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ABSTRACT

Context. The reionization of the Universe is one of the most important topics of present-day astrophysical research. The most plausible candidates
for the reionization process are star-forming galaxies, which according to the predictions of the majority of the theoretical and semi-analytical
models should dominate the H1 ionizing background at z > 3.

Aims. We measure the Lyman continuum escape fraction, which is one of the key parameters used to compute the contribution of star-forming
galaxies to the UV background. It provides the ratio between the photons produced at A < 912 A rest-frame and those that are able to reach the
inter-galactic medium, i.e. that are not absorbed by the neutral hydrogen or by the dust of the galaxy’s inter-stellar medium.

Methods. We used ultra-deep U-band imaging (U = 30.2 mag at 1¢0-) from Large Binocular Camera at the Large Binocular Telescope (LBC/LBT)
in the CANDELS/GOODS-North field and deep imaging in the COSMOS and EGS fields in order to estimate the Lyman continuum escape
fraction of 69 star-forming galaxies with secure spectroscopic redshifts at 3.27 < z < 3.40 to faint magnitude limits (L = 0.2L*, or equivalently
M,s500 ~ —19). The narrow redshift range implies that the LBC U-band filter exclusively samples the 1 < 912 A rest-frame wavelengths.

Results. We measured through stacks a stringent upper limit (<1.7% at 10) for the relative escape fraction of HI ionizing photons from bright
galaxies (L > L"), while for the faint population (L = 0.2L*) the limit to the escape fraction is $<10%. We computed the contribution of star-forming
galaxies to the observed UV background at z ~ 3 and find that it is not sufficient to keep the Universe ionized at these redshifts unless their escape
fraction increases significantly (>10%) at low luminosities (M;sg9 > —19).

Conclusions. We compare our results on the Lyman continuum escape fraction of high-z galaxies with recent estimates in the literature, and
discuss future prospects to shed light on the end of the Dark Ages. In the future, strong gravitational lensing will be fundamental in order to
measure the Lyman continuum escape fraction down to faint magnitudes (M;sop ~ —16) that are inaccessible with the present instrumentation on
blank fields. These results will be important in order to quantify the role of faint galaxies to the reionization budget.

Key words. galaxies: distances and redshifts — galaxies: evolution — galaxies: high-redshift — galaxies: photometry

1. Introduction luminosity function (Konno et al. 2014) of Lyman-a emitters
L. . (LAESs) and the sudden drop observed at z ~ 7 in the fraction of
The reionization of the Universe, related to the end of the so- Lyman-break galaxies (LBGs) with strong Lyman-a in emission

called Dark Ages, is how .locatefd in the redshift ipterval = (e.g., Fontana et al. 2010; Pentericci et al. 2011, 2014; Ono et al.
6.0-8.8. The lower limit is derived from observations of the 2012; Treu et al. 2012; Schenker et al. 2014) are indicating that

Gunn-Peterson effect in luminous z > 6 quasar (QSO) spec-
tra (Fan et al. 2006), while the most recent upper limit, z <
8.8, comes from measurements of the Thomson optical depth
7o = 0.055 = 0.009 in the CMB polarization map by Planck

(Planck Collaboration XLVII 2016). These limits are consistent . .While we nf)wiha\fe significant informat.ion regarding the
with a rapid HT reionization at zeeion = 7.8 £ 1.0. timing of the reionization process, we are still looking for the

These main results have been corroborated by a number of sources that provide the bulk of the HT ionizing photons. To

confirmations: the kinetic Sunyaev-Zel’dovich (kSZ) effect mea- date, 'ObVIOllS caqdldates have been searched fqr among .hlgh_
sured by the South Pole Telescope (SPT, Zahn et al. 2012), when red’sh1ft star-forming galaxies (SFGs) and/or active galactic nu-
combined with the recent Planck Collaboration XLVII (2016) clei (AqNS)' ] ] )

maps gives a stringent limit of Azejon < 2.8 to the dura- At high redshift, bright QSOs (M1450 < —27) are quite rare

tion of reionization. Moreover, the redshift evolution of the 4 their Space density declines rapidly. Their ionizing emissiv-
ity is quite low, and there are not enough of them to keep the

* Based on observations made at the Large Binocular Telescope intergalactic medium (IGM) ionized at z > 3 (Haardt & Madau
(LBT) at Mt. Graham (Arizona, USA). 1996; Cowie et al. 2009). However Glikman et al. (2011) and

the Universe is becoming more neutral at z > 7. All these ob-
servations favor a late and possibly inhomogeneous reionization
process.
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Giallongo et al. (2015) have recently found a significant popu-
lation of fainter AGNs (-25 < Mys50 < —19) at z > 4, which

could possibly provide the whole ionizing emissivity at high-z
(Madau & Haardt 2015; Khaire et al. 2016).

In the last 15 years much effort has been given to high-z star-
forming galaxies as emitters of ionizing radiation. This choice
has been driven by four considerations: 1) early WMAP re-
sults, heavily affected by dust polarization of the Milky Way,
indicated a much earlier reionization epoch, around z > 12
(Hinshaw et al. 2013); 2) the luminosity function of galaxies is
gradually steepening with redshifts at z > 4 (Finkelstein et al.
2015; Bouwens et al. 2015); 3) numerous galaxies exist even
at very faint absolute magnitudes (Msq0 ~ —12) at z>6
(Livermore et al. 2017); and 4) at high redshifts galaxies could
be efficient producers of ionizing photons (Bouwens et al.
2016b), whose possible contribution crucially depends on their
ability to carve ionizing bubbles in their neighborhood, which
is quantified by the Lyman Continuum (LyC) escape fraction
parameter.

At 7 ~ 3-4.5, the highest redshift where the IGM ab-
sorption does not prevent this kind of measure, we still do
not have a reliable estimate of the average escape fraction
from the star-forming galaxy population. A few claimed de-
tections (Steidel et al. 2001; Shapley et al. 2006; Nestor et al.
2011; Mostardi et al. 2013) have been called into question,
due to possible contamination by low redshift interlopers (e.g.,
Vanzella et al. 2012a). Other datasets provide marginal detec-
tions (Marchi et al. 2017) or upper limits at levels of only a few
percent (Giallongo et al. 2002; Grimes et al. 2009; Cowie et al.
2009; Siana et al. 2010; Bridge et al. 2010; Vanzella et al. 2010;
Boutsia et al. 2011; Leitetetal. 2013; Grazianetal. 2016;
Guaita et al. 2016; Japel;j et al. 2017).

Very recently the situation has improved, especially at very
low redshifts, thanks to observations by the COS instrument on
board HST. Escape fractions within 6—13% have been detected
in five galaxies with high [OIII]/[OII] line ratios and high ioniz-
ing photon production efficiency. These ionizers appear compact
with high star formation rate surface density Xspr (Izotov et al.
2016a,b; Verhamme et al. 2017; Schaerer et al. 2016), resem-
bling properties typical of Green Pea galaxies (Cardamone et al.
2009; Amorin et al. 2010, 2012a; Henry et al. 2015). This key
feature of the local ionizers induces a strong feedback on their
ISM, through rapid outflows, which may be physically re-
lated to leakage of Lyman continuum radiation, as suggested
by, e.g., Heckmanetal. (2011), Amorinetal. (2012b), and
Borthakur et al. (2014), and explored further with simulations by
Sharma et al. (2016, 2017). High [OIII]/[OII] line ratios seen in
low-z blue compact dwarfs (BCDs) and high-z galaxies may be
attributed to many factors such as low metallicity, high ionization
parameters, hard ionizing radiation fields, and/or the presence of
density-bound HII regions (Stasinska et al. 2015; Steidel et al.
2016; Nakajima et al. 2016). Similar results were also found
by Leitet et al. (2013), Bergvall et al. (2013), Borthakur et al.
(2014), and Leitherer et al. (2016). Three out of the five galaxies
described by Izotov et al. (2016b) were detected by the Wide-
field Infrared Survey Explorer (WISE) at 22 micron, possibly
indicating the presence of warm/hot dust, heated by a buried star-
burst or by an AGN. The luminosities of these LyC emitters are
between Myy = —20.4 and —21.3, thus around L*(z = 3), here-
after L*. These five galaxies were selected from a sample of ~10*
SDSS galaxies at z ~ 0.3, so it is not clear whether they repre-
sent a sparse minority of the SDSS sample, selected thanks to
their peculiar properties (i.e., high [OII]/[OII] line ratios).
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Vanzella et al. (2016) and de Barros et al. (2016) found the
first clear evidence of a LyC emitter at z ~ 3.2 free from in-
terloper contamination. This galaxy, named Ion2, has peculiar
properties similar to the five galaxies from Izotov et al. (2016b)
mentioned above. Ton2 has a line ratio of [OIIl]/[OII] > 10,
strong Lyman-« in emission and compact morphology. Galax-
ies with similar properties have been recently discovered and
characterized by Amorin et al. (2017), who showed that they are
relatively rare and good analogs of primeval galaxies at z > 6.
However, the spectral and physical properties of these objects
are rather peculiar, and it is not clear whether a significant popu-
lation with similar properties is common at high redshifts (Faisst
2016; Khostovan et al. 2016). Recently, Naidu et al. (2016) have
found six LyC candidates out of 1124 galaxies at z ~ 2 in the
GOODS fields, confirming the peculiarity of these LyC emit-
ters. Interestingly, at least 50% of these ionizing sources are con-
firmed as AGNs with large escape fraction (60%).

Given the null result on the brighter SFGs, a crucial contri-
bution on the reionization process by a faint population (L < L*)
at high redshift has been conjectured. This hypothesis has also
been predicted by some theoretical models (e.g., Yajima et al.
2011; Razoumov & Sommer-Larsen 2010; but see also models
by Gnedin et al. 2008; Ma et al. 2015; Sharma et al. 2016, 2017,
for opposite conclusions).

From an observational perspective, however, there are sev-
eral pieces of evidence suggesting that low luminosity galaxies
may not contribute appreciably to the HI ionizing background.
Among the most interesting results, there are the large-scale
opacity fluctuations observed in the Lyman-a forest of high-z
QSOs by Becker et al. (2015). The large variance in the spatial
scales of the transmission of the IGM at z ~ 5.5-6.0 has been
interpreted as being due to bright and rare sources rather than to
a diffuse population of faint galaxies (e.g., Chardin et al. 2017).
This indication has been strengthen by the non-detection of LyC
flux (escape fraction <2% at 30-) from a large sample of moder-
ately star-forming galaxies at z ~ 1 observed by Rutkowski et al.
(2016).

