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ABSTRACT

Context. Determining the strength of the Lyman continuum (LyC) and the fraction of LyC escape have implications for the properties
of the emitting sources at any redshift, but also for the re-ionization of the Universe at z > 6.

Aims. We aim to measure the LyC signal from a sample of sources in the Chandra deep field south. We collect star-forming galaxies
(SFGs) and active galactic nuclei (AGN) with accurate spectroscopic redshifts, for which Hubble Space Telescope (HST) coverage
and multi-wavelength photometry are available.

Methods. We selected a sample of about 200 sources at z ~ 3. Taking advantage of HST resolution, we applied a careful cleaning
procedure and rejected sources showing nearby clumps with different colours, which could be lower-z interlopers. Our clean sample
consisted of 86 SFGs (including 19 narrow-band selected Lya emitters) and 8 AGN (including 6 detected in X-rays). We measured
the LyC flux from aperture photometry in four narrow-band filters covering wavelengths below a 912 A rest frame (3.11 < z < 3.53).
We estimated the ratio between ionizing (LyC flux) and 1400 A non-ionizing emissions for AGN and galaxies.

Results. By running population synthesis models, we assume an average intrinsic L,(1400 A)/L,(900 A) ratio of 5 as the representative
value for our sample. With this value and an average treatment of the lines of sight of the inter-galactic medium, we estimate the LyC
escape fraction relative to the intrinsic value (fesc™(LyC)). We do not directly detect ionizing radiation from any individual SFG, but
we are able to set a 1(2)o upper limit of fesc™(LyC) < 12(24)%. This result is consistent with other non-detections published in the
literature.

No meaningful limits can be calculated for the sub-sample of Lya emitters. We obtain one significant direct detection for an AGN at
z = 3.46, with fesc™(LyC) = (72 + 18)%.

Conclusions. Our upper limit on fesc™(LyC) implies that the SFGs studied here do not present either the physical properties or the

geometric conditions suitable for efficient LyC-photon escape.

Key words. galaxies: star formation — galaxies: active

1. Introduction

The radiation at wavelengths shorter than 912 A (Lyman con-
tinuum, LyC) is produced by massive OB-type stars in young
star clusters (e.g. Avedisova 1979) and by active galactic nuclei
(AGN). At z > 2.5, it is redshifted into the optical light spectral
region and, in principle, it could be detected from the ground.
Stellar models (e.g. Bruzual & Charlot 2003; Leitherer
et al. 1999) predict that the intrinsic ratio between ionizing and
non-ionizing radiation from star-forming galaxies is less than

* Based on data obtained with the European Southern Observatory
Very Large Telescope, Paranal, Chile, under Programs 170.A-0788,
074.A-0709, 171.A-3045, 275.A-5060, and 185.A-0791.

Article published by EDP Sciences

0.2—0.5 (depending on the stellar population age, metallicity,
AGN-galaxy fraction). As a result of its energy, the LyC is very
likely to be absorbed by neutral hydrogen (HI) and dust in the
interstellar medium (ISM) or by the HI in the inter-galactic
medium (IGM). At z > 4, the IGM is completely opaque to
this radiation, and the chance of detection from Earth becomes
negligible (e.g. Madau 1995; Inoue et al. 2014). Therefore, only
the LyC signal coming from 2.5 < z < 4 sources can be detected
from the ground.

Theoretically, the production, propagation, and escape of
LyC photons are related to the physical properties of the galax-
ies. Firstly, the production of LyC radiation implies the pres-
ence of young, massive stars, and therefore of on-going star
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formation. Because of the fast recombination timescale of the
HI atoms, previous episodes of star formation have no significant
impact on the production of ionizing photons eventually escap-
ing the galaxy (e.g. Paardekooper et al. 2015). Secondly, the
propagation of LyC photons within the ISM is favoured by a neg-
ligible amount of dust and low column density of HI (N(HI) <
10" cm™2) in a 10-pc scale region around the emitting star clus-
ters. This could be the case for galaxies embedded in dark-matter
halos with masses less than 103 My (Yajima et al. 2011; Wise
et al. 2014; Paardekooper et al. 2015). However, even galaxies
residing in more massive halos can have lines of sight favourable
to the propagation and the escape of LyC photons (Gnedin et al.
2008; Roy et al. 2015). Supernova explosions could have cleared
their ISM, and star-formation episodes could occur in their out-
skirts. In addition, “runaway” OB stars up to 1 kpc away from the
initial-origin regions are proposed to significantly contribute to
the amount of LyC photons finally emitted into the IGM (Conroy
& Kratter 2012). Thirdly, LyC photons emitted into the IGM can
affect the galaxy environment, changing the ratio of neutral vs
ionized gas, eventually fuelling the ISM (e.g. Martin et al. 2012,
for a study of ionized-metal outflows and inflows). Simulations
at intermediate redshift have shown that the LyC escape fraction
(fesc(LyC)) steeply decreases as the dark-matter halo mass (My)
increases at 3 < z < 6 (e.g. Yajima et al. 2011) and that the me-
dian fesc(LyC) also changes with redshift at z = 4-6 (e.g., Cen
& Kimm 2015). It is worth stressing that while some authors find
that the LyC escape fraction decreases with the increase in the
halo mass (see also Ferrara & Loeb 2013), other works find the
opposite trend: fesc(LyC) is found to range from a few percent
(e.g. Gnedin et al. 2008) up to 20-30% (e.g. Mitra et al. 2013)
or even higher (e.g. Wise & Cen 2009).

Searches for LyC emission from galaxies have been very dif-
ficult so far. In the local Universe, two galaxies have been ob-
served to be ionizing-radiation emitters. One is Harol1, a blue
compact and metal poor (oxygen abundance 12+log(O/H) =7.9)
galaxy at z = 0.02, characterized by M(HI) < 108 M, (Bergvall
et al. 2006). It is composed of three main young (<40 Myr old)
star-formation clumps, probably experiencing a merging event.
Leitet et al. (2011) estimated that ~17% of the intrinsic LyC flux
escapes Harol1 (see also Bergvall et al. 2013, for the method).
A comparable value was estimated by Leitet et al. (2013) for a
second blue galaxy, Tol 1247-232, which is also characterized
by low metallicity and low dust content.

At z ~ 0.24, Borthakur et al. (2014) discovered a similarly
blue galaxy, J0921+4509, that could have a LyC escape fraction
of (21 £5)%. J0921+4509 is characterized by a moderately high
stellar mass (10'%% M), metallicity (12+1log(O/H) = 8.67), and
a moderate star-formation rate, SFR = 55 M, yr‘l. However,
the analyses of hard X-ray and radio emissions of this galaxy
did not exclude the possible contribution by an AGN (Jia et al.
2011; Alexandroff et al. 2012).

At 0.3 < z < 3, not one undisputed detection of LyC from a
pure star-forming galaxy exists. Bridge et al. (2010) found one
LyC leaking galaxy with an active galactic nucleus at z ~ 0.7
(~15% of the intrinsic LyC), but no LyC signal from pure star-
forming galaxies. Siana et al. (2010) searched for LyC emission
in starburst galaxies at z ~ 1.3, but found no emission from any
of them. Iwata et al. (2009), Nestor et al. (2013), and Mostardi
et al. (2013) compiled samples of a few LyC emitter candidates
among z ~ 3 UV-continuum-selected star-forming galaxies and
narrow-band-selected Lyman alpha emitters. A LyC signal from
individual sources was estimated by measuring the flux in nar-
row bands, covering the ~900 A rest frame. However, the con-
tamination from nearby lower-z neighbours was not considered
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on the object-by-object basis in these samples, and this could
have led to false detections (Siana et al. 2015; Mostardi et al.
2015). Vanzella et al. (2010a), Boutsia et al. (2011), and Grazian
et al. (2016) analysed large samples of z ~ 3 star-forming galax-
ies with secure redshift, without providing any significant de-
tection. A promising LyC detection comes from Ion2, a galaxy
at z ~ 3.218, studied in Vanzella et al. (2015), de Barros et al.
(2016), Vanzella et al. (in prep.).

The total number of sources investigated in these high-
redshift studies is quite high, but not all of the analysed star-
forming galaxies have homogeneous archival data. In particular,
only some of them have Hubble Space Telescope (HST) cover-
age and multi-wavelength photometry, which is essential to iden-
tify nearby low-redshift contaminants. As shown by Vanzella
et al. (2012a), one of the main limitations of LyC studies is the
difficulty of identifying low-redshift contaminants, which can be
responsible for a false LyC signal. Siana et al. (2015) reached the
same conclusion after following up five LyC emitter candidates
that were previously photometrically selected through narrow-
band imaging (see also Mostardi et al. 2015).

The direct detection of LyC photons also has implications
for understanding the origin of the re-ionization of the Universe
at z > 6 and which objects keep it ionized at z ~ 6. It is still
uncertain if galaxies or AGN were the main drivers of the re-
ionization. The uncertainty depends on the fact that we still have
not observed exactly how ionizing radiation escapes from in-
dividual galaxies. However, the average ionization rate of the
Universe has been estimated by studying the Lya forest on
the line of sight of bright sources and the physical properties
of the high-redshift IGM (e.g. Haardt & Madau 2012; Becker &
Bolton 2013). Depending on the redshift, either galaxies or AGN
have been considered the main sources of the ionization.

A Lyman continuum from an AGN is observed in many cases
(e.g. Cowie et al. 2009; Stevans et al. 2014; Worseck et al. 2014;
Lusso et al. 2015; Tilton et al. 2016), but the number of bright
AGN significantly decreases at z > 3 (e.g., Fan et al. 2006).
However, Giallongo et al. (2015) evaluated the luminosity func-
tion of faint AGN at z = 4—6.5. They demonstrated that the AGN
population in their sample could produce ionization rates com-
parable with those required to keep the IGM as ionized as the ob-
served Lya forest of similar-redshift quasar spectra. Despite this,
the majority of the studies still support the idea that low-mass
star-forming galaxies (below the current survey detection lim-
its) are the most probable sources of the re-ionization (Duncan
& Conselice 2015; Dayal et al. 2015; Robertson et al. 2015). A
few rare cases of more massive galaxies with active phenomena
of feedback could also contribute, and we may have the chance
to find galaxies like them by exploring large samples at z < 4
(see also Chardin et al. 2015).

Finally, it is important to consider the fact that the physical
properties of galaxies/AGN and their LyC escape fraction at the
epoch of re-ionization in turn could be different from those at
2 < z < 4. Duncan & Conselice (2015), for instance, showed
that star-forming galaxies at z > 6 could be bluer and therefore
able to produce a larger number of ionizing photons than at in-
termediate redshift.

In this work, we start from sources with secure redshift,
since photometric-redshift samples always contain some inter-
lopers. This can be achieved by starting with large spectro-
scopic samples, such as VUDS (the VIMOS Ultra Deep Survey,
Le Fevre et al. 2015) and the ESO-GOODS master catalogue;
then we analyse images at the resolution of HST to eliminate
close-by possible lower-z contaminants, and take advantage of
multi-wavelength photometry and HST images to correlate the
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Table 1. Properties of the narrow bands covering Lyman continuum signal at 860 < 1 < 912 A.

