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ABSTRACT

Context. The reionization of the Universe is one of the most importanttopics 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 Hi ionizing background atz & 3.
Aims. We aim at measuring the Lyman continuum escape fraction, which is one of the key parameters to compute the contribution ofstar-forming
galaxies to the UV background. It provides the ratio betweenthe photons produced at� � 912 Å rest-frame and those which are able to reach the
CGM/IGM, not being absorbed by the neutral hydrogen or by the dustof the galaxy's ISM.
Methods. We have used ultra-deep U-band imaging (U = 30:2mag at 1� ) by LBC/LBT in the CANDELS/GOODS-North �eld, as well as
deep imaging in COSMOS and EGS �elds, in order to estimate theLyman 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 equivalentlyM1500 � � 19). The narrow redshift range implies
that the LBC U-band �lter samples exclusively the� � 912 Å rest-frame wavelengths.
Results. We have measured through stacks a stringent upper limit (<1.7% at 1� ) 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 have computed the contribution
of star-forming galaxies to the observed UV background atz � 3 and we have found that it is not enough to keep the Universe ionized at these
redshifts, unless their escape fraction increases signi�cantly (� 10%) at low luminosities (M1500 � � 19).
Conclusions. We compare our results on the Lyman continuum escape fraction of high-z galaxies with recent estimates in the literatureand discuss
future prospects to shed light on the end of the Dark Ages. In the future, strong gravitational lensing will be fundamental to measure the Lyman
continuum escape fraction down to faint magnitudes (M1500 � � 16) which are inaccessible with the present instrumentation on blank �elds. These
results will be important in order to quantify the role of faint galaxies to the reionization budget.

Key words. Galaxies: distances and redshift - Galaxies: evolution - Galaxies: high redshift - Galaxies: photometry

1. Introduction

The reionization of the Universe, related to the end of the so-
called Dark Ages, is now located in the redshift intervalz = 6:0�
8:8. The lower limit is derived from observations of the Gunn-
Peterson e� ect in luminousz > 6 QSO spectra (Fan et al. 2006),
while the most recent upper limit,z < 8:8, comes from mea-
surements of the Thomson optical depth� e = 0:055 � 0:009
in the CMB polarization map by Planck (Planck collaboration
2016). These limits are consistent with a rapid Hi reionization at
zreion = 7:8 � 1:0.

These main results have been corroborated by a num-
ber of con�rmations: the so-called kinetic Sunyaev-Zel'dovich
(kSZ) e� ect measured by the South Pole Telescope (SPT,
Zahn et al. 2012), when combined with the recent Planck 2016
maps gives a stringent limit of� zreion < 2:8 to the duration of
reionization. Moreover, the redshift evolution of the luminos-
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? Based on observations made at the Large Binocular Telescope
(LBT) at Mt. Graham (Arizona, USA).

ity function (Konno et al. 2014) of Lyman-� emitters (LAEs)
and the sudden drop observed atz � 7 in the fraction of
Lyman-break galaxies (LBGs) with strong Lyman-� in emission
(e.g. Fontana et al. 2010, Pentericci et al. 2011, Ono et al. 2012,
Treu et al. 2012, Pentericci et al. 2014, Schenker et al. 2014) are
indicating that the Universe is becoming more neutral atz > 7.
All these observations are favoring a late, and possibly inhomo-
geneous, reionization process.

While we have now signi�cant information on the timing of
the reionization process, we are still looking for the sources pro-
viding the bulk of the Hi ionizing photons. Obvious candidates
have been searched so far among high-redshift star-forming
galaxies (SFGs) and/or Active Galactic Nuclei (AGNs).

At high redshift, bright QSOs (M1450 � � 27) are quite rare
as their space density declines rapidly. As such, their ionizing
emissivity is quite low, and they are not enough to keep the in-
tergalactic medium (IGM) ionized atz > 3 (Haardt & Madau
1996, Cowie et al. 2009). However Glikman et al. (2011) and
Giallongo et al. (2015) have recently found a signi�cant popu-
lation of fainter (� 25 � M1450 � � 19) AGNs atz � 4, which
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could possibly provide the whole ionizing emissivity at high-z
(Madau & Haardt 2015).

