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ABSTRACT

Aims. We investigate the production efficiency of ionizing photons (£} ) of 1174 galaxies with secure redshift at z = 2—5 from the
VANDELS survey to determine the relation between ionizing emission and physical properties of bright and massive sources.
Methods. We constrained & and galaxy physical parameters by means of spectrophotometric fits performed with the BEAGLE code.
The analysis exploits the multi-band photometry in the VANDELS fields and the measurement of UV rest-frame emission lines
(CIII]11909, Hell11640, and OII1]11666) from deep VIMOS spectra.

Results. We find no clear evolution of & = with redshift within the probed range. The ionizing efficiency slightly increases at fainter
Myy and bluer UV slopes, but these trends are less evident when the analysis is restricted to a complete subsample at log(Mr /MO) >
9.5. We find a significant trend of increasing £;; | with increasing EW(Lya), with an average log(¢;, /Hz erg™ y>25atEW>50A anda
higher ionizing efficiency for high-EW CIII]/11909 and OIII]A1666 emitters. The most 51gn1ﬁcant correlations are found with respect
to stellar mass, specific star formation rate (sSFR), and SFR surface density (Zsrr). The relation between & and sSFR increases
monotonically from log(&: /Hzerg™) ~ 24.5 at log(sSFR) ~ —9.5yr™! to ~25.5 at log(sSFR) ~ —7.5yr™!. Th1s relation has a low

on
scatter and only a weak dependence on mass. The objects above the main sequence of star formation consistently have hlgher than

average & . A clear increase in & with Xgpr is also found, with log(fmn/Hz erg’l) > 25 for objects at Xgpr > 10 M, yr ! kpc

ConCIUSIons Bright (Myy < 20) and massive (log(My../Ms) 2 9.5) galaxies at z = 2—5 have a moderate ionizing efficiency.
However, the correlation between & and sSFR, together with the known increase in the average sSFR with redshift at fixed stellar
mass, suggests that similar galaxies in the epoch of reionization can be efficient sources of ionizing photons. The availability of sSFR
and Zsrg as proxies for & can be fundamentally important in determining the role of galaxy populations at z > 10 that were recently

discovered by the James Webb Space Telescope in the onset of reionization.

Key words. galaxies: high-redshift — galaxies: evolution — dark ages, reionization, first stars

1. Introduction fundamental to constrain the role played by high-redshift galax-

ies in the epoch of reionization (EoR) of the inter-galactic
Investigating the ionizing emission of star-forming galaxies is medium atz > 6 (IGM; Dayal & Ferrara 2018; Robertson 2022).
key to understanding how galaxies form stars and affect the The rate of ionizing photons escaping into the IGM from a
surrounding environment. In particular, this investigation is galaxy population is N = pUV{-“]on feses Where pyy is the UV
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luminosity density, & is the ionizing photon production effi-
ciency per unit UV luminosity, and fe is the fraction of ion-
izing photons that is leaked into the galaxy surroundings. The
puy can be constrained by measuring the galaxy UV luminosity
function (e.g., Castellano et al. 2010; Bouwens et al. 2021). The
escape fraction of ionizing photons can only be directly con-
strained at z < 3—4 (e.g., Vanzellaetal. 2016; Marchi et al.
2017, Steidel et al. 2018; Pahl et al. 2021), but the recent find-
ings on indirect estimators of f.. in low-redshift galaxies (e.g.,
Izotov et al. 2018a,b; Flury et al. 2022) enable the first con-
straints on the escape fraction of galaxies in the EoR (e.g.,
Lin et al. 2023; Mascia et al. 2023a). To constrain the contribu-
tion of high-redshift galaxies to the EoR, much effort has also
been spent to study the ionizing photon production efficiency
& as a function of redshift and of galaxy properties.

