratings. We bin our 1D spectra by roughly one third of the
corresponding FWHM, which, in practice, results in binning
by 2 spectral pixels. We show the typical rms per binned
resolution element in Table A2.

2.8.2 Keck/DEIMOS: spec2d pipeline

All Keck/DEIMOS data were reduced using the DEIMOS
SPEC2D pipeline (Cooper et al. 2012), which follows very
similar steps to our WHT/ISIS data reduction. Briefly, each
observed spectra were flat-fielded, cosmic-ray-removed, sky-
subtracted and wavelength-calibrated (see Darvish et al.
2015). We used standard Kr, Xe, Ar and Ne arc lamps for
the wavelength calibration. We also checked the wavelength
solution at the end of the pipeline reduction, taking advan-
tage of the numerous OH sky lines. For the observations
obtained with a dithering pattern, we find significant offsets
between the observed sky line positions and the correct OH
line wavelengths of over 10-20 fA, varying in a non-linear way
in the blue and in the red. Therefore, for all observations for
which we dithered we identify ~ 100 unblended OH lines
and obtain a final wavelength calibration, which produces
an rms of = 0.5 A, about ~ 6 — 7 times better than the
resolution.

For the final night of observations with Keck/DEIMOS,
no dithering pattern was used for sky subtraction. With-
out dithering, the wavelength calibration provided by the

1 The William Herschel ISIS pipeline (see Appendix Al).
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Figure 2. The reduced 2D Lya spectra, displayed in the S/N
space, smoothed with a Gaussian kernel of 2 pixels, from our
WHT/ISIS observations, labelled with ID and redshift, and or-
dered by Lya flux top to bottom (brightest on top). We show
1.5,2,3,4,50 contours and use contrast cutoffs at —1 and +2¢
to display the 2D spectra. The top axis shows the velocity shifts
from the Ly redshift. We find one broad-line emitter (BH-NB5-
6), and one with a blue wing/complicated dynamics (BH-NB392-
12). The brightest source observed with WHT/ISIS is BR3, which
shows the most asymmetric Ly« line profile. The faintest source
targeted with Lya coverage is GN-NB5-6712, which is also one of
the sources showing the narrowest Lya profile.

pipeline was found to be accurate within 0.5 fA, and no fur-
ther correction was necessary. We show the reduced 2D spec-
tra in Figure 3.

The pipeline also generates the 1D spectrum extrac-
tion from the reduced 2D spectrum, following the optimal
extraction algorithm of Horne (1986). This extraction cre-
ates a one-dimensional spectrum of the target, containing
the summed flux at each wavelength in an optimised win-
dow. We flux calibrate the data with bright enough sources
within the masks, and also observations of the Feige 66 stan-
dard star.

We bin our spectra to one third of the observed res-
olution (FWHM) of 3A (which results in binning 2 spec-
tral pixels, ~ 1 A) Our final resolution binned spectra
have a typical rms per binned resolution element (10) of
3—5x10 " ergs ' em 2 A~ (see Table A2) and thus typ-
ically a factor ~ 10 deeper than WHT /ISIS.

2.8.8 VLT/X-SHOOTER: ESO pipeline

We use the ESO X-SHOOTER pipeline (Modigliani et al.
2010) to reduce the UVB, VIS and NIR spectra separately
(see also Matthee et al. 2017c). The data reduction steps
follow closely those implemented for both ISIS and DEIMOS
data, with the necessary differences, particularly for the X-
SHOOTER NIR arm which allow to obtain [O111] and Ho
for the z ~ 2.2 LAEs (NIR spectral properties will be fully
discussed in Matthee et al. in prep.).

In short, we start by identifying/grouping frames. We
then identify and process the bias frames (to create master

MNRAS 000, 1-23 (2018)
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Figure 3. The reduced 2D spectra of luminous LAEs from our DEIMOS (left) and X-SHOOTER (right) observations, smoothed with
a Gaussian kernel of 2 pixels, labelled with ID and redshift, listed from the brightest (top) to the faintest (down) per instrument. We
show 1.5,2,3,4,5,10,20 0 contours. Our LAEs present a wide variety of Lya line profiles with some broad lines (FWHMs in excess of
1000kms~!) at the highest Lya luminosities, and narrower Ly« lines at lower Ly luminosities. Five sources show a blue-shifted Lya
component, with CALYMHA-147 being the most noticeable example and showing the highest blue-to-red ratio (~ 0.6 £ 0.1). LAEs with
significant UV continuum also reveal the Lya forest. Note that the “negative flux” regions are a consequence of jittering along the slit.

biases in the UVB/VIS arms) and dark current (NIR arm).
We produce master flats per arm and flat-field the data. Fi-
nally, sky subtraction and wavelength calibration are done.
In order to be able to flux calibrate the spectra, several stan-
dard stars have been observed (see Table A4). We use the
X-SHOOTER pipeline to reduce the standard stars in the
same way as the science targets and combine the exposures
from single observing blocks.

In the case that a source has been observed by mul-
tiple observing blocks, we co-add the frames by weighting
each frame with the inverse of the variance (noise) in 2D.
Corrections for slight positional variations based on the po-
sition of the peak of observed Ly« lines were applied. We
show the reduced 2D spectra in Figure 3, ordered by their
narrow-band-derived Lya luminosity.

We extract 1D spectra by summing the counts in an
optimised spatial window, which typically corresponds to
a total of ~ 10 spatial pixels (1.8"). We use isolated sky
lines together with arc lines to find that the resolution of
our spectra (FWHM) is 1.6 A in the UVB and VIS arms
and 3.6A in the NIR arm. We finally bin our spectra to
one third of the FWHM which, in practice, corresponds to
binning 3 and 2 spectral pixels for the UVB/VIS and NIR
arms, respectively. Table A2 provides the typical rms per
binned resolution element for our binned spectra.

MNRAS 000, 1-23 (2018)

3 MEASUREMENTS AND ANALYSIS
3.1 Spectroscopic redshifts and line identification

All our spectra are calibrated to air wavelengths. Before we
determine redshifts, we first convert from air wavelengths to
vacuum (see Morton 1991), and then use vacuum rest-frame
wavelengths for the rest of the paper (see Table 1).

We start by obtaining a redshift using the Ly« emission
only (zrya), and identifying its peak (see Figures 2, 3 and
4). We store these as the redshift of the Ly« emission line,
and use those as a first approximation of the redshift of
the source. We then look for other lines (see Table 1) by
searching and fitting Gaussians (or double Gaussians) and
deriving a redshift for them, allowing for velocity offsets up
to £1000 kms ™.

3.2 Contaminants

We confirm that the vast majority (91%) of our 23 candi-
dates are luminous LAEs, but we also find two contaminants.
These include one low redshift [O11] emitter at z = 0.056
(CALYMHA-438) and a star with a large number of absorp-
tion bands (CALYMHA-85); both with very low EWs (see
Figure 1). These imply an overall contamination of ~ 10 %,
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Table 1. A list of high ionisation rest-frame UV and optical lines
used in this paper; see also Veilleux 2002. We list them in vacuum
wavelengths (see Morton 1991). For spectra with high enough
resolution to resolve doublet lines we also attempt to fit a double
Gaussian. For simplicity, and unless the S/N is high enough, we
fix the doublet separation and impose that both lines should have
the same FWHM.

Emission Avacuum Tonisation # Detections
line (A) Energy (eV)  (99.4% conf.)
Ly« 1215.67 13.6 20 (100%)
Nv 1238.8,1242.8 77.4 6 (33%)
O] 1401,1407 54.9 1 (11%)
N1v] 1483.4,1486.6 47.4 2 (11%)
Crv 1548.2,1550.8 47.9 8 (40%)
Heln 1640.47 54.4 5 (25%)
O 1661,1666 35.1 1 (5%)
N 1749.7,1752.2 29.6 2 (11%)
Cr] 1907,1910 24.4 4 (25%)

likely lower at z = 3.1 than at z = 2.23 (a consequence of
the very low EW cut used for z = 2.23; see discussion in
Sobral et al. 2017b). We further study the potential con-
tamination and completeness of the larger sample of bright
narrow-band selected sources from the parent samples (So-
bral et al. 2017b; Matthee et al. 2017b) by using the follow-
up of other sources with Keck/DEIMOS (see Matthee et al.
2017b). Based on one missed real LAE and 2 extra [O11]
contaminants (see Matthee et al. 2017b, for further details),
we estimate a conservative contamination of ~ 16 % (four
contaminants in a sample of 25 sources) at z ~ 2-3 for our
parent sample of bright LAEs and a completeness of > 90%
(only one real LAE missed by our selection).

3.3 Final Lya sample

Out of the 23 targeted sources, we spectroscopically con-
firm 21 as LAEs?, with seven sources at z ~ 2.2 and
14 sources at z & 3.1. Our final sample of bright LAEs
(Liya R 10427 erg s Lrya R Liye) is thus composed of
21 sources. We present the sample in Table 2 and provide
both the catalogue and the reduced 1D spectra on-line, with
the published version of the paper.

3.4 Line measurements and upper limits

We explore our 1D spectra to fit single Gaussians and/or
double Gaussians, depending on whether the emission is a
doublet or not (Table 1). When fitting a double Gaussian,
we fix the doublet separation and set the FWHM to be the
same for both lines. In order to avoid problems with OH
sky lines and very low signal to noise (S/N) regions of the
spectra, we mask regions with the strongest OH lines. We
perturb each spectra in a window of £4000kms~' around
each line being evaluated (see Table 1) by independently
varying each spectral element/data-point along their Gaus-
sian probability (flux) and re-fit. We do this 10,000 times

2 For one LAE, BH-NB392-55, we do not have coverage of the
Lya line itself, but rather confirm it through strong C1v emission;
see Figure Al.

per source and per line and take the median, 16th and 84th
percentiles as the best values and the lower and upper errors.
We also compute the 0.6th and 99.4th percentiles, roughly
corresponding to —2.5 0 to +2.5 0. Whenever the flux of the
0.6th percentile of a given line is consistent with zero or be-
low we assign that line its 99.4th flux percentile as an upper
limit. Table 1 provides the list of the lines that we use. As
a further step, we visually inspect all lines and the best fits.

Not surprisingly, our most significant line is Lya, with
a median S/N (integrated) of ~ 20 (ranging from ~ 4 to
~ 60) across the entire sample and all instruments. The
second most common line at high S/N is Civ (see Table
1) significantly detected in about half of the sample with
a S/N from ~ 3 to ~ 30. Other high ionisation UV lines
like Nv, Hell and Ci1] are detected in ~ 4 — 6 sources at
typical S/N of ~ 3 — 10 (BR3 yields S/N ratios of up to
50 in these lines). N1v is only significantly detected with a
S/N ~ 7 in BH-NB5-4 (BR3), although tentatively detected
at S/N~ 2.5 in another source; see Tables 1 and B1.

3.5 UV luminosities and UV g slope

We compute the UV luminosity at rest-frame ~ 1500 A
(Muv) for all our luminous LAEs. We use the magnitude in
the closest observed band (m) to rest-frame 1500 A, which
approximately corresponds to g for z = 2.2 and R for z = 3.1
and compute:

Myy = m — [5log,o(Dr[z]) — 5 — 2.5log,o(1 + 2)] + f, (1)

where Dy, is the luminosity distance in parsec, and f is a
correction factor from the fact that our filters may not trace
1500 A exactly and have different widths. We use the results
from Ilbert et al. (2009) and Ly« selected sources from So-
bral et al. (2018) to compare Myvy values computed using
g and R and Myvy computed from the full SED fitting. We
find averages of f ~ 0 for z ~ 2.2 (¢) and f ~ —0.2 for
z ~ 3.1 (R). The dispersion on f is & 0.2. Errors on Myy
are computed by perturbing the appropriate m and f along
their Gaussian distributions independently 10,000 times and
calculating the 16th and 84th percentiles (see Table 2).

We estimate the rest-frame UV § slope (fx 2\ eg.
Meurer et al. 1995, 1997; Burgarella et al. 2005; Bouwens
et al. 2009; Ono et al. 2010b; Dunlop et al. 2012) with:

5 _ mi —ma

a 2.5 1Oglo()‘ml /Am2)

by using R (m1) and I (mg) for z ~ 2.2 and I (m;) and
z (mg) for z &~ 3.1 (observed Agp = 6100A7 Ar = 7600 E‘H
A = 9000A, rest-frame ~ 1800,2200A at each of the
two redshift groups). We use these filters as they avoid
strong contamination from Civ, which would make strong
CIv emitters artificially blue if we obtain § using rest-frame
~ 1500, 2200 A. Errors on B are computed with the same
methodology as for Myy. Due to the slight differences in
the filters and rest-frame, we add 0.1 mag in quadrature to
the final error (see Table 2).

- 27 (2)

3.6 Estimating the Ly« escape fraction and &ion

We obtain a rough proxy for Ly« fesc,uv based on Myv (a
more detailed investigation will be presented in Sobral et al.
in prep., exploring Ha and Balmer decrements). We obtain
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Table 2. Our spectroscopic sample of luminous LAEs, ranked by redshift and then by Lya luminosity of the parent sample (high to
low luminosity top to bottom). We present the main measured photometric and Lya properties and also provide the most likely nature
classification of each source, based on the FWHM of the Lyc line (BL-AGN vs NL emitters), but also on the ratios between the different
rest-frame UV emission lines for the NL emitters (AGN vs SF; see §4.1.2). All errors are the 16th and 84th percentiles. Some uncertainties
in the Lya redshift are lower than 0.001, but here we set them 0.001 if they are below that value. We add 15% uncertainties in the
flux calibration or zero-point calibration in quadrature for the final error on the Lya luminosity. (1) CALYMHA-147 shows a bright
blue-component and the FWHM given is a fit to both components; the FWHM of the red component is ~ 180kms~!, while the blue
component has a FWHM of ~ 400kms~!. (2) The FWHM of this source should be interpreted with care due to the lack of coverage
towards the redder part of Lya (see e.g. Figure 3).

1D R.A. Dec. Zspec MUV BUV log LLya EWO FWHM Class.
(This paper) (J2000) (J2000) (Lya) (AB) (ergs™1) (A) (kms™1)

BH-NB392-12  143028.55 +333329.0 225570000  —21.9%702 14702  43.697000 130750 13207205 BL-AGN
CALYMHA-415 02163329 —051757.8 21537000 —21.1%02  —2.0701 43.187007 2215 20107225 BL-AGN

BH-NB392-55  143040.31 +340320.6 2.197700%8  —224%0-2 20701 43007008 2277 — Unclass.
CALYMHA-373  021746.13 —050255.5 221170000 209102 —21%02 42937008 54710 2607320 NL-SF
CALYMHA-147  100013.91 +013924.3 22327000 —19.9%02 19707 42857000 100750  620750(1)  NL-SF
CALYMHA-67  100136.21 +021516.8 220970007 —19.7102  —21703 42857007 130720° 280770 NL-SF
CALYMHA-95  100106.55 +014545.5 221870007 —19.2%03  —1.6703 42817007 18072° 230755 NL-SF

SA22-NB5-14  221522.60 +013106.7 3.114%950  —23.7702 24700  44.21%05¢ 23010 42201390 BL-AGN
SA22-NB5-18  222202.72 —002719.7 3.09675501 —23.4702% —2.510 0 44.03%08% 110735 1820750  BL-AGN
SA22-NB5-10  220919.01 —000616.3 3.10275:801  —23.3702  —1.1*51  43.99T06T  got18 17907100 BL-AGN
BH-NB5-4(BR3) 143230.55 +333957.3 3.086T0007 —22.7702 —24752  43.78705¢ 150130 690155 NL-AGN
CALYMHA-383  021732.39 —051250.8 3.22270-007  —24.3702  —1.770-1 43547006 2677 43007700 BL-AGN

BH-NB5-6 143321.85 +335420.3 3.12570001 232702 07702 43.56700%  37fe 27007359 BL-AGN
BH-NB5-10 143323.82 +333847.2 3.10010001  —23.2787  —21F1% 43457008 297 470730 NL-AGN
BH-NB5-16 143106.50 +340423.8 3.08519502  —21.7702 23105 43.19%000 4078 460720  NL-AGN
BH-NB5-27 143032.58 +335922.1 3.13115000 212702 _o6t2  43.07H087  57HIR 340115 NL-AGN

CN-NB5-6712  123607.98 +622314.1 3.14875000 207702 21707 43107005 3807300 400740 NL-SF
BH-NB5-34 143103.87 +333446.2 3.07670001  —20.9702  —1.271%  43.027007  s0T1% 420730(2)  NL-SF
BH-NB5-37 143324.35 43339385 3.14710001 203703 —24%31 4303007 80t30 360119 NL-SF

GN-NB5-3378  123721.68 +621350.2 3.15110000  —20.4703  —3.2%1) 42847007 120770 300720  NL-AGN

+0.001 +0.2 +0.5 +0.08 +10 +20

GN-NB5-5878  123619.47 +621501.8 3.12970000  —21.3705  —1.7702  42.6907008  407) 390739 NL-SF

fese,uv by 1) converting Myv to SFR (Mg yr™*) following of LAEs by following Matthee et al. (2017¢), using Ly lu-
Kennicutt (1998) with a Salpeter IMF3: minosity and the escape fraction to estimate the LyC lumi-

nosity and compare it to the dust corrected UV luminosity.
SFR = (1.4x1072%) (47 x 9.521 x 10°%)10~ -4 (Muv +48.6) (3,

and by correcting for dust extinction; 2) converting Ly« to
SFR assuming a 100% escape fraction, case B and Salpeter
IMF (see e.g. Sobral et al. 2018), and 3) by obtaining the 4 RESULTS

ratio between 2) and 1). For comparison, we also compute .
’ 4.1 AGN th t1 LAE
fesc using the Lya rest-frame EW as in Sobral et al. (2017b) among the most fuihous S

(see also Matthee et al. 2017¢c) and find excellent agreement. Some of the most luminous LAEs may be powered by AGN

Here we correct for dust extinction (see discussions in activity. We identify AGN within our luminous LAEs at
Matthee et al. 2016; An et al. 2017) based on our S mea- z ~2-3 as sources with i) broad Ly« lines (FWHM >
surements. We use Auv ~ 4.43+1.998 (Meurer et al. 1999), 1000 kms™*; e.g. Figure 4 and Table 2), ii) X-ray detections
resulting in a bootstrapped Ayv = 0.5t8;$ (corresponding or iii) emission line ratios associated with AGN activity, by
to the median 8 = —2.040.2*, or E(B —V) ~ 0.05; Meurer exploring high ionisation lines (Nv, Herr, C1v and C111]); see
et al. 1999). This implies a correction to UV SFRs of our Figure 5 (see also e.g. Feltre et al. 2016; Nakajima et al.
LAEs of 1.573 %, and thus Lya escape fractions (for our ob- 2017).

served Ly luminosities) lower by these factors compared to
the no dust correction assumption.