NB filter INSTR/TEL 3odet lim 3odet lim Aper diam(”) fractional signal of PS ~ PSF
(FWHM)
(1” radius)  (PSF/2 radius)  highest S/N of PS within Aper diam
NB3727  MOSAICII/CTIO4m 26.19 26.71 1.4” 0.390 1.4”
(50 A)
NB-L-387 SupCam/Subaru 26.90 28.20 0.8” 0.374 0.74”
(110 A)
NB388 FORS1/VLT 27.64 29.08 0.8” 0.338 0.80”
(37A)
NB396 WFI/LaSilla2.2m 26.53 27.43 1.0” 0.398 0.94”
(129 A)
LyC signal with physical and morphological properties (see also o
Bogosavljevi¢ 2010). The scope is to measure either a direct = e oSACIGCTIO TN

LyC signal or a reliable LyC upper limit for our sample of star-
forming galaxies, free of contamination from low-z interlopers.

The paper is organized as follows. In Sect. 2 we present the
data and the selection of our sample of star-forming galaxies and
AGN, in Sect. 3 we describe the method used to estimate the
LyC signal, in Sect. 4 we collect the archival properties of our
sample, in Sects. 5 and 6 we show our results and discuss them,
and we summarize our work in Sect. 7. Throughout the paper we
use AB magnitudes.

2. Data and sample selection

We measured the LyC flux in narrow-band filters that cover the
rest-frame wavelength range of 860 < 1 < 912 A. We started
from a sample of photometrically selected star-forming galaxies
that are spectroscopically confirmed. This ensures that we avoid
the contamination that is often present when only photometric
redshifts and/or narrow-band selections are available. With this,
we built a sample of star-forming galaxies and AGN with accu-
rate redshift, and we required the availability of at least two HST
broad bands to be able to identify low-z interlopers by eye.

2.1. Narrow-band filters

The narrow-band filters we considered for measuring the
LyC flux are NB3727, NB387, NB388, and NB396. They cover
the wavelength range between the U and B bands (Table 1 and
Fig. 1). For the images obtained in these filters, we measured
a seeing PSF between 0.7 and 1.4”, and 30 detection limit be-
tween 26.7 and 29.1 mag. The PSF and detection limits were ob-
tained by following the prescription described in Gawiser et al.
(2006) and Guaita et al. (2010).

The four narrow-band observations were originally designed
for different surveys, as explained below

The NB3727 image was obtained with the MOSAICII instru-
ment at the Cerro Tololo Interamerican Observatory (CTIO) for
a total exposure time of 36 h (36 exposures of 1 hour each); it
was reduced and analysed by Guaita et al. (2010). It covers a to-
tal area of 31.5" X 31.5’. The E-CDFS was imaged with NB3727
to detect Lyman alpha (Lya) emitters at z ~ 2.1. This narrow
band samples the LyC for sources at 3.11 < z < 3.30.

For the other three narrow bands, raw images were recovered
from telescope archives and reduced as explained in Sect. 2.1.1.

[y
0.4(... NB387, SupCam@SUBARU R 1

= = NB396 WFl@LaSilla2.2m 1 .

Z 0.3}{—— NB388 FORS@VLT 1 1
. K "
'

4000 7100 4200

3500 3600 3700 3800
M A]

0.3

0.2

—— NB3727, MOSAICI@CTIO

= = NB396 WFI@LaSilla2.2m
— — spectrum at z=3.53 Il
—— spectrum at z=3.30

0.1

Lmmmme=

3500 4600 45‘00 50L00 5;00 6000
AA]

Fig. 1. Upper panel: narrow-band filter transmission curves, convolved
with the instrument characteristics. They are not affected by the red leak
in the optical wavelength coverage. Lower panel: NB3727 and NB396
together with two synthetic spectra of star-forming galaxies, obtained
by running BC0O3 models at sub-solar metallicity and extracting a stel-
lar population of 10 Myr. The solid (dashed) red line corresponds to a
spectrum redshifted to z = 3.30(3.53).

The NB387 image was obtained with SuprimeCam at Subaru
telescope for a total exposure time of 8.5 h; NB387 is the narrow-
band filter used in Nakajima et al. (2012) to probe Ly« emission
lines at z ~ 2.2. We focused on the central area of NB387 im-
age, where astrometry is of better quality (see Sect. 2.1.1). This
narrow band samples the LyC for sources at 3.33 < z < 3.43.

The NB388 image was obtained with the FORS1 instrument
at the VLT for a total exposure time of 17 h; the NB388 filter was
also used by Hayes et al. (2010) to probe Ly« emission lines at
z ~ 2.2. It samples the LyC for sources at 3.28 < z < 3.49. The

image area is about 12 arcmin’.

The NB396 image was obtained with the WFI instrument at
the ESO 2.2 meter telescope at La Silla for a total exposure time
of 13 h; this filter covers the Lya emission line at z ~ 2.25 (like
in Nilsson et al. 2009). We focused on the central area of the
NB396 image (see Sect. 2.1.1). This narrow band samples the
LyC for sources at 3.41 < z < 3.53.

The area covered by the four narrow-band images is shown
in Fig. 2.
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Fig. 2. Area in E-CDFS covered by the four narrow-band images. The
image obtained with NB3727 covers the entire E-CDFS area of 30" X
30/, the other images a part of it. The blue and green squares indicate the
area of E-CDFS and are coloured as the transmission curves in Fig. 1.

2.1.1. Reduction of archival narrow-band images

The raw images in the NB387, NB388, and NB396 bands were
processed as described by Nonino et al. (2009). The only dif-
ference is the final stacking of the individual frames because
we here adopted the SWARP software (Bertin et al. 2002).
Astrometry calibration was performed by considering a cata-
logue of sources detected in the VIMOS B-band image, which is
available as part of CANDELS.

Flux calibration was performed by using a set of stars from
the CANDELS catalogue (Guo et al. 2013), together with a set
of star templates (Pickles 1998; Gunn & Stryker 1983). The star
templates were convolved with the narrow-band filter transmis-
sion curves to obtain their narrow-band magnitudes. The spectral
energy distributions of CANDELS stars were fitted with the tem-
plates. From the best fit, we inferred the true narrow-band mag-
nitudes of the stars. We measured observed narrow-band mag-
nitudes of CANDELS stars by running the IRAF task PHOT
(aperture radius equal to 5”) on our narrow-band images. The
narrow-band zero points was then calculated as the difference
between the true and the observed narrow-band magnitudes. We
applied a Galactic correction of the order of 0.02—0.03 mag
(Schlafly & Finkbeiner 2011) for the reddest and bluest fil-
ter, respectively, at E-CDFS coordinates. The zero-point error
is about 10%.

2.2. Spectroscopic sample and HST coverage

A large number of measured redshifts is available in the ex-
tended Chandra Deep Field South (E-CDFS). We considered
redshifts of continuum-selected star-forming galaxies from the
ESO GOODS/E-CDFS master cataloguel, including the com-
pilations of ESO-GOODS/FORS2 (Vanzella et al. 2008, and
references therein) and ESO-GOODS/VIMOS (Popesso et al.
2009; Balestra et al. 2010, and references therein). We included

! http://www.eso.org/sci/activities/garching/projects/
goods/MasterSpectroscopy.html
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redshifts from the GOODS-MUSIC (Multi-wavelength south-
ern infrared catalog, Grazian et al. 2006; Santini et al. 2009),
CANDELS (cosmic assembly near-infrared deep extragalactic
legacy survey, Grazian et al. 2015) surveys, and the most recent
compilation used in this paper. We also incorporated data from
VUDS (VIMOS Ultra-Deep Survey, Le Fevre et al. 2015) using
the VUDS Data Release 1 (Tasca et al., in prep.), which encom-
passes about one third of the final sample, and a few redshifts
from the test run of VANDELS? (a deep VIMOS survey of the
CANDELS UDS and CDEFS fields), a recently approved pub-
lic survey (PI L. Pentericci and R. McLure). In all cases we only
considered the most secure redshifts. For example, for VUDS we
used the reliability flags 3 and 4, corresponding to a probability
greater than 95% for the redshift to be correct, supplemented by
flags 2 and 9, corresponding to a probability of about 80% for the
redshift to be correct, only when the photometric redshift agrees
with the measured spectroscopic redshift (Le Fevre et al. 2015).
We finally added narrow-band selected Lya emitters, spectro-
scopically confirmed during MUSYC (Multi-wavelength survey
by Yale-Chile, Gawiser et al. 2006) follow up. Throughout the
paper, we use the acronym SFGs for continuum-selected star-
forming galaxies and LAEs for Lya emitters.

The catalogues by Xue et al. (2011) and Fiore et al. (2012)
were used to identify X-ray detections and to isolate AGN.

We compiled an initial sample of about 200 sources at 3.11 <
7 < 3.53in E-CDFS. A few (~15) of the sources were previously
studied by Vanzella et al. (2010a, 2012b,c), including the LyC
candidate, Ton2 (Vanzella et al. 2015), which is at the redshift
covered by our shallowest narrow-band image, however.

GOODS-S is part of CANDELS? and thus every source has
multi-wavelength photometry, from VIMOS U and B, through
HST F435W to F160W, through HUGS (Hawk-I UDS and
GOODS survey) Ks to Spitzer IRAC 8.0 um bands.

The HST data in E-CDFS were obtained within GEMS
(Galaxy Evolution from Morphology and Spectral energy dis-
tributions, Rix et al. 2004) in HST/ ACS F606W and F850LP.
Multi-wavelength photometry is also available for the extended
area, and it includes HST and ground-based fluxes (Cardamone
et al. 2010; Hsu et al. 2014).

In Table 2 we list the number of galaxies initially selected in
the corresponding redshift bin for each narrow-band filter, cho-
sen according to the narrow-band filter transmission curves; the
number of galaxies within the area covered by each narrow band;
and the number of galaxies in clean regions (see Sect. 3.1).

3. Measuring the LyC signal: method

In this section, we present the method used to estimate the LyC
escape fraction.

Vanzella et al. (2010b) discussed in detail the role of fore-
ground contamination in estimating the LyC radiation from
galaxies at z > 3. To reduce the contamination from nearby
sources, we performed a cleaning procedure (Sect. 3.1). We
measured LyC fluxes only for sources that passed the three
steps of the procedure, and we adopted as non-ionizing flux the
HST/ACS F606W band flux from the CANDELS and GEMS
catalogues. This band covers the UV rest-frame wavelength
of 1400 A at the redshift considered here. The LyC flux was
measured by running Source Extractor (SExtractor, Bertin &
Arnouts 1996) on the narrow bands at pre-defined positions.

2 http://vandels.inaf.it
3 http://candels.ucolick.org/
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Fig. 3. Example of a source rejected in the first step of our cleaning procedure, object ID_CANDELS=5164 (z = 3.403). Every stamp covers
6” x 6”. From the top left we show the following filter cut-outs: B435, V606, 1775, z850, J125, H160, CANDELS detection segmentation map,
and NB387. The green circle has a radius equal to the PSF in NB387. Object ID_CANDELS=5197 (on the left, zphot_CANDELS = 2.00 + 0.05)
would be blended with ID_CANDELS=5164 and ID_CANDELS=5166 (object at the bottom right, zphot CANDELS = 0.47 +0.13) in a ground-
based image with PSF as large as that of NB387. In the NB387 stamp we see emission coming mainly from the lower-z source on the left-hand

side of our target.

Table 2. Number of star-forming galaxies with robust redshift.

NB filter zrange N. gal within ~ N. gal within N. gal in
CDF-S zrange’ NB area clean regions

NB3727°  3.11 <z<3.30 88 88 45
NB387 333 <z<343 29 21 7
NB388 328 <z<349 68 22 9
NB396 341 <z<3.53 59 47 25

Notes. @ Some of the sources corresponding to different NB ranges
overlap. ® The number includes continuum-selected star-forming
galaxies and narrow-band selected LAEs (19 in clean regions).