In the last 15 years much e� ort has been given to
high-z star-forming galaxies as emitters of ionizing radia-
tion. This choice has been driven by four considerations:
1-early WMAP results, heavily a� ected by dust polariza-
tion of the Milky Way, indicated a much earlier reioniza-
tion epoch, aroundz � 12 (Hinshaw et al. 2013); 2-the lumi-
nosity function of galaxies is gradually steepening with red-
shifts at z � 4 (Finkelstein et al. 2015, Bouwens et al. 2015);
3-numerous galaxies exist even at very faint absolute magni-
tudes (M1500 � � 12) at z � 6 (Livermore et al. 2017); 4-at
high redshifts galaxies could be e� cient producers of ioniz-
ing photons (Bouwens et al. 2016b). Their possible contribution
crucially depends, however, on their ability to carve ionizing
bubbles in their neighborhood, which is quanti�ed by the Lyman
Continuum (LyC) escape fraction parameter.

At z � 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 detections
(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 only upper limits at few
percent levels (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, Leitet et al. 2013,
Grazian et al. 2016, Guaita et al. 2016, Japelj et al. 2017) or
marginal detections (Marchi et al. 2017).

Very recently the situation has improved, especially at very
low redshifts, thanks to observations by the COS instrumenton-
board HST. Escape fractions within 6-13% have been detected
in �ve galaxies with large [OIII]/[OII] line ratio and high ion-
izing photon production e� ciency. These ionizers appear com-
pact with high star formation rate surface density� S FR(Izotov et
al. 2016a,b, Verhamme et al. 2017, Schaerer et al. 2016), resem-
bling properties which are typical of Green Pea galaxies (Carda-
mone et al. 2009, Amorin et al. 2010, Amorin et al. 2012a, Henry
et al. 2015). This key feature of the local ionizers is inducing
a strong feedback on their ISM, through rapid out�ows, which
may be physically related to leakage of Lyman continuum radi-
ation, as suggested e.g. by Heckman et al. (2011), Amorin et al.
(2012b), Borthakur et al. (2014), and explored further withsim-
ulations by Sharma et al. (2016a,b). High [OIII]/[OII] line ratio
seen in low-z blue compact dwarfs (BCDs) and high-z galaxies
may be attributed to many possibilities such as low metallicity,
high ionization parameter, hard ionizing radiation �eld 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), Borthakur et al. (2014), Lei-
therer et al. (2016), Bergvall et al. (2016). Three out of the�ve
galaxies by Izotov et al. (2016b) have been detected by the Wide-
�eld Infrared Survey Explorer (WISE) at 22 micron, possibly
indicating the presence of warm/hot dust, heated by a buried
starburst or by an AGN. The luminosities of these LyC emit-
ters are betweenMUV = � 20:4 and -21.3, thus aroundL� (z = 3),
hereafterL� . These �ve galaxies were selected from a sample of
� 104 SDSS galaxies atz � 0:3, so it is not clear whether they
represent a sparse minority of the SDSS sample, selected thanks
to their peculiar properties (large [OIII]/[OII] line ratio).

Vanzella et al. (2016) and de Barros et al. (2016) found the
�rst clear evidence of a LyC emitter atz � 3:2 free from in-
terloper contamination. This galaxy, dubbed Ion2, has peculiar

properties similar to the �ve galaxies by Izotov et al. (2016b)
mentioned above. Ion2 has a line ratio of [OIII]/[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 atz > 6.
However the spectral and physical properties of these objects
are rather peculiar and it is not clear if a signi�cant population
with similar properties is common at high redshifts (Faisst2016,
Khostovan et al. 2016). Recently, Naidu et al. (2016) have found
6 LyC candidates out of 1124 galaxies atz � 2 in the GOODS
�elds, con�rming the peculiarity of these LyC emitters. Interest-
ingly, at least 50% of these ionizing sources are con�rmed 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 envisaged. 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. 2016a,b 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 is the large scale opac-
ity �uctuations observed in the Lyman-� forest of high-z QSOs
by Becker et al. (2015). The large variance in the spatial scales of
the transmission of the IGM atz � 5:5� 6:0 has been interpreted
as due to bright and rare sources rather than to a di� use popula-
tion of faint galaxies (e.g. Chardin et al. 2017). This indication
has been strengthen by non detection of LyC �ux (escape frac-
tion < 2% at 3� ) from a large sample of moderately star-forming
galaxies atz � 1 by Rutkowski et al. (2016).