Theoretical models predict a mild evolution of & = with red-
shift. Typical values in the reionization epoch are thought to lie
in the range log(&; /Hz erg”') ~ 25.1-25.5. The ionizing photon
production efficiency is predicted to be a factor of about 2 higher
in low-mass galaxies due to their lower metallicity, which likely
drives trends of increasing &= with decreasing SFR, UV slope
and UV luminosity, and increasing sSFR (Wilkins et al. 2016;
Ceverino et al. 2019; Yung et al. 2020). However, model predic-
tions have been found to critically depend on the adopted stellar
population synthesis (SPS) models: The inclusion of binary stel-
lar populations increases & by a factor of 22 in simulated
galaxies (e.g., Ma et al. 2016; Yung et al. 2020).

Direct observational constraints on the ionizing efficiency
& can be obtained from the spectroscopic measurement of
the Balmer emission lines after correcting for dust attenua-
tion (e.g., Schaerer et al. 2016; Shivaei et al. 2018). Similarly,
photometric measurements of the flux from optical emission
lines can be used when spectroscopic observations are not
available (e.g., Bouwens et al. 2016). As an alternative, it has
been shown that £~ can be estimated from the equivalent
width (EW) of the [OII1]14959, 5007 doublet (Chevallard et al.
2018; Reddy et al. 2018; Tang et al. 2019), rest-frame UV colors
(Duncan & Conselice 2015), or UV rest-frame emission lines
(Stark et al. 2015a). The reference ionizing efficiency assumed
in reionization scenarios is log(& /Hz erg”!) ~ 25.2-253
(Robertson et al. 2013), which is consistent with the value mea-
sured in Lyman-break galaxy (LBG) samples at z ~ 4-5 and
with predictions from theoretical models (Wilkins et al. 2016).

However, measurements show a wide range of values
for different classes of objects, ranging from the ~24.8 of
local compact star-forming galaxies (CSFGs; Izotov et al. 2017)
and z ~ 2 H-a emitters (Matthee et al. 2017) to extreme
log(&;,, /Hz erg”') =~ 26.3 of faint Lyman-a emitters at z ~ 4-5.

Higher than average ionizing efficiencies log(¢&; /Hz erg™!) 2
25.5 have also been found in local Lyman-continuum leakers
(Schaerer et al. 2016), Lyman-a emitters at z ~ 3-5
(Harikane et al. 2018; Sobral & Matthee 2019), and strong-line
emitters at z > 2 (Nakajima et al. 2016; Tang et al. 2019). It has
been shown that £ remains approximately constant as a func-
tion of the observed UV luminosity at fixed redshift, while it
increases in objects with blue UV slopes (Bouwens et al. 2016;
Shivaei et al. 2018; Lam et al. 2019; Izotov et al. 2021). A cor-
relation between & and the specific star formation rate (sSFR)
has been found by Izotov et al. (2021) on CSFGs at z < 1
and is apparent at higher redshifts from the correlation between
& and EW(He) found by Faisst et al. (2019; 3.9 < z < 4.9),

Emami et al. (2020; 1.4 < z < 2.7), and Prieto-Lyon et al. (2023;
3<z<).
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Only a few constraints are available for galaxies in the EoR.
Some objects at z > 7 have been found to have very high ionizing
efficiencies (>25.7; e.g., Stark et al. 2015b, 2017; Endsley et al.
2021a, 2023; Stefanon et al. 2022; Fujimoto et al. 2023). In
other cases, the & has been estimated to be consistent with
or slightly higher than the canonical range assumed for high-
redshift galaxies (Castellano et al. 2022b; Schaerer et al. 2022).
The suggested trend of an increasing typical & with redshift
likely arises from a change in the underlying mixture of galaxy
populations that is eventually driven by an evolution in physical
parameters. Similarly, the discrepancies among the £ estimates
can result from the different sampling of the various galaxy pop-
ulations by the different selection techniques. & = has been found
to increase in objects with a high ionization state, young ages,
and low metallicity, and it is also affected by star formation
burstiness, the initial mass function (IMF), and the evolution of
stellar populations (Shivaei et al. 2018; Chisholm et al. 2019). It
is thus fundamental to investigate the relation between galaxy
properties and ionizing efficiency in order to fully constrain the
role of star-forming galaxies in the EoR.