SExtractor configuration parameters for background, source
extraction, and optimal photometry were obtained following
Guaita et al. (2010). Optimal aperture diameters were defined
as those that allowed the highest signal-to-noise ratio for point
sources, and the corresponding fractional-to-total signal was cal-
culated from the curve of growth of bright stars.

Narrow-band photometry can be performed with two meth-
ods. In the first method, we can optimize SExtractor detection
and build narrow-band detection catalogues by adopting opti-
mized configuration parameters. We can then search for matches
between our targets and all the sources detected in narrow band.
This method was used in the literature to take into account a
possible offset (observed up to 10 kpc) between ionizing and
non-ionizing emissions (e.g. Mostardi et al. 2013). These oft-
sets could be observable if special channels for the escape of
LyC photons are opened in an off-centre star-formation clump.
But the method is sensitive to the contamination by nearby
sources, which could be located exactly in the position of a
matched object. By applying it before cleaning the sample, low-
z sources within the ground-based PSF area are indeed identified
as matches.

In the second method, which we adopted here, we measure
narrow-band flux at the position of the source with secure red-
shift (e.g. Vanzella et al. 2010a; Boutsia et al. 2011), by run-
ning SExtractor in double mode. As a detection image we create
a narrow-band image by injecting artificial bright stars (IRAF
artdata.mkobject) at the position of the sources. The original
narrow-band images are then used for aperture photometry. We

chose the optimized apertures (Table 1) that have the advantage
to be small enough to additionally reduce the contamination
from nearby sources.

The optimized-aperture flux was translated into the total flux
by dividing it by the fractional signal (Table 1). This total flux is
the LyC flux we refer to throughout the paper. The observed flux
ratio for every source was then calculated as the ratio between

LyC and HST/ACS F606W band flux densities, L5

The ratio was corrected for the effect of the IGM by dividing
it by the IGM transmissivity, exp(—Tigm,). From the observed
flux ratio, we can estimate the fesc(LyC) relative to the intrinsic
value,

feSCrel(LyC) = LV(1400)/LV(900)W, (1)
exp(—Tigm,z)

where the unknowns are the intrinsic L,(1400)/L,(900) and
exp(-Tigm.z) (Sect. 3.2).

In the following subsections, we describe the cleaning pro-
cedure in detail and derive the unknowns of Eq. (1).

3.1. Cleaning procedure

We applied a procedure to identify the final sample of galaxies
for which we performed measurements of LyC escape fraction
by removing the galaxies with possible projected contamination
on an object-by-object basis. We started this procedure with the
total sample of 178 galaxies selected in Sect. 2.2. Of these, 35%
of the SFGs are only covered by GEMS imaging and 65% fall
within the area covered by CANDELS; 70% of the LAEs fall
outside the CANDELS area. The cleaning procedure was per-
formed in the following steps.

We first checked that no other source in the
CANDELS/GEMS photometric catalogue is centroided
within the size of narrow-band PSF full width at half maximum
around the centroid of the candidates. In total, this first step of
the cleaning removed 70 of the 178 in our sample. An example
of a source removed during this step is shown in Fig. 3.

Because the success or failure of the first step for our pur-
poses depends sensitively on the deblending that is set to gen-
erate the various catalogues, the second step of our process is
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Fig.4. Examples of sources rejected in the third step of our cleaning procedure. Left: Blz colour cut-outs of a narrow-band selected LAE
(ID_CANDELS=23527, z = 3.116). The green circle has a radius equal to the NB3727 PSF full width at half maximum. The stamp covers
about 4” X 4.5”. See Appendix A for the details on each clump. Right: object ID_ECDFS=42881 (z = 3.16). It is found in the GEMS catalogue.
From the left V, z, and V — z, stamps taken from GEMS images. The stamps cover an area of about 2" x 1.5”. The red contours represent levels
equal to 4,7, and 10 times the value of background. This AGN is excluded from our sample because a source lies on top of it.

the direct inspection of the HST images. For galaxies that al-
low it, we inspect cut-outs in all of the available CANDELS
HST bands®*. For the remainder of our sample, we inspected the
HST/ACS V606 and HST/ACS F850LP from GEMS. The pur-
pose of this inspection is to separate isolated, single-component
sources from those with multiple components. The former are
retained in our sample without further scrutiny, the latter are
flagged and are analysed in the third stage of our cleaning
process.

The final stage of our cleaning procedure begins with gen-
erating colour images of each multi-component source selected
in the previous step and examining each sub-component. We use
the IRAF task IMSTACK to generate colour images in BVi, BVz,
BIz, VIz, and V — z for the galaxies that were imaged as part
of CANDELS. For sources outside the CANDELS area, only
V — zimages were generated. An individual knot with apprecia-
bly different colours with respect to the main galaxy component
is likely to be an interloper, which means that generating these
images allows us to reject these contaminated sources from the
sample (Vanzella et al. 2012a; Siana et al. 2015). However, the
situation is slightly more complex as sub-components (hereafter
clumps) belonging to the same galaxy can be redder or bluer than
the main component of the galaxy, depending on the properties
of their stellar populations, dust, and the presence and strength
of emission lines falling within the broad-band filters. For this
reason, we performed an SED fitting of individual clumps for
eight star-forming galaxies for which the analysis was possible
(i.e. within the CANDELS area, see Appendix A for details).
For each clump we obtained the best-fit photometric redshift
and checked whether the SED was consistent with the spec-
troscopic redshift coming from the integrated spectrum of the
dominant source. We find that clumps with colours very similar
(A(B-V) < 0.1, A(V - 2) < 0.1) to that of the main compo-
nent are always consistent with being at the spectroscopic red-
shift. However, we also find three cases where, despite relatively
large colour offsets (A(B — V) ~ 0.4 and A(V — z) ~ 0.2), the
SEDs of the clumps are consistent with the clumps being at
the same redshift as their main component. Three of the eight
multi-component objects were removed from our sample be-
cause they are surrounded by different redshift neighbours. This
proves the importance of having complete HST photometry to
study LyC candidates.

4 Throughout the paper, we abbreviate the HST ACS/F606W and
F850LP bands as V606 and z850, respectively, and the ACS/F435W
and F814W as B435 and 1814, respectively, for simplicity.
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Fig. 5. Example of a source kept in the third step of our cleaning pro-
cedure, object ID_CANDELS=6839 (z = 3.2078). From the top left
BVi, BVz, Blz, VIz stamps taken from CANDELS mosaic images. The
stamps cover an area of about 2”” X 1.5”. See Appendix A for the details
on each clump.

For sources that are only covered by GEMS data, we were
unable to perform the complete SED fitting analysis. Therefore,
we relied on colour criteria to estimate the contamination for
these sources (A(V — z) < 0.2). The analysis presented in
Appendix A suggests that relying on colours alone may be a
too conservative approach because it tends to overestimate the
number of contaminated sources. Despite this, we decided to
adopt it because the purity of our sample is our primary con-
cern. The presence of contaminants is the most worrying aspect
in the search for LyC emitters (Vanzella et al. 2012a; Mostardi
et al. 2015).

After imposing the colour cuts discussed above, we ex-
cluded an additional 22 sources. Figure 4 shows an example of
a narrow-band-selected LAE rejected at this step. The V- and
z-band images and a V — z colour image obtained from GEMS
imaging for an AGN excluded during this step are also shown
in Fig. 4. It is clear from the inspection of the images that there
is another component in addition to the main source. This sec-
ond source contaminates the narrow-band (PSF full width at half
maximum equal to 1.4”) flux of the main source, which was
classified as AGN according to the criteria reported in Hsu et al.
(2014). Figure 5 shows an example of a multi-component source
kept in the sample because it is composed of two clumps with
similar colours (see also Appendix A).
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The number of objects left in our sample from the cleaning
procedure is 86 galaxies (their distribution in CANDELS/GEMS
areas is listed in Tables B.1 and B.2). From here on, we refer to
this sample as the clean sample. For sources at a redshift sampled
by more than one narrow band, we adopt the deepest narrow-
band image to attempt to measure possible LyC signal. We also
study eight AGN in clean regions (see Sect. 4.2).

3.2. Intrinsic L, (1400)/L,(900) ratio and intergalactic-medium
transmissivity

We now proceed to estimate the intrinsic L,(1400)/L,(900) value
and the intergalactic-medium transmissivity, exp(—Tigm.), at
3.11 <z<3.53.

The effective wavelength of the V606 filter corresponds to
A = 1400 A for the redshift covered on average by our narrow-
band filters. The intrinsic L, (1400)/L,(900) of galaxies depends
on initial mass function (IMF), star-formation history (SFH),
metallicity (Z), stellar-population age, and star properties. For
AGN, it depends on the hardness and the obscuration of their
spectrum. For mixed SFG/AGN populations, it depends on the
relative contribution of the two components and on all the other
effect listed above.

Table 3 summarizes the intrinsic ratios between non-ionizing
and ionizing flux densities for a variety of galaxy physical prop-
erties and stellar population models. Since the emission in the
rest-frame UV can strongly depend on the stellar evolutionary
tracks and on the stellar atmosphere assumptions, we explore the
intrinsic ratio adopting the BCO3 (Bruzual & Charlot 2003), the
STARBURST99° (Leitherer et al. 1999), and the BPASS® (binary
population and spectral synthesis, Stanway et al. 2016) codes.

Stars with rotations that are located in binary systems
can produce more ionizing photons than is expected for non-
rotational, isolated stars (e.g. Levesque et al. 2012; Eldridge
2012). Therefore, they can in principle reduce the intrinsic
L,(1400)/L,(900) value.

Evolutionary tracks of stars with rotation are implemented
in STARBURST99. However, as explained in Leitherer et al.
(2014), those models consider rotational velocities that might
be too extreme. A more realistic experiment might be ob-
tained by considering 70% of evolutionary tracks with high ro-
tational velocity and 30% of evolutionary tracks without rota-
tion (70%ROT+30%noROT in the table, Levesque et al. 2012).
We estimated the intrinsic ratios by varying evolutionary tracks
(from the Padoval994 tracks to the Geneva tracks with the
GenevaV40 and without the GenevaV00 implementation of stel-
lar rotations, Leitherer et al. 2014), and we also performed some
tests by varying metallicity, IMF, and stellar atmospheres.

As pointed out in Leitherer et al. (2014), 50% of the mas-
sive stars are in binary systems and experience evolutionary pro-
cesses that might alter the expected number of ionizing photons.
Binary evolution also extends the period of ionizing-photon pro-
duction, mainly at low metallicities, and so it is worth consid-
ering them in the studies of the re-ionization of the Universe.
As described in Stanway et al. (2016, and references therein),
the increase in the production of ionizing photons that is due to
binary systems is significantly lower than that produced by rota-
tion models, such as the GenevaV40. We followed Nestor et al.
(2013) and compared the previous intrinsic ratio estimations

5> http://www.stsci.edu/science/starburst99/docs/
parameters.html
® http://www.bpass.org.uk/

Table 3. Intrinsic non-ioniziang versus ionizing radiation ratio.