Finally, we also estimate the ionisation efficiency (&ion) 4.1.1 Broad-line and X-ray AGN
We start by identifying AGN using the broadness of the Ly«
3 Note that the choice of IMF is irrelevant due to step 2. line (see further details in Appendix B). We find that seven
4 We exclude AGN and compute the bootstrapped median of 8 as out of the 20 with Lyae FWHM measurements have FHWM
—2.0 £0.2. If we use the entire sample we obtain a bootstrapped clearly above 1000kms™" (see Figure 4 and also Figures 2
median of 8 = —2.14+0.2 and 3 for 2D information), and thus we class them as broad-
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Figure 4. Our 1D extracted, flux calibrated Ly« spectra for the three instruments (shown with different colours) used for our entire
sample of 20 luminous LAEs with Lya coverage. We order sources from the most to the least luminous in Lya (based on the NB estimate
prior to spectroscopy) from the top to bottom and left to right (note a decrease of 0.6 dex from the upper to the lower panels), and we
find significant differences in the line widths and profiles with decreasing luminosity. Overall, bright LAEs present a wide variety of Ly«
line profiles, with FWHMs in excess of 1000kms~! at the highest Lya luminosities, and narrow Lya lines at lower Lya luminosities.
Five sources (25%) show a blue-shifted Lya component and CALYMHA-147 presents the highest blue-to-red ratio of &~ 0.6 + 0.1. Note
that BH-NB5-55 does not have spectral coverage at the Lya wavelength and thus it is not shown. We show the spectra of BH-NB5-16
observed with both DEIMOS and ISIS, showing good agreement. Some sources with very low exposure time of just a few minutes (e.g.
CALYMHA-415) yield relatively low S/N per spectral element, but their redshifts and other properties are securely determined by higher
S/N detections of at least another line. Further properties of our Lya sources are provided in Table 2.

line AGN® (BL-AGN) — see Table 2. These sources have
FWHMSs ranging from ~ 1300 to ~ 4000 kms™~' (Figure 4).
Our results imply a BL-AGN fraction of 35 4+ 11 % within
our full sample.

Our SA22 sources do not have X-ray coverage, as they
are significantly away (~ 1deg in three different directions)
from the SSA22 Chandra follow-up (Lehmer et al. 2009; Saez
et al. 2015), but they all show very broad Ly« emission
(FWHM 2 1800kms™ '), and thus are cleanly identified as
AGN. Our GOODS-N sources have good Chandra coverage
(Alexander et al. 2003), but none of our three sources is
detected in the 2 Ms depth data. Our three sources in COS-
MOS are also not detected in deep X-ray observations (see
Civano et al. 2016), with the same holding for our three
UDS sources, although for UDS only shallower XMM obser-
vations (& 3 times shallower than COSMOS) are available

5 Stellar winds may typically lead to de-projected gas velocities
of ~ 100 to ~ 1000 kms~!, although in principle they can reach
up to ~ 3000 kms~1 (Heckman 2003). However, outflows are ex-
pected to lead to highly asymmetric lines, while the Ly« profiles
of the broad-line LAEs are all very symmetric.

(Ueda et al. 2008). Finally, for our Boétes sources, we find
one X-ray detection (BH-NB5-6, a broad-line AGN), while
the other sources are not detected in the X-rays (for a flux
limit of 4 x 10~ *® ergs™* cm ™2, about 5 times shallower than
COSMOS X-day data, see Murray et al. 2005). Therefore,
using the available X-ray data, we find a single X-ray source
(BH-NB5-6) out of 18 which have X-ray coverage, but we
note that the available data are very heterogeneous, do not
cover our most luminous LAEs in SA22, and are generally
not deep enough to detect lower accretion and lower black
mass AGN. Furthermore, the short duty cycles of X-rays can
also lead to underestimating the AGN fraction using X-rays
only (Shankar et al. 2009).

4.1.2  Narrow-line AGN

Our spectroscopy allows us to explore the nature of the
sources further and search for AGN activity by using other
emission lines besides Lya. We start by identifying sources
with significant NV (ionisation energy of 77.4eV) which,
with observed ratios of Nv/Lya 2 0.1 we robustly class as
AGN. This is because even the most extreme stellar popu-
lations fail to produce significant NV emission (Nv/Lya <
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Figure 5. Ratios between Cii], Civ and Hel for the sources
where we can constrain at least one of the lines in each of the ra-
tios. We show the range of emission line ratios typical of power-law
AGN and those more typical of star-forming galaxies (SFGs; Fel-
tre et al. 2016, Alegre et al. in prep.), together with an indication
of the effective temperatures based on our black-body models.
We also show the stack of all sources that we classify as SFGs,
showing that they are within the region expected for SFGs and
contrast them with the stack of all sources classified as AGN.

0.001) due to the sharp cut-off of ionising photons at ener-
gies significantly below 77.4eV (e.g. Feltre et al. 2016). This
makes NV one of the cleanest lines to identify AGN activity.
We find that sources SA22-NB5-18, BH-NB5-6, —10, —16,
—27 and CALYMHA—415 all show significant Nv emission
(observed ratios Nv/Lya = 0.1 — 0.6). Half of these sources
are BL-AGN (see Section 4.1.1), while BH-NB5-6 is also an
X-ray source. We therefore find an AGN fraction of 32411 %
based solely on high Nv/Lya ratios (Nv/Lya 2 0.1).

For the sources without Nv detections and with nar-
row Lya lines (< 1000kms™'), we explore other UV rest-
frame lines of lower ionisation energy. In Figure 5 we show
emission line ratios of high ionisation UV lines which are in
principle capable of further distinguishing between sources
which are dominated by either AGN or star formation. We
show four of our narrow-line emitters where we can mea-
sure/constrain both line ratios plotted. For comparison and
interpretation, we also show the locations of power-law ion-
ising sources (AGN) from Feltre et al. (2016), along with the
location for SFGs. We also provide emission line ratios com-
puted with CLOUDY to sample both populations (see §5.2).
We show our luminous broad-line AGNs for which we can
constrain the line ratios for comparison. Apart from BH-
NB5-10, which was already classed as a NL-AGN due to
the high Nv/Lya ratio of ~ 0.17 &+ 0.03, we identify two
further narrow-line sources which are consistent with being
NL-AGN: BR3, the brightest narrow-line LAE in our sam-
ple and GN-NB5-3378, with a much fainter Lya luminos-
ity. Both BH-NB5-10 and BR3 have emission-line FWHMs
of ~ 600 — 700kms™', higher than the other NL-emitters
(=~ 100 — 300kms™ '), also being brighter in UV and Lya.
We find one source, BH-NB5-37, which is consistent with be-
ing dominated by star-formation, but suggests a relatively

MNRAS 000, 1-23 (2018)

Luminous Lya emitters at z ~2-3 9

high effective temperature (see Figure 5) and could still have
an AGN source. For the other narrow-line sources without
Nv where we do not detect high ionisation UV lines we clas-
sify them as SF as our observations should have detected
high ionisation lines if they had a significant AGN contribu-
tion. Our stack of all these sources (see Figure 5) suggests
this is a reasonable assumption, as it places the overall sam-
ple of sources classified as SF in the SFG region in Figure
5. We note, nonetheless, that even the stack of SFGs sug-
gests high effective temperatures, and it is possible that even
those LAEs have at least some AGN component.

4.1.3 Final AGN and SF classifications

Overall, we find seven broad line AGN and five narrow-line
AGN, with a total of twelve AGN out of the sample of 20
classifiable sources. Our results therefore imply a total AGN
fraction of 60 + 9% for luminous LAEs at z ~ 2 — 3. Rel-
atively high AGN fractions (~ 20 — 50%) have also been
found for bright LAEs at z ~ 0.3 — 1 (e.g. Wold et al. 2014,
2017) and at z ~2-3 (e.g. Ouchi et al. 2008; Konno et al.
2016; Sobral et al. 2017b; Matthee et al. 2017b), while for the
much fainter, numerous LAEs the AGN fraction is typically
no more than a few per cent (e.g. Wang et al. 2004; Ouchi
et al. 2008; Oteo et al. 2015; Sobral et al. 2018; Calhau et al.
2018).

4.2 The UV properties of luminous LAEs

On average, we find a bootstrapped median for the sample
of SFGs of Myy = —20.5703 and Myv = —21.5 £ 0.4 for
the full sample, with Myvy ranging from —19.2 to —23.7; see
Table 2 and Figure 6. We note that while luminous LAEs
have Lya luminosities of Lf,, or higher, they also have UV
luminosities of roughly My (My &~ —20.5 at z ~ 2—3, e.g.
Arnouts et al. 2005; Reddy & Steidel 2009; Parsa et al. 2016)
and have a range of Myy similar to the full sample of Sobral
et al. (2017b) and the sample of % L, sources presented
in Sobral et al. (2018), thus sharing properties with larger,
photometric samples of LAEs.

We find a bootstrapped median® of 3 = —2.0733 (the
bluest source having S ~ —3.2 and the reddest having
B =~ 0.7; see Figure 6), revealing that our luminous LAEs
are very blue on average, but with one outlier. The median
B that we find for luminous LAEs is in agreement with the
full sample of LAEs at z ~ 2.2 from Sobral et al. (2017b),
and consistent with other studies focusing on lower lumi-
nosity Ly« selected sources (e.g. Ouchi et al. 2008; Matthee
et al. 2016). Interpreting 8 as a dust extinction indicator
for the non-AGN sources suggests E(B — V) = 0.057308
(Meurer et al. 1999) or Auv =~ 0.5755 (see §3.6), implying
that the bulk of our luminous LAEs have little to no dust,
and thus are potentially similar to fainter LAEs (e.g. Ono
et al. 2010a; Nakajima et al. 2012). This is also consistent
with Balmer decrement measurements/constraints for some
of the our sources (Matthee et al. in prep.). We list the in-
dividual Myy and § values for each source in Table 2.

In Figure 6 we show the relation between Myvy and f
for luminous LAEs, and also compare our sources with the

6 The simple average for the full sample is 3 = —1.9 £ 0.7
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literature (Bouwens et al. 2009; Matthee et al. 2015, 2017c;
Hathi et al. 2016; Sobral et al. 2015, 2017b). We find little
to no correlation between Myy and g for our luminous Ly«
selected sources as a whole, with our sources being gener-
ally very blue, irrespective of UV luminosity (Figure 6). We
further test this by fitting a linear relation to 10,000 reali-
sations, each varying each individual pair of (Myv, ) ran-
domly and independently within their full probability dis-
tributions. For the full sample (SFGs only) we find a slope
of —0.07T5:14 (—0.1%53) for the relation between Myv and
B, fully consistent with no relation for either the full sample
or just the sample of star-forming galaxies. We also find no
significant relation when studying the AGNs only.

Our results are in very good agreement with Hathi et al.
(2016) who found a slope of 0.00+0.04 for their global sam-
ple, consistent with our results of —0.0715 ]! for a much
more luminous sample. Our luminous LAEs are significantly
brighter in Lya than essentially all LAEs in Hathi et al.
(2016) which come from a sample that is UV continuum-
selected. We also note that we find luminous LAEs to be
even bluer than sources studied in Hathi et al. (2016). While
our results for SFGs are in reasonable agreement with those
of Bouwens et al. (2009) for LBGs within the error bars
(see Figure 6), LAEs tend to be below the relation found
for LBGs. We also find that luminous LAEs deviate most
from the Bouwens et al. (2009) relation at the brightest UV
luminosities, but this may be a simple consequence of the
powering nature for these sources (e.g. AGN).

4.3 The relation between Lya and UV at z~ 2 —3

In Figure 7 we compare the Lya luminosities of our sources
with their rest-frame UV luminosities. Our sources span
the relatively unexplored range between the more numer-
ous LAEs, typically an order of magnitude fainter in Ly«
and UV luminosities (e.g. Ouchi et al. 2008; Trainor et al.
2015; Drake et al. 2017a; Hashimoto et al. 2017) and lumi-
nous quasars at z ~2-3 (Richards et al. 2006), which can
have similar Lya luminosities to our luminous LAEs (e.g.
Borisova et al. 2016) but UV luminosities ~ —25 to ~ —30,
and thus significantly brighter in the continuum.

The brightest LAEs in terms of Myy within our sample
are also the brightest in Lya, but the relation shows signifi-
cant scatter, leading to a 2 dex spread in Myv for a &~ 1.7 dex
spread in Lya luminosity. Such scatter could be due to vari-
ations in dust content, the powering source of the ionising
photons and/or due to different ionisation efficiencies (see
discussions in e.g. Matthee et al. 2017a; Sobral et al. 2018).
One also expects that sources may have different Lya escape
fractions, even though it is known that LAEs (Lya-selected)
tend to have typically high Lya escape fractions (Nilsson
et al. 2009; Wardlow et al. 2014; Trainor et al. 2015; So-
bral et al. 2017b). We show indicative lines of constant Ly«
escape fraction (correcting for dust extinction by using the
UV g slope; see Section 3.6), which, under very simple as-
sumptions, can easily explain the observed scatter. Many of
our Lya sources are consistent with having very high Ly«
escape fractions which can be up to ~ 100%. The high es-
cape fractions are likely an important factor in explaining
why these sources are so Lya-bright. Alternatively, they may
(also) have other powering sources hidden in the UV and/or
a higher ionisation efficiency, &ion (e.g. Matthee et al. 2017a).

T T T
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Figure 6. The relation between rest-frame UV luminosities
(Myvy) and the UV S slope for our luminous LAEs at z ~2-3
and comparison with other studies: LBGs at z ~ 2 — 4 (Bouwens
et al. 2009), LAEs at z ~ 2.2 (Sobral et al. 2017b), LAEs within
the UV continuum-selected VUDS sample at z ~ 2 — 2.5 (Hathi
et al. 2016) and also the brightest z = 6 — 7 LAEs (Matthee et al.
2017c). We find that our sources are in general bluer than the
population of Lyman-break selected sources at a similar redshift,
with the deviation becoming stronger at the highest UV luminosi-
ties in the regime dominated by AGN, suggesting younger ages,
low dust extinction and relatively unobscured AGN activity for
the AGN. We find no significant relation between 8 and Myvy
for luminous LAEs with the slope of the potential relation being

consistent with 0 (—0.07f8:}})).

By estimating &ion for the bright LAEs we find a boot-
strapped” ion = 102492 Hzerg™!, with individual ioni-
sation efficiencies for the star-forming LAEs varying from
Eion & 10%°° Hz ergf1 to &ion ~ 10%%° Hz ergfl. These com-
pare with values of &ion = 10?5723 Hzerg ™" for continuum
selected LBGs at z ~ 2 — 5 (Bouwens et al. 2016; Shivaei
et al. 2017; Nakajima et al. 2017), &ion = 102*® Hzerg™' for
highly star-forming Ho emitters at z ~ 2 (Matthee et al.
2017a) and &ion = 10%%-° Hz ergf1 for low luminosity LAEs
at z ~ 3 — 6 (Matthee et al. 2017a; Harikane et al. 2017,
Nakajima et al. 2018).