We exploit a large sample of galaxies at z ~ 2—5 from the
VANDELS survey (McLure et al. 2018; Pentericci et al. 2018)
that provides robust measurements of their spectroscopic red-
shift, spectral energy distribution (SED), and UV emission lines
to investigate the relation between & and the physical param-
eters of the galaxies. The paper is organized as follows: The
sample is presented in Sect. 2, and in Sect. 3, we discuss
the spectrophotometric fit we used to constrain & =~ and other
physical properties. The analysis of the variation in & = with
the observed properties and physical parameters is presented
in Sect. 4. The results are summarized in Sect. 5. Through-
out the paper, we adopt AB magnitudes (Oke & Gunn 1983), a
Chabrier (2003) IMF, and a A-CDM concordance model (Hy =
70kms~! Mpc™!, Qu = 0.3, and Q4 = 0.7).

2. VANDELS sample

We used data from VANDELS, a recently completed ESO public
spectroscopic survey carried out using the VIMOS spectrograph
on the Very Large Telescope (VLT). VANDELS targets were
selected in the UKIDSS Ultra Deep Survey (UDS) and the
Chandra Deep Field South (CDFS). VANDELS footprints are
centered on the HST areas observed by the CANDELS program
(Grogin et al. 2011; Koekemoer et al. 2011), but because of the
VIMOS field of view, the observed areas are twice as large: For
the outer areas that are not covered by the HST imaging data,
new photometric catalogs were assembled.

The survey description and initial target selection strategies
are described in McLure et al. (2018), and data reduction and
redshift determination can be found in Pentericci et al. (2018).
The fourth and final data release that we used is fully described
in Garilli et al. (2021) and contains the redshifts of ~2100
sources and the photometric catalogs described above'. In par-
ticular, the redshifts were derived using the code pandora.ez
(Garilli et al. 2010), which cross-correlates the spectra with a
series of galaxy templates. The redshifts were then checked
visually by four different members of the collaboration. The
reliability of the redshifts was quantified with a quality flag
(QF) in the following way: 0 means no redshift could be deter-
mined; 1 indicates a 50% probability that the redshift is correct;

' The data release is available at http://vandels.inaf.it/db and
https://www.eso.org/qi/
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2 indicates a 70-80% probability that the redshift is correct; 3
and 4 indicate a 95% and 100% probability that the redshift
is correct, respectively; and finally, 9 means that the spectrum
shows a single emission line and that the redshift corresponds to
the most probable identification. We analyzed all sources with
2 < z < 5 and a secure redshift here, that is, QF = 3 and = 4.

We excluded 13 AGN selected as in Bongiorno et al. (in
prep.). The objects are considered to be likely AGN because
they either had an X-ray counterpart from Luo et al. (2017) or
Kocevski et al. (2018; for the CDFS and UDS fields respec-
tively) within a radius of 1.5”, showed typical broad emission
lines, or showed high-ionization narrow emission lines with line
ratios typical of AGN (according to the diagnostics described
in Feltre et al. 2016). The final sample comprises 1174 galaxies,
604 of which are in CDFS and 577 are in the UDS field. All
objects were selected as star-forming galaxies or LBGs in the
VANDELS target preparation, except for 3 sources that were ini-
tially classified as potential AGN on the basis of their SED, and
one Herschel-detected source. We verified that their inclusion
does not affect the analysis presented here.