Additional observational evidence is related to the sudden
decrease in the number density of Lyman-a emitters at z 2 6.
According to predictions by Dijkstra et al. (2016), the escape
of Lyman-a photons should be connected with the leakage of
LyC radiation, since they are possibly linked to clear sight lines
in neutral hydrogen. The observed drop in Lyman-« is inter-
preted as being due to a rapid evolution of the ionization frac-
tion of the intergalactic medium (IGM) in the Universe from
z = 6 to z = 7-8 (Fontana et al. 2010; Pentericci et al. 2011,
2014; Schmidt et al. 2016). Moreover, the decrease in number
density is differential, with a less pronounced and slower drop
for brighter galaxies (Matthee et al. 2015; Santos et al. 2016;
Vanzella et al. 2014; Oesch et al. 2015; Stark et al. 2017), which
can be described as “downsizing reionization”. This behav-
ior is commonly interpreted as a signature of inhomogeneous
and patchy reionization (Treu et al. 2012; Pentericci et al. 2014),
where ionizing bubbles expand first in cosmic time around
brighter and more massive galaxies, possibly associated with
overdense regions (Castellano et al. 2016). The suggested av-
erage downsizing scenario for the luminosity of the ionizing
sources would possibly imply a minor contribution, if any, of
faint galaxies to the reionization process. To improve our knowl-
edge of Lyman continuum emitters among the SFGs, we started
to analyze a relatively large sample of galaxies at z ~ 3, paying
specific attention to the fainter population.

In the COSMOS field, the LyC escape fraction of 45 bright
(L > 0.5L") star-forming galaxies at z ~ 3.3 has been studied
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by Boutsia et al. (2011) and Grazian et al. (2016). In a compan-
ion paper by Guaita et al. (2016) we enlarged this sample by
adding 86 bright galaxies in the Extended Chandra Deep Field
South. In the present paper we explore the HI ionizing contri-
bution of fainter galaxies in the CANDELS/GOODS-North and
EGS fields with the addition of crucial and unique ultra-deep
UV imaging from the LBC imager at the Large Binocular Tele-
scope. We have also included in the analysis three galaxies af-
fected by strong lensing, with the aim of probing the possible
LyC contribution by intrinsically low luminosity galaxies down
to L ~ 0.04L".

This paper is organized as follows: in Sect. 2 we present the
dataset; in Sect. 3 we describe the method adopted; in Sect. 4 we
show the results for individual objects and for the overall sam-
ple as a whole; in Sect. 5 we provide an estimate of the ionizing
background produced by these galaxies; in Sect. 6 we discuss
our results; and in Sect. 7 we provide a summary and the con-
clusions. Throughout the paper we adopt the A-CDM concor-
dance cosmological model (Hy = 70 kms™! Mpc™!, Qy = 0.3,
and Q, = 0.7), consistent with recent CMB measurements
(Planck Collaboration XLVII 2016). All magnitudes are in the
AB system. All the limits to the escape fraction in this paper are
at a 1o level, unless we state otherwise.

2. Data

The sample used in the present analysis is based on new ultra-
deep UV images obtained with the LBC instrument of spectro-
scopically confirmed galaxies in the GOODS-North field cou-
pled with moderately deep LBC images in the EGS/AEGIS field
and additional data in the COSMOS field, collected from the lit-
erature as described in the following.

2.1. COSMOS, Q0933+28, and Q1623+26 fields

We started this project with deep LBC imaging of the COSMOS,
Q0933+28, and Q1623+26 fields in the U and R bands, which
have been used by Boutsia et al. (2011) and Grazian et al. (2016)
to study the LyC escape fraction of 11 and 34 star-forming
galaxies, respectively, with spectroscopic redshifts ~3.3 from the
VIMOS Ultra-Deep Survey (VUDS, Le Fevre et al. 2015). They
constitute a mix of Lyman-a emitters and Lyman-Break galax-
ies. This starting sample of 45 galaxies was visually inspected
against contamination by foreground objects and it has been dis-
cussed in detail in Grazian et al. (2016).

We added to this starting sample seven galaxies with spectro-
scopic redshifts 3.27 < z < 3.40 from Onodera et al. (2016) in
the same COSMOS area covered by deep LBC data in the U and
R bands. All these galaxies have magnitudes between R = 24.5
and 26.0, with the exception of a very faint source with R ~ 27,
and all seven galaxies have a flux ratio between [OIII] and [OII]
of ~1.5-3 and a SFR of ~4-70 My/yr. An additional bright
(R = 22.95) star-forming galaxy (ID = 53167 in Table 1) with
Lyman-a in emission at z = 3.359 was found serendipitously
during a spectroscopic campaign with the LBT MODS1 optical
spectrograph on the COSMOS field (PI F. Fiore). After visual in-
spection of these eight new galaxies with HST F814W high reso-
lution imaging, none was discarded for evident contamination by
foreground objects close to the line of sight of the z ~ 3.3 galax-
ies. The limitation of this procedure, however, is that with only
one HST band it is not possible to clearly spot possible blends
of multiple sources. We end up with eight additional SFGs in the
COSMOS field, which enlarge the original sample adopted by
Grazian et al. (2016).

2.2. EGS field

In order to improve the significance of our results by increas-
ing the number statistics, we included in the present analysis
an additional sample of star-forming galaxies in the Extended
Groth Strip (EGS/AEGIS) field (Davis et al. 2007). An area of
~600 sq. arcmin was covered by two overlapping LBC pointings
in the UV band for a total of 6.3 h (PI H. Yan). The UV depth is
29.6 ataS/N = 1, with an average seeing of 1.1 arcsec (Grazian,
et al., in prep.). The magnitude limit was computed through a
PSF-fitting method, as described in the next section. Since no
observations in the R band have been acquired by LBC on this
specific pointing, we used the R-band image taken by the “Deep”
program of the CFHT Legacy Survey (hereafter CFHTLS'). In
particular, we used the final release (T0007) of the CFHTLS,
which covers 1 sq. deg of the EGS field at a depth of r = 25.6
at an 80% completeness level for point sources. The CFHTLS
image was resampled to the same WCS astrometric grid of the
LBC U-band image with Swarp?, preserving both the total fluxes
of the objects and their original S/N. A large number of spectro-
scopic redshifts are available in the EGS field from Steidel et al.
(2003) and from the DEEP2 survey (Cooper et al. 2006). An ini-
tial sample of 16 galaxies was selected with 3.27 < zgpee < 3.40.
One galaxy (Westphal MD99) was discarded since it was de-
tected at 24 micron by Rigopoulou et al. (2006) suggesting pos-
sible AGN activity, and it is also contaminated by a foreground
object. Thus, a final sample of 15 galaxies was extracted from
the EGS database.

2.3. CANDELS/GOODS-North field

In order to explore the LyC radiation of faint galaxies, we suc-
cessfully proposed an LBT Strategic Program (PI A. Grazian)
during the Italian LBT Call for Proposals 2012B, with the
aim of obtaining ultra-deep imaging in the U and R bands
of the CANDELS/GOODS-North field (Groginetal. 2011;
Koekemoer et al. 2011) with the LBC instrument. The same area
has also been observed by other LBT partners (AZ, OSURC,
and LBTO), for a total exposure time of 33 h in U band (see-
ing 1.1 arcsec) and 26 h in R band (seeing 1.0 arcsec). The de-
tailed description of this dataset is provided in a different paper
(Grazian et al., in prep.) summarizing all the LBC deep observa-
tions available in the CANDELS fields. The long exposure time
and the relatively good seeing obtained allow us to reach a mag-
nitude limit in the U band of 30.2 mag at S/N = 1, resulting in
one of the deepest UV images acquired to date (Ashcraft et al.
2017). The LBC R band, instead, reaches a magnitude limit of
27.8 at 80% completeness level for point sources.

The GOODS-North field is one of the premier targets of
spectroscopic campaigns with the Keck and other smaller tele-
scopes, thanks to the multiwavelength coverage of this area from
X-ray to the far-IR. In particular, Barger et al. (2008) collected
2907 spectroscopic redshifts for galaxies and stars in the ACS
footprint (Giavalisco et al. 2004), resulting in a 90% spectro-
scopic completeness at Bszs < 24.5 mag. Additional informa-
tion has been provided by Cooper et al. (2011), Pirzkal et al.
(2013), and Wirth et al. (2015) just to mention few examples
of the numerous works that provide spectroscopic redshifts in
the GOODS-North area. We selected from this large database
11 galaxies with 3.27 < zgpe. < 3.40, the redshift range suitable
for LyC analysis with the LBC U-band filter. These galaxies are

' http://www.cfht.hawaii.edu/Science/CFHTLS/
2 http://www.astromatic.net/software
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Table 1. New galaxies in the COSMOS, EGS, and CANDELS/GOODS-North fields used to derive the LyC relative escape fraction.

ID Field RAD Dec Zpee ~Rmag  Umag  Misp el Cont
(deg) (deg) (AB) (AB)

53167 | COSMOS 149.852446  +2.397032 3359 2295 >29.38 -22.75 <0.029 No
218783 | COSMOS 149.920820 +2.387060 3.297 2449 >2939 -21.21 <0.118 No
223954 | COSMOS 149.831880  +2.404150 3.371 2477 >29.58 2093 <0.128 No
219315 | COSMOS 149.839520 +2.388460 3.363 25.21 >29.70 -20.49 <0.171 No
215511 | COSMOS 149.848260 +2.376170 3.363 2524 >29.70 -20.46 <0.176 No
220771 | COSMOS 149.836280  +2.393190 3.359 24.84 >29.22 -20.86 <0.188 No
217597 | COSMOS 149.865340 +2.382770 3.284 25.73 >29.88 -1997 <0.233 No
211934 | COSMOS 149.847250  +2.364040 3.355 26.86 >29.64 -18.84 <0.827 No
59330¢ | COSMOS 150.077045  +2.360797 3.417 24.15 >2893 -1740 <0.232 No

6328 EGS 214.586647 +52.512559 3.357 2426 >29.89 -2144 <0.060 No
9524 EGS 214.500676 +52.477565 3.295 24.06 >29.54 -21.64 <0.069 No
6439 EGS 214.552783 +52.511284 3.392 24.15 >29.56 -21.55 <0.073 No
724 EGS 214.501128 +52.570535 3.353 24.76 >30.06 -20.94 <0.081 No
6922 EGS 214.461916 +52.505537 3.351 2471 >29.95 -20.99 <0.086 No
4580 EGS 214.508258 +52.531509 3.279 2479 >29.90 -2091 <0.096 No
8642 EGS 214.460301 +52.487802 3.285 24.50 >29.60 -21.20 <0.098 No
5197 EGS 214.283603 +52.524388 3.271 24.52 >29.15 -21.18 <0.150 No
6612 EGS 214.500033 +52.509127 3.340 25.89 >3045 -19.81 <0.162 No
2783 EGS 214.554012 +52.549350 3.272 25.70 >30.02 -20.00 <0.200 No
12335 EGS 214.455464 +52.446348 3.287 25.32 >29.61 -20.38 <0.205 No
13346 EGS 214.413697 +52.433529 3.307 24.73 >28.87 -2097 <0.237 No
7690 EGS 214.249912 +52.497386 3.272 25.18 >28.77 -20.52 <0392 No