Correcting for dust (see §3.6) assuming Auv = 0.45
(Auv = 0.0) we find an average Lya escape fraction of
50729% (70735%) for our luminous SF LAEs at z ~2-3. As
an independent estimate, we also use the relation between
Lya escape fraction and the Lya rest-frame EW presented
in Sobral et al. (2017b) which is independent of any as-
sumptions regarding dust extinction, to find a bootstrapped
Lya escape fraction that is in perfect agreement (SOﬁg 0)8‘
These high escape fractions are comparable with those found
for fainter LAEs. Some of the latest measurements include
a Lya escape fraction of 37 + 7% for a more general sample
of fainter LAEs at z ~ 2 (Sobral et al. 2017b) and =~ 30%
at z ~ 2 — 4 (e.g. Wardlow et al. 2014; Kusakabe et al.
2015). These results are much higher than the low escape

7 By correcting for dust extinction we obtain &, =
1025-1£0.2 1, erg’l .
8 We find a bootstrapped EW = 90J_r‘21‘3l A.
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Figure 7. The relation between rest-frame UV and Lya luminosities. We find that Lya roughly scales with UV for our sample at

z ~2-3, consistent with relatively high Lya escape fractions, which wi

e show (as dashed lines), from 10% to 100% assuming Myvy traces

star-formation and by correcting for dust with 8 = —2.0 (see arrow that shows how UV luminosity is increased by correcting for dust

extinction and how the lines of constant Lya escape fraction have

shifted in the opposite direction). Our sources span a relatively

unexplored region in the parameter space at z ~2-3, in between the brightest LAEs found with MUSE (Drake et al. 2017a; Hashimoto
et al. 2017) or the brightest typical LAEs (e.g. Ouchi et al. 2008; Trainor et al. 2015) and almost up to UV luminosities of the faintest
quasars found at z ~2-3 with e.g. SDSS (e.g. Richards et al. 2006). Our AGN present the highest Lya and UV luminosities within our

sample; a simple dividing line ([-20.7,43.25],[-21.7,42.7]) is able to iso

late all SFGs and all but one AGN from each other at z ~ 2 — 3.

The AGN fraction of luminous LAEs increases with both luminosities as fagn = (—0.30 &+ 0.07)(Myvy + 20.5) + (0.35 £ 0.11) and
fagn = (0.78 £ 0.22)(log; g (Lya) — 42.72) + (0.24 £ 0.14); we show the corresponding 1 and 2o contours. Qualitatively similar results

have been found in recent studies (see Ouchi et al. 2008; Wold et al.

2014; Matthee et al. 2017b; Calhau et al. 2018). We also compare

our results with a literature compilation obtained by Matthee et al. (2017c) at higher redshift.

fractions of ~ 2% for a more general population of star-
forming galaxies selected through Ha at z ~ 2 (Matthee
et al. 2016), ~ 4 —5% (Hayes et al. 2011; Sobral et al. 2018)
from a comparison of the evolution of the Lya and UV lu-
minosity functions at z ~ 2 — 3, or & 5% for UV selected
sources at z ~2-3 (e.g. VUDS; Cassata et al. 2015); see
also An et al. (2017) and Sobral et al. (2017b). Our results
thus show that luminous LAEs have Ly« escape fractions at
least comparable or higher than the numerous low luminos-
ity LAEs, hinting that at least the SF-dominated ones are
likely “scaled-up” or “maximal” versions of the faint LAEs.

~
~

9 Directly measured with Hov.
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4.4 Lya and UV luminosities as AGN activity
predictors at z ~2-3

Overall, our sample of luminous LAEs at z ~ 2-3 reveals
a high AGN fraction of ~ 60%. We now investigate how
this fraction depends on both Lya and UV luminosities. As
Figure 7 shows, LAEs are essentially all AGN above a Ly«
luminosity of = 10*-3 ergs™" or for UV luminosities brighter
than Myv ~ —21.5, qualitatively similar to results at dif-
ferent redshifts (e.g. Ouchi et al. 2008; Wold et al. 2014,
2017; Konno et al. 2016; Sobral et al. 2017b; Matthee et al.
2017b). These include both the narrow-line emitters, which
are brighter in Ly« than in the UV, and BL-AGN, which are
typically brighter in the UV. In Figure 7 we also show the
rough location of the knee of the Ly« (Sobral et al. 2018) and
UV luminosity functions (e.g. Arnouts et al. 2005; Reddy &
Steidel 2009; Parsa et al. 2016). We find a rise of the AGN
fraction from virtually 0 to 100% happening just under 1 dex
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Figure 8. The AGN fraction of luminous LAEs at z ~2—3 as a
function of the ratio between luminosity and the typical luminos-
ity (L*) for Lya, UV or the average of the two, and comparison to
Sobral et al. (2016) for Ha emitters with Ha luminosity. We find
that the transition from star-forming to AGN-dominated happens
above twice the typical luminosity, with increasing Lya luminos-
ity resulting in a smoother growth than UV. When combining
Lya and UV we find a much sharper transition, well modelled
by a step function. Our results provide a simple way to distin-
guish between AGN and SFGs and suggest an important physical
transition at =~ 2L*, likely linked with the maximal unobscured
luminosity by a starburst at z ~ 2 — 3 explaining the difference
between LAEs and Ha emitters.

in UV and Lya luminosities, with the fraction below the knee
of each luminosity function being ~ 0%. We quantify the re-
lation between the AGN fraction and UV or Lya luminosity
in a similar way to other relations in this paper. We find that
the AGN fraction among bright LAEs rises with Myv signif-
icantly (~ 4 0) and is well parameterised (from —19 to —23)
by faan = (—0.30 £ 0.07)(Muyv + 20.5) + (0.35 £ 0.11). The
relation between fagn and Ly« luminosity (significant at a ~
3—40) is well parameterised (from log;,(LLya) 42.5 to 44.0)
by facn = (0.7840.22)(log, o (Liye ) — 42.72) + (0.2440.14).

We also compare our results with Wold et al. (2014,
2017) at z ~ 1 and Matthee et al. (2017b) at z ~ 2.3 (Figure
7), which show very similar trends (see also Ouchi et al.
2008; Konno et al. 2016). By comparing our results with
z ~ 1 (see Figure 7) we find little to no evolution in the
relation between the AGN fraction and the Lya luminosity.
This is apparently at odds with results from X-rays and radio
(Konno et al. 2016; Matthee et al. 2017b; Calhau et al. 2018),
which would hint for a strong evolution between z ~ 1 and
z ~ 2 — 3. However, X-ray and radio selections are only able
to recover a fraction of LAEs with AGN activity. Rest-frame
UV spectra are crucial to cleanly identify sources with AGN
signatures, as many do not show X-ray or radio emission
down to even the deepest limits currently achieved over large
fields. Our results further stress that X-ray identification of
AGN (e.g. Konno et al. 2016; Sobral et al. 2017b; Matthee
et al. 2017b) must be taken as a lower limit to the AGN
fraction, both due to short duty cycles and to the typically
high accretion rates needed for detection in the X-rays at
high redshift.

In order to further explore the relation between the
AGN fraction and UV or Lya luminosities, we present
those together in Figure 8. We convert UV absolute mag-

nitudes to luminosity and normalise by the corresponding
Liv (My = —20.5, Parsa et al. 2016). We also normalise
the Lyca luminosities by Ly, = 10" ergs~! (Sobral et al.
2018). The rise in the AGN fraction is found to be smoother
with increasing Lya luminosity than with UV luminosity
(Figure 8), but the transition happens at the correspond-
ing 2x L* in both cases and the AGN fraction starts rising
above L*. Using the average L/L* from combining UV and
Ly« leads to the AGN fraction rising even sharply with in-
creasing relative luminosity, from 11 4 10% below 2x L* to
100f(7)% above 2x L™, suggesting a difference above 50. By
perturbing each bin and re-fitting with i) a linear relation
and ii) a step function with a transition at 2x L*, we find
that step functions result in reduced x? typically 2-3 times
smaller than linear fits, with 92% of all fits preferring a step-
function. We note that combining the information on Ly«
FWHMs with either Lya or UV luminosities also leads to a
sharper transition at 2x L* than when using a single lumi-
nosity to predict the AGN fraction.

Our results show that there is a relatively sharp transi-
tion in the nature of luminous LAEs at 2x L*. Such transi-
tion suggests that either above L* AGN activity becomes
more and more prominent (see Figure 8 and e.g. Sobral
et al. 2016), and/or there is a relatively well defined physical
limit in the output/observed luminosities from star-forming
galaxies at z ~ 2 — 3 which does not apply to AGN. This
limit would likely be linked with i) the intrinsic maximal
starburst before radiation pressure halts further activity (see
Crocker et al. 2018) and perhaps even more importantly with
ii) the maximal “observable” or unobscured starburst which
requires the highest possible output of LyC and UV pho-
tons without significant dust obscuration, so it can be seen
as bright as possible in Lya and UV. Thus, while there are
star-forming galaxies that intrinsically produce much higher
UV and Ly« luminosities than the observed 2x L* in the UV
(Casey et al. 2014a), a significant increase in SFR is linked
with a similar or even higher increase of dust obscuration
(e.g. Hopkins et al. 2001; Garn & Best 2010; Sobral et al.
2012), leading to an observed UV and Ly« luminosity that
can even decrease, thus limiting the maximum observed lu-
minosities. If this is the case, the only sources that can still
be observable as LAEs brighter than 1 —2x L* require AGN
activity. In these cases, due to the physics of the accretion
disk or powerful outflows clearing out material, the AGN
activity can lead to even larger observed UV and Lya lumi-
nosities. Results from Ha (non-resonant and less affected by
dust) selected sources (Sobral et al. 2016) show an increase
of the AGN fraction with increasing Liiq /Li;, above 2x Li,
at z ~ 2 (Figure 8), but such increase is significantly slower
and the AGN fraction only reaches 100% by 20x Lj;,,, a fac-
tor 10 larger than seen for LAEs. We discuss these results
further and implications for a physical limit for the UV and
Lya starburst observed luminosities in §6.1.

4.5 The relation between Lya FWHMs, UV and
Lya luminosities at z ~ 2 — 3

In Figure 9 we investigate how the Lya FWHM depends
on Ly« and rest-frame UV luminosities for bright LAEs at
z ~2-3. We start by evaluating a potential simple linear re-
lation between FWHM and each luminosity. We find a slope
that is significantly (> 50) away from zero (no-relation),
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Figure 9. Lya FWHM versus Lya and UV luminosities for z =2-3. On average, we find that Lyoe FWHMSs tend to increase with both
Lya and UV luminosities. However, we find that the trend is driven by AGN and that NL-AGN have the most statistically significant
relations between luminosity and Lyae FWHM. We show the 2.3, 16, 84 and 97.7 percentiles from a Monte Carlo fitting routine. For
BL-AGN, we find a weak to no correlation between FWHM and Ly« luminosity but a significant relation between FWHM and Myy .
We find no significant relation between FWHM and any of the two luminosities for SFGs, although we note that a significant fraction of
SFGs would be well fitted by an extrapolation of the relations found for NL-AGN. For comparison with sources selected with the same
methods at higher redshift, we include a compilation presented in Matthee et al. (2017¢) and also highlight the most luminous sources
found at z ~ 6 — 7, comparable in luminosities to some of our sources. Our results show a significant difference in the FWHMs of equally
selected bright LAEs at fixed Myy and Liyo between 2 ~2 -3 and 2 ~ 6 — 7.

with no realisation (p < 10™*) consistent with a zero slope.
However, the strong trend could be a consequence of a sharp
change in the population from narrow to broad-line emitters
from low to high luminosities. In order to further investigate
the trends we split the sample in i) SFGs, ii) NL-AGN and
iii) BL-AGN and repeat the measurements/analysis. Our
results show that there is no significant correlation between
Lya FWHM and either Lya or UV luminosity for SFGs
alone (see Figure 9), with the best-fit slope being fully con-
sistent with zero within the 16 and 84 percentiles. For NL-
AGN we find a strong correlation between FWHM and both
Lya and UV luminosities (see Figure 9), with the median
slopes of all fits being ~ 4 — 50 away from zero and with
100% of realisations resulting in a positive slope. This rela-
tion may be related with outflows becoming more prominent
and ejecting material at higher velocities for higher luminos-
ity NL-AGN. Alternatively, high velocity outflows may lead
to higher Lya escape fractions, thus explaining the tighter
correlation between Lya luminosity and FWHM than UV
luminosity with FWHM. It is worth noting, nonetheless,
that there is a significant fraction of SFG LAEs that are
well fitted by the range of fits performed to the NL-AGN,
with many of these SFGs lying well within the 1o range of
best fits to the NL-AGN. This could imply that the physics
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behind the correlation is similar in both NL-SFGs and NL-
AGN, and could be driven by low velocity SF-driven outflows
which may be roughly proportional to the LyC production
(SFRs).

Our results for BL-AGN reveal no significant correlation
between Lya FWHM and Ly« luminosity, with > 30% of
realisations being consistent with a zero or even an anti-
correlation, while we find a relatively significant correlation
between FWHM and Myvy for BL-AGN, with the slope being
~ 30 away from zero. For BL-AGN, our results may be
explained by the physics of the accretion disk and the mass
of the super-massive black holes: more massive black holes
will produce higher FWHMs and higher UV luminosities,
but the observed Lya output may both be variable and will
depend on orientation angle and the likely complex radiation
transfer. This could explain why the FWHM correlates well
with UV luminosity, but little with observed Lya.

We also compare our results at z ~2-3 with the lit-
erature at higher redshift for LAEs with comparable Ly«
and UV luminosities (Figure 9) and selected in the same
way as our sources (Matthee et al. 2017c). We find that at
z &= 5.7 — 6.6 there is little to no relation between FWHM
and UV or Ly« luminosity. Furthermore, we find an offset
between the median FWHM at z ~2-3 and z ~ 6 — 7. Such
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an offset is particularly striking at the highest Lya lumi-
nosities (> 10**3 ergs™!) and the highest UV luminosities
(< —21.5), as the FWHMs at z ~ 6 — 7 are relatively nar-
row (~ 200 — 300kms™'; Matthee et al. 2017c), while the
median at z ~2-3 is above 1000 kms~*. This suggests that
the powering sources (and the ISM/IGM conditions) needed
to result in exceptionally high Lya and UV luminosities are
different at z ~ 6 — 7 and z ~2-3, and that high Lya and
UV luminosities can be achieved at high redshift without
potentially very energetic/high velocity outflows (see §6.2).
These may be connected with e.g. higher &on, higher Lya
escape fractions (see discussions in Sobral et al. 2018) and
potentially lower metallicity environments which ultimately
may result in higher luminosities for unobscured starbursts
at high redshift (see §6.2 for further discussion).

5 THE NATURE OF THE BRIGHTEST LAES
WITH REST-FRAME UV LINES

5.1 Velocity offsets of luminous LAEs at z ~2-3

We use non-resonant lines (when detected) to derive the
systemic redshift of each source, and then use them to cal-
culate the shift of the peak of Lya from each line (see Ap-
pendix B). We find such shifts to be generally positive, i.e.,
for Lya to generally be redshifted compared to the other
emission lines (e.g. Trainor et al. 2016), but we find some no-
table exceptions, particularly for sources where C1v and/or
Hen are redshifted more than Lya by ~ 100kms™! (e.g.
GN-NB5-3378). In general, we find CIv to be redshifted by
~ 100kms~! compared to other lines which should be trac-
ing the systemic redshift better. This is not surprising since
C1v is also a resonant line, and thus has a behaviour similar
to Lya.

For the narrow LAEs at z ~ 2.2, we find low velocity
offsets between Lya and other rest-frame UV lines from =
30kms~! to ~ 250 km s~ with an average of 140750 kms™";
these are sources with the most symmetric and narrowest
Lya FWHM (= 200 — 300kms™') and also include sources
with significant blue wings (see also e.g. Verhamme et al.
2017). For the sample at z ~ 3 we find a larger variety of ve-
locity offsets, ranging from ~ —250kms~! to ~ 800 kms~*
and an average of ~ 1007395 km s~!. The higher incidence of
blue-shifted Ly« in emission for some of the z ~ 3 sources
might be linked with their higher luminosities and poten-
tially higher velocity outflows.

Overall, we find typical Lya to systemic velocity off-
sets of ~ 120kms™' but with a number of offsets (for
seven LAEs) consistent with zero, implying that Ly« is
likely escaping close to systemic. The velocity offsets we
obtain can be compared with typical velocity offsets of =~
450450km s~ from UV selected galaxies at similar redshifts
(e.g. Erb et al. 2010; Steidel et al. 2010) and ~ 200kms™*
for much fainter Lya selected sources (see Trainor et al.
2015; Guaita et al. 2017; Verhamme et al. 2017). We con-
clude that luminous LAEs have Lya velocity offsets in re-
spect to systemic which are similar, or even smaller, to those
of the faint Ly« selected sources, and much lower than that
of the more general Lyman-break population at similar UV
luminosities. Such low velocity offsets may offer a potential
explanation for relatively high Ly« escape fractions (see e.g.