IMF SFH Z  Age  L,(1400)/L,(900) Evol Track, Stel Atm
Zs Myr

BCO03 Padova94, KBFA

Chab cSFR 0.02 1 1.76

Chab cSFR 0.02 10 341

Chab cSFR 0.02 100 597

Chab cSFR 0.02 1000 7.06

Chab 7=01Gyr 0.02 100 7.10

Chab 7=-0.1Gyr 0.02 100 5.27

Chab cSFR 1 1 1.94

Chab cSFR 1 10 4.28

Chab cSFR 1 100 6.43

Chab cSFR 1 1000 6.86

Salp cSFR 1 100 6.71

BPASS_v2 single+binary, BaSeL. POWR
Salp cSFR 1 100 4.62
STARBURST99

Salp cSFR 1 100 524 Padova94,PH

Salp c¢SFR ~1 100 4.62 GenevaV00,PH

Salp cSFR ~1 100 3.28 GenevaV40,PH

Salp cSFR ~1 100 3.63 70%ROT+30%noROT,PH

Stel+AGN

2.76 AGN-dominated
7.04 obscured AGN-dominated
2.66 AGN-dominated
2.35 theoretical AGNW

Notes. Intrinsic L,(1400)/L,(900) ratios obtained from different stel-
lar population models: the BCO3, assuming different initial mass func-
tions (Salpeter, Salp, and Chabrier, Chab), star-formation histories (con-
stant, cSFR, exponentially declining with 7 = 0.1Gyr, exponentially
rising with 7 = —0.1Gyr), metallicties (Z, and 0.02 X Z;), and stellar-
population ages; the BPASS (Binary Population and Spectral Synthesis
code Stanway et al. 2016); the STARBURST99 models. We consider a
range of wavelengths around 900 A and 1400 A, comparable to that
covered by the narrow-band and the HST/ACS F606W filters in the rest
frame, to estimate the average L,. As described in Bruzual & Charlot
(2003), BCO3 provides the spectral energy distribution of stars obtained
from a comprehensive library of theoretical model atmospheres (KBFA
in the table). The library consists of Kurucz (1996) spectra for O-K
stars, Bessell et al. (1991) and Fluks et al. (1994) spectra for M gi-
ants, and Allard & Hauschildt (1995) spectra for M dwarfs. In BPASS
the stellar evolutionary tracks contain a contribution from isolated stars
and binary systems. Also, the stellar atmosphere models are selected
from the BaSeL v3.1 library (Westera et al. 2002), supplemented by
Wolf-Rayet stellar atmosphere models from the Potsdam PoWR group
(Hamann & Grifener 2003). With STARBURST99, it is possible to gen-
erate SEDs assuming a bunch of stellar evolutionary tracks, including
stars with and without rotation (GenevaV40 and GenevaVO00 respec-
tively, Leitherer et al. 2014), and stellar atmospheres (the combina-
tion of model atmosphere from Pauldrach et al. 1998; Hillier & Miller
1998, is the recommended option). The 70%ROT+30%noROT entry in-
dicates a model that is a combination of GenevaV40 for the 70% and
GenevaVO00 for the 30% (Levesque et al. 2012). The GenevaV40 and
GenevaV00 tracks were released for metallicity equal to Z = 0.014
(~Z, Eldridge 2012). The change in the intrinsic ratio due to the differ-
ent evolutionary tracks and stellar atmospheres is shown for a Salpeter
IMF, Z,, cSFR, and 100 Myr old stellar population. In the bottom part
of the table, we report the ratios calculated from the best fit templates
of AGN (Bongiorno et al. 2012), in which the SEDs are dominated
by the radiation coming from an (un-)obscured AGN. ) The intrinsic
L,(1400)/L,(900) ratio for an unobscured Typell AGN can be as low as
2.35 (Richards et al. 2006). In the estimation of the ratios we take into
account the HI absorption occurred in star atmospheres, but we neglect
that within the interstellar and circum-galactic medium.

with those from BPASS version v2.0 (Salpeter IMF, constant
SFR, Z, 100 Myr age).

Our tests show that the strongest change in the intrinsic
L,(1400)/L,(900) ratio is due to the age parameter. Variations
with metallicity are only lower than 10% in BC03. Different star-
formation histories create variations of the order of 20—-30%.
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Including binary stars in BPASS produces changes in the
intrinsic ratio of up to 60% with respect to BC0O3 for ages
of 100 Myr. Within STARBURSTY9, changing the evolutionary
tracks (Padova94 vs. GenevaV00) produces variations of 20%
at the same age, while including rotation models reduces the in-
trinsic ratio of 30(70%ROT+30%noROT) to 40(GenevaV40) per
cent. The variation caused by the IMF is negligible within BC03
and is up to 20% in general. Finally, the change of stellar atmo-
sphere models causes L,(1400)/L,(900) to increase or decrease
by less than 20% within STARBURST99 and between BC03 and
STARBURST99.

In conclusion, as a result of different evolutionary tracks and
stellar-population models, the intrinsic ratio can present a 60%
uncertainty. In particular, for a Salpeter IMF, constant SFR, solar
metallicity, and 100 Myr age, it can vary from 3 to 6, while for
ages of a few hundreds of Myr, it can increase up to 8. We would
like to stress that the intrinsic ratio is a multiplicative constant in
the expression of the fesc™ (LyC). By changing its value, it is
possible to simply re-scale the fesc™(LyC), depending on the
assumptions, to compare with other works. For this reason, we
assumed an intermediate value of 5 as representative for our en-
tire sample of star-forming galaxies. The value of 5 is strictly
related to the assumptions of a Salpeter IMF and constant SFR,
which is most frequently used in the literature and is the easiest
to be compared with.

We also calculated the intrinsic ratios corresponding to
the physical parameters listed in Tables B.1 and B.2. To estimate
the galaxy physical parameters in the tables, we considered the
BC03 models (Chabrier IMF) because they are among those that
better reproduce the majority of the galaxy properties both in the
UV and in the NIR (Zibetti et al. 2013, and references therein).
They well reproduce the entire SED of intermediate-mass galax-
ies, like those studied here (Santini et al. 2015). In addition to
this, with the BC0O3 code we are able to consider constant, ris-
ing, and declining star-formation histories, which include quite
a wide variety of histories (they also mimic more than one single
population).

Under the assumption of a BC03 declining tau model, the
range of intrinsic L,(1400)/L,(900) ratios is 4—16 for the galax-
ies (SFGs and LAEs) studied here, characterized by a median
age of 300 Myr.

We refer to Bongiorno et al. (2012) to infer the expected
L,(1400)/L,(900) ratio for AGN. They presented the observed
SEDs of un-obscured and obscured AGN and also showed how
typical templates vary as a result of the host galaxy obscura-
tion (their Figs. 4 and 2). The largest possible AGN contribu-
tion in the LyC regime produces a L,(1400)/L,(900) = 2.35. A
typical AGN-dominated source can have a ratio of 2.6. Since
the observed values already contain the IGM contribution, we
adopt 2.35 throughout the paper. Sources in which the galaxy
emission dominates that from the AGN are expected to present
L,(1400)/L,(900) ratios similar to those calculated for galaxy
templates.

By following the analytical prescription by Inoue et al.
(2014), we determine Tigm; (Fig. 6). In the range of redshift
studied here, exp(—7igm.) = 0.36. Even though we considered
narrow-band filters, we derived the average transmissivity by ap-
plying the equation

[ exp(-=ticm)T(A)dA
[ T@da

@

(exp(~Tigm)) =

where T'(1) represents the narrow-band filter transmission curve.
Measuring LyC for a number of sources allowed us to use a mean
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Fig. 6. Mean IGM transmissivity as a function of wavelength at the
redshift corresponding to the centre of our narrow-bands (Inoue et al.
2014). Solid, dotted-dashed, dashed blue, and green curves indicate
the average redshifts sampled by NB3727, NB387, NB396, and NB388,
respectively.

s NB387, Ly o/Lany
25| me—NB387, L,

— NB3727, L,
25| wemm—" NB3727,
= = Uvimos,

LyC mag
N
>

“m— E5C(LyC)=100%] 30
— fesc(lyC)=50%

— fesc(LyC)=30% 31F
) ; fesc(lyC)=10% ) ) ) )
3%5 27 26 25 24 23 3%8 27 26 25 24 23
V606 V606

s NB396, L,
[ —NB396, L

s NB388,
[ — NB388,

LyC mag

325 27 % 25 24 23 g 27 26 % 2 23
V606 V606
Fig.7. Expected LyC mag as a function of the magnitude in the
V606 band. For each narrow-band, we consider the redshift corre-
sponding to 890 A at the centre of the filter. Thick (thin) lines corre-
spond to the calculations under the assumption of fesc(LyC) = 100%
(10%), while the cyan (black) lines indicate L,(1400)/L,(900) =1 (5).
Horizontal dotted-dashed lines are located at the 30~ detection limit of
each narrow-band filter. The red dashed line indicates what is expected
if the LyC mag is measured in the VIMOS U broad-band.

value for (exp(—Tigm)), such as that provided by the analytical
prescription by Inoue et al. (2014). We refer to this paper for
understanding the limitations and uncertainty related to the ap-
plication of this prescription. See also Thomas et al. (2014) as
an example of a study of IGM variability for sources at the same
redshift.

Finally, we performed a calculation to demonstrate that we
could expect some direct LyC measurement from the sources in
our sample, given their UV-continuum magnitude (V606) and
the depth of our narrow-band filters.

In this exercise, we considered a LyC escape fraction
of 10—100%, a galaxy template characterized by an intrinsic
L,(1400)/L,(900) value between 1 and 5, and an average treat-
ment of the IGM lines of sight. We estimated narrow-band mag-
nitudes (LyC mag) as a function of V606, as shown in Fig. 7.
Given the depth of the available data, we expect more sig-
nificant detections or upper limits from the NB388 filter. For
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a LyC emitter at z = 3.4, characterized by an fesc(LyC) =
100% and V606 = 25 (the average magnitude of our sam-
ple of continuum-selected SFGs), we expect a LyC (NB388)
mag = 25.5-27.5 (depending on the assumptions on the intrinsic
L,(1400)/L,(900) value). This is brighter than the 30~ detection
limit of the narrow-band image and therefore in principle de-
tectable. For fesc(LyC)=30%, we expect a LyC (NB388) mag =
26-28, wich is more difficult to be detected directly. We might
also expect a LyC (NB387) mag = 25.6-27.6 (26.3-28.3) for
an fesc(LyC) = 100% (30%). For the sources with LyC emis-
sion covered by NB396, an fesc(LyC) = 100% and V606 = 25,
we expect a LyC (NVB396) mag = 25.7-27.7, barely above the
narrow-band detection limit. On the other hand, for a galaxy at
z = 3.2 we expect a LyC (NB3727) mag = 25.4-27.4, which
is even below the NB3727 30 detection limit. Galaxies that are
characterized by an SED such as the one assumed in this exer-
cise would show a LyC signal in NB3727 (fesc(LyC) > 30%) if
they were brighter than V606 = 24. The same calculation per-
formed with the VIMOS U broad band would produce a LyC
mag up to 0.6 magnitude fainter than the value calculated for
NB3727. This demonstrates the advantage of using narrow in-
stead of broad bands in the LyC measurements. Of course the
U-band estimation can change if the broad band is significantly
deeper than the narrow band.

4. Physical properties of the clean sample

We cross-correlated our sources in the clean sample with the E-
CDFS multi-wavelength photometric catalogue (Guo et al. 2013;
Hsu et al. 2014). In this way, we associated a multi-wavelength
SED from the optical U to the Spitzer bands with every source,
thanks to SED fitting, physical parameters, such as stellar mass
(M*), star-formation rate (SFR), dust reddening (E(B — V), and
stellar-population age.

4.1. Star-forming galaxies

We adopted the physical parameters quoted in Santini et al.
(2015) for the galaxies entering the CANDELS area. For the
sources in E-CDFS, we estimated M*, SFR, E(B-V), and stellar-
population age starting from the Hsu et al. (2014) photometry,
the spectroscopic redshift, and with the same code as in Santini
et al. (2015), adopted for CANDELS.