2.1. Photometric measurements

For the objects in our sample, we used the VANDELS photo-
metric catalogs described by McLure et al. (2018) for the outer
CDFS and UDS areas, the CANDELS photometric catalog by
Galametz et al. (2013) for the UDS-HST field, and the improved
CANDELS catalog including both photometry from Guo et al.
(2013) and the Ks-band HAWKI data from Fontana et al. (2014)
for the CDFS-HST field. The objects in our sample are pro-
vided with a measurement of their UV slope performed by fit-
ting the available broadband photometric measurements sampling
the 12302750 A rest-frame range as described in Calabro et al.
(2021). We find that the UV slope is robustly measured when
at least three photometric bands are used in the fit and when
the uncertainty on the measurement is o<(8) < 0.5. This condi-
tion is met for 810 objects out of the 1174 in the parent sam-
ple. For each of these objects, the UV slope determination was
also used to estimate the rest-frame UV magnitude, Myy, from
a simple interpolation of the continuum at 1600 A. Finally, we
used the equivalent radii measured by Calabro et al. (2022) for
749 objects covered by F814W HST imaging. This subsample has
amedian F814W magnitude of 25.2, corresponding to a signal-to-
noise ratio (S/N) ~ 20, enabling an accurate measurement of their
size (see also Ribeiro et al. 2016, for the relevant method).

2.2. Spectroscopic measurements

The measurements we used come from the official VANDELS
spectroscopic catalog (Talia et al., in prep.). Specifically, we used
a Gaussian fit obtained by slinefit (Schreiber et al. 2018) for
the Lya line and direct integration measurements for the other
UV emission lines. We visually inspected the spectra in the Lya
range and assigned a flag to indicate whether a single Gaussian
provided a good fit to the line. We here only use EW(Lya@)
for the 565 objects in our sample with a robust Gaussian fit of
the line.

The direct integration measurements were performed using
PyLick, a tool developed to measure Lick-like indices and con-
tinuum breaks. It was extensively tested on galaxies from the
LEGA-C survey (van der Wel et al. 2016) and on VANDELS
sources (Borghietal. 2022). The parameters that are to be
defined are the integration windows and the bandpasses for the
blue and red part of the continuum. For the absorption lines, the

bandpasses were already defined in the literature (Maraston et al.
2009; Leitherer et al. 2011), but for the emission lines, they are
not standard and were newly defined on the basis of a high S/N
(~35 pixel~") composite spectrum of all sources with VANDELS
quality flag 3 and 4 (see Talia et al. for more details).

We here use measurements of Hell11640, OIII]A11666, and
CIII]11909. We did not consider CIVA1548 because it is a
blend of stellar and nebular emission, with a profile result-
ing from the mixture of emission and absorption features. The
properties of VANDELS CIV-emitters, including their ionizing
efficiency, are discussed in a companion paper (Mascia et al.
2023b). For the UV lines of interest, the following windows were
used: 1634—1654 A for the Hell11640 emission (blue and red
continuum windows at 1614—1632 and 1680—-1705 A, respec-
tively), 1663—1668 A for OIII]A1666 (continuum: 1614—1632
and 1680—1705A), and 1897—191?A for CIII]JA1909 (contin-
uum: 1815-1839 and 1932-1948 A, respectively). The uncer-
tainties on the measurements are evaluated by PyLick following
the S/N method by Cardiel et al. (1998). Talia et al. found that
the error spectra produced by the data reduction pipeline under-
estimate the noise level by a factor of about 2 on average with
respect to the noise r.m.s. measured on the object spectra. There-
fore, they applied an a posteriori correction factor to the error
spectra that were used to derive measurement uncertainties.

3. Spectrophotometric fitting with BEAGLE

We measured the physical parameters of the VANDELS
galaxies, including the ionizing budget, by means of a
spectrophotometric fit performed with the tool BEAGLE
(Chevallard & Charlot 2016) using the most recent version of the
Bruzual & Charlot (2003) stellar population synthesis models
(see Vidal-Garcia et al. 2017, for details). Nebular emission was
modeled self-consistently as described in Gutkin et al. (2016)
by processing stellar emission with the photoionization code
CLOUDY (Ferland et al. 2013). The fit was performed by fit-
ting the integrated lines plus continuum fluxes measured as
described in Sect. 2. The redshift was fixed at the spectro-
scopic value, which is the one provided with the VANDELS
final release, with the exception of the objects with a
CIII]A1909 detection at an S /N > 3, for which we used the rele-
vant systemic redshift determination (Calabro et al. 2022).