An additional observational evidence is related to the sudden
decrease in the number density of Lyman-� emitters atz & 6.
According to predictions by Dijkstra et al. (2016), the escape of
Lyman-� 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 interpreted
as due to a rapid evolution of the ionization fraction of the inter-
galactic medium (IGM) in the Universe fromz = 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 di� eren-
tial, with a less pronounced and slower drop for brighter galax-
ies (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 behavior is commonly inter-
preted as a signature of inhomogeneous and patchy reionization
(Treu et al. 2012, Pentericci et al. 2014) where ionizing bubbles
expand �rst in cosmic time around brighter and more massive
galaxies, possibly associated with over-dense regions (Castel-
lano et al. 2016). The suggested average “Downsizing” scenario
for the luminosity of the ionizing sources would possibly imply
a minor, if any, contribution of faint galaxies to the reionization
process. To improve our knowledge on Lyman continuum emit-
ters among the SFGs, we started to analyze a relatively large
sample of galaxies atz � 3, with speci�c attention to the fainter
population.

In the COSMOS �eld, the LyC escape fraction of 45 bright
(L � 0:5L� ) star-forming galaxies atz � 3:3 has been studied
by Boutsia et al. (2011) and Grazian et al. (2016). In a compan-
ion paper by Guaita et al. (2016) we have enlarged this sample
adding 86 bright galaxies in the Extended Chandra Deep Field
South. In the present paper we explore the Hi ionizing contri-
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bution of fainter galaxies in the CANDELS/GOODS-North and
EGS �elds 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 galaxiesdown
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. 4we
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� -CDM concor-
dance cosmological model (H0 = 70 km=s=Mpc, 
 M = 0:3 and

 � = 0:7), consistent with recent CMB measurements (Planck
collaboration 2016). All magnitudes are in the AB system. All
the limits to the escape fraction in this paper are at 1� 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 con�rmed galaxies in the GOODS-North �eld cou-
pled with moderately deep LBC images in the EGS/AEGIS �eld
and additional data on the COSMOS �eld, collected from the
literature as described in the following.

2.1. The COSMOS, Q0933+28, and Q1623+26 �elds

We started this project with deep LBC imaging of the COSMOS,
Q0933+28, and Q1623+26 �elds 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 galax-
ies, respectively, with spectroscopic redshifts� 3:3 from the
VIMOS Ultra Deep Survey (VUDS, Le Fèvre et al. 2015). They
constitute a mix of Lyman-� emitters and Lyman-Break galax-
ies. This starting sample of 45 galaxies has been visually in-
spected against contamination by foreground objects and ithas
been discussed in detail in Grazian et al. (2016).

We added to this starting sample 7 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 betweenR = 24:5
and 26.0, with the exception of a very faint source withR � 27,
and all the seven galaxies have a �ux ratio between [OIII] and
[OII] of � 1:5 � 3 and SFR of� 4 � 70M� =yr. An additional
bright (R = 22:95) star-forming galaxy (ID=53167 in Table 1)
with Lyman-� in emission atz = 3:359 has been found serendip-
itously during a spectroscopic campaign with the LBT MODS1
optical spectrograph on the COSMOS �eld (PI F. Fiore). After
visual inspection of these new eight galaxies with HST F814W
high resolution imaging, none has been discarded due to evi-
dent contamination by foreground objects close to the line of
sight of thez � 3:3 galaxies. The limitation of this procedure,
however, is that only with one HST band it is not possible to
clearly spot possible blends of multiple sources. We end up with
8 additional SFGs in the COSMOS �eld which are enlarging the
original sample adopted by Grazian et al. (2016).