In Tables B.1 and B.2, we report the physical parameters
considered here. For reference, we report the IDs from the
CANDELS and Hsu et al. (2014) catalogues for every source.
It is important to note that our sample covers quite a wide
range in UV absolute magnitude (-21.5 < M1400 < -18.5),
stellar mass (103 My < M* < 5 x 10'9), star-formation rate
(1 < SFR < 50 My yr™"), specific star-formation rate (1077 <
sSFR < 1077 yr‘l), dust reddening (0 < E(B - V) < 0.2), and
stellar population age (7 < log(age/yr) < 9.3). Some of the LAEs
are too faint in the continuum to enter the CANDELS/E-CDFS
photometric catalogue. Therefore, we have a stellar mass esti-
mation for only 11 of the 19 LAEs.

Figure 8 shows stellar mass as a function of rest-frame UV
magnitude. The sub-sample of Ly emitters occupies the region
with the lowest mass and the faintest magnitude. We refer to
Fig. 7 in Grazian et al. (2015) to compare our sample with all
the sources in GOODS-S. In a similar redshift range, our sample
occupies the bright-magnitude and high-mass tail of the general
distribution. This is expected because the sources are all spec-
troscopically confirmed.
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Fig. 8. Stellar mass vs rest-frame UV absolute magnitude. The symbols
indicate SFGs in the range of redshift covered by NB3727 (red circles),
NB387 (red triangles), NB388 (red squares), NB396 (red diamonds),
and LAEs (red stars). The LAEs found in GEMS catalogue but not in
the E-CDFS catalogue from Hsu et al. (2014) are not shown in this plot.

4.2. Active galactic nuclei

We matched our initial sample with AGN catalogues. We chose
the Xue et al. (2011) X-ray catalogue and the Hsu et al.
(2014) AGN photometric list. In Table 4 we present the AGN
matches. Most them have a counterpart in X-ray (Xue et al.
2011; Fiore et al. 2012). In the table we show their absolute
magnitudes, the spectroscopic redshift, the LyC flux and the
relative LyC escape fraction. The relative LyC escape fraction
is obtained from the equations in Sect. 5, assuming an intrin-
sic L,(1400)/L,(900)ASN = 2.35 (Bongiorno et al. 2012, and
Table 3) and the spectroscopic redshift to account for the IGM
opacity. We also report the hardness ratio for the AGN in the Xue
et al. (2011) catalogue. Some of these AGN may be obscured
and/or affected by broad absorption region, as were those dis-
cussed by Civano et al. (2012) in the COSMOS field. Moreover,
the presence of intervening damped Lyman-alpha or Lyman limit
systems close to (or associated with) the AGN can absorb the
LyC radiation and decrease their measured fesc(LyC). A ded-
icated work on the connection between obscuration and LyC
emission is ongoing.

5. Results

In Tables B.1 and B.2 we present the observed f,(900)/f,(1400)
flux ratios for SFGs and LAEs, and the lo photometric
errors on the measurements. Figure 9 shows the observed
£,(900)/£,(1400) flux ratio as a function of V606 band magni-
tude for each filter. In NB3727 we measure LyC signal from
continuum-selected star-forming galaxies, narrow-band selected
Ly emitters, and AGN. In NB387 and NB396 for SFGs and
AGN, and in NB388 only for SFGs. The measured LyC fluxes
of all the candidates are within the 20~ background level, except
for one AGN. This source, identified by ID = 78, is detected in
NB396 at more than 3¢ In addition, the AGN identified by ID =
9 is detected at ~20- in NB3727 (Fig. 10).

Previous works in the literature have shown that LAEs are
characterized by a stronger LyC signal than continuum-selected
star-forming galaxies. For instance, Mostardi et al. (2013) found
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Fig. 9. Observed flux ratio, f,(900)/f,(1400), as a function of V606 band magnitude. From the top left to bottom right: spectroscopically confirmed
sources entering the range of redshift covered by NB3727, NB387, NB388, and NB396. Dashed (dot-dashed)(dot-dot-dashed) curves indicate the
ratios between 1 (2)(3)o background rms values and V-band flux. The symbol coding is the same as in Fig. 8. Black dots represent the eight AGN

in our sample.

an observed f,(900)/£,(1400) of 0.14 for LAEs, larger than the
value they obtained for LBGs of 0.01 (see also the recent work
by Micheva et al. 2015). We do not find any significant detec-
tion for any of the LAEs. One of the reasons might be that the
NB3727 image is the shallowest, characterized by the largest
PSF among the four narrow-band filters. The result is also par-
tially due to the small number of sources and their faint average
V606 magnitude (27 against 25 for the SFGs, see calculation at
the end of Sect. 3.2).

We conclude that our whole population of star-forming
galaxies does not show any direct LyC signal. Moreover, the 1o
photometric errors on the observed f,(900)/f,(1400) flux ratios
depend on the depth of the narrow bands in which the ratios are
measured. Since the LyC measurements come from four differ-
ent narrow bands with different detection limits, the contribution
of the sample as a whole to the LyC emission can be estimated
as a weighted mean (LyC(SFGs) = wmean + cwmean). Because
of the lack of individual detections, wmean is consistent with O
and ocwmean provides an upper limit of the LyC signal of the

whole sample. By definition, cwmean = 1/ ‘/Zﬁv (1/ wf), where
N is the number of sources considered in the calculation and the
weights, w;, are related to the individual photometric uncertain-
ties (w; = 1/0'?).

Considering that the V606 band covers the rest-frame UV
(1 ~ 1400 A) for the entire range of redshift probed here, we
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also calculated the weighted mean of the V606 fluxes in the esti-
mation of the observed £,(900)/f, (1400) flux ratio for the whole
sample of SFGs.

Following the same approach, we estimate an upper limit of
the observed flux ratio for the sub-samples of the galaxies in each
narrow-band redshift range. By assuming L, (1400)/L,(900) = 5
and exp(-tTigm.) (Sect. 3.2), we derive the following lo up-
per limits on the fesc™(LyC) for each narrow-band sub-sample

(Eq. (1)),

fesc™ (LyCypanyy) < 44%

fesc™ (LyCygagy) < 25%

fesc™ (LyCpypass) < 17%

fesc™ (LyCypaoq) < 33%.

These values reflect the different depths of the individual nar-
row bands. For the whole sample of 67 SFGs ({(z) = 3.397,

(exp(—Tiemz)) = 0.36, L,(1400)/L,(900) = 5), we obtain the
following the 1(2)o upper limit:

fesc™(LyC) < 12(24)%.

As shown in Sect. 3, IGM transmissivity and intrin-
sic L,(1400)/L,(900) ratio correspond to multiplicative
factors in the calculation of fesc™(LyC). In particular,
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Table 4. Description of the properties of the AGN

1) (2) (3) “4) (5) (6) (7

1D ID_ECDFS  zspec M1400 f(LyC) fesc™(LyC) HR
uJ
NB3727
433! 20936 3256 -22.59 <0.061 <0.23 -0.04
718! 14587 3.193  -21.28 <0.051 <0.52 —-0.26
8192 48101 3.195 -20.79 <0.062 <1.00
92 66174 3.153  -22.09 0.108+0.055 0.46+0.24 0.20
NB387
942 48250 3381 -21.29 <0.019 <0.23
NB396
78! 19824 3462 -2193 0.111+0.028 0.72+0.18
7480-2 3360 3471 -21.79 <0.028 <0.23 -0.40
816! 3372 3470 -20.88 <0.029 <0.52 -0.24

Notes. Spectroscopic and photometric properties for eight AGN in clean
regions. (1) AGN identification number; (2) CANDELS/E-CDEFS cata-
log identification number; (3) spectroscopic redshift; (4) absolute mag-
nitude; (5) flux measured in NB within optimized apertures, turned into
total flux. The upper limits correspond to 1o (6) relative LyC escape
fraction obtained from the equations in Sect. 5; (7) hardness ration from
Xue et al. (2011), as the ratio between H-S and H+S, where H and
S are the hard and soft X-ray fluxes in counts. It is worth noting that
objects 3360, 14587, and 19824 are detected in the VIMOS U band.
(M X-ray detected. ID78 is listed in Vanzella et al. (2010a) as an AGN
due to the presence of NV and CIV in its spectrum. It also appears in
the list of faint AGN by Fiore et al. (2012), for which they reported
F(0.5-2keV)=9.5E-17 erg s™! cm™2 and L(2-10keV) = 43.6 ergs~!.
@ Within the AGN list by Hsu et al. (2014).
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Fig. 10. Observed flux ratio, f,(900)/£,(1400), as a function of V band
magnitude for the eight AGN studied here. Black, blue, and magenta
filled circles correspond to the AGN for which the LyC flux is mea-
sured in NB3727, NB387, and NB388 respectively. The dot-dashed lines
indicate the 20~ background level corresponding to NB3727 (black),
NB387 (blue), and NB388 (magenta). The two largest symbols indicate
the AGN for which the flux ratio is not just an upper limit in Table 4.

L,(1400)/L,(900) = 5 is obtained assuming constant SFR,
Salpeter IMF, and age of a few hundred Myr in the galaxy
SEDs. We point out that a change of ~60% in the intrinsic ratio
is expected for a different assumption of stellar evolutionary
models and a change of ~20% for a different assumption of
star-formation history. These changes would merely re-scale
the fesc™(LyC) value. We also note that the highest ratios are
obtained with the BCO3 code. If we were to assume lower ratios,
we would obtain even more stringent limits on fesc™ (LyC).

20 stack of LBG samples at z~3

* Vanzella2010, z=4.0
Boutsia2011, z=3.3
——+ this work
151 4 Mostardi2013, z=2.85 ||
4 Nestor2013, z=3.1
10 J

fesc’™ (LyC)

96.5 27.5 28.0 28.5 29.0 29.5 30.0

30 mag limit within PSF area

27.0 30.5
Fig. 11. Relative LyC escape fraction as a function of survey depth. We
translate the fesc™(LyC) estimations in the literature into values cor-
responding to L,(1400)/L,(900) = 5, where needed. The limits corre-
spond to 1o. The survey depths all correspond to the 30~ detection limit
in an area equal to the survey PSF seeing. Together with our upper limit
(red arrow), we include the upper limits from the stack of Vanzella et al.
(2010a) at 3.4 < z < 3.8 (magenta arrow and dot), of Boutsia et al.
(2011) at z ~ 3.3 (cyan arrow and dot), and the measurements from the
stack of Nestor et al. (2013) at z =~ 3.1 (green triangle) and Mostardi
et al. (2013) at z =~ 2.85 for Lyman break galaxies.

The upper limit we obtained is consistent with previous find-
ings (e.g. Vanzella et al. 2010a; Boutsia et al. 2011; Nestor et al.
2013; Mostardi et al. 2013; Grazian et al. 2016) for Lyman break
galaxies at similar redshift. These limits result from a combina-
tion of LyC-image depth and sample size. They could be more
stringent if deeper images and larger sample size were avail-
able. A quantitative example is presented in the next section.
Figure 11 reports our 1o upper limit together with measure-
ments in the literature. The error bar on the magnitude for our
work encompasses the depths of our four narrow bands. Despite
the inhomogeneity of the available archival data of the samples
in the literature, the upper limits and the measurements all agree
with values of fesc™® (LyC) lower than about 10% for continuum-
selected star-forming galaxies.