3.1. BEAGLE configuration

The BEAGLE SED-fitting runs were performed with a configura-
tion similar to the one adopted to estimate the ionizing efficiency
of very high-redshift galaxies (Stark et al. 2017; Castellano et al.
2022b). The templates are based on a Chabrier (2003) initial
mass function, and their metallicity lies in the range —2.2 <
log(Z/Zs) < 0.25. The configuration adopted the most flex-
ible parametric star formation history (SFH) allowed by the
code, which is an exponentially delayed function (SFR(f) o
t - exp(—t/7)) plus an ongoing constant burst. This SFH model
allows analyzing objects with both rising and declining star for-
mation histories (Carnall et al. 2019) and accurate estimates of
the global properties of both main-sequence and starburst galax-
ies (Ciesla et al. 2017).

The duration of the final constant SFR phase is a free
parameter in BEAGLE that we chose to fix to 10 Myr, consid-
ering that most of the nebular emission is generated by repro-
cessed light of massive stars with ages of 3—10 Myr (Kennicutt
1998; Kennicutt & Evans 2012). We adopted uniform priors
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Fig. 1. Main properties of the VANDELS sample (black) and of the
objects with log(My,/Ms) > 9.5 (red). The spectroscopic redshifts
are from VANDELS DR4, stellar masses (M) have been estimated
with BEAGLE as discussed in Sect. 3, and the UV magnitudes (Myy)
and slopes (8) have been measured from the observed photometry
(Sect. 2.1). The green continuous line in the top right panel shows the
My, distribution for all CANDELS objects at z = 2-5 in UDS and
GOODS-South from Santini et al. (2015), scaled by a factor of 4 to take
the target sampling of the spectroscopic survey into account.

on the SFH exponential timescale (7.0<t/log(yr) < 10.5),
stellar mass (7.0 < log(M/My)<12), star formation rate
(0.0 < 10g(SFR/Myyr~')<3.0), and maximum stellar age
(7.0 < log(Age/yr) <age of the Universe). Attenuation by dust
was treated following the Charlot & Fall (2000) model com-
bined with the Chevallard et al. (2013) prescriptions for geom-
etry and inclination effects, assuming an effective V-band
optical depth in the range —3.0 < log(ry) < 0.7, with a fixed
fraction p = 0.4 arising from dust in the diffuse ISM. The inter-
stellar metallicity Zisy was assumed to be identical to the stel-
lar metallicity, and the dust-to-metal mass ratio and ionization
parameter were left free in the ranges 0.1 < & < 0.5 and
—4.0 < log(Us) < —1.0, respectively. In the following analy-
sis, we use the best-fit parameters obtained by BEAGLE from the
maximum of the posterior probability distribution functions. The
68% confidence level uncertainty on each parameter was mea-
sured from the relevant marginal probability distribution. For the
derived parameter & , which was not expressly sampled over
in the fitting, we provide the mean and 68% confidence level
interval of the relevant weighted distribution derived from the
MULTINEST samples (Eq. (9) in Feroz & Hobson 2008; see also
Chevallard & Charlot 2016).