2.2. The EGS �eld

In order to improve the signi�cance of our results by increasing
the number statistics, we included in the present analysis an ad-
ditional sample of star-forming galaxies in the Extended Groth
Strip (EGS/AEGIS) �eld (Davis et al. 2007). An area of� 600
sq. arcmin. has been covered by two overlapping LBC point-
ings in the UV band for a total of 6.3 hours (PI H. Yan). The
UV depth is 29.6 at a S/N=1, with an average seeing of 1.1 arc-
sec (Grazian et al. in prep.). The magnitude limit has been com-
puted through a PSF-�tting method, as described in the next sec-
tion. Since no observations in the R band have been acquired
by LBC on this speci�c pointing, we have used the R-band im-
age taken by the “Deep” program of the CFHT Legacy Survey
(hereafter CFHTLS1). In particular, we have used the �nal re-
lease (T0007) of the CFHTLS, which covers 1 sq. deg. of the
EGS �eld at a depth ofr = 25:6 at an 80% completeness level
for point sources. The CFHTLS image has been resampled to
the same WCS astrometric grid of the LBC U-band image with
Swarp2, preserving both the total �uxes of the objects and their
original S/N ratios. A large number of spectroscopic redshifts
are available in the EGS �eld from Steidel et al. (2003) and from
the DEEP2 survey (Cooper et al. 2006). An initial sample of 16
galaxies has been selected with 3:27 < zspec< 3:40. One galaxy
(Westphal MD99) has been discarded since it has been detected
at 24 micron by Rigopoulou et al. (2006), suggesting possible
AGN activity, and it is also contaminated by a foreground ob-
ject. Thus, a �nal sample of 15 galaxies has been extracted from
the EGS database.

2.3. The CANDELS/GOODS-North �eld

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 �eld (Grogin et al. 2011,
Koekemoer et al. 2011, Grazian et al. in prep.) with the LBC in-
strument. The same area has been observed also by other LBT
partners (AZ, OSURC, and LBTO), for a total exposure time of
33 hours in U band (seeing 1.1 arcsec) and 26 hours in R band
(seeing 1.0 arcsec). The detailed description of this dataset is
provided in a di� erent paper (Grazian et al. in prep.) summariz-
ing all the LBC deep observations available in the CANDELS
�elds. The long exposure time and the relatively good seeing
obtained allow us to reach a magnitude limit in the U band of
30.2 mag at S/N=1, resulting in one of the deepest UV images
acquired so far (Ashcraft et al. 2016). The LBC R band, instead,
reaches a magnitude limit of 27.8 at 80% completeness level for
point sources.

The GOODS-North �eld is one of the premier targets of
spectroscopic campaigns with the Keck and other smaller tele-
scopes, thanks to the multiwavelength coverage of this areafrom
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 atB435 � 24:5 mag. Additional information
has been provided by Cooper et al. (2011), Pirzkal et al. (2013),
Wirth et al. (2015), just to mention few examples of the numer-
ous work which provided spectroscopic redshifts in the GOODS-
North area. We have selected from this large database 11 galax-

1 http://www.cfht.hawaii.edu/Science/CFHTLS/
2 http://www.astromatic.net/software
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ies with 3:27 < zspec < 3:40, the redshift range suitable for
LyC analysis with the LBC U-band �lter. These galaxies are
all the objects in this tiny redshift interval, without any bi-
ases against or in favour of Lyman-� emitters. One of these
galaxies (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 image.
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 ourz � 3:3 sample. In the end, the �nal sample in
the GOODS-North �eld consists of 10 galaxies, of which two
objects (withID > 90000 in Table 1) are outside the CANDELS
area.

2.4. The faint lensed galaxy sample

To push our LyC analysis even deeper, we added the lensed
galaxy by Amorin et al. (2014), at z=3.417 and magni�ed by
a factor of 40� 1, with intrinsic magnitude ofRdelensed =
28:31, corresponding toL = 0:036L� (M1500 = � 17:4).
The properties of this galaxy have also been discussed by
van der Wel et al. (2013). Interestingly, this galaxy has been
classi�ed as a metal poor galaxy by Amorin et al. (2014), with
12 + log(O=H) < 7:44 (or equivalentlyZ < 0:05Z� ). In addi-
tion, it shows high ionization conditions, with [OIII]/H� ratio
> 5 and [OIII]/[OII] > 10. We also consider two lensed galaxies
at z > 3 with properties similar to this object from the liter-
ature (Christensen et al. 2012, Bayliss et al. 2014), where up-
per 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 contributionto the
H i ionizing background, as recently proposed by Izotov et al.
(2016a), Vanzella et al. (2016), Schaerer et al. (2016), Stark et
al. (2017), Verhamme et al. (2017).