We checked our upper limit with an alternative approach,
that of stacking the narrow-band images before measuring LyC
fluxes. We stacked 26 NB3727, seven NB387, nine NB388, and
25 NB396 24" x 24" stamps of galaxies. We performed weighted
average stacks by running the IRAF task IMCOMBINE. The
weights are obtained from the narrow-band image weight maps.
Even if the stack is performed to increase the signal-to-noise ra-
tio, the LyC flux we estimate in the stack images is consistent
with their background rms, which means that the final 1o~ upper
limits are consistent with the 12% reported above.

In Table 4 we report fesc™(LyC) for every individual AGN,
where we adopt an intrinsic L,(1400)/L,(900) of 2.35 (Table 3).
The 10 NB photometric error is used as LyC flux for the upper
limits. The IGM transmission is calculated for each AGN red-
shift. For ID = 78, we are able to perform a significant direct LyC
measurement and obtain fescrel(LyC):72 + 18%:; for ID=9,
barely detected at 20, we measure fesc™ (LyC) = 46 + 24%.
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6. Discussion
6.1. Dirty sample before the cleaning procedure

As an example of the danger of reporting LyC measurements
before applying a proper cleaning procedure, we stacked the
initial sample of 145 SFGs. By assuming the same intrinsic
L,(1400)/L,(900) value and transmissivity as for the cleaned
sample, we would obtain fesc™ (LyC) = (33 + 8)%. To calculate
this value, we considered the weighted mean of the individual-
galaxy LyC measurements, which can be affected by foreground
contaminations within the narrow-band PSF.

This would be the value we would report if HST im-
ages were not available and the object-by-object cleaning were
not possible. By using only the four sources with f(LyC) >
3x err_f(LyC), we would obtain f,(900)/f,(1400) = 0.29 and
fesc™(LyC) = (396 + 32) %.

We can theoretically estimate the maximum value for the ob-
served f£,(900)/£,(1400) that can be expected, given reasonable
assumptions on intrinsic LyC escape fraction and IGM transmis-
sivity. For L,(1400)/L,(900) = 1.5, exp(—Tigmz)=0.6 (the most
favourable values that allow LyC photons to reach us, Inoue
& Twata 2008; Inoue et al. 2014) and assuming fesc™(LyC) =
100%, we obtain

£,(900)) £,(1400) = ~SXPCTIGMS)

L,(1400)/L,(900) 3)

For a very favourable line of sight with a transmissivity equal
to 1 (this has an almost null probability to occur, Inoue
& Iwata 2008; Vanzella et al. 2015), £,(900)/£,(1400) can-
not be larger than 0.7. Based on our average assumptions,
£,(900)/£,(1400) < 0.08 for fescrel(LyC) < 100%. The cases in
which £,(900)/£,(1400) > 0.08(0.4) are probably (certainly) un-
reasonable LyC emitters, in which the observed LyC emission
is likely to be produced by close-by contaminating sources. The
four sources mentioned above were indeed all rejected after in-
specting the images and the colours of neighbouring sources.

This simple calculation demonstrates the importance of the
cleaning procedure before quoting fesc™ (LyC).

6.2. Clean sample and LyC upper limits

For our sample of 67 SFGs, we estimate a 1(2)o upper limit in
fesc™(LyC) of 12(24)%. More stringent limits on fesc™ (LyC)
can be obtained from a sample with hundreds of sources. This
would also increase the chance of finding strong LyC emitters.
The currently planned public spectroscopic survey VANDELS
has the scope to provide deep spectra for many hundreds of
bright (H < 24) and faint (H > 27) star-forming galaxies at
z ~ 3 and it will be possible to use it for this purpose. An es-
timation from Cen & Kimm (2015) suggested that a sample of
at least 100 sources needs to be analysed to constrain the true
escape fraction that is due to the solid angle effect.

On the other hand, we could reach an upper limit of 5% on
the fesc™ (LyC) with the same spectroscopic sample as in this
analysis, but increasing the sensitivity of the narrow-band im-
ages. We estimate that we would need to reach a magnitude limit
about 1.5 mag deeper than the current values (Table 1). This can
be achieved with an integration about four times as long as what
is now available, which would be of the order of 40—100 h.

6.3. Physical properties and LyC escape fraction

One of our aims is to understand if and how physical properties
of star-forming galaxies are related to the escape of LyC photons.
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In Fig. 12 we show the observed f,(900)/f,(1400) flux ra-
tios as a function of rest-frame absolute magnitude, stellar mass,
SFR, and dust reddening as derived in Sect. 4. Since we do not
find any direct detection, we do not expect any dependency be-
tween LyC signal and galaxy properties. Therefore, one possibil-
ity is that galaxies with properties similar to those of our sample
are physically characterized by either low or negligible LyC es-
cape fraction.

The figure also shows the values of stellar mass and SFR
for two LyC emitters found in the literature. With this limited
sample of confirmed LyC emitters we are unable to conclude
whether stellar mass or SFR are the main physical parameters
related to a high LyC escape. But it is noticeable that their star-
formation rate is higher than that of most of our sample and that
the stellar mass of one of them is similar to that of many of the
galaxies in our sample.

Our study indicates that we need to enlarge the range of
physical properties explored to find the ones suitable to the LyC
emission, we will be able to assess the role of physical parame-
ters in the escape of LyC photons.

We can place constraints on the prediction of models for the
ISM properties, although we cannot finally conclude. In partic-
ular, given that we do not find any individual object with high
escape fraction, we can rule out geometries that favour a high
escape of LyC photons. For example, Zackrisson et al. (2013)
discussed ISM geometries such as an ISM with free channels,
slightly oriented towards us, or an ISM with low HI column den-
sity that could allow a fesc(LyC) > 50%. They also mentioned
that population III stars (poplll) might be responsible for the
production of a significant amount of LyC photons. The upper
limits on fesc(LyC) we found in our work do not support the ex-
pectations for these geometries, or at least tell us that they are
very rare at 7 ~ 3.

6.4. LyC escape fraction and the epoch of re-ionization

The study of the LyC escape fraction has implications for the
properties and evolution of the galaxies themselves at any red-
shift, but also for the re-ionization of the Universe at z > 6. In
this context, we can adopt our upper limit to assess the possible
role of the SFGs studied here in producing the UV background
(Nestor et al. 2013; Grazian et al. 2016). To do this, we estimated
the average ionization rate of our sample, I'_j, (Faucher-Giguere
et al. 2008),

_ 10" pggoorm ALl + 2)° =
hp(3 - aLyC) ’

where pggp is the ionizing luminosity density, oy is the
Thomson cross section, Al is the mean free path of ionizing pho-
tons, (1 + z)* indicates the conversion from co-moving to proper
density per volume, £, is the Planck constant, apyc is the power-
law index of the spectrum in the LyC region (f, oc v*5C),

The value of pgypy can be estimated from the rest-frame
non-ionizing luminosity density. We adopted pggp = 3.04 X
10%*erg s~ Hz' Mpc™ (computed from pj400 as in Grazian
et al., by integrating the luminosity function from Reddy &
Steidel (2009) down to R < 25.5, also applicable to our sam-
ple.). As shown in Boutsia et al. (2011), pggo is independent of
the assumed value of intrinsic L, (1400)/L,(900) ratio. Therefore,
I'_1; is also independent of it.

We calculated Al from the fit in Fig. 10 of Worseck et al.
(2014). By assuming Al = C[(1 + z)/5]™, C =37, nn = 5.4,
and z = 3.32, we used Al = 81.5 proper Mpc. The uncertainty
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Fig. 12. Observed flux ratio, £,(900)/f,(1400), as a function of physical parameters. From the top left to the bottom right the physical parameters
are rest-frame absolute magnitude (M1400), log(M*/M,;), SFR, and dust reddening. The dashed lines indicate the observed flux ratio equal to zero
and are drawn to aid the eye. The symbol coding is the same as in Fig. 8. The vertical dashed and solid green lines indicate the approximate values
of stellar mass and SFR of two high-z LyC-emitter candidates in the literature, Jonl and J0921 + 4509, respectively.

on Al is of the order of 9, given the uncertainties on the C and nn
parameters quoted in Worseck et al. (2014). A greater (shorter)
Al would increase (decrease) the I'_;, upper limit.

We derive I'_j, < 0.58 s~ for aryc = —0.5 (Faucher-Giguere
et al. 2008) and I'_;, < 0.34 s7! for aryc = —3 (Mostardi
et al. 2013). These values are lower than the most recent mea-
surements by Becker & Bolton (2013) for galaxies at z ~ 3,
0.7s7! <T_j, < 1.2 57!, even assuming a longer mean free path,
Al = 91. The authors performed measurements of the IGM prop-
erties at z > 2, taking into account the IGM opacity to ionizing
photons. They found that the hydrogen photo-ionization rate is
roughly constant at 2 < z < 5 by taking into account cosmo-
logical radiative transfer effects (see their Fig. 11). To be able
to obtain the ionization rate derived by them, we would need a
direct measurement of the LyC escape fraction twice as large as
the upper limit calculated for our sample, given our assumptions
on Al and agyc.

We would probably need to explore sources with physical
properties and geometries of the ISM different from those of the
galaxies in our sample to ensure greater fesc™ (LyC). We might
also need to consider a broader redshift range to increase the
chance of detecting strong LyC emitters.

Becker & Bolton (2013) concluded that the averaged ion-
ization efficiency of star-forming galaxies should have globally
increased with redshift to produce a fully ionized IGM by z ~ 6.

This creates a caveat in the extrapolation of the results on the
LyC escape fraction at z ~ 3 and the epoch of re-ionization.

7. Summary

With the aim of directly measuring the LyC signal from sources
at z ~ 3, we started from a sample of about 200 spectroscop-
ically confirmed SFGs, LAEs, and AGN in E-CDFS (Fig. 2).
They were collected from public spectroscopic surveys, includ-
ing the ESO/GOODS master catalogue, VUDS (for about one
third of the initial sample), and VANDELS. The sample has HST
coverage and multi-wavelength photometry.

The key step in our study is the cleaning of the
sample. The cleaning procedure includes the inspection of
CANDELS/GEMS catalogue and the inspection of colour
frames created from HST images. The purpose is to elimi-
nate possible low-z interlopers on an individual-source basis.
After cleaning, our final sample was composed of 94 targets
(Table 2), including 67 SFGs, 19 LAEs, and 8 AGN. The sources
in the clean regions occupy a certain range of physical properties
(Fig. 8, Tables B.1, B.2, and 4), which could help us in identi-
fying regions of the physical parameter space for typical LyC
emitters and non-emitters.

We performed photometry in four narrow-band filters (Fig. 1
and Table 1) within optimized apertures. These apertures allow
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the highest signal-to-noise ratio and are small enough to reduce
any eventual remaining contamination from nearby sources.
None of our star-forming galaxies is detected at more than 30
in our narrow bands.

By using the V606 band flux from CANDELS and GEMS
catalogues as the non-ionizing radiation flux, we calculated the
relative LyC escape fraction. For the sample of continuum-
selected star-forming galaxies we could set a 1o upper limit
of 12% (Fig. 9, under the assumptions described in Sect. 3.2),
which is consistent with previous results in the literature at the
same redshift (Fig. 11). For the 19 LAEs we were unable to set a
meaningful limit. Our results would have been quite different if
we had stacked all 145 SFGs in our spectroscopic sample with-
out cleaning (fesc™ = 33%, mainly coming from neighbours at
different redshifts). We also discovered four sources in the entire
sample that alone produce an average relative escape fraction of
more than 300% (see also Grazian et al. 2016). In the four cases,
the analysis of HST data clearly shows that the LyC signal is
spurious and is due to lower redshift interlopers. This demon-
strates the importance of applying a cleaning procedure before
deriving LyC escape fractions.