We show the main properties of the sample in Fig. 1. The
VANDELS objects are mostly bright (Myy < —20) massive
galaxies whose redshift distribution peaks at z ~ 3—4, with tails
covering the entire z ~ 2—5 range. The stellar mass distribution
covers the range log(M,:/My) = 8—11, but it is clearly incom-
plete at low masses. We compared the mass distribution of the
VANDELS sample to that of all objects with photometric red-
shift 2 < z < 5 in the official CANDELS catalogs (Santini et al.
2015). They are perfectly consistent at log(My,:/Mg) > 9.5
when the CANDELS counts are scaled by a factor of four
to take the target sampling of the spectroscopic survey into
account. Instead, the VANDELS target selection criteria clearly
yield an incompleteness at lower masses. For this reason, we
discuss the entire sample and the mass-complete subsample at
log(Mspr /M) > 9.5 separately below.
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Fig. 2. Tests of the accuracy of the BEAGLE SED-fitting results. Top:
comparison between the BEAGLE best-fit flux and the observed flux
of the lines used in the spectrophotometric fitting. Botfom: compari-
son between the &; = estimated by BEAGLE and the measurement based
on optical emission lines for the NIRVANDELS objects observed with
MOSFIRE. Measurements based on the EW([OIII])-£;  relation by
Chevallard et al. (2018) or on He luminosity are shown as green cir-
cles and magenta triangles, respectively. Larger symbols and error
bars indicate the relevant median and dispersion. The filled black
squares and error bars show the median and dispersion in bins of
Alog(&;, —BEAGLE) = 0.5 for all objects with either an He or an [OIII]
measurement.

3.2. Accuracy of the spectrophotometric analysis

Our approach exploits a combined spectrophotometric fit to
estimate & and other physical parameters of the galaxies at
the same time. As a test of the reliability of the fit, including
spectroscopic lines, we compared the measured line fluxes to
the relevant best-fit fluxes from BEAGLE. As shown in Fig. 2,
BEAGLE can accurately reproduce the three observed lines across
the entire flux range we probed.

We then assessed the dependence of our results on the
adopted BEAGLE configuration through the analysis of a rep-
resentative subsample of 200 objects at z = 3—4. In order to
test the effect of different attenuation laws, we performed the fit
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adopting the Calzetti et al. (2000) law or the SMC extinction law
by Pei (1992). We find that the & values from our reference run
that assumed a Charlot & Fall (2000) attenuation are consistent
(Alog(&l,) < 0.01) with those found with a Calzetti et al. (2000)
law, but they are slightly lower on average (A log(&;, ) = 0.065)
than those based on the SMC extinction.

We then tested the dependence of the & = estimates on the
assumed SFH. We find a that the spectrophotometric fit returns
slightly higher & values (~0.1dex; see also Mascia et al.
2023b) when 5 Myr is assumed instead of a 10 Myr timescale as
the duration of the ongoing star formation episode. We then per-
formed a fit using only the photometric information and setting
the duration of the ongoing star formation episode to 100 Myr,
which matches the SFR timescale probed by UV-integrated light.
We found an almost fixed log(¢) /Hzerg 1y ~ 25.2 for all
sources, while the SFR and M, values are consistent with the
values in the reference spectrophotometric fit, but with a fraction
of objects with an SFR lower by a factor 1.5 and correspondingly
higher stellar mass. Instead, a fit using photometry alone and a
10 Myr duration of the ongoing star formation episode provided
& values that were statistically consistent with those obtained
for the same SFH and including spectroscopic information, with
the exception of a fraction of objects with EW(OIII]11666) > 3
for which the ionizing efficiency was found to be lower. This
result indicates that the inclusion of spectroscopic measure-
ments enables more accurate constraints, although the estimated
efficiencies are largely affected by photometric information in
objects with a low EW of the UV lines.