2.5. The total sample

In total, a sample of 79 star-forming galaxies within the red-
shift range 3:27 < z < 3:4 has been assembled, of which
45 have been already presented in Boutsia et al. (2011) and
Grazian et al. (2016). The properties of the additional 34 galax-
ies 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 sum-
marized in the next sections. One of these 79 galaxies is the lens
by Amorin et al. (2014). In the �nal sections, we also consider
two additional lensed galaxies atz � 3 from the literature, with-
out LBC coverage (Christensen et al. 2012, Bayliss et al. 2014).
They have been added to our sample since they are relatively
faint galaxies (magni�ed by strong lensing) with an independent
estimation of their LyC escape fraction.

3. The 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 atz � 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. Brie�y, we summarize here the
adopted technique.

Following Grazian et al. (2016), we started from images by
LBC in the U and R bands, which atz � 3:3 are sampling the
rest frame wavelengths at 900 and 1500 Å, respectively. The
relevant galaxies have been selected in a narrow redshift range
(3:27 < z < 3:40), with the aim of measuring, with the U-band
�lter of LBC, only the wavelength region at 850� � � 900 Å
rest frame (see Fig. 1 of Boutsia et al. 2011). The average Lyman
continuum absorption by the IGM in the spectra ofz � 3 sources
indeed increases rapidly towards bluer wavelengths. For this rea-
son the search for any detection of hydrogen ionizing emission is
quite ine� cient below 850 Å rest, which is sampled by the LBC
U-band �lter in spectra ofz > 3:4 galaxies. The red leakage of
the U-band �lter of LBC is negligible3, and it is not a� ecting 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 �eld the B band of HST is also avail-
able), which are essential in order to avoid spurious contami-
nation by foreground sources. In the latter �eld, for example,
there are three sources (ID=16479, 16169, 18979) with bright
galaxies withzphot � 0:7 � 2:2 close to their line of sights. Two
(16169, 18979) are well separated (� 1:5 � 1:8 arcsec), while
source ID=16479 is closer (� 1:0 arcsec) and results in a blend
in the LBC images. We will discuss the properties of this source
in the next sub-section.

The HST �elds used here also have deep X-ray ob-
servations by the Chandra satellite (Alexander et al. 2003,
Nandra et al. 2015, Civano et al. 2016). We have used this infor-
mation 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 have measured
the “relative” escape fraction, which is de�ned as the frac-
tion of emitted Lyman continuum photons, IGM corrected, re-
lated to the observed fraction of photons at 1500 Å rest frame
(Steidel et al. 2001, Siana et al. 2007). The relative escapefrac-
tion is usually derived from the observations of the �ux ratio
between 900 and 1500 Å rest:

f rel
esc =

(L1500=L900)int

(FR=FU)obs
exp(� IGM

900 ) (1)

where (L1500=L900)int is the ratio of the intrinsic luminosities at
1500 and 900 Å rest frame, (FR=FU)obs is the ratio of the ob-
served �uxes in the R and U band,� IGM

900 is the optical depth of
the IGM at 900 Å rest frame. The absolute escape fractionf abs

esc is
de�ned as exp(� � H i) � 10� 0:4A900, where the �rst factor indicates
the ISM extinction, whileA900 is the dust absorption coe� cient
at 900 Å rest frame. In this paper, as in Grazian et al. (2016),
we adopt a value (L1500=L900)int of 3. In Guaita et al. (2016) we
have explored the dependencies of this quantity on the various
population synthesis models, concluding that a reasonablerange
for this ratio can be between 2 and 7. In Grazian et al. (2016)
we have considered the implications of di� erent assumptions of
the intrinsic luminosity ratio parameter on the estimations of the
escape fraction and LyC emissivity.
3 http://lbc.oa-roma.inaf.it/Filters/List.html

Article number, page 4 of 16



Grazian et al.: The Lyman continuum escape fraction of galaxies at z=3.3

To correct for the mean e� ect of the IGM absorption we
have adopted the recent estimates by Worseck et al. (2014) and
Inoue et al. (2014). Folding the IGM absorption atz = 3:3 with
the U-band �lter of LBC and adopting the same procedure out-
lined in Boutsia et al. (2011), we obtain a mean IGM transmis-
sion < exp(� � IGM

900 ) >= 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 have computed the observed �ux ra-
tio (FR=FU)obs from the LBC images in the U and R bands
in the same way as in Grazian et al. (2016). Brie�y, we de-
tect the z � 3:3 galaxy in the R band using SExtractor
(Bertin & Arnouts 1996), and measure the �ux in the U band as-
suming the same pro�le of the galaxy in the R band through the
ConvPhot software (De Santis et al. 2007), taking into account
the transfer function (convolution kernel) to change the spatial
resolution of the R band into the U-band one. As discussed in
Grazian et al. (2016), this PSF-matched photometry allows us to
derive errors on �uxes which are typically a factor of 1.7 smaller
than the ones measured by SExtractor through aperture pho-
tometry. In case of non-detection in the U band, a 1-� upper
limit to the �ux in this �lter is set by the �ux error provided by
ConvPhot. Assuming an average IGM transmission of 0.28 at
z � 3:3, we compute the relative escape fraction for each indi-
vidual galaxy adopting Eq.1, and provide the relevant quantities
in Table 1.