> N4 > >
o S & & S
0 U LA R AR A
: —— SA22-NB5-18

— BH-NB5-4(BR3)1
—— BH-NB5-10

0.8

=
o

Luminosity (2 x 108 ergs 1 A1)
o
=~

=
=)

‘ PREPEETEN BATSETRNTIN B PN BT SIS S | SR SR FEEN BPETETE PR .
1180 1215 1250 1520 1550 1580 1615 1640 1665 1880 1910 1940
Restframe Wavelength (A)

Figure 10. Comparison between some of our brightest LAEs at
z = 3.1 (all classified as AGN), showing a diversity of FWHMs,
continuum and also other rest-frame UV lines. We show the 1o
error on the 1D for each rest-frame wavelength window so it is eas-
ier to distinguish between noise and real emission and absorption
features. Note that spectra have been shifted up in order to avoid
overlap. The brightest broad LAE (SA22-NB5-14) shows signif-
icant transmission blue-ward of Ly, while the second brightest
(SA22-NB5-18) shows much less transmission, and the narrow line
emitters show little to no transmission just blue-ward of Lya.

Behrens et al. 2014; Verhamme et al. 2015; Rivera-Thorsen
et al. 2017), which in turn provide conditions for the high
observed Lya luminosities.

5.2 The nature of the brightest LAEs with
individual detections

In Figure 10 we show our most luminous narrow-line LAE
(BR3), which shows strong Crv, Her, Cmi] and weaker
O], revealing a highly ionising powering source. No Nv
is detected and all lines have FWHMSs similar to Lyc, of
~ 600kms~'. We also show even brighter broad-line emit-
ters, and one of the brightest in the UV (BH-NB5-10), which
shows large blue-shifted absorption features at Civ and Lya.
Figure 10 reveals the large variety in the rest-frame UV spec-
tra of the most luminous LAEs at z ~ 2-3, which we find to
be consistent with being powered by AGN.

In order to interpret the spectra, we conduct photo-
ionisation modelling (see also Nakajima et al. 2017) using
i) power-law spectra (to model AGN), ii) BpAss (Eldridge
& Stanway 2009, 2012; Stanway et al. 2016) stellar models,
including binary evolution and iii) black-bodies with a range
of effective temperatures. We explore a relatively wide range
of physical conditions by using the cLouDY (v 13.05) photo-
ionisation code (Ferland et al. 1998, 2013). Further details
are given in Alegre et al. (in prep.) and in Appendix C. We
summarise the physical conditions we explore in Table 3 (see
also Feltre et al. 2016; Gutkin et al. 2016; Nakajima et al.
2017).

We estimate physical conditions within bright LAEs by
using the line ratios presented in Table B1. In addition, we
use upper limits to provide either upper or lower limits on
line ratios. We then explore the multi-dimensional line ratio
parameter space to find all CLOUDY models that produced
line ratios consistent with observations within 3o of each
line ratio, upper or lower limits of the line ratios. We then
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Table 3. Parameters and ranges used for our photo-ionisation
cLouDy (Ferland et al. 1998, 2013) modelling. We vary density,
metallicity and the ionisation parameter (log U) for both the star-
like ionisation (here modelled with BPASS, but also with black
bodies of varying temperature from 20 to 160K) and for an AGN-
like ionisation (here modelled with with a power-law slope).

Parameter Range used for all models

Density (ng cm™3)
Metallicity (log Zg)
Ion. param. (log U)

100, 300, 1000
—2 to 4+0.5 (steps of 0.05)
—5 to +2 (steps of 0.2)

Type of model Range used

Black body (Temp., K)
Power-law (slope)
BPASS (log Age, yr)

20k to 160k (steps of 1k)
—2.0 to —1.0 (steps of 0.05)
6.0 to 9.0 (steps of 0.1)

compute the best physical parameter (see Table 3) and typi-
cal uncertainties by taking the median, 16 and 84 percentiles
of each physical parameter within all models that result in
line ratios within 3o of the observations. This means that
our approach is statistically more robust than simply trying
to find the “best-fit” of CLOUDY outputs to observations and
more conservative in uncertainties than focusing on e.g. a
single combination of line ratios. We also compute the frac-
tion of emission line ratios that each type of model is able
to reproduce within 1o of the constrained line ratios; we use
these to discuss which model best described each source or
stack of sources.

BR3 is best described by hot black-body models or
power-law models. BPASS photoionisation models fail to
reproduce 40% of the emission line ratios available, re-
enforcing BR3’s AGN nature. Power-law models suggest
BR3 has a power-law slope of a = 71.2f8'§, an ionisa-
tion parameter of log U = —2.2f8'€ and a gas metallicity
of log(O/H) + 12 = 8.5 + 0.2. Black-body models suggest
Teaq = 135 £ 10kK, an ionisation parameter of log U =
—2.075% and a gas metallicity of log(O/H) + 12 = 8.375-7.
The results suggest that BR3 is a highly ionising source with
a high effective temperature, while its gas is consistent with
being mildly sub-solar at roughly 0.5 Z.

We perform the same analysis for sources in which we
detect at least two other UV emission lines in addition to
Lya, allowing for line ratios between those three or more
lines (and constraints on the others) to be used. It is worth
noting that requiring at least three UV lines to be detected
is expected to select sources with the highest ionisation pa-
rameters, AGN nature and/or high effective temperatures.

In general, we find that our AGN-classified sources
have line-ratios which are only reproducible with power-
law models or black bodies with high temperatures around
~ 120 —140 kK, particularly due to their Nv and Hell fluxes.
These sources have line ratios which imply ionisation param-
eters (log U) from ~ —2 to ~ 1 and gas-phase metallicities
between ~ 0.4 Zs and =~ 2 Z, mostly driven by the strong
Nv detections (see e.g. Matsuoka et al. 2009), but also by
Civ. These results show that there is a diversity of prop-
erties within the AGN population of bright LAEs at least
in terms of gas metallicities and ionisation parameters. The
derived properties of the AGN in our sample are also very
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similar to those derived for high redshift radio galaxies (see
Miley & De Breuck 2008).

For the only source with at least two UV lines which
is likely dominated by star-formation (GN-NB5-6712), we
find that BPASS models are able to reproduce the line
ratios, although black body models with temperatures ~
70—100 kK also reproduce the constraints on the line ratios.
The cLOUDY-BPASS models suggest a ~ 20 Myr-old burst,
an ionisation parameter of log U = —3.070'F and sub-solar
to solar gas-phase metallicity (0.615% Z5), and thus similar
to properties derived for faint LAEs (e.g. Nakajima & Ouchi
2014; Suzuki et al. 2017). We note, nonetheless, that GN-
NB5-6712 is not necessarily representative of the population
of bright LAEs dominated by star-formation, particularly
due to the detection of both Civ and Heil.

5.3 Results from stacks

For a fraction of the LAEs the physical parameters are un-
constrained due to many lines being below the detection
limit. This can in principle be addressed through stacking
similar sources, allowing us to better constrain the general
nature of the sources within the population of luminous
LAEs as a whole. We stack the sub-samples listed in Ta-
ble 4, and constrain the emission lines following the same
methodology as for individual measurements. We stack us-
ing the Ly« redshift. As we are only interested in obtaining
the stacked flux or luminosity of each line, we bin each spec-
trum so that we eliminate most of the scatter in velocity
offsets between Ly and other lines (to avoid blurring them
out) and also make doublets unresolved. In practice, we bin
each spectrum to a resolution of 750kms~! at rest-frame
1500 ;\, motivated by the largest velocity offsets in our sam-
ple. This also allows us to measure emission-line fluxes with
single Gaussians for all stacks.

In order to stack the spectra, we transform flux density
into luminosity density taking into account the redshift of
each source and average combine spectra weighting by the
inverse of the variance, as well as masking strong OH sky
lines. We also obtain median stacks which provide similar
results but with lower S/N.

We show our results for a range of our stacking analysis
as a function of Ly« luminosity in Figure 11 and the full re-
sults in Table 4. We find that the strength of rest-frame UV
lines roughly scales with Lya and UV luminosities (mostly
driven by AGN activity), but that the dependence with in-
creasing Lyaw FWHM appears different, particularly due to
the spectra of the broadest line emitters which show rela-
tively symmetric Ly (implying an average line-of-sight vol-
ume with very low column density), symmetric strong Ly
and broad high ionisation metal lines like Nv, C1v and Ci1i]
but weak to undetectable e.g. Hell. The most luminous LAEs
are also those with the most symmetric Lya lines and show
the strongest Crv, Hell and Cri] lines, along with signifi-
cantly blue-shifted ISM lines likely tracing strong outflows
of ~ 750 — 1000kms ™" (see also Erb 2015); see Figure 11.

We find that generally the ionisation parameter in-
creases with increasing Lya and UV luminosities and also
with increasing Ly FWHM, being the highest for the stack
of AGN sources (log U = 0.6 £0.5) and the lowest for SFGs
(log U = —3.075:5). Tt is therefore likely that trends with
luminosity are driven by the prevalence of AGN sources at
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Figure 11. Examples of weighted (by the inverse of the noise) average stacks by splitting our sample of z ~2-3 luminous LAEs in
two based on the average Lya luminosity and also by stacking the full sample. We indicate the rest-frame wavelengths of the main
rest-frame UV nebular and ISM lines with dashed and dot-dashed lines, respectively. The horizontal dashed lines show the 1o error per
resolution element of each stack. We find a strong increase in the high ionisation UV emission lines with increasing Lya luminosity, while
blue-shifted ISM absorption lines are also clearer and more blueshifted for the stack of the most luminous LAEs.

Table 4. Results from the stacking of our sources in different sub-samples and using all constrained UV lines (see Table B1) in order to
extract likely physical conditions. We provide both line ratios for the stacks and potential physical conditions from our CLOUDY modelling;
see Section 5.2 and Table 3. Effective temperatures (Tqg) are indicative, coming from the warm ionised inter-stellar medium and from
our black-body ionising sources. Gas metallicities are given in log (O/H)+12 with solar being 8.7.

Stack Nv/Lye Crv/Henr  Cii]/Hell log U Gas Metallicity =~ Burst Age  Power-law Tesr

(Myrs) « (kK)
Full sample 0114001 17402 52+04 —0.7%93 87103 613 —1.4793 150710

All SFGs <0.16 29+08 48+14 -3.07)5 8.216-2 2078 — —

All AGNs 0.114£0.02 23+02 3.0+02 06752 8.870 1 -1.4%52 70770
42.6 < Lya < 43.3 0.054£0.02 25+09 25+08 —13%57 7.575-2 412 -1.7+53 1307329
+0:1 +0:1 +1 +0.3 +5

43.3 < Lya < 44.2 0.22+0.02 20401 26+02 —06%] 8.7501 375 -1.5T05 15512
—21.5 < Myy < —19.1 <0.12 <19 21+£07  -2.0%0% 8.710% 607230 -1.575% 1207320
—24.4 < Myy < —21.5 <0.18 22402 31+03 -—1.1104 8.370% 131} ~1.0704 90730
200 < FWHM < 1000 0.10£0.01 <070 7.2+17 —0.0752 8.9751 801300 -1.5%52 13075,
1000 < FWHM < 3000 <0.21 > 4.3 > 2.1 —-1.4763 8.8702 -1.4%52 120730

bright luminosities and at higher FWHMs (see Figures 8
and 9) and not due to a change in properties of star-forming
dominated LAEs. We also find evidence for gas-phase metal-
licities of LAEs to be lower (=~ 0.1 — 0.3Z¢) for SFGs (see
Table 4) and for lower luminosity LAEs (similar to e.g. Stark
et al. 2014; Nakajima et al. 2018), and closer to solar or
higher for the most luminous LAEs (Table 4), but again this
is likely caused by the sharp transition between star-forming
and AGN-dominated (Figure 8).

6 DISCUSSION

6.1 Bright LAEs at z ~ 2 — 3: the SF-AGN
bimodality and the physical interpretation

Our results show that the AGN fraction of luminous LAEs
strongly depends on both UV and Lya luminosity at z ~

2 — 3. The brightest LAEs in Lya or in the UV are AGN,
and above Lyyo > 10433 ergs_1 or Myy < —21.5 virtually
all luminous LAEs are AGN, causing an abrupt change in
the physical properties of the ionised gas at 2x L*, as seen
in §5.3. This may be explained by the fact that only AGN
can reach the highest observed luminosities in either UV
or Lya, and suggests a limiting observed SFR'® for star-
forming dominated LAEs of ~ 20Mgyr~! at z ~ 2—3. In
principle, such a SFR limit could be a consequence of the ex-
ponential cut-offs in the galaxy mass and the gas mass frac-
tion functions, and the properties of dust formation in mas-
sive starbursts, with both effects potentially evolving with

10 Obtained converting the observed maximal Myy = —21.5 or
Liya = 10%3-3 ergs—! to a SFR using a Salpeter IMF.
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redshift (see §6.2). These likely combine to create a strong
threshold on UV luminosity of SF-dominated systems.

If dust is the main driver of a sharp UV and Ly« ob-
served luminosity limit for starbursts (leading to a sharp
transition between SF and AGN dominated at 2x L*), one
would expect the limit to be different when looking at Ha
luminosity of Ha selected sources, which is significantly less
affected by dust. Results from Sobral et al. (2016) show that
there is a rise in the AGN fraction of Ha selected sources as
a function of Ha luminosity above 2x Lij,,, but such rise is
much slower and not as abrupt as the one found for LAEs
(see Figure 8) with Lya or UV luminosities. Ha emitters
only become 100% AGN dominated at an observed Ha lumi-
nosity of about 10*38 ergs™', corresponding to an observed
SFR limit of ~ 500Mg yr~! in He luminosity, 25 times
larger than the limit for the observed UV and Lya SFRs
for LAEs. We therefore interpret the sharp shift from star-
forming to AGN dominated sources at 2x L* for LAEs as
likely a combination of two effects: a rise in the AGN frac-
tion with intrinsic luminosity (Sobral et al. 2016), as seen
for Ha selected samples, and the dominating factor of in-
creased obscured SFRs as a function of increasing intrinsic
SFR (e.g. Garn & Best 2010; Swinbank et al. 2004; Whitaker
et al. 2017), leading to a maximal unobscured starburst.

While intrinsically star-formation dominated sources
can still reach even higher SFRs and produce higher UV and
Lya luminosities, such intense starbursts happen in dusty
environments or starbursts themselves produce the dust at
z ~ 2 — 3 (showing up as dusty star-forming galaxies, see
Casey et al. 2014a), thus limiting or even reducing the ob-
served UV and Ly« luminosities. The high intrinsic produc-
tion of UV and Ly« photons of dusty star-forming galaxies
suggests that any escape channel created by intense feedback
in those galaxies will still lead to non-negligible UV and Ly«
luminosities which are observed in a variety of studies (see
e.g. Chapman et al. 2005; Casey et al. 2014b; Matthee et al.
2016), but that given our results will not exceed 2x L* at
z~2—3.

We conclude that the clear separation between star-
forming dominated and AGN dominated LAEs at 2x L*
is caused primarily by obscured star-formation becoming
dominant above observed SFRs of & 20 M, yr~!. Prominent
dust obscuration will efficiently absorb UV photons and di-
rectly or indirectly (via scattering) lead to low Ly« escape
fractions (e.g. Atek et al. 2008; Matthee et al. 2016) such
that the observed luminosities saturate. Lya and UV lumi-
nosities observed above 2x L* are thus likely to be produced
by different physical processes linked with AGN activity,
which in principle do not create dust. These may include
strong AGN-driven outflows and radiation from different re-
gions within the accretion disk, as seen from the evidence
of the UV bright broad line emitters, while shocks may also
play a role. The existence of UV blue, Ly« bright quasars
(e.g. Borisova et al. 2016) implies that the physical processes
in accretion disks of massive black holes are scalable to much
higher UV luminosities without dust imposing a strong limi-
tation in the observed luminosities. This is likely due to out-
flows and high ionisation radiation fields which we find to be
be present (log U from ~ —2 to & 1; see §5.2 and §5.3) that
may destroy dust or open channels for Lya and UV photons
to escape (see also Miley & De Breuck 2008). Nevertheless,
it should be noted that our most luminous LAEs already
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have Lya luminosities as high (e.g. Borisova et al. 2016)
as the ones found for the most UV luminous quasars (e.g.
Richards et al. 2006). Therefore, while the UV luminosity
seems to be scalable up from even our brightest UV sources
by a few orders of magnitude, there may be a saturation in

the observable Lyco luminosity at close to 10*47%° ergs™?.