11372 EGS 214.407226  +52.458201 3.294 25.36 28.48 -20.34  0.603 No

14043 EGS 214.376422 +52.424380 3.344 25.18 >28.29 -20.52 <0.610 No

16428 GDN 189.216181 +62.254036 3.333 2391 >29.82 -21.79 <0.048 No

19977 GDN 189.179397 +62.276656 3.363 24.38 >30.03 -21.32 <0.061 No

12305 GDN 189.219779  +62.227532 3.369 25.09 >30.35 -20.61 <0.087 No

4341 GDN 189.290579 +62.171244 3.384 24.68 >29.81 -21.02 <0.094 No

14132 GDN 189.206264 +62.239252 3.367 25.44 >30.23 -20.26 <0.135 No

91200 GDN 189.311200 +62.311020 3.390 25.76 >30.21 -1994 <0.184 No

16169 GDN 189.215365 +62.252800 3.364 2542 >29.67 -20.28 <0.214 No

18979 GDN 189.296340 +62.270650 3.350 25.80 >29.90 -1990 <0.246 No

91000 GDN 188.999330 +62.202417 3.300 26.53 >30.21 -19.17 <0.377 No

16479 GDN 189.194532  +62.254757 3.371 25.00 27.79 -20.70 0.821 Yes

Notes. The galaxies are sorted in ascending order of relative escape fraction in each field (COSMOS, EGS, GDN = CANDELS/GOODS-North).
The identification number, ID, is the LBC number for the COSMOS and EGS fields, while it is the CANDELS official identifier for the GOODS-
North field. Two sources, indicated by ID > 90 000, are outside the CANDELS/GOODS-North area. The non-detections (i.e., S /N < 1) in the LBC

U-band, for which an upper limit (at 107) to the relative escape fraction is provided, are indicated by the Umag > and

el < symbols, respectively.

esc —

The last column, Cont, indicates whether a galaxy is possibly contaminated by foreground objects. Notes on individual objects: (a): object ID =
59330 in COSMOS is the lensed galaxy studied by van der Wel et al. (2013) and by Amorin et al. (2014). The U- and R-band magnitudes are the
observed photometry for ID = 59330, while the absolute magnitude provides the intrinsic luminosity after the correction by a magnification factor

of 40 + 1.

all the objects in this tiny redshift interval, without any biases
against or in favor of Lyman-a emitters. One of these galax-
ies (RA = 12:37:33.2, Dec = +62:17:51.9) is extremely faint
(R ~ 28) and no meaningful constraint on the escape fraction
can be achieved with the present depth of the LBC U-band im-
age. Moreover, this galaxy is also contaminated by a brighter
galaxy at less than 1.5 arcsec distance, so we decided to remove
this object from our z ~ 3.3 sample. In the end, the final sample
in the GOODS-North field consists of ten galaxies, of which two
objects (with ID > 90 000 in Table 1) are outside the CANDELS
area.
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2.4. Faint lensed galaxy sample

To push our LyC analysis even deeper, we added the lensed
galaxy from Amorin et al. (2014), at z = 3.417 and magnified by
a factor of 40 + 1, with intrinsic magnitude of Ryejensed = 28.31,
corresponding to L = 0.036L* (M;s500 = —17.4). The properties
of this galaxy have also been discussed by van der Wel et al.
(2013). Interestingly, this galaxy has been classified as a metal-
poor galaxy by Amorin et al. (2014), with 12 +log(O/H) < 7.44
(or equivalently Z < 0.05Z). In addition, it shows high ioniza-
tion conditions, with [OIII]/HB ratio >5 and [OIII]/[OII] > 10.
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We also consider two lensed galaxies at z > 3 with proper-
ties similar to this object from the literature (Christensen et al.
2012; Bayliss et al. 2014), where upper limits to the LyC escape
fraction have been provided. The properties of these galaxies
resemble the Green Peas selected by Cardamone et al. (2009),
and they are thus very promising candidates to investigate for
their possible contribution to the HT ionizing background, as re-
cently proposed by Izotov et al. (2016a), Vanzella et al. (2016),
Schaerer et al. (2016), Stark et al. (2017), and Verhamme et al.
(2017).

2.5. Total sample

In total, a sample of 79 star-forming galaxies within the redshift
range 3.27 < z < 3.4 was assembled, of which 45 have already
been presented in Boutsia et al. (2011) and Grazian et al. (2016).
The properties of the additional 34 galaxies are summarized in
Table 1. The results on the LyC emission properties are instead
based on the whole sample of these 79 star-forming galaxies with
deep LBC data available, and are summarized in the next sec-
tions. One of these 79 galaxies is the lens from Amorin et al.
(2014). In the final sections, we also consider two additional
lensed galaxies at z ~ 3 from the literature, without LBC cov-
erage (Christensen et al. 2012; Bayliss et al. 2014). They were
added to our sample since they are relatively faint galaxies (mag-
nified by strong lensing) with an independent estimation of their
LyC escape fraction.

3. Method

3.1. Estimating the Lyman continuum escape fraction
of z ~ 3.3 galaxies

We adopt here the same methodology described by Grazian et al.
(2016) in order to estimate the individual values of the galaxy
Lyman continuum escape fraction and the sample mean at z ~
3.3. In particular, we focus on the new sample of 34 galaxies with
known spectroscopic redshifts and with wide and deep imaging
from COSMOS, EGS, and CANDELS/GOODS-North. Briefly,
we summarize here the adopted technique.

Following Grazian et al. (2016), we started from LBC im-
ages in the U and R bands, which at z ~ 3.3 sample the rest frame
wavelengths at 900 and 1500 A, respectively. The relevant galax-
ies were selected in a narrow redshift range (3.27 < z < 3.40),
with the aim of measuring, with the U-band filter of LBC, only
the wavelength region at 850 < A < 900 A rest frame (see Fig. 1
in Boutsia et al. 2011). The average Lyman continuum absorp-
tion by the IGM in the spectra of z > 3 sources increases rapidly
towards bluer wavelengths. For this reason the search for any de-
tection of hydrogen ionizing emission is quite inefficient below
850 A rest frame, which is sampled by the LBC U-band filter in
spectra of z > 3.4 galaxies. The red leakage of the U-band filter
of LBC is negligible®, and does not affect the following results.

Crucially, almost all the new 34 galaxies have as-
sociated deep HST imaging from the COSMOS, EGS,
and CANDELS/GOODS-North surveys (Scoville et al. 2007,
Grogin et al. 2011; Koekemoer et al. 2011; Stefanon et al. 2017)
at several wavelengths from the V to the H bands (for the
CANDELS/GOODS-North field the B band of HST is also
available), which are essential in order to avoid spurious con-
tamination by foreground sources. In the CANDELS/GOODS-
North field, for example, there are three sources (ID = 16479,

3 http://lbc.oa-roma.inaf.it/Filters/List.html

16169, 18979) with bright galaxies with zphoy ~ 0.7-2.2 close
to their lines of sight. Two (16169, 18979) are well sepa-
rated (~1.5—1.8 arcsec), while source ID = 16479 is closer
(~1.0 arcsec) and results in a blend in the LBC images. We dis-
cuss the properties of this source in the next subsection.

The HST fields used here also have deep X-ray observations
by the Chandra satellite (Alexander et al. 2003; Nandra et al.
2015; Civano et al. 2016). We used this information to avoid
possible contamination by faint AGNs. None of our 34 galaxies
shows any X-ray emission at the levels probed by the Chandra
images, thus excluding the presence of an X-ray strong AGN
nucleus inside.

As carried out in Grazian et al. (2016), we measured the “rel-
ative” escape fraction, which is defined as the fraction of emitted
Lyman continuum photons, IGM corrected, related to the ob-
served fraction of photons at 1500 A rest frame (Steidel et al.
2001; Siana et al. 2007). The relative escape fraction is usually
derived from the observations of the flux ratio between 900 and
1500 A rest frame,

el L1500/ Looo)int 1GM
= 1500/ 7500 int , 1
=l Fo P M

where (Li500 /Lgoo)im is the ratio of the intrinsic luminosities at
1500 and 900 A rest frame, (Fg/Fy)ops 18 the ratio of the ob-

served fluxes in the R and U bands, and Tlg%;g/[ is the optical depth

of the IGM at 900 A rest frame. The absolute escape fraction

e";tés is defined as exp(—71q;) X 1070440 where the first factor
indicates the ISM extinction, while Agy is the dust absorption
coefficient at 900 A rest frame. In this paper, as in Grazian et al.
(2016), we adopt a (Lis00/Looo)int Value of 3. In Guaita et al.
(2016) we explored the dependencies of this quantity on the var-
ious population synthesis models, and concluded that a reason-
able range for this ratio is between 2 and 7. In Grazian et al.
(2016) we considered the implications of different assumptions
of the intrinsic luminosity ratio parameter on the estimations of
the escape fraction and LyC emissivity.

To correct for the mean effect of the IGM absorption
we adopted the recent estimates by Worseck et al. (2014) and
Inoue et al. (2014). Folding the IGM absorption at z = 3.3 with
the U-band filter of LBC and adopting the same procedure out-
lined in Boutsia et al. (2011), we obtain a mean IGM transmis-
sion (exp(—Tga0))y = 0.28 at z ~ 3.3. In the next section we
explore the implications of the variance of the IGM absorp-
tion along multiple lines of sight, using the same methodology
adopted in Grazian et al. (2016).