Our results indicate that the galaxies in the range of physical
parameters probed here have a typical LyC escape fraction that
is too low for individual detections in our narrow-band images
(Fig. 12).

As shown in Cen & Kimm (2015), galaxies with relatively
low SFRs could also present high fesc(LyC) because they could
be in post-starburst phases in which the ISM has been cleared
out by the previous star-formation bursts. However, we noted
that two LyC emitter candidates found in the literature present
significantly higher star-formation rate than most of our sources.
This could indicate that the star-formation activity is an impor-
tant ingredient for allowing the propagation in the ISM and the
final escape of LyC photons along a specific line of sight.

The upper limit on the LyC escape fraction can be con-
verted into an IGM hydrogen ionization rate. We derived I'_j, <
0.34 57! (assuming ayy,c = -3, as in Mostardi et al. 2013).
This value is lower than the measurements by Becker & Bolton
(2013), obtained for galaxies at z ~ 3. The discrepancy could
imply that sources with LyC emission fainter than our detection
limits could be mainly responsible for the re-ionization of the
intergalactic medium by z = 6. Alternatively, it could imply that
the physical properties of the re-ionization sources may be ex-
tremely rare in galaxies at z ~ 3.

We found one individual significant detection on the relative
LyC escape fraction of one AGN (out of eight) at z = 3.462
(Table 4). This fesc™(LyC) could indicate that AGN are an in-
teresting population to investigate in the study of the sources re-
sponsible for the re-ioniziation of the Universe also at z > 6. In
fact, AGN have recently been proposed as possible main drivers
of the cosmic re-ionization; there are enough of them even at
z > 2 (e.g., Giallongo et al. 2015). We will investigate the sig-
nificance and the importance of detecting AGN in LyC in a sub-
sequent paper, where we will also study AGN properties and
obscuration in detail.

Larger samples with secure redshifts from spectroscopic
surveys, in fields where deep HST imaging is available, are
necessary to make progress. In the near future, surveys like
VANDELS will add many (bright, but also faint) hundreds of
star-forming galaxies and about 100 AGN, enabling a significant
improvement on LyC measurements.
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Appendix A: Third step of the cleaning procedure: SED fitting of individual galaxy clumps

During the cleaning procedure, we inspected the HST images of the multi-component objects to remove sources surrounded by
different-redshift neighbours from our sample. In principle, a star-forming galaxy can be composed of many clumps. Some of
them can have different colours that are caused by stellar populations with different physical properties. Faint and small sources at
different redshift can mimic these colours and contaminate the estimation of UV emission in ground-based observations. For this
reason, we performed an SED fitting of individual clumps taking advantage of the complete HST photometry in the CANDELS
area.

We first inspected the HST/ACS F606W (V606) images and identified eight star-forming galaxies, composed of multiple clumps,
on which our analysis could be performed. We ran the SExtractor software on the V606 band to detect each clump separately and
perform photometry on them. To identify the clumps, we used a detection THRESHOLD from 3 down to 0.1, MINAREA from 10
down to 1, and DEBLEND_MINCONT down to 0.0001, depending on the galaxy. We chose AUTO photometry in the (original
PSF) V606 band image as the reference total magnitude (Vr) of each clump. We then ran SExtractor in dual mode, adopting V606
as the detection image and B435, V606, 1775, z814, z850, Y105, J125, H160, all convolved with the H160 PSF, as measurement
images. We performed aperture photometry on every image within apertures as small as the H160 PSF full width at half maximum.
The total magnitude and uncertainty of each clump in all the HST bands was then calculated as

band __ band F606
Myl = (muper ~ Maper ) + Vet (A.1)
2
bandy _ band F606
O-(mtolal) = \/0— (maggr — Maper ) + O'(Vref)z. (A2)

We added VIMOS U and HAWKI K bands (part of CANDELS release) to the SED of the clumps. At the position of each individual
clump in the detection image, we applied the TPHOT software (Merlin et al. 2015) to obtain the total magnitude in U and K, given
the prior of the detection in V606 and the image PSFs. The U and K band magnitude are fundamental to constrain the SED of
sources at z ~ 3.

We used a photometric redshift (zphot) software (Fontana et al. 2000) to estimate the best-fit zphot of each clump and the y?
of the best fit. We ran the code twice. The first time we left zphot as a free parameter, the second time we fixed the redshifit to
the spectroscopic one of the galaxy main component. We then evaluated the quality of the fit. In the following figures we show the
BVI colour images of the eight star-forming galaxies presenting multiple clumps and the y? function obtained by running the zphot
software on each of the shown clumps.

Figure A.la shows a source composed of two clumps with very similar colours (A(B—V) < 0.1, A(V —z) < 0.1). The y? function
versus photometric redshift is narrow for both clumps and has a minimum very close to the spectroscopic redshift. We conclude that
the two clumps are part of the same galaxy and kept it in our clean sample. For the source presented in Fig. A.1b, we derived the
same conclusion, even if in this case the )(2 function is broader.

The objects shown in Figs. A.1c—A.le are composed of two main clumps, characterized by A(B — V) ~ 0.4 and A(V —z) ~ 0.2.
However, the SED fit gives a photometric redshift consistent with the spectroscopic one to both of them. A third faint component
is seen at a distance slightly larger than or comparable (Figs. A.1-A.le, respectively) to the narrow-band image representing the
source LyC rest-frame wavelength. In the former cases the faint component has a photometric redshift still consistent with the
spectroscopic one. In the latter it has an inconclusive photometric-redshift solution, but it is far enough from the main clump not to
be blended in an image with a PSF comparable with that of the ground-based narrow band, sampling its LyC. Therefore, we kept
the objects in our clean sample.

In Fig. A.1f—A.1h we present three sources removed from our clean sample, after inspecting their colours and performing the
SED fitting of each individual clump. In these cases, one of the clumps is best fitted by a photometric-redshift solution that differs
from the spectroscopic value of A(z;phot — Zspec) > 0.5. The main component is generally characterized by a satisfactory solution at
the spectroscopic redshift.

This procedure, based on the availability of HST band photometry, allowed us to exclude ~40% of the multi-component sources
whose the LyC signal may be contaminated by neighbours with different redshifts.
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Fig. A.1. BVI colour images (left panels) and y* function versus photometric redshift (right panels). a) Object ID_CANDELS=6839 (z = 3.208):
kept in the clean sample. It is composed of two clumps (numbers 23 and 20). The upper is brighter than the lower one. The white circle in the
left panel has a radius equal to the PSF full width at half maximum of the ground-based narrow-band image, sampling the LyC at z = 3.208. The
solid (dashed) line in the right panel corresponds to the brighter (fainter) clump, while the blue (red) dot indicates the y? of the SED fit derived
by fixing the value of the redshift to the spectroscopic one. b) Object ID_CANDELS=4022 (z = 3.466): kept. The two solid lines in the right
panel show that the two clumps (numbers 24 and 25) are equally bright. ¢) Object ID_CANDELS=3768 (z = 3.468): kept. The red and blue
dots overlap. d) Object ID_CANDELS=3325 (z = 3.473): kept. e) Object ID_CANDELS=15220 (z = 3.469): kept. The two solid lines in the
right panel show that the two clumps are equally bright (numbers 52 and 57). f) Object ID_CANDELS=7645 (z = 3.478): removed. g) Object
ID_CANDELS=17905 (z = 3.242): removed. In the right panel, the red and green dots overlap. h) Object ID_CANDELS=23527 (z = 3.116):
removed. It is composed of five clumps. The two reddest ones have a broad y? function. The main component (number 22) is perfectly fitted at the
spectroscopic redshift.
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Appendix B: Additional tables

A&A 587, A133 (2016)

Table B.1. Description of the properties of the star—forming galaxies.