6.2 Implications for higher redshift: evolution?

Our results and physical interpretation at z ~ 2 — 3 may
allow us to shed further light into the nature and evolution
of higher redshift LAEs selected in the same way. Recently,
Sobral et al. (2018) obtained a large sample of ~ 4000 LAEs
from z ~ 2 to z ~ 6 and explored it to infer a strong evolu-
tion (a factor of & 4 — 5) in the typical Ly« escape fraction
of star-forming galaxies, rising as (14 z)2. This increase is in
addition to the likely increase of &ion (tracing high burstiness
and/or an average change in stellar populations) by a factor
of ~ 2, leading to a total observed rise of (14 2)® in the Lya
to UV luminosity density ratio with increasing redshift (see
also Hayes et al. 2011). Furthermore, Sobral et al. (2018)
finds a factor ~ 5 rise in Ly, from z ~ 2 to 2z ~ 6, which,
under our interpretation of 2x Lf,, being the limit of the
observed Lya luminosity of a starburst would imply that
by z ~ 6 the limiting observable Lya luminosity for a star-
burst will be ~ 10** ergs™?!. If this is the case, by z ~ 6 the
limiting unobscured SFR will be ~ 100 Mg yr~!, although
the UV observed SFR may be limited to a lower value due
to the high ratio of LyC to UV photons (&on) expected by
z ~ 6 (see e.g. Matthee et al. 2017a). These results would
provide a natural explanation for the exceptionally high Ly«
luminosities of equally selected LAEs at z ~ 6 — 7 (Ouchi
et al. 2009; Sobral et al. 2015; Hu et al. 2016; Matthee et al.
2017¢) with Lrya =~ 1043:4-43.9 ergs_1 that so far show no
convincing evidence for being dominated by AGN activity
(see also Pallottini et al. 2015; Mas-Ribas et al. 2016; Bagley
et al. 2017; Pacucci et al. 2017). For example, these luminous
z ~ 6—7 LAEs show Ly« profiles which are typically narrow
(=~ 200—300kms~*; Matthee et al. 2017c), contrarily to the
high FWHMs we find at z ~ 2 — 3 for the same luminosities
(see Figure 9). According to our interpretation of an evolving
Liyq by a factor of 5, the z ~ 6 —7 bright LAEs would easily
be consistent with being star-forming dominated, with CR7
(Sobral et al. 2015) Lya luminosity (= 10**? ergs™') being
the closest to our inferred maximal unobscured starburst
luminosity of ~ 10" ergs™" at z ~ 6. Recent deep ALMA
observations of CR7 (Matthee et al. 2017¢e) are fully con-
sistent with this interpretation, with CR7’s obscured SFR
being below < 4 Mg yr=*.

Potential mechanisms which may be able to raise the
maximal unobscured luminosity of early luminous LAFEs are
(major) mergers (seen as a single source) and/or significant
gas inflows without reducing the Ly« escape fraction and/or
leading to significant dust obscuration. The necessary condi-
tions likely require dust destruction and/or inefficient dust
formation at low metallicities (see e.g. Behrens et al. 2018),
which may be more common at higher redshift, including
the possibility of witnessing a first significant burst of star-
formation. Interestingly, there is evidence for the brightest
LAEs at z ~ 7 being multiple component/mergers (Ouchi
et al. 2010; Sobral et al. 2015, 2017a; Matthee et al. 2017¢),
while those at z ~ 2-3 are typically very compact and single



18 D. Sobral et al.

component dominated (e.g. Paulino-Afonso et al. 2018). At
z ~ 2 — 3 such major mergers lead to very high SFRs but
that are significantly obscured (see review by Casey et al.
2014a).

Our scenario of an evolving maximal unobscured star-
burst is consistent with results from Calhau et al. (2018)
who find that the relation between the X-ray AGN frac-
tion of LAEs and Ly« luminosity declines with redshift or
shifts to higher luminosities at higher redshift. Our discussed
scenario, along with its physical implications, can easily be
tested with the James Webb Space Telescope (JWST). Us-
ing JWST's IFU capabilities in the NIR and MIR regimes
one can observe CR7, Himiko, VR7, MASOSA and other
luminous LAEs (see e.g. Matthee et al. 2017c) and estab-
lish them as either star-forming or AGN dominated, along
with measuring their resolved dust obscuration using the
Balmer decrement. Most interestingly, IFU data will allow
to start understanding the physical reasons behind a poten-
tially higher maximal unobscured starburst at high redshift
and implications for dust formation and stellar populations
in early luminous LAEs.

7 CONCLUSIONS

We have presented the spectroscopic follow-up of 23 lumi-
nous (Lrya & Liy,) Ly candidates at z ~2-3 found with
large narrow-band surveys in Bottes, COSMOS, GOODS-N,
SA22 and UDS. We have used WHT/ISIS, Keck/DEIMOS
and VLT /X-SHOOTER to spectroscopically confirm 21 of
them as luminous LAEs. We exploit the wide wavelength
coverage of our data and the high resolution to measure line
profiles, investigate the nature of the sources and explore
UV emission line ratios. Our main results are:

e Luminous LAEs at z ~ 2-3 present a striking diversity
in terms of their Lya and UV properties. They also present
a wide diversity in the shape of the Ly« line, ranging from
roughly symmetric to highly asymmetric and including 25%
of sources with significant blue-shifted Lya components or
double-peaked lines, typically linked with high Lya escape
fractions.

e Luminous LAEs are in general very blue (UV slope of
B = —2.0752) and span five orders of magnitude in rest-
frame UV luminosities, from ~ 0.3 My to ~ 30 My;y. They
likely have a low dust content, consistent with E(B — V) ~
0.05 and have a high Ly« escape fractions of 50f§(5) % after
correcting for dust extinction.

e Besides Lya, the most prevalent high ionisation UV line
in luminous LAEs is C1v, present in 40% of the sample, but
we also find Nv, Herr, Cii] and O111] as relatively common
lines, particularly at the brightest UV and Ly« luminosities.

e Lya FWHMs of luminous LAEs vary from ~ 200 to
~ 4000 kms™", with the prevalence of broad lines rising sig-
nificantly with increasing Lya and UV luminosities. We find
significant relations between the Lyae FWHM and Ly« and
UV luminosities for NL-AGN, likely driven by outflows.

e The narrow LAEs have small velocity offsets between
Lya and other lines of only ~ 100 — 200kms™!, consistent
with Lya photons escaping relatively close to systemic and
providing further evidence for high Lya escape fractions in
bright LAEs.

e We find a significant increase in the AGN fraction of
LAEs with both Lya and UV luminosities from ~ 0 to
~ 100%. Above Liye > 10%33 ergs™ and/or Myy < —21.5
all luminous LAEs at z ~ 2—3 are AGN. We find simple rela-
tions to predict the AGN fraction of LAEs (within the ranges
studied): fagn = (—0.30+0.07)(Muv + 20.5) 4+ (0.354+0.11)
and fagny = (0.78+0.22)(log, ¢ (Lrya) — 42.72)+(0.2410.14).

e The transition from star-forming dominated to AGN
dominated happens at 2x L* and is likely linked with a
physical limit for the maximum observed output of an un-
obscured starburst of &~ 20 Mg yr~!. For higher intrinsic UV
and Lya luminosities dust likely prevents such sources from
being observed as brighter than 2x L*.

e AGN LAEs reveal high ionisation parameters (logU =
0.6 £ 0.5) and sub-solar to solar metallicities. Luminous
LAEs lacking signatures of AGN (40 + 11 %) are less ionis-
ing (logU = —3.070'% and log &on = 25.4 4 0.2), apparently
metal-poor (12+log(O/H)= 8.270:3) sources likely powered
by young, dust-poor “maximal” starbursts.

e The ionisation parameter rises with Lya and UV lumi-
nosities, but also with Lyae FWHM by typically 1dex from
the low to high luminosities and FWHMSs, while gas-phase
metallicities rise with Lya luminosity from 12+log(O/H)=
7.575% to 12+1log(O/H)= 8.71) 1. We interpret these results
as a consequence of the bi-modality of the population and
the transition between star-forming dominated systems to
AGN dominated which we find to be particularly abrupt at
2x L*.

ACKNOWLEDGMENTS

DS acknowledges financial support from the Netherlands
Organisation for Scientific research (NWO) through a
Veni fellowship and from Lancaster University through
an Early Career Internal Grant A100679. JM acknowl-
edges the support of a Huygens PhD fellowship from Lei-
den University. BD acknowledges financial support from
NASA through the Astrophysics Data Analysis Program
(ADAP), grant number NNX12AE20G, and the National
Science Foundation, grant number 1716907. IRS acknowl-
edges support from the ERC Advanced Grant DUSTY-
GAL (321334), STFC (ST/P000541/1) and a Royal So-
ciety/Wolfson Merit Award. PNB is grateful for support
from STFC via grant ST/M001229/1. We thank Anne Ver-
hamme, Kimihiko Nakajima, Ryan Trainor, Sangeeta Mal-
hotra, Max Gronke, James Rhoads, Fang Xia An, Matthew
Hayes, Takashi Kojima, Mark Dijkstra, and Anne Jaskot for
many helpful and engaging discussions, particularly during
the SnowCLAW Lya workshop. The authors would also like
to thank Ingrid Tengs, Meg Singleton, Ali Khostovan and
Sara Perez for participating in part of the observations. We
also thank Jodo Calhau, Leah Morabito, Sérgio Santos and
Aayush Saxena for their assistance with the narrow-band
observations which allowed to select some of the sources.
Based on observations obtained with the William Herschel
Telescope (WHT), program: W16AN004 and with Keck,
program C267D. Based on data products from observations
made with ESO Telescopes at the La Silla Paranal Observa-
tory under ESO programme IDs 294.A-5018, 294.A-5039,
092.A-0786, 093.A-0561, 097.A-0943, 098.A-0819, 099.A-
0254 and 179.A-2005. The authors acknowledge the award

MNRAS 000, 1-23 (2018)



of service time (SW2014b20) on the WHT. WHT and its
service programme are operated on the island of La Palma
by the Isaac Newton Group in the Spanish Observatorio
del Roque de los Muchachos of the Instituto de Astrofisica
de Canarias. The authors would also like to thank all the
extremely helpful observatory staff that have greatly con-
tributed towards our observations, particularly Fiona Rid-
dick, Lilian Dominguez, Florencia Jimenez and Ian Skillen.

We have benefited greatly from the publicly available
programming language PYTHON, including the NUMPY &
ScIPyY (Van Der Walt et al. 2011; Jones et al. 2001), MAT-
PLOTLIB (Hunter 2007), ASTROPY (Astropy Collaboration
et al. 2013) and the TOPCAT analysis program (Taylor 2013).
This research has made use of the VizieR catalogue access
tool, CDS, Strasbourg, France.

The samples and parent samples used for this paper are
publicly available (Sobral et al. 2017b, 2018; Matthee et al.
2017b). We also make all our 1D (binned to one third of
the resolution, flux calibrated, without any slit correction)
spectra public on-line with the final refereed version of this
paper, together with the catalogue of luminous LAEs and
electronic versions of relevant tables (see Appendix A2).

REFERENCES

Alexander D. M., et al., 2003, AJ, 126, 539

An F. X., Zheng X. Z., Hao C.-N., Huang J.-S., Xia X.-Y., 2017,
AplJ, 835, 116

Arnouts S., et al., 2005, ApJL, 619, L43

Astropy Collaboration et al., 2013, A&A, 558, A33

Atek H., Kunth D., Hayes M., Ostlin G., Mas-Hesse J. M., 2008,
AAP, 488, 491

Atek H., Richard J., Jauzac M., Kneib J.-P., Natarajan P.,
Limousin M., Schaerer D., et al., 2015, ApJ, 814, 69

Bagley M. B., Scarlata C., Henry A., et al., 2017, ApJ, 837, 11

Behrens C., Dijkstra M., Niemeyer J. C., 2014, A&A, 563, A77

Behrens C., Pallottini A., Ferrara A., Gallerani S., Vallini L.,
2018, preprint, (arXiv:1802.07772)

Borisova E., Cantalupo S., Lilly S. J., et al., 2016, ApJ, 831, 39

Bouwens R. J., et al., 2009, ApJ, 705, 936

Bouwens R. J., et al., 2015a, ApJ, 803, 34

Bouwens R. J., Illingworth G. D., Oesch P. A., Trenti M., Labbé
1., Bradley L., et al., 2015b, ApJ, 803, 34

Bouwens R. J., Smit R., Labbé I., Franx M., Caruana J., Oesch
P., Stefanon M., Rasappu N., 2016, ApJ, 831, 176

Bowler R. A. A., et al., 2014, MNRAS, 440, 2810

Burgarella D., Buat V., Iglesias-Paramo J., 2005, MNRAS, 360,
1413

Calhau J., et al., 2018, MNRAS, submitted,

Casey C. M., Narayanan D., Cooray A., 2014a, Phys. Rep., 541,
45

Casey C. M., et al., 2014b, ApJ, 796, 95

Cassata P., et al., 2015, AAP, 573, A24

Chapman S. C., Blain A. W., Smail 1., Ivison R. J., 2005, ApJ,
622, 772

Civano F., et al., 2016, ApJ, 819, 62

Cooke J., Ryan-Weber E. V., Garel T., Diaz C. G., 2014, MNRAS,
441, 837

Cooper M. C., Newman J. A., Davis M., Finkbeiner D. P., Gerke
B. F., 2012, spec2d: DEEP2 DEIMOS Spectral Pipeline, As-
trophysics Source Code Library (ascl:1203.003)

Crocker R. M., Krumholz M. R., Thompson T. A., Clutterbuck
J., 2018, preprint, (arXiv:1802.03117)

Darvish B., Mobasher B., Sobral D., Hemmati S., Nayyeri H.,
Shivaei ., 2015, ApJ, 814, 84

MNRAS 000, 1-23 (2018)

Luminous Lya emitters at z ~ 2-3 19

Dijkstra M., Gronke M., Venkatesan A., 2016, ApJ, 828, 71

Drake A. B., Guiderdoni B., Blaizot J., et al., 2017a, MNRAS,
471, 267

Drake A. B., Garel T., et al., 2017b, A&A, 608, A6

Dressler A., Henry A., Martin C. L., Sawicki M., McCarthy P.,
Villaneuva E., 2015, ApJ, 806, 19

Dunlop J. S., McLure R. J., Robertson B. E., Ellis R. S., Stark
D. P., Cirasuolo M., de Ravel L., 2012, MNRAS, 420, 901

Eldridge J. J., Stanway E. R., 2009, MNRAS, 400, 1019

Eldridge J. J., Stanway E. R., 2012, MNRAS, 419, 479

Eldridge J. J., Izzard R. G., Tout C. A., 2008, MNRAS, 384, 1109

Eldridge J. J., Stanway E. R., Xiao L., McClelland L. A. S., Taylor
G., Ng M., Greis S. M. L., Bray J. C., 2017, Publ. Astron. Soc.
Australia, 34, e058

Ellis R. S., et al., 2013, ApJL, 763, L7

Erb D. K., 2015, Nature, 523, 169

Erb D. K., Pettini M., Shapley A. E., Steidel C. C., Law D. R.,
Reddy N. A., 2010, ApJ, 719, 1168

Faisst A. L., 2016, ApJ, 829, 99

Feltre A., Charlot S., Gutkin J., 2016, MNRAS, 456, 3354

Ferland G. J., Korista K. T., Verner D. A., Ferguson J. W., King-
don J. B., Verner E. M., 1998, PASP, 110, 761

Ferland G. J., et al., 2013, RMAA, 49, 137

Finkelstein S. L., et al., 2015, ApJ, 810, 71

Garn T., Best P. N., 2010, MNRAS, 409, 421

Giavalisco M., Steidel C. C., Macchetto F. D., 1996, ApJ, 470,
189

Grifener G., Vink J. S., 2015, A&A, 578, L2

Gronke M., Dijkstra M., Trenti M., Wyithe S., 2015, MNRAS,
449, 1284

Gronwall C., et al., 2007, ApJ, 667, 79

Guaita L., et al., 2016, A&A, 587, A133

Guaita L., Talia M., Pentericci L., et al., 2017, A&A, 606, A19

Guhathakurta P., Tyson J. A., Majewski S. R., 1990, ApJ, 357,
L9

Gutkin J., Charlot S., Bruzual G., 2016, MNRAS, 462, 1757

Harikane Y., et al., 2017, preprint, (arXiv:1711.03735)

Hashimoto T., Garel T., et al., 2017, A&A, 608, A10

Hathi N. P., Le Fevre O., Ilbert O., et al., 2016, A&A, 588, A26

Hayes M., Schaerer D., Ostlin G., Mas-Hesse J. M., Atek H.,
Kunth D., 2011, ApJ, 730, 8

Heckman T. M., 2003, in Avila-Reese V., Firmani C., Frenk C. S.,
Allen C., eds, Revista Mexicana de Astronomia y Astrofisica,
vol. 27 Vol. 17, Revista Mexicana de Astronomia y Astrofisica
Conference Series. pp 47-55

Hopkins A. M., Connolly A. J., Haarsma D. B., Cram L. E.; 2001,
AJ, 122, 288

Horne K., 1986, PASP, 98, 609

Hu E. M., Cowie L. L., Songaila A., Barger A. J., Rosenwasser
B., Wold I. G. B., 2016, ApJL, 825, L7

Hunter J. D., 2007, Computing In Science & Engineering, 9, 90

Ilbert O., et al., 2009, ApJ, 690, 1236

Izotov Y. I., Schaerer D., Worseck G., Guseva N. G., Thuan T. X.,
Verhamme A., Orlitova 1., Fricke K. J., 2018, MNRAS, 474,
4514