For each galaxy we computed the observed flux ratio
(Fgr/Fuy)obs from the LBC images in the U and R bands in the
same way as in Grazian et al. (2016). Briefly, we detected the
z ~ 3.3 galaxy in the R band using SExtractor (Bertin & Arnouts
1996), and measured the flux in the U band assuming the same
profile of the galaxy in the R band through the ConvPhot soft-
ware (De Santis et al. 2007), taking into account the transfer
function (convolution kernel) to change the spatial resolution of
the R band to U band. As discussed in Grazian et al. (2016), this
PSF-matched photometry allows us to derive errors on fluxes
which are typically a factor of 1.7 smaller than those measured
by SExtractor through aperture photometry. In the case of non-
detection in the U band, a 1o upper limit to the flux in this filter
is set by the flux error provided by ConvPhot. Assuming an aver-
age IGM transmission of 0.28 at z ~ 3.3, we compute the relative
escape fraction for each individual galaxy adopting Eq. (1), and
provide the relevant quantities in Table 1.
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Fig. 1. Cutouts of source ID = 16479 of the CANDELS/GOODS-North field in the U band (left) and in the R band (center) observed by the LBC
instrument. The cutout on the right shows the same sky area observed by HST in the V606 filter. The position of the galaxy with spectroscopic
redshift at z = 3.371 is indicated by the green circle. The green arrow in the U band marks the position of the centroid of source ID = 16479
derived from the R-band image. At ~1.0 arcsec from the z ~ 3.3 source, towards the right, there is a faint galaxy at zy, = 2.2 that is clearly
detected in all three bands. Close to the main target there are also two very faint blobs in the HST image, which are blended with the z ~ 3.3 galaxy
in the ground-based LBC images. The size of each image is 17 arcsec by 17 arcsec.

3.2. Detailed analysis of the possible LyC emitters

In Grazian et al. (2016) we discussed the issue of foreground
contaminants mimicking significant LyC detection in the COS-
MOS field. In Table 1 there are two galaxies with significant LyC
relative escape fraction (~60—80%), ID = 11372 in the EGS field
and ID = 16479 in GOODS-North. In order to determine their
reliability, we carried out some checks, as done in Grazian et al.
(2016). In particular, we used HST data from the CANDELS and
AEGIS surveys in order to evaluate the reliability of these LyC
emitter candidates.

Figure 1 shows the galaxy ID = 16479 in the
CANDELS/GOODS-North field in the U and R band ob-
served by LBC and in the HST V606 filter (the closest band
to the LBC-R filter). At the right of the z = 3.371 galaxy
(identified by a green circle in the HST thumbnail) there is a
faint source at ~1.0 arcsec distance, which is clearly detected
in the three bands. If we assume that the two sources are at the
same redshift (z = 3.371) and compute their escape fraction, we
find £ = 206%. If we evaluate the escape fraction only of the
fainter galaxy to the right (outside the green circle) and assume
that it is at z ~ 3.3, we end up with f! = 627%. In this case,
as already reported by Vanzella et al. (2012a) and Grazian et al.
(2016), the so-called “local” escape fraction (i.e., calculated in
a small region showing LyC emission) is not compatible with
the stellar population of a z ~ 3.3 galaxy, indicating a clear
sign of contamination by a lower-z interloper. In fact, even
assuming a higher ionizing efficiency (i.e., a (Li500/Lo00)int
value of 2.0, instead of 3.0) and a more transparent line of sight
with exp(—tigm) = 0.68 (i.e., the upper value of the z ~ 3.3
IGM transmission at 95% confidence level), the resulting local
escape fraction is 170%, confirming the interloper interpretation
for this object. Indeed, the brighter galaxy at the center of the
green circle in Fig. 1 has different colors from the faint blob
on the right, which is thus probably at a different redshift. This
system has already been studied by Reddy et al. (2006), labeled
as BX1334. Interestingly, it has been selected as a BX galaxy
(with colors compatible with galaxies at photometric redshifts
between 2.0 and 2.7; see Adelberger et al. 2004), and it has
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near-IR colors compatible with the distant red galaxy (DRG)
criterion (R — K > 1.3 mag, z ~ 2 according to Franx et al.
2003). From the CANDELS photometry a redshift of z,ne = 2.2
has been derived for this close-by source, indicating that this is
plausibly a lower-z contaminant.

Using HST data in the V606 band, it is possible to compute
the relative escape fraction of the z ~ 3.3 galaxy reducing the
contamination by the foreground interloper on the right. Adopt-
ing as a prior for ConvPhot the HST image we obtain a U-band
magnitude of 27.79, corresponding to f! = 82%. This could
thus be a genuine LyC emitter at z ~ 3.3. However, close to the
z ~ 3.3 galaxy there are also two very faint blobs in the HST im-
age, which are blended with the main target in the ground-based
LBC images. A faint off-center emission in the U band of LBC
has been detected, and this is possibly associated with the faint
blob close to the z = 3.371 galaxy (towards the right). There
is thus an indication of a possible contamination by foreground
objects, even if in this case no firm conclusions can be drawn.

The second object ID = 11372, shown in Fig. 2, is at best
marginally detected at 1.5 o in the U band, and its relative es-
cape fraction is f! ~ 60.3%. This galaxy was originally studied
by Steidel et al. (2003) as the object C029 of the Westphal field.
Its morphology in the HST V606 band is almost point-like, but
no X-ray detection has been found for this galaxy, and thus an
AGN classification for this object cannot be confirmed. Even for
this object there is a hint in the HST image of a very faint blob
close to the z ~ 3.3 galaxy (at ~0.1 arcsec towards the right),
which can act as a possible faint contaminant, compatible with
the marginal (1.507) detection in the U band. However, no firm
conclusions can be drawn for this galaxy, and deeper data from
LBC in the U band and HST in the V606 band are needed in
order to understand its nature. It is possible that the distribu-
tion of the escape fraction of z > 3 galaxies is bimodal, with
the bulk of the star-forming population showing small values of
LyC emission, while few objects emit large amounts of ionizing
radiation (e.g., lon2, Vanzella et al. 2016).

In Table 1, we mark the ID = 16479 galaxy as possibly con-
taminated by a foreground object, while the galaxy ID = 11372,
where this hypothesis is weak, is considered as a possible LyC
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EGS ID=11372

Fig. 2. Cutouts of source ID = 11372 of the EGS field in the U band (left) and in the R band (center) observed by the LBC instrument. The cutout
on the right shows the same sky area observed by HST in the V606 filter. The position of the galaxy with spectroscopic redshift at z = 3.294 is
indicated by the green circle. The green arrow in the U band marks the position of the centroid of source ID = 11372 derived from the R-band
image. In the LBC U band there is a marginal detection (1.50). The size of each image is 17 arcsec by 17 arcsec.

emitter, pending deeper observations. In the following sections
we investigate the properties of the whole star-forming galaxy
population at z ~ 3.3, relying on the stacking procedure of the
LBC images.

In summary, the properties of the new sample of 34 galax-
ies at z ~ 3.3 in the COSMOS, EGS, and CANDELS/GOODS-
North fields are listed in Table 1. They were merged with the
45 SFGs at the same redshifts studied in Grazian et al. (2016)
from the VUDS/LBC-COSMOS database, resulting in a total
sample of 79 galaxies. However, not all of them have been used
to compute the HI ionizing emissivity of the SFG population at
z ~ 3. We discarded nine galaxies possibly affected by contami-
nation due to foreground objects. Of this subsample, eight galax-
ies were discussed in detail in Grazian et al. (2016) and an addi-
tional galaxy has been discarded from Table 1, i.e., ID = 16479 in
the CANDELS/GOODS-North field. The galaxy ID = 59330 in
the COSMOS field is the lensed object studied by Amorin et al.
(2014) and it is not considered in the stacking procedure, which
is restricted to the 69 galaxies of luminosity L 2 0.2L".

4. Results

We consider here the stack of the cleaned sample in the U and
R bands by LBC and provide the mean f™! values for the whole
population of 69 galaxies not affected by contamination and for
various subsamples at different R-band magnitudes.

Figure 3 summarizes the f¢ properties of the cleaned sam-
ple as a function of the observed R-band magnitude. In this plot,
the blue symbols indicate the VUDS/LBC-COSMOS galaxies
published in Grazian et al. (2016), while the green, red, and gray
arrows are for sources in the COSMOS (Onodera et al. 2016),
CANDELS/GOODS-North, and EGS fields, respectively. The
small downward arrows indicate 1o~ upper limits for the indi-
vidual £, while asterisks show detections in LyC above 1o
The red asterisk in the hexagon indicates the galaxy ID = 16479
in the CANDELS/GOODS-North field, which is probably af-
fected by foreground contamination. The gray, blue, and red
dashed lines show the escape fraction versus R-band magnitude
corresponding to the 1o~ depth of the U band in the EGS, COS-
MOS, and CANDELS/GOODS-North fields, respectively (U =
29.6, 29.7, and 30.2), derived using Eq. (1). The scatter of the
observed galaxies around these lines is due to the small differ-
ences in depth on the images and on the different morphologies

of the sources (more extended galaxies have slightly shallower
magnitude limits).

4.1. Constraints on the escape fraction from stacking

We then proceed with the stacking of the LBC U and R bands
of the clean sample in different luminosity intervals. We repeat
the same procedures outlined in Grazian et al. (2016), which
we summarize in the following. We cut a small thumbnail
(~45” x 45") of the LBC U- and R-band images centered on
each z ~ 3.3 galaxy; we mask all the nearby sources detected
in the R band, leaving the central region unmasked; and then
we compute the weighted mean of all the thumbnails in a given
band using the inverse variance map as a weight. We measure the

™l on the stacked images adopting the same technique outlined
above, i.e., using ConvPhot.

We first proceed with the stacking in different R-band mag-
nitude intervals, then we carry out the sum of all the galaxies in
Grazian et al. (2016) and in Table 1, except for the contaminated
object (ID = 16479) in the CANDELS/GOQODS-North field and
the lensed galaxy from Amorin et al. (2014). We do not achieve
any significant detection in the U-band above 1o in the stacked
images, resulting in several upper limits to the LyC escape frac-
tion. We plot the results of the stacking in different luminosity
intervals in Fig. 3 with large arrows, and summarize all the rele-
vant values in Table 2.

We do not detect for the stacks significant dependencies of

™l on luminosity at R < 25.5, corresponding to L > 0.5L,
where a constant value of 2—2.5% has been determined (cyan,
purple, and orange arrows in Fig. 3). Stacking of all 69 galax-
ies (we do not consider the lensed galaxy by Amorin et al. 2014)
in U and R band resulted in a non-detection in the U band to a
level of U = 31.74 at 1o and a clear detection in the R band
of R = 24.73 at S/N = 414, as shown in Fig. 4. This trans-
lates into a limit to the observed ratio between R and U band
of Fr/Fy > 640.2, which is equivalent to an upper limit to the
relative escape fraction of fI€ < 1.7% at 1o level at z = 3.3
(magenta arrow in Fig. 3). This is the most stringent limit to the
relative escape fraction for z > 3 star-forming galaxies. The in-
clusion of the three galaxies detected in the U band (two galax-
ies discussed in Grazian et al. (2016) and ID = 16479 in the
CANDELS/GOODS-North field) does not significantly change
the results of the stacking (™ < 1.8%).

esc —
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Fig. 3. Measured values and the upper limits at 1o for the LyC relative escape fraction of galaxies at z ~ 3.3 in the COSMOS (blue, green), EGS
(gray), and CANDELS/GOODS-North fields (red). Small descending arrows show the upper limits of f% associated with individual galaxies.
Asterisks show the galaxies detected in the U band (i.e., LyC emission) above 1o-. The red hexagon indicates a likely foreground contamination
in the CANDELS/GOODS-North field, associated with galaxy ID = 16479. The lensed galaxy from Amorin et al. (2014), magnified by a factor

u = 40 + 1, is represented by a black arrow at its intrinsic (de-magnified) magnitude R = 28.31. The gray, blue, and red dashed lines show

the dependency of the escape fraction on the R-band magnitude derived by adopting the 1o depth of the U band in the EGS, COSMOS, and

CANDELS/GOODS-North fields, respectively. The large arrows (cyan, purple, magenta, orange, gold, dark green) represent the limits to
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derived by stacking the z ~ 3.3 galaxies from Grazian et al. (2016) and from this paper in different R-band magnitude intervals.