[¢)) 2 3) ()] 5) ©6) (@) ®) © 10 an 12) 13) (14) 15) (16) a7
ID_ECDFS RA dec wspec  log(M*/Ms) ~ SFR  E(B-V) loglage/yr) T z ' dian 14 etV bwoepluognpry LGS
deg deg M yr™! Gyr  Z, 1E+9M,,
NB3727
23052 53.0090103 —27.7084465 3.263 10.20 13.99 0.15 8.45 01 1.0 1650£259 2539 006 0108 0234 0504 9
18320° 530135155 -27.7552338 3.213 9.62 6.79 0.00 8.35 01 1.0 485+064 2443 002 -0034 0105 0208 9
21398 53.0145454 -27.7279186  3.132 9.87 9.00 0.06 8.40 01 02 733129 2475 003 0071 0132 0281 10
6839 53.0616188  —27.8462505  3.208 9.81 13.88 0.06 8.30 01 002 577135 2411 002 0108 0064  0.155 9
13340 53.0808716 -27.7912197 3274 9.84 8.47 0.06 8.40 01 02 880+216 2507 003 0124 0183 0375 10
26236 53.1133347  -27.6977139  3.168 9.56 6.76 0.03 8.70 06 002 272+075 2489 003 -0054 0159 0317 7
5096 531165733  -27.8634548  3.287 9.33 0.58 0.00 8.60 0.1 002 193039 2631 008 -0312 0544 1.177 16
697 531581573 -27.9257145 3.192 9.15 7.55 0.06 8.40 150 002 1.14x036 2524 002 0.I35 0242 0437 7
24050  53.1656418 —27.6657372 3.271 9.57 4.57 0.03 8.40 0.1 002 282:094 2507 003 -0442 0209 0377 10
7259 531716728 -27.8424492  3.162 9.85 14.98 0.06 8.30 01 10 637176 2443 002 -0018 0.101 0.207 9
8231 532197647 -27.8338223 3.143 10.10 14.02 0.06 8.70 03 1.0 9.19+204 2467 003 -0.088 0.131 0.259 7
16430 531937943 -27.7712898  3.188 9.9 13.67 0.10 8.65 03 1.0 917+241 2555 005 0031 0264 0584 7
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18454 530399857 -27.7540779  3.163 8.82 69.68 0.15 7.00 150 02 008+002 2513 004 0137 0196 039 7
75666 529956665 —27.7398472  3.208 10.06 12.97 0.06 8.70 03 0.02 - 2476 002 0005 0136 0281 8
59083 53.0544014 -27.9023724 3232 9.86 9.07 0.00 9.00 30 10 - 2461 001 0085 0110 0246 7
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56382 531925201 —27.9246674 3.173 9.53 12.04 0.06 8.60 150 0.02 - 2587 005 -0.065 0436  0.788 7
62873 532538567 —27.8633366 3.132 10.40 2328 0.03 8.90 0.6 0.02 - 2387 001 0027  0.061 0.124 8
37590 53.019684  -28.045127  3.173 10.14 8.71 0.06 8.50 0.1 0.2 - 2523 003 -0.065 0213 0435 12
46323 53206498  -27.991631  3.153 9.63 17.34 0.03 8.50 20 02 - 2462 002 0063 0125 0247 7
46783 53211483  -27.989133  3.192 10.38 29.01 0.06 8.90 10 10 - 2493 003 0069 0178  0.330 7
91256 53206902  -27.622635  3.78 9.27 1823 0.10 8.10 20 02 - 2551 004 -0.073 0335  0.565 7
82659 53.027626  -27.678058  3.151 8.71 14.09 0.10 7.60 03 1.0 - 2583 004 0454 0362 0759 6
79422 52970582 -27.704338  3.283 8.93 9.84 0.03 8.00 06 1.0 - 2541 002  -0370 0234 0515 7
NB387
24919 53.0953941 -27.6875267 3.356 9.51 3.97 0.03 8.40 0.1 002 248+063 2521 004 -0071 0050  0.113 10
25151 53.1433334  -27.690094  3.419 9.79 218.10 0.30 7.50 20 02 1030£3.02 2478 003 -0.024 0033 0075 5
2584 53.1451225  -27.8903446  3.369 10.28 82.52 0.20 8.50 150 1.0 1980+624 2483 002 -0.007 0035 0079 7
26325¢  53.1785698 —27.7017498 3.412 9.96 19.10 0.06 8.55 03 02 913x174 2457 002 -0.028 0029 0062 8
18882 53.0257111 -27.7505207  3.403 9.89 6.74 0.03 8.45 01 10 573124 2528 003 0046 0052 0119 9
14354 53.0312309 -27.7852192  3.429 9.90 9.71 0.06 8.40 01 02 9.12+256 2505 004 -0.093 0.051 0.097 10
69899 532544556  —27.7927914  3.334 8.46 30.26 0.06 7.00 150 02 - 2516 0.02 0021 0054  0.107 4
NB38§
20417 531206131 -27.7365837 3.368 9.92 7.32 0.00 8.75 03 1.0 908152 2477 002 -0016 0019 0038 8
23842 531390076 —27.7152863 3.420 9.85 11.58 0.03 8.35 01 10 647118 2463 002 0007 0020  0.034 9
16346 531487122 -27.7729473 3316 9.83 430 0.03 8.50 0.1 002 001+£000 2522 001 -0.025 0028 0058 12
11608 532189064 -27.8042641 3.472 9.91 10.63 0.06 9.05 150 02  7.04x144 2533 005 0016 0049  0.064 7
13190 532286491 -27.7923336  3.327 9.79 3.83 0.03 8.50 0. 002 430214 2528 009 -0.027 0064  0.062 12
15220 53.1332321  -27.7797909  3.469 9.49 5.03 0.03 8.35 01 02 368+065 2538 001 0014 0032 0067 9
19760 53.1512985 277429085 3.413 10.25 19.67 0.06 8.70 03 1.0 1400£341 2473 002 -0019 0018 0037 8
13734 530485344  -27.7886524  3.309 9.27 3.20 0.00 8.60 03 002 149x049 2528 004 0019 0061 0.061 8
20533 53.1780052  —27.7354355  3.478 9.85 6.57 0.10 8.90 06 002 529+097 2565 005 -0.035 0062  0.087 8
NB396
20583 53.0307884 277348957 3.498 9.43 235 0.00 8.45 01 02 376097 25528 0.049 -0.021 0160 0309 12
5764 53.0401802 -27.8563824  3.466 9.64 5.80 0.00 8.80 06 002 3.02+083 24900 0015 0156  0.101 0.173 8
15347 530550652 —27.7784977 3.521 9.68 1.32 0.00 8.60 0.1 002 450+125 25689 0057 0095 0174 0358 16
4717 53.0617599  -27.8679447 3.473 10.06 20.11 0.06 8.60 03 002 1200£438 24436 0025 0057 0067  0.113 8
19613 53.0936394 277440109 3494 9.96 248 0.03 8.60 0.1 002 854+096 25362 0039 -0.003 0129 0265 16
2324 53.1360855 —27.8937855  3.490 10.02 9.13 0.03 8.45 01 10 7.62+187 24933 0023 -0073 0086 0178 9
3325 53.1867943  -27.8814468 3.473 9.87 11.60 0.06 8.90 20 002 527+174 25131 0025 -0070 0104 0214 7
27939 532074356 -27.8796673 3.473 8.44 2.04 0.03 8.00 0.1 002 033+0.17 26280 0097 =002 0313 0622 7
3768 532158508 -27.8768501  3.468 9.74 9.23 0.03 8.60 03 10 448+103 25149 0038 0131 0106 0218 7
3037 532237396  -27.8844109  3.520 9.26 6.18 0.03 8.20 01 02 190+049 25162 0.035 0059 0107 0220 7
3906 532173729  -27.8750782  3.466 9.59 4.76 0.03 8.40 0.1 002 324+086 25114 0029 0097 0104 0211 10
4022 532294273 -27.8742199  3.464 1027 17.10 0.10 9.00 10 002 883x453 25323 0052 0003 0129 0255 8
9692 53.0268402 -27.8209667  3.470 9.31 2.52 0.03 8.40 0.1 002 223115 25756 0.049 0338 0215  0.380 10
7835 53.0394936  -27.8370953  3.456 9.50 305.30 0.35 7.05 150 02 5.03+171 25480 0067 -0201 0.167  0.298 4
20745 53.0459061 -27.7336273  3.498 9.28 2.36 0.03 8.40 0.1 002 146+033 25857 0070 0304 0205 0418 10
73615 529943237 -27.7592602  3.446 9.63 7.48 0.03 8.60 03 0.02 - 25.146  0.025 0086  0.106 0217 8
59311 530645256 —27.9011326  3.461 9.68 5.78 0.00 8.40 01 02 - 25.157 0017 -0.043 0127 0219 10
89369 53.1025162 —27.6338024  3.508 8.72 2427 0.10 735 01 1.0 - 25073 0017 -0.047 0.113 0203 5
90129 53.1687737 —27.6299114  3.502 10.07 18.85 0.03 8.35 01 1.0 - 25341 0018 -0.069 0.125  0.260 9
61551 532748108 -27.8745422  3.466 10.03 2.96 0.03 8.60 0.1 0.2 - 25096 0023 -0.163 0.140  0.207 16
49017 52993400  -27.972620  3.490 9.78 11.31 0.06 8.70 0.6 0.02 - 25473 0029 -0.248  0.141 0.293 7
70198 53.002103  -27.790144  3.470 9.88 28.22 0.10 8.50 L0 0.02 - 25113 0039 0052 0120 0210 7
70236 53238829  -27.792083  3.489 10.03 17.41 0.03 8.35 01 02 - 24207 0012 0035 0068  0.091 9
78739 53251029  -27.711819  3.475 10.38 15.05 0.03 9.11 1.0 02 - 25073 0018 -0.171 0.103  0.03 7
83725 53.035204  -27.670960  3.484 9.63 9.05 0.03 8.30 0.1 0.02 - 25203 0.019 -0.090 0.118  0.229 9

Notes. (1) CANDELS/E-CDFS catalog identification number; (2), (3) right ascension and declination; (4) spectroscopic redshift; (5)—(10) stellar
mass, SFR, dust reddening, parametrized by E(B — V), stellar-population age obtained by assuming exponentially declining T models, 7 value in
Gyr, and metallicity in solar units. The ratio between 7 and stellar-population age is such that the models resemble an instantaneous burst as well
as a constant SFR. The SED fit is run fixing the spectroscopic redshift; (11) median mass, taken from the compilation of Santini et al. (2015). It
is reported only for sources in CANDELS; (12), (13) V-band AB magnitude taken from CANDELS/GEMS catalogs and its error; (14), (15) ratio
between narrow-band and V-band flux densities and its error; (16) ratio between the 20~ background noise of the narrow-band image and the source
V-band flux density; (17) intrinsic L,(1400)/L,(900) ratio for the age, 7, metallicity in Cols. (8)—(10), and adopting BC03 models. > Sources
already studied in Vanzella et al. (2010a); ID_ECDFS=18320 is Ion2, the source also studied in Vanzella et al. (2015) as a LyC emitter candidate.

The sources identified with a 530 million number come from VUDS.
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Table B.2. Description of the properties of the narrow-band selected Lya emitters.

L. Guaita et al.: LyC signal

Q)] 2) 3) (€] ) (6) @] ®3) © 10 (11) (12)  (13) (14) (15) (16) (17)
ID_ECDFS RA Dec zspec  log(M*/My) SFR E(B-V) loglage/yr) 7 Z o Vo enVg /ffl‘:‘o err% 20NB/fV %ﬁ;’g
deg deg Mg yr! Gyr  Zy My1E+9
NB3727
20433 53.065781 —27.736179 3.119 9.32 3.06 0.06 9.00 150 02 219+052 2611 005 0052 0466 0.975 7
28279 53229096 —27.868610 3.134 8.98 0.72 0.03 8.50 0.1 002 067+030 27.16 0.8 0522  1.240 2.563 12
19293 53.053879 27747627  3.117 10.73 61.91 0.25 9.00 20 1.0 4590+6.67 2492 005 -0.106 0.161 0.327 7
34808 53.180985 —27.673071  3.130 8.68 0.87 0.00 8.50 0.1 002 037+008 2737 021 -079 1.691 3.131 12
63466 52.978683 —27.855867 3.115 8.28 20.37 0.10 7.00 150 1.0 - 2540 0.02 0.0001 0217 0.507 4
84199 53.194806 —27.666645 3.112 9.57 577 0.15 875 06 02 - 2673 005 —0.150  0.962 1.730 8
52172 52971719  -27.952267 3.115 9.28 2.48 0.00 9.06 150 25 - 2625 0.04 0340 0517 1117 7
71173 52964832 —27.779763  3.108 7.21 1.41 0.00 7.10 9.0 1.0 - 2643 005 0589  0.659 1.319 5
74439 52949147  -27.750925  3.107 9.42 1.49 0.00 9.25 20 02 - 26.63 005 —0.897 0.782 1.574 7
—@ 53.078858  —27.644502  3.122 - - - - - - - 26.88 007 -1.082  0.950 1.991 -
46913 52959872  -27.986139  3.123 7.83 2.45 0.00 7.50 20 1.0 - 2650 0.04 0460  0.724 1.396 6
a 53.236134 —27.830346  3.102 - - - - - - - 2682  0.06 —0747 0.99% 1.874 -
e 53.278931 -27.707732  3.111 - - - - - - - 2691 007 0270  0.967 2.044 -
—e 52999277 -27.829559  3.120 - - - - - - - 2607 0.04 —0475 0457 0.940 -
o 53.367375 —28.055773 3.122 - - - - - - - 2735 007 -0326 1553 3.070 -
—e 53.043862 —27.988235 3.122 - - - - - - - 27.02 005 -0.100 1.236 2.269 -
—e 53.131038  —27.726939  3.133 - - - - - - - 2699 0.1 -0985 L111 2.196 -
75954 53.348875 —27.735881 3.114 8.50 1.38 0.00 8.50 150 02 - 2705  0.09 -1311 1121 2322 7
—e 53351875 —27.742758 3.113 - - - - - - - 2761 013 -2904 1895 3.903 -

Notes. (1) Identification number from CANDELS/E-CDFS catalog; (2), (3) right ascension and declination in degrees; (4) spectroscopic redshift;
(5)—(10) stellar mass, SFR, dust reddening, parametrized by E(B — V), stellar-population age obtained by assuming exponentially declining 7
models, 7 value in Gyr, and metallicity in solar units. The SED fit is run fixing the spectroscopic redshift; (11) median mass, taken from the
compilation of Santini et al. (2015). It is reported only for sources in CANDELS; (12), (13) V-band AB magnitude taken from CANDELS/GEMS
catalogs and its error; (14), (15) ratio between narrow-band and V-band flux densities and its error; (16) ratio between the 20~ background noise of
the narrow-band image and the source V-band flux density; (17) intrinsic L,(1400)/L,(900) ratio for the age, T, metallicity in Cols. (8)—(10), and

adopting BC03 models.  Sources detected in GEMS, but without counterpart in the photometric CDF-S catalog.
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