Jaskot A. E., Ravindranath S., 2016, ApJ, 833, 136

Jiang L., et al., 2017, ApJ, 846, 134

Jones E., Oliphant T., Peterson P., et al., 2001, SciPy: Open
source scientific tools for Python, http://www.scipy.org/

Kennicutt Jr. R. C., 1998, ARAA, 36, 189

Khostovan A. A., Sobral D., Mobasher B., Smail I., Darvish B.,
Nayyeri H., Hemmati S., Stott J. P., 2016, MNRAS, 463, 2363

Konno A., Ouchi M., Nakajima K., Duval F., Kusakabe H., Ono
Y., Shimasaku K., 2016, ApJ, 823, 20

Koo D. C., Kron R. T., 1980, PASP, 92, 537

Kusakabe H., Shimasaku K., Nakajima K., Ouchi M., 2015, ApJ,
800, L29


http://dx.doi.org/10.1086/376473
http://adsabs.harvard.edu/abs/2003AJ....126..539A
http://dx.doi.org/10.3847/1538-4357/835/2/116
http://adsabs.harvard.edu/abs/2017ApJ...835..116A
http://dx.doi.org/10.1086/426733
http://adsabs.harvard.edu/abs/2005ApJ...619L..43A
http://dx.doi.org/10.1051/0004-6361/201322068
http://adsabs.harvard.edu/abs/2013A%26A...558A..33A
http://dx.doi.org/10.1051/0004-6361:200809527
http://adsabs.harvard.edu/abs/2008A%26A...488..491A
http://dx.doi.org/10.1088/0004-637X/814/1/69
http://adsabs.harvard.edu/abs/2015ApJ...814...69A
http://dx.doi.org/10.3847/1538-4357/837/1/11
http://adsabs.harvard.edu/abs/2017ApJ...837...11B
http://dx.doi.org/10.1051/0004-6361/201322949
http://adsabs.harvard.edu/abs/2014A%26A...563A..77B
http://arxiv.org/abs/1802.07772
http://dx.doi.org/10.3847/0004-637X/831/1/39
http://adsabs.harvard.edu/abs/2016ApJ...831...39B
http://dx.doi.org/10.1088/0004-637X/705/1/936
http://adsabs.harvard.edu/abs/2009ApJ...705..936B
http://dx.doi.org/10.1088/0004-637X/803/1/34
http://adsabs.harvard.edu/abs/2015ApJ...803...34B
http://dx.doi.org/10.1088/0004-637X/803/1/34
http://adsabs.harvard.edu/abs/2015ApJ...803...34B
http://dx.doi.org/10.3847/0004-637X/831/2/176
http://adsabs.harvard.edu/abs/2016ApJ...831..176B
http://dx.doi.org/10.1093/mnras/stu449
http://adsabs.harvard.edu/abs/2014MNRAS.440.2810B
http://dx.doi.org/10.1111/j.1365-2966.2005.09131.x
http://adsabs.harvard.edu/abs/2005MNRAS.360.1413B
http://adsabs.harvard.edu/abs/2005MNRAS.360.1413B
http://dx.doi.org/10.1016/j.physrep.2014.02.009
http://adsabs.harvard.edu/abs/2014PhR...541...45C
http://adsabs.harvard.edu/abs/2014PhR...541...45C
http://dx.doi.org/10.1088/0004-637X/796/2/95
http://adsabs.harvard.edu/abs/2014ApJ...796...95C
http://dx.doi.org/10.1051/0004-6361/201423824
http://adsabs.harvard.edu/abs/2015A%26A...573A..24C
http://dx.doi.org/10.1086/428082
http://adsabs.harvard.edu/abs/2005ApJ...622..772C
http://dx.doi.org/10.3847/0004-637X/819/1/62
http://adsabs.harvard.edu/abs/2016ApJ...819...62C
http://dx.doi.org/10.1093/mnras/stu635
http://adsabs.harvard.edu/abs/2014MNRAS.441..837C
http://arxiv.org/abs/1802.03117
http://dx.doi.org/10.1088/0004-637X/814/2/84
http://adsabs.harvard.edu/abs/2015ApJ...814...84D
http://dx.doi.org/10.3847/0004-637X/828/2/71
http://adsabs.harvard.edu/abs/2016ApJ...828...71D
http://dx.doi.org/10.1093/mnras/stx1515
http://adsabs.harvard.edu/abs/2017MNRAS.471..267D
http://dx.doi.org/10.1051/0004-6361/201731431
http://adsabs.harvard.edu/abs/2017A%26A...608A...6D
http://dx.doi.org/10.1088/0004-637X/806/1/19
http://adsabs.harvard.edu/abs/2015ApJ...806...19D
http://dx.doi.org/10.1111/j.1365-2966.2011.20102.x
http://adsabs.harvard.edu/abs/2012MNRAS.420..901D
http://dx.doi.org/10.1111/j.1365-2966.2009.15514.x
http://adsabs.harvard.edu/abs/2009MNRAS.400.1019E
http://dx.doi.org/10.1111/j.1365-2966.2011.19713.x
http://adsabs.harvard.edu/abs/2012MNRAS.419..479E
http://dx.doi.org/10.1111/j.1365-2966.2007.12738.x
http://adsabs.harvard.edu/abs/2008MNRAS.384.1109E
http://dx.doi.org/10.1017/pasa.2017.51
http://dx.doi.org/10.1017/pasa.2017.51
http://adsabs.harvard.edu/abs/2017PASA...34...58E
http://dx.doi.org/10.1088/2041-8205/763/1/L7
http://adsabs.harvard.edu/abs/2013ApJ...763L...7E
http://dx.doi.org/10.1038/nature14454
http://adsabs.harvard.edu/abs/2015Natur.523..169E
http://dx.doi.org/10.1088/0004-637X/719/2/1168
http://adsabs.harvard.edu/abs/2010ApJ...719.1168E
http://dx.doi.org/10.3847/0004-637X/829/2/99
http://adsabs.harvard.edu/abs/2016ApJ...829...99F
http://dx.doi.org/10.1093/mnras/stv2794
http://adsabs.harvard.edu/abs/2016MNRAS.456.3354F
http://dx.doi.org/10.1086/316190
http://adsabs.harvard.edu/abs/1998PASP..110..761F
http://adsabs.harvard.edu/abs/2013RMxAA..49..137F
http://dx.doi.org/10.1088/0004-637X/810/1/71
http://adsabs.harvard.edu/abs/2015ApJ...810...71F
http://dx.doi.org/10.1111/j.1365-2966.2010.17321.x
http://adsabs.harvard.edu/abs/2010MNRAS.409..421G
http://dx.doi.org/10.1086/177859
http://adsabs.harvard.edu/abs/1996ApJ...470..189G
http://adsabs.harvard.edu/abs/1996ApJ...470..189G
http://dx.doi.org/10.1051/0004-6361/201425287
http://adsabs.harvard.edu/abs/2015A%26A...578L...2G
http://dx.doi.org/10.1093/mnras/stv329
http://adsabs.harvard.edu/abs/2015MNRAS.449.1284G
http://dx.doi.org/10.1086/520324
http://adsabs.harvard.edu/abs/2007ApJ...667...79G
http://dx.doi.org/10.1051/0004-6361/201527597
http://adsabs.harvard.edu/abs/2016A%26A...587A.133G
http://dx.doi.org/10.1051/0004-6361/201730603
http://adsabs.harvard.edu/abs/2017A%26A...606A..19G
http://dx.doi.org/10.1086/185754
http://adsabs.harvard.edu/abs/1990ApJ...357L...9G
http://adsabs.harvard.edu/abs/1990ApJ...357L...9G
http://dx.doi.org/10.1093/mnras/stw1716
http://adsabs.harvard.edu/abs/2016MNRAS.462.1757G
http://arxiv.org/abs/1711.03735
http://dx.doi.org/10.1051/0004-6361/201731579
http://adsabs.harvard.edu/abs/2017A%26A...608A..10H
http://dx.doi.org/10.1051/0004-6361/201526012
http://adsabs.harvard.edu/abs/2016A%26A...588A..26H
http://dx.doi.org/10.1088/0004-637X/730/1/8
http://adsabs.harvard.edu/abs/2011ApJ...730....8H
http://dx.doi.org/10.1086/321113
http://adsabs.harvard.edu/abs/2001AJ....122..288H
http://dx.doi.org/10.1086/131801
http://adsabs.harvard.edu/abs/1986PASP...98..609H
http://dx.doi.org/10.3847/2041-8205/825/1/L7
http://adsabs.harvard.edu/abs/2016ApJ...825L...7H
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.1088/0004-637X/690/2/1236
http://adsabs.harvard.edu/abs/2009ApJ...690.1236I
http://dx.doi.org/10.1093/mnras/stx3115
http://adsabs.harvard.edu/abs/2018MNRAS.474.4514I
http://adsabs.harvard.edu/abs/2018MNRAS.474.4514I
http://dx.doi.org/10.3847/1538-4357/833/2/136
http://adsabs.harvard.edu/abs/2016ApJ...833..136J
http://dx.doi.org/10.3847/1538-4357/aa8561
http://adsabs.harvard.edu/abs/2017ApJ...846..134J
http://www.scipy.org/
http://dx.doi.org/10.1146/annurev.astro.36.1.189
http://adsabs.harvard.edu/abs/1998ARA%26A..36..189K
http://dx.doi.org/10.1093/mnras/stw2174
http://adsabs.harvard.edu/abs/2016MNRAS.463.2363K
http://dx.doi.org/10.3847/0004-637X/823/1/20
http://adsabs.harvard.edu/abs/2016ApJ...823...20K
http://dx.doi.org/10.1086/130708
http://adsabs.harvard.edu/abs/1980PASP...92..537K
http://dx.doi.org/10.1088/2041-8205/800/2/L29
http://adsabs.harvard.edu/abs/2015ApJ...800L..29K

20 D. Sobral et al.

Laporte N., Nakajima K., Ellis R. S., Zitrin A., Stark D. P.,
Mainali R., Roberts-Borsani G. W., 2017, ApJ, 851, 40

Lehmer B. D., et al., 2009, ApJ, 691, 687

Ma X., Hopkins P. F., Kasen D., Quataert E., Faucher-Giguére
C.-A., Keres D., Murray N., Strom A., 2016, MNRAS, 459,
3614

Marchi F., Pentericci L., et al, 2017a,
(arXiv:1710.10184)

Marchi F., et al., 2017b, A&A, 601, A73

Mérmol-Queralté E., McLure R. J., Cullen F., Dunlop J. S.,
Fontana A., McLeod D. J., 2016, MNRAS, 460, 3587

Mas-Ribas L., Dijkstra M., Forero-Romero J. E., 2016, ApJ, 833,
65

Matsuoka K., Nagao T., Maiolino R., Marconi A., Taniguchi Y.,
2009, A&A, 503, 721

Matthee J., Sobral D., Santos S., Réttgering H., Darvish B.,
Mobasher B., 2015, MNRAS, 451, 400

Matthee J., Sobral D., Oteo I., Best P., Smail 1., Rottgering H.,
Paulino-Afonso A., 2016, MNRAS, 458, 449

Matthee J., Sobral D., Best P., Khostovan A. A., Oteo 1., Bouwens
R., Rottgering H., 2017a, MNRAS, 465, 3637

Matthee J., Sobral D., Best P., Smail I., Bian F., Darvish B.,
Rottgering H., Fan X., 2017b, MNRAS, 471, 629

Matthee J., Sobral D., Darvish B., Santos S., Mobasher B.,
Paulino-Afonso A., Rottgering H., Alegre L., 2017c, MNRAS,
472, 772

Matthee J., et al., 2017d, ApJ, 851, 145

Matthee J., et al., 2017e, ApJ, 851, 145

Meurer G. R., Heckman T. M., Leitherer C., Kinney A., Robert
C., Garnett D. R., 1995, AJ, 110, 2665

Meurer G. R., Heckman T. M., Lehnert M. D., Leitherer C.,
Lowenthal J., 1997, AJ, 114, 54

Meurer G. R., Heckman T. M., Calzetti D., 1999, ApJ, 521, 64

Miley G., De Breuck C., 2008, A&ARv, 15, 67

Modigliani A., et al., 2010, in Observatory Operations: Strategies,
Processes, and Systems III. p. 773728, doi:10.1117/12.857211

Morton D. C., 1991, AplJS, 77, 119

Murray S. S., et al., 2005, ApJS, 161, 1

Nakajima K., Ouchi M., 2014, MNRAS, 442, 900

Nakajima K., et al., 2012, ApJ, 745, 12

Nakajima K., Ellis R. S., Iwata 1., Inoue A. K., Kusakabe H.,
Ouchi M., Robertson B. E., 2016, ApJL, 831, L9

Nakajima K., et al., 2017, preprint, (arXiv:1709.03990)

Nakajima K., Fletcher T., Ellis R. S., Robertson B. E., Iwata I.,
2018, preprint, (arXiv:1801.03085)

Nilsson K. K., Tapken C., Mgller P., Freudling W., Fynbo J. P. U.,
Meisenheimer K., Laursen P., Ostlin G., 2009, A&A, 498, 13

Oesch P. A., et al., 2015, ApJL, 804, L.30

Oke J. B., Gunn J. E., 1983, ApJ, 266, 713

Ono Y., et al., 2010a, MNRAS, 402, 1580

Ono Y., Ouchi M., Shimasaku K., Dunlop J., Farrah D., McLure
R., Okamura S., 2010b, ApJ, 724, 1524

Oteo 1., Sobral D., Ivison R. J., Smail I., Best P. N., Cepa J.,
Pérez-Garcia A. M., 2015, MNRAS, 452, 2018

Ouchi M., et al., 2008, ApJs, 176, 301

Ouchi M., et al., 2009, ApJ, 696, 1164

Ouchi M., et al., 2010, ApJ, 723, 869

Pacucci F., Pallottini A., Ferrara A., Gallerani S., 2017, MNRAS,
468, L77

Pallottini A., et al., 2015, MNRAS, 453, 2465

Parsa S., Dunlop J. S., McLure R. J., Mortlock A., 2016, MNRAS,
456, 3194

Paulino-Afonso A., et al., 2018, preprint, (arXiv:1709.04470)

Reddy N. A., Steidel C. C., 2009, ApJ, 692, 778

Richards G. T., et al., 2006, AJ, 131, 2766

Rivera-Thorsen T. E., et al., 2017, A&A, 608, L4

Robertson B. E., et al., 2013, ApJ, 768, 71

Saez C., et al., 2015, MNRAS, 450, 2615

preprint,

Salpeter E. E., 1955, ApJ, 121, 161

Santos S., Sobral D., Matthee J., 2016, MNRAS, 463, 1678

Schmidt K. B., et al., 2017, ApJ, 839, 17

Shankar F., Weinberg D. H., Miralda-Escudé J., 2009, ApJ, 690,
20

Shibuya T., et al., 2018, PASJ, 70, S14

Shivaei 1., Reddy N. A., et al, 2017,
(arXiv:1711.00013)

Siana B., et al., 2007, ApJ, 668, 62

Smit R., et al., 2014, ApJ, 784, 58

Smit R., Bouwens R. J., Labbé 1., Franx M., Wilkins S. M., Oesch
P. A., 2016, ApJ, 833, 254

Sobral D., Best P. N., Matsuda Y., Smail I., Geach J. E., Cirasuolo
M., 2012, MNRAS, 420, 1926

Sobral D.; Best P. N.; Smail I., Mobasher B., Stott J., Nisbet D.,
2014, MNRAS, 437, 3516

Sobral D., Matthee J., Darvish B., Schaerer D., Mobasher B.,
Rottgering H. J. A., Santos S., Hemmati S., 2015, ApJ, 808,
139

Sobral D., Kohn S. A., Best P. N., Smail I., Harrison C. M., Stott
J., Calhau J., Matthee J., 2016, MNRAS, 457, 1739

Sobral D., et al., 2017a, preprint, (arXiv:1710.08422)

Sobral D., et al., 2017b, MNRAS, 466, 1242

Sobral D., Santos S., Matthee J., Paulino-Afonso A.,
Ribeiro B., Calhau J., Khostovan A. A., 2018, preprint,
(arXiv:1712.04451)

Stanway E. R., 2017, in Eldridge J. J., Bray J. C., McClel-
land L. A. S., Xiao L., eds, TAU Symposium Vol. 329,
The Lives and Death-Throes of Massive Stars. pp 305-312
(arXiv:1702.07303), doi:10.1017/S1743921317002927

Stanway E. R., Eldridge J. J., Becker G. D., 2016, MNRAS, 456,
485

Stark D. P., et al., 2014, MNRAS, 445, 3200

Stark D. P., et al., 2015a, MNRAS, 450, 1846

Stark D. P., et al., 2015b, MNRAS, 454, 1393

Steidel C. C., Hamilton D., 1993, AJ, 105, 2017

Steidel C. C., Erb D. K., Shapley A. E., Pettini M., Reddy N.,
Bogosavljevi¢ M., Rudie G. C., Rakic O., 2010, ApJ, 717, 289