Table 2. Escape fraction of stacks.

Sample Nga  Rmag  Misno e
(AB) (1o)
Very bright (R < 23.5) 2 2294 228 <0.025
Bright (23.5 < R £24.5) 16 2399 -21.7 <0.020
Faint (24.5 < R £ 25.5) 42 2492 -20.8 <0.024
Ultra-faint (R > 25.5) 9 2598 -19.7 <0.103
Stack all sources 69 2473 -21.0 <0.017
Lensed (Rgelensed = 28.31) 1~ 2831 174 <0.232  Fig. 4. Stack of the 69 galaxies with 3.27 < zyec < 3.40 in the R (left)
Christensen et al. (2012) 1 204 <0.11 and U bands (right) for the COSMOS, EGS, and CANDELS/GOODS-
Bayliss et al. (2014) 1 _2015 20:01 North fields. The size of each image is 16 arcsec by 14 arcsec.

28.31 is described

Notes. The lensed galaxy with Rgelensed
in Amorin et al. (2014). The galaxy from Bayliss et al. (2014) has
log N(HT) > 21.5, resulting in a null escape fraction. We provide here a
very conservative upper limit of 1% for this object.

The uncertainties on the relative escape fraction of the stack
due to the IGM variance was derived following the same proce-
dures outlined in Grazian et al. (2016). Considering 69 lines of
sight, the mean IGM transmission, folded with the U-band filter
of LBC, has an uncertainty of o = 0. 023 Using this error, the
68% confidence level for our value of £ is between 1.54 and
1.82%. In the following, we use the derived limit £ < 1.7%
without considering its small associated uncertainty.
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4.2. Constraints on the escape fraction from strong
gravitational lensing

Ultra-deep UV imaging in blank fields with LBC reach a mag-
nitude limit of ~30 (AB), but these depths do not allow us
to push the constraints of the escape fraction below ~10% at
M500 = —20. On the other hand, relatively deep LBC data in the
U and R bands have been used to put a limit to the LyC escape
fraction of the lensed galaxy by Amorin et al. (2014), thus allow-
ing us to explore the regime of sub-L* galaxies at z > 3. A 1o
upper limit to the escape fraction of 23.2% has been derived at
Mi500 = —17.4, which can add new observational constraints to
the theoretical models predicting that sub-L* galaxies at high-z
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have high escape fractions, and are thus the main drivers of the
reionization of the Universe (e.g., Ferrara & Loeb 2013; Ellis
2014; Bouwens et al. 2015; Finkelstein et al. 2015).

Other examples of strongly magnified galaxies at z = 3
can be found in the literature. Christensen et al. (2012) reported
the case of a lensed LBG (SMACS J2031.8-4036 ID 1.1) at
z ~ 3.5 with a LyC escape fraction estimate from their X-shooter
spectrum. This galaxy has an absolute magnitude after correc-
tion for magnification of M;509 = —20.4, and the constraint
on the escape fraction is f& < 3-11%. Their conservative
upper limit for the escape fraction, thanks to strong lensing
magnification, is fully consistent with the individual limits on
z ~ 3.3 galaxies at the depth of the CANDELS/GOODS-North
U-band observations of this paper. The spectral properties of
this peculiar galaxy are similar to those observed in Ion2 by
Vanzella et al. (2016), and usually associated with possible LyC
emissivity; this galaxy indeed shows low metallicity (Z =
0.1 Zy) and a high ionization parameter (log U = —2.1), present-
ing high [OIII]/[OI] and [OII]/H line ratios. Following recent
claims (Vanzella et al. 2016; Izotov et al. 2016b; Schaerer et al.
2016; Nakajima & Ouchi 2014; Nakajima et al. 2016), a much
larger escape fraction should be expected for this object. Owing
to its bright observed magnitude (Vo6 = 21.19+0.10) this galaxy
could be an ideal target for future deep follow-up spectroscopy
with efficient UV spectrographs in the LyC region.

Another interesting object is the Green Pea
SGASJ105039.6+001730 at z = 3.6252 studied by Bayliss et al.
(2014). This galaxy has a magnification factor of y > 30, with
an absolute magnitude of Misop = —20.5 after corrections for
strong lensing. Like the previous example, this object also
shows line ratios of [OIII]/[OII]> 10 and [OIII]/HB > 10, and is
expected to emit ionizing radiation with a large escape fraction,
due to the significant ionization efficiency. Surprisingly, the
spectroscopic data indicate that the neutral column density
is log Ng; > 21.5 and thus the escape fraction is negligible
(f < 1%). It is worth noting that the profile of the Lyman-a
line in emission is also compatible with an associated absorp-
tion, in agreement with the measured high column density of
neutral hydrogen. If its low f™! is confirmed, this result gives
stringent limits to the LyC escape fraction at z > 3, which
are comparable with the constraints we obtain in this work by
stacking 69 galaxies (<1.7%). It thus stresses the importance of
the lensing magnification for this type of study, as also shown
by Vasei et al. (2016) at z ~ 2. Similar studies will be important
in the future to extend the investigated range of f™ at very low
luminosities.

4.3. Does the escape fraction depend on luminosity?

In Grazian et al. (2016) we showed that star-forming galaxies
brighter than 0.5 L* at z ~ 3 cannot produce the UV background
(UVB) as measured using the Lyman forest. Here we explore the
role of fainter galaxies.

In Fig. 3 we observe an apparent trend of looser limits of the
escape fraction with fainter R-band magnitudes. This correlation
is clearly due to the U-band depth of our imaging database.
At a given luminosity, the measured upper limits on the escape
fraction of each individual galaxy actually depend on the dif-
ferent depths of the COSMOS, EGS, and CANDELS/GOODS-
North fields, and they are not related to an intrinsic property in
the population of star-forming galaxies.

The stacking at R < 25.5 indicates that fT¢ is below the
~2-2.5% level, while at fainter magnitudes the constraints are
less well determined, with £ < 10% at 25.5 < R < 27.5 and

el < 23% at R ~ 28.3 mag, even if in the latter case only one
galaxy has been used to provide this limit, and uncertainties due
to the IGM variance still hold.

Leethochawalit et al. (2016), using the gas covering fraction
(feov) of low ionization gas as an indirect proxy for the galaxy
escape fraction (f2% ~ 1- f.o, neglecting dust absorption), found
that there is a weak anti-correlation of the supposed f% with
the SFR, with a typical value of f! ~ 20% for SFR on the
order of 10—100 My /yr at 4 < z < 5. The range in SFR of their
galaxies translates into an R-band magnitude of R ~ 25-28, so it
is interesting to note that the value of ™! inferred in their work
is slightly higher than what we measure.

A rough explanation is that the gas covering fraction can
only provide an upper limit to the LyC escape fraction, which
in fact could be significantly lower. A notable example is the
lensed galaxy by Vasei et al. (2016): it has a low gas covering
fraction, mimicking an escape fraction of £ ~ 40%, but when
a direct measurement is carried out, a 30~ upper limit of 8% is
derived, significantly lower than the value inferred from the gas
covering factor (see also Dijkstra et al. 2016). These compar-
isons point thus to a possible inconsistency between the indi-
rect results derived from the low covering fraction and the direct
measurements of the LyC escape fraction. It is thus desirable
that future claims of significant LyC emission be substantiated
by direct detections. However, it is useful to recall here that the
limits by Amorin et al. (2014) or Vasei et al. (2016) are based on
single non-detections, which could also be due to a line of sight
with substantial IGM attenuation, or to a patchy ISM. Larger
databases of lensed, intrinsically faint galaxies are needed to dis-
tinguish these alternative hypotheses.

The data in Table 2 are summarized in Fig. 5. Black ar-
rows are the limits derived in this paper with LBC data through
stacking, while blue arrows report constraints of individual
lensed galaxies from the literature (Christensen et al. 2012;
Amorin et al. 2014; Bayliss et al. 2014). We explore here dif-
ferent dependencies of the relative escape fraction with lumi-
nosity, with the aim of computing the total ionizing emissiv-
ity of faint galaxies. The galaxy from Bayliss et al. (2014) has
log N(H1) > 21.5, resulting in a very small escape fraction
(f* < 1%). We provide here a very conservative upper limit
of 1% for this galaxy in Fig. 5. The real emissivity value will be
probably lower than this limit.

Different parameterizations of the escape fraction as a func-
tion of luminosity are explored in Fig. 5. It is worth stressing
here that these dependencies are not the best fits to the observed
data; they are simply analytic functions (constant, exponential
or power law) that are reasonably consistent with the observed
stack limits, i.e., with looser constraints at fainter luminosi-
ties. These functions are not physically motivated, but they ex-
plore possible dependencies of the escape fraction on luminosity

rel(L) allowed by the observed constraints. Indeed, it is useful
to note that the contribution of bright galaxies does not change
significantly if we impose % < 1% or f%¢! < 2%, due to the
exponential cut-off of the luminosity function at the bright end.

In Fig. 5 we explore five different parameterizations for

fose(Ly:

— A: constant [T at 1.7% at all luminosities (continuous red
line), not consistent with the limit of Bayliss et al. (2014),
but easily scalable to £ < 1% with a simple multiplicative
factor;
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Model A
Model D
sgoif Model E

1
-18 -18
Ml500

Fig. 5. The dependence of the relative escape fraction from the absolute
magnitude in the UV M;s9. The black arrows are the upper limits to
the relative escape fractions derived from the stacks of LBC data in this
paper, summarized in Table 2. The observed trend of looser upper lim-
its with fainter magnitudes is due to the limited depth of the data in the
UV wavelengths, and plausibly it is not related to a physical property
of the population of star-forming galaxies. The blue arrows summa-
rized the values available in literature for individual lensed galaxies, by
Amorin et al. (2014) and Bayliss et al. (2014), in the luminosity ranges
not covered by our data. For the Bayliss et al. (2014) source, the limit
of 1% has been plotted only for graphical reasons, but could be signif-
icantly lower. The different curves show analytic functions which have
been adopted to infer the evolution of the relative escape fraction from
luminosity. These functions have been used in order to check for the
contribution of galaxies at different luminosities to the observed UVB.