3.2. Detailed analysis of the possible LyC emitters

In Grazian et al. (2016) we have discussed the issue of fore-
ground contaminants mimicking signi�cant LyC detection inthe
COSMOS �eld. In Table 1 there are two galaxies with signif-
icant (� 60 � 80%) LyC relative escape fraction, ID=11372
in the EGS �eld and ID=16479 in GOODS-North. In order to
check their reliability, we carried out some checks, as donein
Grazian et al. (2016). In particular, we used HST data from the
CANDELS and AEGIS surveys in order to evaluate the reliabil-
ity of these LyC emitter candidates.

Figure 1 shows the galaxy ID=16479 in the
CANDELS/GOODS-North �eld in the U and R band by
LBC and in the HST V606 �lter (the closest band to the LBC-R
one). At the right of thez = 3:371 galaxy (identi�ed by a green
circle in the HST thumbnail) there is a faint source at� 1:0 arc-
sec 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 �ndf rel

esc = 206%. If we
evaluate the escape fraction only of the fainter galaxy to the
right (outside the green circle) and assuming it is atz � 3:3, we
end up with f rel

esc = 627%. In this case, similar to that already
reported by Vanzella et al. (2012a) and Grazian et al. (2016),
the so-called “local” escape fraction (i.e. calculated in asmall
region showing LyC emission) is not compatible with the
stellar population of az � 3:3 galaxy, indicating a clear sign of
contamination by a lower-z interloper. In fact, even assuming
a higher ionizing e� ciency (i.e. a lower (L1500=L900)int value
of 2.0, instead of 3.0) and a more transparent line of sight with
exp(� � IGM) = 0:68 (i.e. the upper value of thez � 3:3 IGM
transmission at 95% c.l.), the resulting “local” escape fraction
is 170%, con�rming the interloper interpretation for this object.
Indeed, the brighter galaxy at the center of the green circle
in Fig. 1 has di� erent colors with respect to the faint blob on
the right, which is thus probably at a di� erent 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 NIR
colors which are 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 ofzphot = 2:2 has
been derived for this close-by source, indicating that thisis
plausibly a lower-z contaminant.

Using HST data in the V606 band, it is possible to compute
the relative escape fraction of thez � 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 an U-band
magnitude of 27.79, corresponding tof rel

esc = 82%. This could
thus be a genuine LyC emitter atz � 3:3. However, close to the
z � 3:3 galaxy there are also two very faint blobs in the HST
image, which are blended with the main target in the ground-
based images by LBC. A faint o� -center emission in the U band
of LBC has been detected, and this is possibly associated to the
faint blob close to thez = 3:371 galaxy (towards the right). There
is thus an indication of a possible contamination by foreground
objects, even if in this case no �rm conclusions can be drawn.

The second object ID=11372, shown in Fig. 2, is at best
marginally detected at 1.5� in the U band, and its relative escape
fraction is f rel

esc � 60:3%. This galaxy has been originally studied
by Steidel et al. (2003) as the object C029 of the Westphal �eld.
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 classi�cation for this object cannot be con�rmed. Even for
this object there is a hint in the HST image of a very faint blob
close to thez � 3:3 galaxy (at� 0.1 arcsec towards the right),
which can act as a possible faint contaminant, compatible with
the marginal (1.5 sigma) detection in the U band. However, no
�rm conclusions can be drawn for this galaxy, and deeper data
with LBC in the U band and HST in the V606 band are needed in
order to understand its nature. It is possible indeed that the dis-
tribution of the escape fraction ofz > 3 galaxies is bimodal, with
the bulk of the star-forming population showing small values of
LyC emission, while few objects emit large amount of ionizing
radiation (e.g. Ion2, 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
emitter, pending deeper observations. In the following sections
we investigate the properties of the whole star-forming galaxy
population atz � 3:3, relying on the stacking procedure of the
LBC images.