Steidel C. C., Strom A. L., Pettini M., Rudie G. C., Reddy N. A.,
Trainor R. F., 2016, ApJ, 826, 159

Suzuki T. L., et al., 2017, ApJ, 849, 39

Swinbank A. M., Smail 1., Chapman S. C., Blain A. W., Ivison
R. J., Keel W. C., 2004, ApJ, 617, 64

Swinbank A. M., et al., 2010, Nature, 464, 733

Taylor M., 2013, Starlink User Note, 253

Topping M. W., Shull J. M., 2015, ApJ, 800, 97

Trainor R. F., Steidel C. C., Strom A. L., Rudie G. C., 2015, ApJ,
809, 89

Trainor R. F., Strom A. L., Steidel C. C., Rudie G. C., 2016, ApJ,
832, 171

Ueda Y., et al., 2008, ApJS, 179, 124

Van Der Walt S., Colbert S. C., Varoquaux G., 2011, Computing
in Science & Engineering, 13, 22

Vanzella E., et al., 2016, ApJL, 821, L27

Vanzella E., et al., 2017, MNRAS, 467, 4304

Vanzella E., et al., 2018, preprint, (arXiv:1712.07661)

Veilleux S., 2002, in Green R. F., Khachikian E. Y., Sanders D. B.,
eds, Astronomical Society of the Pacific Conference Series Vol.
284, TAU Colloq. 184: AGN Surveys. p. 111 (arXiv:astro-
ph/0201118)

Verhamme A., Orlitova I., Schaerer D., Hayes M., 2015, A&A,
578, A7

Verhamme A., Orlitova 1., Schaerer D., Izotov Y., Worseck G.,
Thuan T. X., Guseva N., 2017, A&A, 597, A13

Vernet J., et al., 2011, A&A, 536, A105

Vieira J. D., et al., 2013, Nature, 495, 344

Wang J. X., et al., 2004, ApJ, 608, L21

Wardlow J. L., et al., 2014, ApJ, 787, 9

preprint,

MNRAS 000, 1-23 (2018)


http://dx.doi.org/10.3847/1538-4357/aa96a8
http://adsabs.harvard.edu/abs/2017ApJ...851...40L
http://dx.doi.org/10.1088/0004-637X/691/1/687
http://adsabs.harvard.edu/abs/2009ApJ...691..687L
http://dx.doi.org/10.1093/mnras/stw941
http://adsabs.harvard.edu/abs/2016MNRAS.459.3614M
http://adsabs.harvard.edu/abs/2016MNRAS.459.3614M
http://arxiv.org/abs/1710.10184
http://dx.doi.org/10.1051/0004-6361/201630054
http://adsabs.harvard.edu/abs/2017A%26A...601A..73M
http://dx.doi.org/10.1093/mnras/stw1212
http://adsabs.harvard.edu/abs/2016MNRAS.460.3587M
http://dx.doi.org/10.3847/1538-4357/833/1/65
http://adsabs.harvard.edu/abs/2016ApJ...833...65M
http://adsabs.harvard.edu/abs/2016ApJ...833...65M
http://dx.doi.org/10.1051/0004-6361/200811478
http://adsabs.harvard.edu/abs/2009A%26A...503..721M
http://dx.doi.org/10.1093/mnras/stv947
http://adsabs.harvard.edu/abs/2015MNRAS.451..400M
http://dx.doi.org/10.1093/mnras/stw322
http://adsabs.harvard.edu/abs/2016MNRAS.458..449M
http://dx.doi.org/10.1093/mnras/stw2973
http://adsabs.harvard.edu/abs/2017MNRAS.465.3637M
http://dx.doi.org/10.1093/mnras/stx1569
http://adsabs.harvard.edu/abs/2017MNRAS.471..629M
http://dx.doi.org/10.1093/mnras/stx2061
http://adsabs.harvard.edu/abs/2017MNRAS.472..772M
http://dx.doi.org/10.3847/1538-4357/aa9931
http://adsabs.harvard.edu/abs/2017ApJ...851..145M
http://dx.doi.org/10.3847/1538-4357/aa9931
http://adsabs.harvard.edu/abs/2017ApJ...851..145M
http://dx.doi.org/10.1086/117721
http://adsabs.harvard.edu/abs/1995AJ....110.2665M
http://dx.doi.org/10.1086/118452
http://adsabs.harvard.edu/abs/1997AJ....114...54M
http://dx.doi.org/10.1086/307523
http://adsabs.harvard.edu/abs/1999ApJ...521...64M
http://dx.doi.org/10.1007/s00159-007-0008-z
http://adsabs.harvard.edu/abs/2008A%26ARv..15...67M
http://dx.doi.org/10.1117/12.857211
http://dx.doi.org/10.1086/191601
http://adsabs.harvard.edu/abs/1991ApJS...77..119M
http://dx.doi.org/10.1086/444378
http://adsabs.harvard.edu/abs/2005ApJS..161....1M
http://dx.doi.org/10.1093/mnras/stu902
http://adsabs.harvard.edu/abs/2014MNRAS.442..900N
http://dx.doi.org/10.1088/0004-637X/745/1/12
http://adsabs.harvard.edu/abs/2012ApJ...745...12N
http://dx.doi.org/10.3847/2041-8205/831/1/L9
http://adsabs.harvard.edu/abs/2016ApJ...831L...9N
http://arxiv.org/abs/1709.03990
http://arxiv.org/abs/1801.03085
http://dx.doi.org/10.1051/0004-6361/200810881
http://adsabs.harvard.edu/abs/2009A%26A...498...13N
http://dx.doi.org/10.1088/2041-8205/804/2/L30
http://adsabs.harvard.edu/abs/2015ApJ...804L..30O
http://dx.doi.org/10.1086/160817
http://adsabs.harvard.edu/abs/1983ApJ...266..713O
http://dx.doi.org/10.1111/j.1365-2966.2009.16034.x
http://adsabs.harvard.edu/abs/2010MNRAS.402.1580O
http://dx.doi.org/10.1088/0004-637X/724/2/1524
http://adsabs.harvard.edu/abs/2010ApJ...724.1524O
http://dx.doi.org/10.1093/mnras/stv1284
http://adsabs.harvard.edu/abs/2015MNRAS.452.2018O
http://dx.doi.org/10.1086/527673
http://adsabs.harvard.edu/abs/2008ApJS..176..301O
http://dx.doi.org/10.1088/0004-637X/696/2/1164
http://adsabs.harvard.edu/abs/2009ApJ...696.1164O
http://dx.doi.org/10.1088/0004-637X/723/1/869
http://adsabs.harvard.edu/abs/2010ApJ...723..869O
http://dx.doi.org/10.1093/mnrasl/slx029
http://adsabs.harvard.edu/abs/2017MNRAS.468L..77P
http://dx.doi.org/10.1093/mnras/stv1795
http://adsabs.harvard.edu/abs/2015MNRAS.453.2465P
http://dx.doi.org/10.1093/mnras/stv2857
http://adsabs.harvard.edu/abs/2016MNRAS.456.3194P
http://arxiv.org/abs/1709.04470
http://dx.doi.org/10.1088/0004-637X/692/1/778
http://adsabs.harvard.edu/abs/2009ApJ...692..778R
http://dx.doi.org/10.1086/503559
http://adsabs.harvard.edu/abs/2006AJ....131.2766R
http://dx.doi.org/10.1051/0004-6361/201732173
http://adsabs.harvard.edu/abs/2017A%26A...608L...4R
http://dx.doi.org/10.1088/0004-637X/768/1/71
http://adsabs.harvard.edu/abs/2013ApJ...768...71R
http://dx.doi.org/10.1093/mnras/stv747
http://adsabs.harvard.edu/abs/2015MNRAS.450.2615S
http://dx.doi.org/10.1086/145971
http://adsabs.harvard.edu/abs/1955ApJ...121..161S
http://dx.doi.org/10.1093/mnras/stw2076
http://adsabs.harvard.edu/abs/2016MNRAS.463.1678S
http://dx.doi.org/10.3847/1538-4357/aa68a3
http://adsabs.harvard.edu/abs/2017ApJ...839...17S
http://dx.doi.org/10.1088/0004-637X/690/1/20
http://adsabs.harvard.edu/abs/2009ApJ...690...20S
http://adsabs.harvard.edu/abs/2009ApJ...690...20S
http://dx.doi.org/10.1093/pasj/psx122
http://adsabs.harvard.edu/abs/2018PASJ...70S..14S
http://arxiv.org/abs/1711.00013
http://dx.doi.org/10.1086/521185
http://adsabs.harvard.edu/abs/2007ApJ...668...62S
http://dx.doi.org/10.1088/0004-637X/784/1/58
http://adsabs.harvard.edu/abs/2014ApJ...784...58S
http://dx.doi.org/10.3847/1538-4357/833/2/254
http://adsabs.harvard.edu/abs/2016ApJ...833..254S
http://dx.doi.org/10.1111/j.1365-2966.2011.19977.x
http://adsabs.harvard.edu/abs/2012MNRAS.420.1926S
http://dx.doi.org/10.1093/mnras/stt2159
http://adsabs.harvard.edu/abs/2014MNRAS.437.3516S
http://dx.doi.org/10.1088/0004-637X/808/2/139
http://adsabs.harvard.edu/abs/2015ApJ...808..139S
http://adsabs.harvard.edu/abs/2015ApJ...808..139S
http://dx.doi.org/10.1093/mnras/stw022
http://adsabs.harvard.edu/abs/2016MNRAS.457.1739S
http://arxiv.org/abs/1710.08422
http://dx.doi.org/10.1093/mnras/stw3090
http://adsabs.harvard.edu/abs/2017MNRAS.466.1242S
http://arxiv.org/abs/1712.04451
http://arxiv.org/abs/1702.07303
http://dx.doi.org/10.1017/S1743921317002927
http://dx.doi.org/10.1093/mnras/stv2661
http://adsabs.harvard.edu/abs/2016MNRAS.456..485S
http://adsabs.harvard.edu/abs/2016MNRAS.456..485S
http://dx.doi.org/10.1093/mnras/stu1618
http://adsabs.harvard.edu/abs/2014MNRAS.445.3200S
http://dx.doi.org/10.1093/mnras/stv688
http://adsabs.harvard.edu/abs/2015MNRAS.450.1846S
http://dx.doi.org/10.1093/mnras/stv1907
http://adsabs.harvard.edu/abs/2015MNRAS.454.1393S
http://dx.doi.org/10.1086/116579
http://adsabs.harvard.edu/abs/1993AJ....105.2017S
http://dx.doi.org/10.1088/0004-637X/717/1/289
http://adsabs.harvard.edu/abs/2010ApJ...717..289S
http://dx.doi.org/10.3847/0004-637X/826/2/159
http://adsabs.harvard.edu/abs/2016ApJ...826..159S
http://dx.doi.org/10.3847/1538-4357/aa8df3
http://adsabs.harvard.edu/abs/2017ApJ...849...39S
http://dx.doi.org/10.1086/425171
http://adsabs.harvard.edu/abs/2004ApJ...617...64S
http://dx.doi.org/10.1038/nature08880
http://adsabs.harvard.edu/abs/2010Natur.464..733S
http://adsabs.harvard.edu/abs/2013StaUN.253.....T
http://dx.doi.org/10.1088/0004-637X/800/2/97
http://adsabs.harvard.edu/abs/2015ApJ...800...97T
http://dx.doi.org/10.1088/0004-637X/809/1/89
http://adsabs.harvard.edu/abs/2015ApJ...809...89T
http://dx.doi.org/10.3847/0004-637X/832/2/171
http://adsabs.harvard.edu/abs/2016ApJ...832..171T
http://dx.doi.org/10.1086/591083
http://adsabs.harvard.edu/abs/2008ApJS..179..124U
http://dx.doi.org/10.3847/2041-8205/821/2/L27
http://adsabs.harvard.edu/abs/2016ApJ...821L..27V
http://dx.doi.org/10.1093/mnras/stx351
http://adsabs.harvard.edu/abs/2017MNRAS.467.4304V
http://arxiv.org/abs/1712.07661
http://arxiv.org/abs/astro-ph/0201118
http://arxiv.org/abs/astro-ph/0201118
http://dx.doi.org/10.1051/0004-6361/201423978
http://adsabs.harvard.edu/abs/2015A%26A...578A...7V
http://dx.doi.org/10.1051/0004-6361/201629264
http://adsabs.harvard.edu/abs/2017A%26A...597A..13V
http://dx.doi.org/10.1051/0004-6361/201117752
http://adsabs.harvard.edu/abs/2011A%26A...536A.105V
http://dx.doi.org/10.1038/nature12001
http://adsabs.harvard.edu/abs/2013Natur.495..344V
http://dx.doi.org/10.1086/422311
http://adsabs.harvard.edu/abs/2004ApJ...608L..21W
http://dx.doi.org/10.1088/0004-637X/787/1/9
http://adsabs.harvard.edu/abs/2014ApJ...787....9W

Whitaker K. E.; Pope A., Cybulski R., Casey C. M., Popping G.,
Yun M. S., 2017, ApJ, 850, 208

Wold I. G. B., Barger A. J., Cowie L. L., 2014, ApJ, 783, 119

Wold I. G. B., Finkelstein S. L., Barger A. J., Cowie L. L., Rosen-
wasser B., 2017, ApJ, 848, 108

Zheng Z.-Y ., et al., 2017, ApJ, 842, L.22

Zitrin A., et al., 2015, ApJL, 810, L12

APPENDIX A: OBSERVATIONS AND DATA
REDUCTION

Tables Al, A3 and A4 present the observing logs for
WHT/ISIS, Keck/DEIMOS and VLT /X-SHOOTER obser-
vations, respectively. In Table A2 we present the best esti-

mates of the spectral and noise properties of all reduced data
for WHT/ISIS, Keck/DEIMOS and VLT/X-SHOOTER.

Al A pyTHON WHT/ISIS pipeline: WHIS

Here we present and explain in detail our PYTHON
WHT/ISIS data reduction pipeline. On a night by night
basis, the pipeline starts by identifying the different cali-
bration and science frames, and groups them appropriately.
Bias frames are median combined to produce a master bias.
All frames are then bias subtracted. Flats within the linear
regime are combined, per arm, grating and central wave-
length, after normalising each flat by its median, and then
median combined to produce different normalised master
flats. All individual raw frames are then flat fielded using the
appropriate normalised master flat. Arcs are median com-
bined per arm, grating and central wavelength to produce
master arcs. We combine arcs separately for the morning and
evening arcs because we notice that small shifts can happen
across the night.

Master arcs are used to extract the 1D arc spectra per
night, per grating and central wavelength. Arcs lines are
matched to air wavelength CU+CAr lines, matching ~ 30
spectral lines covering the full spectral range per arm. We fit
3rd order polynomials and find the rms in the wavelength
calibration solution to always be between 0.1-0.2 A with-
out any noticeable trend. We perform a final check and, if
needed, a small correction to the wavelength calibration on
a source by source basis (typically < 0.5 A) by exploring
the available sky lines obtained from the same frames as the
science targets, allowing to trace any small changes.

For each science target, we start by using the corre-
sponding acquisition star frames and bin the 2D spectrally
and spatially in order to automatically find the trace of the
star in each individual 2D spectra. We find that fitting a line
to the trace is able to trace it without any offsets along the
wavelength direction. We then use the position of the trace
in the spectral centre of the 2D as the centre of the trace
for the target. We use those to find the exact location of
the trace in the multiply offset spectra and to compute the
required offsets in pixels. We use these to subtract both star
and science spectra in sets of ABBA and to combine them.
We then obtain an average stack (we also obtain median
stacks and stacks without sky subtraction), removing indi-
vidual pixels which are more then 50 away from the average
counts, to obtain a final average stacked 2D of the science
target and its appropriate star. We then automatically find
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the trace in the star 2D spectrum and use it to extract both
the science and the star spectra. We also extract the sky
spectrum. We use the sky spectra to check the wavelength
calibration and to apply any small wavelength offsets needed
based on the calibrated ISIS spectra of OH lines. As a final
sky subtraction step, we minimise residuals from sky lines
by measuring the average counts away from the location of
the source (where the average should be zero), and subtract
those counts per resolution element. We show 2D spectra in
Figure Al.

We flux calibrate 1D spectra by using the calibration
star and taking full advantage of our observation method-
ology (of always observing a calibration star prior to each
science exposure). We use SDSS magnitudes to produce an
artificial spectrum of each star. We then compute the ratio
between total counts measured and the flux densities derived
from SDSS for each calibration star. We do this after mask-
ing all positions of strong lines (e.g. Ca HK, H§, HS, Ha)
and linearly interpolate between those wavelengths. We find
the flux calibration to be accurate within ~ 10%. By defi-
nition, due to the way we extract our science targets (using
the trace of the stars which we use for flux calibration) all
point sources will be slit corrected. We use our narrow-band
imaging to comment on the need for any extra corrections
for some of our sources which are not point-like. Our spec-
tra have a typical rms/depth of 1 —2 x 1077 ergs™" for a
200kms~! line (rest-frame) in both blue and red arms. We
show examples of 1D extracted spectra in Figure 4.