— B: two-step function of 1.7% at M15pp < —20.0 and 10.3% at
fainter magnitudes (long-dashed green line);

— C: three step function of 1.7% at M;s599 < —20.0, 10.3% at
-20.0 < M50 < —19.0, and 23.2% at fainter magnitudes
(short-dashed gray line);

— D: exponential law £ = f; xexp(—a-L/L*) with f; = 0.256
and @ = 2.7 (dotted magenta line);

- E: power law [ = f; - (L/L%*)™ with f; = 0.0167 and
a = 0.79 (dot-dashed dark green line).

The various evolutionary parameterizations of the escape frac-
tion as a function of the galaxy luminosity are used in the next
section to derive different estimates of the average galaxy emis-
sivity at z ~ 3.3.

5. Estimating the ionizing emissivity produced
by star-forming galaxies at z ~ 3

The rate of ionizing photons produced by star-forming galaxies
can be expressed as 7tjon = PUV * ion - ;‘;’CS, where the three terms
on the right side can be evaluated upon reasonable assumptions.

The first term, pyy, is the emissivity of high-z star-forming
galaxies, measured at non-ionizing wavelengths, typically at
1500 A rest frame. It can be obtained by integrating the lu-
minosity function of galaxies, multiplied by their luminosities,
down to faint limits, e.g., L ~ 1073~1072L*. The ionization ef-
ficiency &, measures the rate of ionizing photons produced by
a given amount of UV luminosity (at 1500 A rest frame). It de-
pends on the nature of the stellar populations that developed in
distant galaxies (i.e., IMF, age, metallicity, binary fraction). Fi-

nally, the absolute escape fraction £2° measures the percentage
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of ionizing radiation produced by stars that is not absorbed by
gas and dust in the ISM and is finally emitted in the surrounding
IGM. In practice, it is the ratio between the observed and pro-
duced fluxes at 900 A rest frame. Numerous attempts have been
carried out recently to evaluate the ionization efficiency &on of
high-z galaxies (e.g., Dunlop et al. 2013; Robertson et al. 2013;
Bouwens et al. 2016a).

However, a number of assumptions are hidden in the cal-
culations of the rate of ionizing photons 7y, and its deriva-
tion suffers from intrinsic degeneracies between the physical
properties assumed for the underlying stellar populations. More
importantly, the two quantities &, and £2° are by definition de-
generate since different combinations of absolute escape frac-
tion and production efficiency of ionizing photons can give the
same observed properties for a galaxy. It is actually not easy
to provide an unbiased estimation for the absolute escape frac-
tion f2%. Since the intrinsic SEDs of star-forming galaxies are
not known a priori in the far UV, assumptions on the physical
properties of the galaxies (stellar populations, age, star forma-
tion history, metallicity, etc.) must be adopted. In particular,
the choice of stellar population synthesis model can change
the intrinsic LyC emissivity up to a factor of 1.5 or 2, if pre-
scriptions for the treatment of the stellar binaries are adopted
(e.g., Eldridge & Stanway 2009; Stanway et al. 2016). More-
over, since the ages of our galaxies are not well constrained, the
intrinsic LyC production has a similar level of uncertainty.

We use, instead, an alternative approach based on the relative
escape fraction, as described in Eq. (1). Following Grazian et al.
(2016), we chose to derive the ionizing emissivity adopting the
relation
5 = 1500+ £t - (Looo/ L1500)ints 2)
where the factor (Logo/Lis00)int 1S proportional to &on. In this
case the advantage, thanks to Eq. (1), is that erfcl - (Lo /L1500)int
can be written as (Fy/FRr)obs €Xp(Tigm) Which is the product of
two quantities less subject to systematic uncertainties or assump-
tions, and neglecting the extinction by dust it is equivalent to
fion : eastés.

The “relative” escape fraction, by definition, depends on the
assumed ratio (Lis09/Looo)int and as such is not free from as-
sumptions on the physical properties of the galaxies. But its main
advantage, as discussed in Grazian et al. (2016), is that its de-
pendencies on the physical properties of the galaxies are can-
celed out when the emissivity is computed at 4 < 900 A rest
by combining Eq. (1) with Eq. (2). The only parameter critically
affecting Eq. (2) is the input luminosity density of non-ionizing
radiation, pis09. To obtain this value it is sufficient to integrate
an observed luminosity function, multiplied by the absolute lu-
minosity, down to a specific magnitude limit.

In addition, it is useful to express the LyC emissivity pg
in terms of the HI photoionizing background I'_;,, in units of
107'2 photons per second. Following Grazian et al. (2016), we
have

10'2 - p&e - oy - AL- (1 +2)°

hp - (3 + |ayyl)

I = , 3

where oy, = 6.3x 1078 cm? is the photoionization cross section
of hydrogen at 1 = 912 A, ayy = —1.8 is the spectral slope of
the stellar ionizing radiation (see Faucher-Giguere et al. 2009),
and hAp is the Planck constant. The mean free path of ionizing
photons Al is 83.5 proper Mpc at z = 3.3, following the fitting
formula by Worseck et al. (2014).
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Table 3. Schechter coefficients of the luminosity function of star-forming galaxies at z ~ 3.

LF M* (O} a Reference Notes
01 -20.71 0.00055 -1.94 Alavi et al. (2016) LF at 2.2 < z < 3.0 1500 A rest frame
02 -20.20 0.00532 -1.31 Parsa et al. (2016) LF at z = 2.8 1500 A rest frame
03 -20.71 0.00206 -1.43 Parsa et al. (2016) LF at z = 3.8 1500 A rest frame
04 -20.61 0.00161 -1.54 Parsa et al. (2016) best fit at z = 3.3 1500 A rest frame
05 -20.45 0.00410 -1.36 Weisz et al. (2014) LF z = 3.0 1500 A rest frame
06 -21.40 0.00086 -1.50 Cucciati et al. (2012) 1500 A rest frame
07 -2094 0.00179 -1.65 van der Burg et al. (2010) z=3.0 1600 A rest frame
08 -20.97 0.00171 -1.73 Reddy & Steidel (2009) z =3.05 1700 A rest frame
09 -2090 0.00167 -1.43 Sawicki & Thompson (2006) z=3.0 1700 A rest frame
Notes. Cucciati et al. (2012) did not actually measure the faint end slope at z > 1.7, but fixed this value based on luminosity functions at lower
redshifts.
A L Moreover, they also provide an analytic formula to derive the
/ parameters of the Schechter function depending on redshift.
- In Table 3 we consider the best fit of the relations given by
Parsa et al. (2016) at z = 3.3. The steep luminosity functions by
-2 van der van der Burg et al. (2010) and Reddy & Steidel (2009)
are not in agreement with the flatter (¢« ~ —1.4) functions at
i z ~ 3 (Parsaetal. 2016). A notable exception is the result of
= i Alavi et al. (2016), with a slope of —1.9 and extending down to
0 Ms500 = —12.5, thanks to strong lensing magnification. It is in-
= 01 Alavi et al. (2016) teresting to note that the luminosity func.tlons derived on lensing
T 02 Parsa et al. (2016) fields are usually steeper than those obtained on blank fields (.see
Q
20..—4 03 Parsa et al. (2016) — glso L1vermpre et al. 2017; and Bouwens et al. 2016b, for sim-
S ilar comparisons at z ~ 6). This could be related to possible
) 1 still unknown biases linked to the lensing amplification or com-
05 Weisz et al. (2014) pleteness corrections. However, the main aim here is not to do
| acritical review of all the luminosity functions in the literature,
| but to select a representative sample in order to explore the im-
plications on the calculations of the photoionizing background.
-6 09 Sawicki & Thompson (2006) — In Fig. 6 we note a large variance in the galaxy number
T T density, especially at faint luminosities. At luminosities brighter

—-22 -20 -18

1500

-16
M

Fig. 6. Galaxy luminosity functions at z ~ 3 from different work, as
summarized in Table 3.

We derive the relevant quantities needed to compute I'_j; in
the following sections.

5.1. Luminosity function of galaxies at z ~ 3

An accurate estimate of the shape of the luminosity function at
the faint end is crucial in order to quantify the luminosity density
p1s00 and hence the HI photoionization rate produced by SFGs
at z ~ 3. As in Grazian et al. (2016), we explored different de-
terminations for the luminosity function of star-forming galaxies
at these redshifts. We collected relevant luminosity functions at
z ~ 3 from the literature, exploring the last ten years. In Table 3
we summarize the adopted parameters for the Schechter function
(M*, ®*, @) of these recent works. Figure 6 shows the different
shapes of the galaxy luminosity functions at z ~ 3.

A recent collection of luminosity functions from the litera-
ture has been provided by Parsa et al. (2016). They compute the
luminosity function in two redshift bins, z = 2.8 and z = 3.8.

than 0.5L* (M50 < —20.2) this scatter does not influence the
estimate of the photoionization rate I'_,; as already shown by
Grazian et al. (2016), the contribution of bright galaxies is not
relevant, irrespective of the adopted parameterization of the lu-
minosity function. This is mainly due to the relatively low es-
cape fraction (52%) and to the low number densities at these
bright luminosities. At fainter magnitudes, we can identify in
Fig. 6 three main families of luminosity functions: 1) high space
densities both at intermediate and faint magnitudes, with ® ~
5% 1073 Mpc>Mag™! at Misp0 = =19 and ® ~ 4 x 1072 at
Mis00 = —16 (07-van der Burg et al. 2010, 08-Reddy & Steidel
2009); 2) high space density at intermediate magnitudes but low
density at fainter magnitudes, with ® ~ 5 X 1073 at M50 = —19
and @ ~ 1072 at M;spp = —16 (02-Parsa et al. 2016 z = 2.8, 05-
Weisz et al. 2014); and 3) low space densities both at intermedi-
ate and faint magnitudes, with ® ~ 2 X 1073 at M50 = —19
and ® ~ 1072 at M550 = —16 (03-Parsaetal. 2016, z =
3.8; 04-Parsa et al. 2016 best fit at z = 3.3, 06-Cucciati et al.
2012, 09-Sawicki & Thompson 2006). The luminosity function
of Alavietal. (2016) is an exception in these three groups,
with very low space density around L*, but a steep faint end
(@ ~-1.9).

In the next section we use these luminosity functions to eval-
uate the photoionization rate for different evolving escape frac-
tions with luminosities f™!(L).
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Table 4. HI photoionization rate I'_j, produced by galaxies for different functional forms of

luminosity functions.