In summary, the properties of the new sample of 34 galax-
ies atz � 3:3 in the COSMOS, EGS, and CANDELS/GOODS-
North �elds have been collected in Table 1. They have been
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 atz � 3. We have indeed discarded 9 galax-
ies possibly a� ected by contamination due to foreground ob-
jects. Of this sub-sample, eight galaxies were discussed indetail
in Grazian et al. (2016) and an additional galaxy has been dis-
carded from Table 1, i.e. ID=16479 in the CANDELS/GOODS-
North �eld. The galaxy ID=59330 in the COSMOS �eld is the
lensed object studied by Amorin et al. (2014) and it will not be
considered in the stacking procedure, which is restricted to the
69 galaxies of luminosityL & 0:2L� .
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Table 1.The new galaxies in the COSMOS, EGS, and CANDELS/GOODS-North �elds used to derive the LyC relative escape fraction

ID Field RAD Dec zspec Rmag Umag M1500 f rel
esc Cont

(deg) (deg) (AB) (AB)
53167 COSMOS 149.852446 +2.397032 3.359 22.95 � 29.38 -22.75 � 0.029 No

218783 COSMOS 149.920820 +2.387060 3.297 24.49 � 29.39 -21.21 � 0.118 No
223954 COSMOS 149.831880 +2.404150 3.371 24.77 � 29.58 -20.93 � 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 25.24 � 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 -19.97 � 0.233 No
211934 COSMOS 149.847250 +2.364040 3.355 26.86 � 29.64 -18.84 � 0.827 No
59330a COSMOS 150.077045 +2.360797 3.417 24.15 � 28.93 -17.40 � 0.232 No

6328 EGS 214.586647 +52.512559 3.357 24.26 � 29.89 -21.44 � 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 24.71 � 29.95 -20.99 � 0.086 No
4580 EGS 214.508258 +52.531509 3.279 24.79 � 29.90 -20.91 � 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 � 30.45 -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 -20.97 � 0.237 No
7690 EGS 214.249912 +52.497386 3.272 25.18 � 28.77 -20.52 � 0.392 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 23.91 � 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 -19.94 � 0.184 No
16169 GDN 189.215365 +62.252800 3.364 25.42 � 29.67 -20.28 � 0.214 No
18979 GDN 189.296340 +62.270650 3.350 25.80 � 29.90 -19.90 � 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

The galaxies have been sorted in ascending order of relativeescape fraction in each �eld (COSMOS, EGS,
GDN=CANDELS/GOODS-North). The identi�cation number,ID, is the LBC one for COSMOS and EGS �elds, while it is the

CANDELS o� cial identi�er for the GOODS-North �eld. Two sources, indicated byID > 90000, 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 1� ) to the

relative escape fraction has been provided, are indicated by theUmag� and f rel
esc � symbols, respectively. 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 intrinsicluminosity after the correction by a
magni�cation factor of 40� 1.

4. Results

We consider here the stack of the cleaned sample in the U and
R bands by LBC and provide the meanf rel

escvalues for the whole
population of 69 galaxies not a� ected by contamination and for
various sub-samples at di� erent R-band magnitudes.

Fig. 3 summarizes thef rel
esc properties of the cleaned sample

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, andgrey
arrows are for sources in the COSMOS (Onodera et al. 2016),
CANDELS/GOODS-North, and EGS �elds, respectively. The
small downward arrows indicate 1� upper limit for the individ-
ual f rel

esc, while asterisks show detections in LyC above 1� . The
hexagon upon the red asterisk indicates the galaxy ID=16479 in

the CANDELS/GOODS-North �eld, which is probably a� ected
by foreground contamination. The grey, blue, and red dashed
lines show the escape fraction vs R-band magnitude correspond-
ing to the 1� depth of the U band in the EGS, COSMOS, and
CANDELS/GOODS-North �elds, respectively (U=29.6, 29.7,
and 30.2), derived using Equation 1. The scatter of the observed
galaxies around these lines is due to the small di� erences in
depth on the images and on the di� erent morphologies of the
sources (more extended galaxies have slightly shallower magni-
tude 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 di� erent luminosity intervals. We repeat

Article number, page 6 of 16






