A2 Reduced 2D and 1D spectra

We release the binned 1D spectra and we show in figures
Al, A3 and A2 all the 2D spectra for our LAEs, zoomed
in at the location of the major emission lines studied in this
paper. All velocity offsets shown on the top of each figure are
in respect to Lya (here we use the redshift determined by
fitting a Gaussian to the Ly« line). Note that for some lines
and for some instrument configurations there is no coverage.

APPENDIX B: MEASURING LINES, FWHMS
AND VELOCITY OFFSETS

By fitting Gaussian line profiles, we use the width of the

line (03, ), fitted in A (rest-frame), and convert it to kms™*
using:

Oxo

0

where ¢ is the speed of light, 299792.458 kms™" and \¢ is

the rest-frame wavelength: Ao = A/(1 + z). The observed
full width at half maximum, FWps, is:

FWops,o = 2¢/2 x In(2) x 0 kms™ . (B2)

We correct our FW, s measurements for the appro-
priate instrument dispersiom/Jresolu‘cionl17 FWinst (for Lya:
100 — 200km s™') using:

kms™! (B1)

g =2=c

FWHM = \/FW3,  — FWZ,, kms . (B3)

inst

11 We estimate the instrument resolution by measuring non-
blended arc or OH lines.
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Figure A1l. Reduced 2D spectra from our WHT/ISIS observations and zoom in into the major emission lines studied here. We order
sources according to their Lya luminosity, from the more luminous at the top, to the faintest at the bottom. We use low and high cut-offs
corresponding to —1 ¢ and +2 0. We show contours corresponding to 1.5,2,3,4,5,10 ¢ in all 2D zoom-ins. Velocity offsets are given with
respect to Lya. Windows of the 2D spectra in dark represent spectral regions without spectral coverage, where no information about
the specific line is available for the specific instrument/source combination. Apart from significant Lya detections, we find one source
with strong Nv (BH-NB5-6), three sources with C1v, another three sources with Hell and 1-2 sources with O111] or Ci1]. GN-NB5-6712 is
particularly interesting, showing redshifted Clv emission (relative to Ly«) and no Hell offset; this could mean Ly« is escaping roughly at
systemic, with Civ likely indicating that this is due to an outflow likely clearing the path to Lya photons and potentially LyC photons
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Table A1l. Observing log for WHT/ISIS (as part of W16ANO004, PI: Sobral) of our luminous LAEs at z ~ 2 (from Sobral et al. 2017b)
and z ~2-3 (from Matthee et al. 2017b) observed in the Bottes and GOODSN fields. We order sources based on the predicted Ly«
luminosity from the corresponding narrow-band estimate (brightest on top, faintest at the bottom). Exposure times (ET) are the same
for the blue and red arms, and thus we do not give them individually. *BR3 and BH-NB5-16 were also observed with Keck/DEIMOS.
All the sources were confirmed as real LAEs at either z ~ 3.1 or z ~ 2.2, although note that BH-NB392-55 does not have Ly« coverage
in the observational set-up and it was confirmed by the strong presence of Civ; see e.g. Figure Al.

Target Grism ET (target) ET (star) Calib Star Date Seeing  Sky  Moon

(ID) (ks) (ks) (SDSS ID) (2016) ("
BH-NB5-4 (BR3)* R600 3.0 0.1 J143232.23+333903.7 5 May 0.9 Clear  Dark
BH-NB5-6 R300/R316 5.4 0.2 J143317.66+-335348.9 1 Jul 0.8 Clear  Dark
BH-NB392-12 R600 3.0 0.1 J143026.704-333455.4 4 May 1.0 Clear  Dark
BH-NB5-16* R300/R316 6.3 0.2 J143102.13+4-340329.1 30 Jun 0.6 Clear  Dark
GN-NB501-6712 R600 11.5 0.4 J123617.514622445.9  4-5 May 1.0 Clear  Dark
BH-NB392-55 R600 4.0 0.1 J143043.56+-340349.4 5 May 1.0 Clear  Dark
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Figure A3. Reduced 2D spectra from our VLT/X-SHOOTER observations and zoom in into the major emission lines studied here.
Sources are ordered by decreasing Lya luminosity (top to bottom). We use low and high cut-offs corresponding to —1¢ and +20. We
show contours corresponding to 1.5,2,3,4,5,10,20 ¢ in all 2D zoom-ins. Velocity offsets are given in respect to Lya. Note that there are
significant negative regions (in both flux and signal-to-noise) directly above and below the continuum and emission line detections: this
is a simple consequence of jittering along the slit, and a further check for the reliability of the detections (real detections require the
negatives up and down). We find that the most luminous LAEs are dominated by broad line AGN, with strong high ionisation rest-frame
UV lines, while such lines are much weaker or not present in the faintest among our sample, which show much narrower Ly« profiles.

For the Lya line these lead to corrections of < 100kms™!
from observed to intrinsic FWHM due to the instrument dis-
persion. Our results are presented in Table 2 and in Section
4.5.

used in this work, e.g. Table Bl in a fits format with the final
refereed paper, and also the binned spectra.

We use the best fit central wavelength of each line which
is significantly detected to obtain a redshift per line (ziine)
and to compute a velocity offset with respect to Lya by
using:

1 + ZLya

B4
1+ Zline ( )

Voffset,obs = C ( — 1) km S71
We provide tables with the measurements presented and
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APPENDIX C: CLOUDY MODELLING

We explore stellar-like ionising spectra by using a large range
of black bodies, with effective temperatures extending from
20,000 K to 160,000 K in steps of 1,000 K. We explore a wide
range of metallicities, from 0.01 Zg to 3Zg in 0.05 steps in
log space. We also vary the ionisation parameter U, from
0.00001 to 10 (—5 to 2 in log in steps of 0.2), from lower to
high ionisation parameters. We follow known relations be-
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Table A2. Final spectral and median noise properties of the
binned (typically binned by ~ 2 pixels) spectra (+100 A of A given
and excluding strong OH lines) of all reduced data for WHT/ISIS,
Keck/DEIMOS and VLT/X-SHOOTER. The lo noise levels
are in units of ergs—!cm—2 A-1. Note that in the case of X-
SHOOTER, the noise in the NIR arm can vary significantly at
the position of the strongest sky lines.

Telescope/ Arm/ A FWHM 10 noise
Instrument Grism  (nm) (kms™!) (x10718)
WHT/ISIS R600B 400 150 15
WHT/ISIS R600R 500 120 8
WHT/ISIS R600R 700 7 4
WHT/ISIS R300B 500 240 2
WHT/ISIS R316R 700 154 1
Keck/DEIMOS B 600L 500 180 0.5
Keck/DEIMOS R 600L 700 130 0.3
VLT/XSHOOT UVB 400 120 6
VLT/XSHOOT UVB 500 96 3
VLT/XSHOOT VIS 700 69 5
VLT/XSHOOT NIR 1600 67 3

tween how C/O varies with metallicity, but also run CLOUDY
for different C/O ratios allowed by current data (see Naka-
jima et al. 2017). We use densities of 100, 300 and 1000 cm 2.
Here we focus on the emerging emission line ratios. We note
that our aim is not to claim “true” physical conditions, but
rather to broadly identify which physical conditions may be
present. In our derived best physical conditions we also take
all the models within 1 o of the observed line ratios, or that
are allowed by the line ratio limits.

In order to compare with more realistic stellar mod-
els, we use BPASS (Eldridge & Stanway 2009, 2012; Stanway
et al. 2016)'? models that include stellar rotation and binary
evolution. These allow us to better constrain realistic ionis-
ing fluxes from stellar populations and to provide a link to
indicative stellar ages. Furthermore, we also explore power-
law ionising sources, which we associate with AGN, and run
those models for the same physical conditions. For many
emission line ratios the hottest black body ionising sources
become very similar to the result of a power-law ionising
source, but for the even higher ionisation lines, and for ap-
propriate choices of lines, there is still a good separation.
We note nonetheless, that naturally some of the line ratios
used to separate stellar from an AGN nature that have used
standard stellar populations do not work in the cases where
stars can have much higher effective temperatures (due to
binary interaction, winds exposing the deeper components
of the star, or rotation).

This paper has been typeset from a TEX/IATEX file prepared by
the author.

12 See also Eldridge et al. (2017).
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Table A3. Observing log for the different 3 observing nights with Keck DEIMOS (as part of program C267D; PI Darvish) for luminous
z ~ 3 LAEs in the Bottes and GOODS-N fields from Matthee et al. (2017b). Observing nights of 3 June 2016 and 7 July 2016 used a
dither pattern of +2.5”, while for the 30 July 2016 run no dithering was applied. The 3 sources after the main 8 targets were targeted
as part of C267D out of the sample of all emission line candidates (ELC) which were not Ly« selected; one turned out to be a real LAE,
while the other two are powerful quasars, selected due to significant transmission at ~ 5000 A. We also provide information and the
reduced spectra for these final 3 sources, but due to the different selection we do not include them in the main analysis of Ly« selected
sources. The final 2 sources were targeted initially as potential bright Lya candidates, and then confirmed to be [O11] emitters at z ~ 0.3,
but were not included in Matthee et al. (2017b) as LAE candidates; we list them here for completeness. Feige 66 was used as a flux
calibrator along with a source with bright enough continuum, B-NB921-198 (Matthee et al. 2017b). **For BH-NB5-34 the Ly« coverage
is partially missing along a spectral-spatial direction.

Target Mask ET (targets) Date Seeing Sky Moon Nature
(ID) (name) (ks) (2016) @) (2spec and emission line)
BH-NB5-4 (BR3)*  btm-1 5.4 3 June 0.7 Clear  Dark z =3.1 LAE
BH-NB5-10 btm-1 5.4 3 Jun 0.7 Clear  Dark z=3.1 LAE
BH-NB5-16* btm-5 7.2 30 Jul 0.6 Clear  Dark z=3.1LAE
BH-NB5-27 btm-2 4.5 3 Jun 0.6 Clear  Dark z=3.1 LAE
BH-NB5-34** btm-3 5.4 7 Jul 0.8 Clear  Dark z=3.1LAE
BH-NB5-37 btm-1 5.4 3 Jun 0.7 Clear  Dark z=3.1 LAE
GN-NB501-3378 gdsn 7.2 3 Jun 1.0 Clear  Dark z=3.2 LAE
GN-NB501-5878 gdsn 7.2 3 Jun 1.0 Clear  Dark z=3.1 LAE
B-NB501-31679 btm-1 4.5 3 Jun 0.6 Clear  Dark ELC z ~ 3 quasar (Lya)
B-NB501-25550 btm-1 4.5 3 Jun 0.6 Clear Dark ELC z ~ 4 quasar (Lya forest selected)
B-NB501-24390 btm-1 4.5 3 Jun 0.6 Clear  Dark ELC z = 3.1 Lya
BH-NB5-9 btm-1 4.5 3 Jun 0.6 Clear  Dark z = 0.3 [O11] emitter
BH-NB5-13 btm-1 4.5 7 Jul 0.6 Clear  Dark z = 0.3 [O11] emitter

Table A4. Observing log for the VLT /X-SHOOTER programs (098.A-0819 and 099.A-0254, PIs: Sobral, Matthee) for luminous LAEs
at z ~ 2.2 — 3.1 from Sobral et al. (2017b) and Matthee et al. (2017b) in COSMOS, UDS and SA22. Sources are ordered based on the
predicted Lya luminosity measured from the narrow-band data, if all were LAEs. Exposure times (ET) are given separately for each
X-SHOOTER arm/spectrograph as they vary slightly due to the different read-out times. The final column presents what each source was
found to be and the approximate redshift using Lya. Overall, out of the 11 targets, we confirm nine as LAEs, and two as contaminants,
with one being a strong [O11] emitter with no detectable continuum, and another one being a star with narrow and broad band features
which mimic those of some quasars.

Target ET UVB NIR VIS Calib. Star Dates Seeing Sky Moon Nature

(ID) (ks) (ks)  (ks) (name) (") (zspec)
SA22-NB5-14 2.4 2.6 1.6 Hip108612 28 Jun 2017 1.3 Clear Grey 2z =3.1Lya
SA22-NB5-18 2.4 2.6 1.6 Hip108612 28 Jun 2017 1.2 Clear Grey z=3.1 Ly«
SA22-NB5-10 2.4 2.6 1.6 F-110 19 Jun 2017 1.0 Clear Grey 2z =3.1Lya
CALYMHA-85 1.2 1.2 0.8 Hip033300 20 Jan 2017 1.3 Thin Grey z = 0.0 star
CALYMHA-383 0.6 0.6 0.4 Hip033300 25 Oct 2016 1.1 Clear Dark z=3.2Lya
CALYMHA-415 1.2 1.2 0.8 GD71 4 Oct 2016 1.3 Clear Dark 2z=22Lya
CALYMHA-438 1.2 1.2 0.8 Hip033300 25 Oct 2016 1.4 Clear Dark z=0.1[O1]
CALYMHA-373 12 12 8 F-110/EG274 2/22/30-31 Jul 2017 0.9 Clear Dark z=22 Ly«
CALYMHA-67 1.2 1.2 0.8 Hip033300 20 Jan 2017 0.9 Thin  Grey z=2.2 Ly«
CALYMHA-147 12 12 8 Hip039540 20 Jan, 21-23 Dec 2017 0.7 Clear Dark 2z=22Lya
CALYMHA-95 12 12 8 Feigel10 28 Dec 2017 12-13 Jan 2018 0.8 Clear Dark z=22 Ly«
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Table B1l. Measurements and constraints on rest-frame UV emission line fluxes for the sources in our final spectroscopic sample of
luminous LAEs. All emission line fluxes are given in 10717 ergs~! cm~2. Measurements and the upper and lower errors are derived
from perturbing spectra 10,000 times on each individual spectral element and (re-)fitting Gaussian/double Gaussians and obtaining the
median, 84th and 16th percentiles, respectively. For sources in which the 0.6 percentile of all 10,000 realisations results in a zero or negative
flux we assign the 99.4 percentile as the upper limit, roughly corresponding to a 2.5 ¢ limit. Fluxes do not include any slit correction.
For some sources we either do not have coverage for a specific line and/or the 99.4 percentile flux limit is above ~ 10~ % ergs™! cm—2
and thus we label those as “—” due to being completely unconstrained. vofset,obs are measured using detected lines in relation to Lya,
including those detected in the IR arm in XSHOOTER data for CALYMHA-147, 373 and 95 (based on [O111] and Ha; Matthee et al. in

prep.)

ID: Line fluxes Lya Nv Niv Criv Hen O] N Ci) Voffset,obs
(ergs~™lcm™2) (kms™1)
SA22-NB5-14 92.0749 — <14 395759 <57 <13 <11 <42 6407355
SA22-NB5-18 66.471°9 21.3735 <86 44.0177 <28 <94 <25 8.8T%4 7801350
SA22-NB5-10 86.3757 — <76  359%%% <20 <16 <36 170139 —90t3%
BH-NB5-4(BR3) 714738 <55 11795 143700 111702 15795 12702 240735, —20713)
CALYMHA-383 55.2753 < 80 <21 < 67 <15 <14 <29 < 46 —
BH-NB392-12 83.67 100 < 32 — — — — — —
BH-NB5-6 13.2112 6.2719 <14 <12 <10 <99 251788 —90t3%0
BH-NB5-10 12,7702 21753 <82 <12 2.670-3 — <0.7 <5.3 150270
BH-NB5-16 10.6703 6.6757 26798 <9.0 <06 <13 20733 <9.1 1101550
GN-NB5-6712 26.67%7 <65 92721 6672 <23 <17 — 201168
BH-NB392-55 — — <32 34770 <1 <15 — — —
BH-NB5-27 13.1703 13703 <13 <0.7 <41 <19 <28 <13  —1601339
BH-NB5-37 1071073 <138 <22 < 3.8 07753 <37 <05 <3.2 —110199,
BH-NB5-34 41707 <85 <05 8.210-6 <33 <04 <17 — 4607175
CALYMHA-147 43.0157 <18 <12 <78 <15 <23 <37 — 250719
CALYMHA-373 12.8707 <44 <26 <20 <22 <50 < 55 <12 150719
CALYMHA-415 25.5795 127795 <17 158755 <63 <5.2 — <59 —2073%0
CALYMHA-67 8.471% <11 <15 <11 <5.7 <5.2 <39 < 56 —
GN-NB5-3378 27701 <06 <10 <11 06753 <03 <19 <13  —2501780
CALYMHA-95 15.670% <11 <76 <76 <17 <6.0 <33 <10 30750
GN-NB5-5878 4T3 <05 <0.8 <02 <0.3 <0.5 <1.0 <18 —

#Lines detected 20 (100%) 6 (33%) 2 (11%) 8 (40%) 5 (25%) 1 (5%) 2 (11%) 4 (25%) —
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