Al18(2017)

fel(L) and for different parameterizations of the

Models A B C D E A B C D E
LF I_12(=26.0 < My509 < —17.4) I_12(=26.0 < M50 < —16.0)
01 0.04 022 039 034 0.19 | 0.06 034 0.65 0.62 0.56
02 0.12 054 086 055 027014 064 108 0.76 047
03 0.09 035 055 049 026|010 042 071 065 047
04 0.07 030 049 041 0.21]0.08 037 0.66 058 0.42
05 0.13 053 0.83 063 032|015 063 1.05 085 0.56
06 0.08 027 041 053 032]009 032 053 065 0.58
07 0.13 052 086 086 048 | 0.15 068 120 121 1.04
08 0.14 059 099 1.00 057|017 080 145 148 1.33
09 0.09 033 050 050 027|010 039 064 0.64 048

Average | 0.10 041 0.65 0.59 032 0.12 051 089 0.83 0.66

5.2. Estimating the HI photoionization rate

Table 4 summarizes the resulting photoionization rate I'_;, for
different parameterizations of (L) and for different luminos-
ity functions (Models A—E and luminosity functions 01-09, re-
spectively). The relevant emissivities were computed integrating
the luminosity function from M;sq90 = —26.0 to M50 = —17.4
mag, corresponding to luminosities 4 x 1072L* < L < 10°L*.
The lower bound in luminosity was set to the faintest lensed
galaxy for which we have an upper limit to the LyC escape
fraction, the one determined by Amorin et al. (2014). We also
provide in Table 4 the I'_;, obtained extending the lower limit
to Misoo = —16.0 mag, corresponding to a luminosity L
1072L*. For comparison, a recent estimate of the HT photoion-
ization rate of I'_j, = 0.79f81%g at z 3.2 has been provided
by Becker & Bolton (2013, hereafter BB13). We should take
into account the contribution of the AGN population to I'_y;:
a conservative estimate by Haardt & Madau (2012) indicates
I'_j, = 0.37 at z ~ 3 (see their Fig. 8a). Similarly, Cristiani et al.
(2016) find a similar value I'_j, = 0.36 at z = 3.3. Thus, a con-
tribution by galaxies of at least I'_j, ~ 0.4 is required in order to
explain the measured UVB.

In order to interpret Table 4, we can divide the Models A—E
into three categories: the first includes Model A (constant escape
fraction of 1.7% at all luminosities); the second group (Models B
and C) is characterized by low £l ~ 1-2% for galaxies brighter
than M;5p9 ~ —20 and efcl ~ 10-20% for fainter objects; and
finally, a third group (Models D and E) has £ 2 20% fainter
than M;sp0 ~ —18, and small values ! < 10% brighter than
Mis00 ~ —19. As mentioned above, the luminosity functions can
also be divided into three main families according to the space

densities at Ms5o9 ~ —19 and M 599 ~ —16.

Looking at the left side of Table 4 (i.e., considering only
galaxies brighter than Msq0 = —17.4), it is easy to conclude
that Model A has I'_;; ~ 0.04-0.14, much lower than the re-
quired UVB value of 0.4, for all the luminosity functions. As-
suming a two-step function for f!(L) (Model B), only the lu-
minosity functions with high space density at Ms09 ~ —19 can
provide enough HT ionizing photons at z ~ 3. Models C and D
are instead able to reach the required UVB for all the luminos-
ity functions taken into account. If the LyC escape fraction in-
creases exponentially at lower luminosities (Model E), then only
the luminosity functions of van der Burg et al. (2010, LF = 07)
and Reddy & Steidel (2009, LF = 08), with high space densities
both at Mis00 ~ —19 and M,s599 ~ —16, are able to reach the
critical value for I'_i,.
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It is interesting to note that Model C provides a greater con-
tribution to I'_;, than the other models considered. Under this
scenario, galaxies at M sogp ~ —19 could be the main contributors
to the ionizing UVB and are crucial for our understanding of the
role of star formation in the reionization and post-reionization
phases.

The results above are valid if we take into account galax-
ies brighter than Miso9 = —17.4, or equivalently L = 0.036L".
If we extend the lower bound to Misg90 = —16.0 (right side of
Table 4) or even fainter, we obtain larger values of I'_j,. In par-
ticular, all the considered luminosity functions are always able
to reach the required UVB, except for constant escape fractions
at the level of ~1-2% (Model A). Models with rapid increase
of ersecl at faint luminosities (Models B, C, D, and E) give I'_;,
consistent with BB13, or even a factor of 2—3 higher when they
are integrated down to Mjso9 = —13.5. In this case, extremely
faint galaxies with luminosities between 107>L* and 1072L" are
important in order to reproduce the UVB at z ~ 3, provided that
the escape fraction is larger than 2% for all the faint star-forming
galaxies. These regimes of luminosities will hopefully be inves-
tigated in the future thanks to strong lensing magnification (e.g.,
Vanzella et al. 2012b).

6. Discussion
6.1. Comparison with predictions by theoretical models

It is interesting at this stage to compare the observed limits for

el shown in Fig. 5 with predictions from theoretical models.
In general, many theoretical models predict increasing ionizing
escape fractions with progressively fainter galaxies. A recent ex-
ception to this scenario is provided by the Sharma et al. (2017)
model where the escape fraction increases with the star forma-
tion surface density Zgg on scales of 1 kpc reaching 5% and 13%
in galaxies with Mj509 = —21.4 and —23.9, respectively. These
predicted values are in contrast with our limits, which have been
observed in galaxies in the same luminosity interval. We note
that the starburst galaxy cited by Sharma et al. (2017) as a clear
prototypical example of luminous LyC emitter shows X-ray de-
tection probably associated with AGN activity (see Guaita et al.
2016).

Price et al. 2016 and Faisst (2016) derived empirical con-
straints from low-redshift observations in order to get constraints
on the escape fraction and LyC production efficiency of galaxies.
They assume a redshift evolution of the absolute escape fraction
starting at z = 3.3 from values in the range f2% = 3.5-9%,

€sc

in tension with our observed value derived for bright galaxies
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(Mis00 < —20.0). Adopting values of 1-2%, in better agree-
ment with our limits, would imply a rapid evolution of the es-
cape fraction with a quick increase up to the maximum redshift
z = 8-9 allowed by the late reionization scenario suggested by
the Planck Collaboration XLVII (2016) data. It is also interest-
ing to note that the empirical relation between the [OIII]/[OII]
ratio and f2% adopted by Faisst (2016, Fig. 2) is not consistent
with the observations of Christensen et al. (2012), Amorin et al.
(2014), Bayliss et al. (2014). At z > 3 and at relatively faint mag-
nitudes, indeed, the latter have found that /™ < 1% and 23% at
Miso0 = —20.5 and M;5099 = —17.4, respectively, while the ob-
served line ratio is [OIII]/[OII] > 10. It is thus important to note
that a causal connection between the high ionization efficiency
and the large escape fraction of ionizing radiation has not been
established yet.

Kimm et al. (2017), Anderson et al. (2017), Gnedin (2016),
Hassan et al. (2016), Xuetal. (2016), Yoshiura et al. (2016)
have used numerical cosmological simulations and theoretical
tools to analyze the contribution of faint galaxies to the reioniza-
tion process. From these studies it appears that the contribution
to the reionization by star-forming galaxies does not strongly
depend on redshift. For this reason, their estimates can be com-
pared to the lower average redshift z ~ 3.3 of our sample. The
predicted escape fractions are in general constant or increasing
for progressively fainter galaxies, with values reaching up to
40-60%, but as low as a few percent for the brighter fraction
(Mi500 < —20).

In summary, all the recent theoretical models, with the ex-
ception of Sharma et al. (2016) and Sharma et al. (2017), tend to
agree on relatively small values for the escape fraction at z ~ 3
and at luminosities close to L*. They are thus in agreement with
the observational results summarized in Fig. 5.

6.2. Comparison with recent works on LyC escape fraction
of star-forming galaxies

In this section we compare our results, summarized in Fig. 5 and
Table 2, with recent measurements of the escape fraction of star-
forming galaxies at high z. We divided the literature papers in
two main groups, the first containing results based on the indi-
rect signatures of possible LyC emission, while the second one
summarizes the evidences of direct LyC detections.

6.2.1. Indirect LyC measurements with other proxies

The long search for LyC emitters over the last 15 years has
stimulated the investigation of indirect proxies to pinpoint ro-
bust samples of HI ionizers in the local Universe and at high
redshift. An efficient method, based on high [OIII]/[OII] line ra-
tios or other high excitation lines, has been proposed by a num-
ber of works (e.g., Nakajima & Ouchi 2014; Stark et al. 2015;
Schaerer et al. 2016) and has been supported by the results of
Izotov et al. (2016a,b), and Vanzella et al. (2016).

Usually, the high ionization efficiency of LyC emitter candi-
dates is also associated with compact morphology and possibly
strong outflows. Recently, Nakajima et al. (2016), Trainor et al.
(2016), and Faisst (2016) have proposed searching for LyC emit-
ters in galaxies with high ionizing ratios that are possibly due to
the low metallicity or to the harder ionization spectrum (e.g.,
by a top-heavy initial mass function). Reddy et al. (2016) and
Leethochawalit et al. (2016), instead, suggested searching for
LyC emitters among the sources with low covering fractions of

neutral hydrogen where the ISM is porous and has holes (the
ionization-bound nebula of Zackrisson et al. 2013).

While all these methods are promising, it is worth stress-
ing, however, that they are far from being robust indica-
tors of appreciable LyC emission. The two notable examples
discussed above, the galaxies cited by Amorin et al. (2014)
and by Vaseietal. (2016), showed high [OII]/[OII] line ra-
tios coupled with upper limits on LyC escape fraction at the
~10-20% level, obtained through direct measurements. More-
over, Rutkowski et al. (2016) find that strong H-o emitters at
z ~ 1, which are thought to be close analogs of high redshift
sources of reionization, show an escape fraction <9.6% (at 30),
again through direct LyC measurements. This suggests the need
for more accurate calibrations of the indirect methods with direct
LyC measurements.

6.2.2. Direct LyC measurements

Micheva et al. (2017) presented a sample of 18 LAEs and
7 LBGs detected in LyC out of a sample of 159 LAEs and
136 LBGs in the SSA22 field. The relative escape fraction for the
LyC detected LAEs is ~30%, while for the LyC detected LBGs it
is ~20%. However, a large fraction of the LyC candidates shows
spatial offsets between the rest-frame non-ionizing detection and
the LyC-emitting substructure or between the Lyman-a emission
and the HT ionizing radiation casting doubts on the fraction of
contamination by lower redshift interlopers.

Smith et al. (2016) have used the Early Release Science
(ERS) data of the UV sensitive WFC3 instrument on board HST
to measure the LyC escape fraction for a sample of 50 mas-
sive SFGs at z ~ 2.3-5.8. They reported a >30 detection of

s~ 0.1% at 7 ~ 2.4-2.7 and a marginal <30 LyC signal at
7 ~ 3. These data do not show any significant correlation of f2°
with the galaxy luminosity.

A different approach has recently been adopted by
Shapley et al. (2016). They started from deep Keck/LRIS UV
spectroscopy for a large sample of LBGs at z ~ 3, as described
by Reddy et al. (2016). Roughly 10% of their galaxies show de-
tections of LyC radiation (Steidel et al., in prep.). In particu-
lar, Shapley et al. (2006) studied the case of an intriguing spec-
troscopic LyC detection at z ~ 3.2 corroborated by HST data,
which allows them to exclude contamination by foreground ob-
jects. This galaxy has f2% ~ 42%, but also shows evidence of
high column density of neutral hydrogen, since the Lyman-8 and
Lyman-y lines in absorption are saturated. Moreover, the age of
this galaxy (1.3 Gyr) is not as young as expected for strong LyC
emitters, which should have young stellar populations of several
Myr to provide the required ionizing photon efficiency.

Recently, starting from the stack spectrum of 33 galaxies at
z ~ 4 from the VUDS survey, Marchi et al. (2017) have derived
a ~20 detection of LyC radiation, measuring % = 0.09 + 0.04.
They also identified a possible LyC emitting galaxy at z ~ 3.6
with high EW in Lyman-a. These results are in agreement
with previous results (Vanzella et al. 2010; Boutsia et al. 2011;
Grazian et al. 2016; Guaita et al. 2016; Japelj et al. 2017) and
with our findings that the contribution of the whole galaxy popu-
lation to the ionizing background is probably modest, extending
the study at z ~ 4.

In summary, the few detections of LyC emission from SFGs
at z > 3 indicate that they are rare events or that the distribution
of escape fraction is bimodal. Only a limited subsample (a few
percent) of the distant galaxies presents significant (~20—40%)
escape fraction, while the general galaxy population usually does
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not show large fs. of ionizing photons (but see Steidel et al.,
in prep.). Our result, where no individual robust detection has
been found out of a sample of 69 SFGs at z ~ 3.3, is
in agreement with the recent achievements outlined above by
Smith et al. (2016), Vanzella et al. (2016), Shapley et al. (2006),
Guaita et al. (2016), Micheva et al. (2017), Japelj et al. (2017),
and Marchi et al. (2017). It is thus possible that the escape of
ionizing radiation is a peculiar phenomenon, associated with par-
ticular phases of the galaxy lifetime or due to the action of su-
pernovae/AGN feedback on their ISM.

7. Summary and conclusions

We have used ultra-deep observations (30 h) of the
CANDELS/GOODS-North field with the LBC instrument in the
U and R bands with the aim of determining the LyC escape frac-
tion for a sample of faint (L < 0.5L*) star-forming galaxies at
z ~ 3.3. To this end, we complemented the CANDELS/GOODS-
North sample with additional galaxies from the EGS and COS-
MOS fields, reaching a total of 69 star-forming galaxies of
—23 S Mi500 S —19 in the redshift interval 3.27 < z < 3.40. This
paper is thus an extension of the work by Grazian et al. (2016),
both on the statistics (almost doubling the sample) and on the
luminosity range analyzed.

Several ingredients are needed in order to reliably compute
the LyC escape fraction: 1) very deep images at 900 and 1500 A
rest frame, in this case the U and the R bands at z ~ 3; 2) im-
ages with high spatial resolution, possibly from HST in different
filters, in order to clean the sample from lower redshift contam-
inants; 3) high quality spectroscopic redshifts in a particularly
narrow redshift range, in this case 3.27 < z < 3.40, allowing the
U filter of LBC to sample only LyC photons close to 900 A rest-
frame; 4) high number statistics in order to reduce the stochas-
ticity of the IGM absorption; and 5) deep X-ray data in order to
exclude the AGNs from our sample.

We chose the CANDELS/GOODS-North, EGS, and
COSMOS datasets since in all the three fields we have these in-
gredients, i.e., deep LBC data in the U and in the R bands in
wide areas; HST coverage from CANDELS, AEGIS, and COS-
MOS; X-ray images from Chandra; and spectroscopic redshifts
from the CANDELS, AEGIS, and VUDS-COSMOS databases.
In particular, the critical ingredient of this work is the ultra-deep
U-band image of LBC in the CANDELS/GOODS-North field
covering an area of ~0.6 sq. deg to a limit of 30.2 AB mag (at
1o7). This image allows us to put stringent limits to the LyC es-
cape fraction of faint star-forming galaxies at z ~ 3.

We cleaned the z ~ 3 sample from the contamination of
AGNs and lower redshift interlopers, thanks to the Chandra and
HST data. We used an efficient technique to compute the escape
fraction from deep LBC data, based on the PSF-matched pho-
tometry, as carried out in Grazian et al. (2016). This reduces the
uncertainties on the photometry and thus on the leakage of ion-
izing photons.

In order to explore the very faint regime, we added to our
sample a lensed galaxy studied by van der Wel et al. (2013) and
Amorin et al. (2014). It is a star-forming galaxy in the COS-
MOS field at z = 3.4 lensed by an elliptical at z ~ 1.5. The
upper limit in the U band by LBC allows us to place an upper
limit to the escape fraction of 23% for an object with luminosity
of 0.036L*. We added two other lensed galaxies from the liter-
ature (Christensen et al. 2012; Bayliss et al. 2014). For the last
two galaxies we do not have deep LBC images in the U band,
and the upper limit to the LyC escape fraction comes from the

Al8, page 14 of 16

estimate of the column density of neutral hydrogen from deep
spectra in the Lyman-a region. The lensed galaxies reported in
Christensen et al. (2012), Amorin et al. (2014), and Bayliss et al.
(2014) are particularly important since they are intrinsically faint
(and low mass) objects with high [OIII]/[OII] line ratios. They
thus represent the interesting subclass of galaxies with high ion-
ization efficiency that are supposed to emit a very large number
of ionizing photons.

We derive an upper limit to the LyC f™! for each individual

galaxy of the sample. We also stack the U and R bands of our
sample to derive a limit for the whole population of SFGs at

z ~ 3. The main results are the following:

— Out of 69 galaxies, we detect LyC emission only in 3
(two discussed in Grazian et al. 2016, and the third in the
EGS field, ID = 11372). The source ID = 16479 in the
CANDELS/GOODS-North field was discarded because it is
possibly affected by contamination.

— Stacking the U- and the R-band images of the whole sam-
ple, we derive an upper limit of £ < 1.7% at S/N = 1,
more stringent than previous results (e.g., Chen et al. 2007;
Vanzella et al. 2010; Boutsia et al. 2011; Grazian et al. 2016;
Guaita et al. 2016; Japelj et al. 2017; Marchi et al. 2017).

— Dividing the total sample in different luminosity intervals,
we derive limits of f% < 2.5%, 2.0%, 2.4%, and 10.3%
at M]S()() = —22.8, MIS()O = —21.7, M15()0 = —20.8, and
Mispo = —19.7, respectively. The apparent increase in the
escape fraction toward faint luminosities is due to an obser-
vational limit in the depth of the U band.

— We explored different dependencies of the relative escape
fraction on the galaxy luminosity, and provided different pa-
rameterizations to reproduce the observed trends of f!(L).

— We combined the derived parametric forms of f7/(L) with
different realizations of the galaxy luminosity function at z ~
3 taken from the literature, and we evaluated the emissivity

at 900 A rest-frame, p&°

900
— Translating this quantity into a neutral hydrogen photoion-
ization rate I'_j;, we can conclude that z ~ 3 galaxies

brighter than Misq90 = —17.4 have difficulties providing the
UVB measured in the Lyman forest at z ~ 3, especially if
their LyC escape fraction is below 10%.

— Fainter galaxies (Mis00 < —16) can produce the observed
UVB if their LyC escape fraction is above 10% at low lumi-
nosities. If a fainter limit of M 509 ~ —13 is adopted, then the
constraints on f™ can be relaxed.

— For two lensed galaxies with extreme line ratios of
[OIII]/[OI1]> 10 there are stringent upper limits of £ < 1%

and 23% at Misoo = —20.5 and Miso0 = —17.4, respec-

tively (Bayliss et al. 2014; Amorin et al. 2014). Any causal
connection between the high ionization efficiency and the
large escape fraction of LyC radiation still awaits confirma-

tion from a larger sample.

Placing these results in a cosmological context, it is interesting
to note that if such low values of escape fraction are also found
at z > 4 and for faint luminosities, then star-forming galaxies
would be insufficient to cause the H I reionization process.
Future work will include the derivation of a robust esti-
mate of the faint end of the luminosity function at z ~ 3 in
large areas thanks to the deep U-band images in the COSMOS
(Boutsia et al. 2014), EGS, and ultra-deep CANDELS/GOODS-
North data (Grazian, et al., in prep.). The combination of wide
and deep LBC data, together with large spectroscopic databases
available in these fields, will allow us to measure the slope @
with unprecedented precision. This measurement, as well as the
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measurements of the escape fraction, is a crucial item in the
derivation of precise contribution of faint galaxies to the UVB
at z = 3. The CANDELS/GOODS-North sample can also be
used in the future to confirm the spectroscopic redshifts for other
star-forming galaxies at 3.27 < z < 3.40 in the faint regime
(25.5 < R < 26.0) with deep optical spectroscopy. At present, in
fact, in this work we use only 8 galaxies with spectroscopic red-
shifts available out of 48 galaxies (16%) at 3.27 < zypo < 3.40
and R < 26.0 in this field. While this spectroscopic subsample is
relatively small, it is nonetheless representative of the faint star-
forming galaxy population at z ~ 3, indicating that our results
are not biased by low number statistics even at these faint limits.
The spectroscopic completeness of galaxies at R < 26.0 can be
enhanced in the future by adding ~40 galaxies and improving
the limit of £ down to ~4%.

€sc

In the future, it will be crucial to measure the escape fraction
at faint magnitudes, Msoo0 ~ —16 for a large number of galax-
ies. With this aim, strong lensing magnification (either through
galaxy-galaxy lensing or by massive clusters) will be a crucial
instrument for exploring luminosity regimes that would other-
wise be inaccessible with the present instrumentation. The rapid
activities in this field (e.g., SLACS, SL2S surveys for galaxy-
galaxy lensing; HST Frontier Fields for lensing by clusters) will
give fresh data in the near future.
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