In order to perform a direct test of the robustness of
our & measurement, we exploited observation from the
NIRVANDELS survey that targeted the VANDELS fields with
MOSFIRE to measure optical rest-frame emission lines. A
detailed description of the NIRVANDELS observations can be
found in Cullen et al. (2021). We found that 30 objects at z ~
3.15-3.78 in our sample have a clear [OII[]14959, 5007 detec-
tion in their MOSFIRE K-band spectra, enabling an estimate of
&, from EW(OII) using Eq. (3.1) in Chevallard et al. (2018).
In addition, 9 objects at z ~ 2.23-2.49 have detection of
both Ha and Hp, enabling a measurement of & using stan-
dard conversions from the dust-corrected Ha luminosity (e.g.,
Shivaei et al. 2018). We measured the total flux of the Balmer
lines and of the [OIII] A14959,5007 doublet with a Gaussian
fit of each line component. For the z > 3 subsample, we
used the measured broadband photometry at the corresponding
observed wavelength to determine the EW([OIII]) because the
continuum is undetected in the spectra. For the objects with a
detection of the Balmer lines, we first corrected the measured
Ha luminosity for dust extinction on the basis of the Balmer
decrement assuming a Calzetti et al. (2000) attenuation law and
an intrinsic ratio (Ha/HB) = 2.86 (see, e.g., Dominguez et al.
2013). We then applied the relation in Leitherer & Heckman
(1995) to convert L(Ha) into an intrinsic Lyman-continuum pho-
ton production rate N(H), and we estimated the ionizing effi-
ciency as & = N(H®)/Lyy, where Lyy is the dust-corrected
UV luminosity. We assumed a null escape fraction of ioniz-
ing photons, considering that this quantity is highly uncertain,
but most likely lower than 3-5% for bright massive objects
in this redshift range (e.g., Grazianetal. 2016; Begley et al.
2022). We also neglected corrections for the Balmer absorp-
tion, which has been found to be very small (~3% on average
on NIRVANDELS sources; Cullen et al. 2021). The compari-
son between the & estimated by BEAGLE and the one mea-
sured from optical emission lines is shown in Fig. 2. We find
a large scatter on individual measurements, which is consistent

with the relevant uncertainties, however. Most importantly, we
find a fair agreement (A log(&; ) < 0.1) on average among the
different &~ estimates, with no evident systematic trends. We
also find agreement on average when we separately analyzed
the two subsamples of z > 3 [OIII] emitters and of z ~ 2
He emitters. The first subsample is large enough to assess the
consistency as function of fi*on. In turn, the individual measure-
ments based on the Balmer lines do not show a clear trend,
but the low number of objects in this subsample only allows
us to assess the consistency of the global median value. While
it is advisable to perform more in-depth tests of this type with
future spectroscopic samples, we conclude that the £ estimates
obtained by our spectrophotometric fitting procedure are reliable
for our purpose of exploring the correlations between the ioniz-
ing efficiency and the physical properties of the galaxies in the
VANDELS sample.

4. Results

The combined spectrophotometric constraints on the VANDELS
sample allowed us to explore the correlations between & = and
all properties of interest for high-redshift populations to search
for the most reliable indicators of a high-ionizing efficiency. The
average and standard deviation of & as a function of the quan-
tities discussed below are reported in Tables A.1 and A.2 for
the reference sample with log(M: /M) > 9.5. Throughout the
paper, we discuss the potential relation between & and other
galaxy properties on the basis of the relevant Spearman (1904)
rank coefficients measured with the spearmanr algorithm from
the scipy library. The Spearman rank test assesses whether a
monotonic relation exists between two variables, without any
assumption on the form of the relation. The rank coefficient is
defined in the range —1 < ry < 1, where negative (positive)
values indicate an anticorrelation (correlation) between the two
variables. The relevant p-value p(rs) is the probability of the
null hypothesis of an absence of any correlation. We consid-
ered a correlation to be present whenever p(r;) < 0.01. The
Spearman rank coefficients are summarised in Fig. 8 both for
the entire sample and the high-mass sample. In the sections
below, we show the correlations estimated from the VANDELS
sample together with available results from the literature.
A detailed comparison with previous works is discussed in
Sect. 4.3, but we anticipate here that differences in the stel-
lar mass distributions between VANDELS and other samples
likely explain the discrepancies we found with respect to other
observed and physical properties.

4.1. Dependence of & on the observed properties

on

We first explored the relation between & and observed photo-
metric and spectroscopic properties of the VANDELS sample
The ionizing efficiency as a function of redshift is shown in
Fig. 3, together with the relevant average values in Az = 0.5 bins.
The objects span a wide & range, without a significant evolu-
tion with redshift (r; ~ 0.05).

We show the relations between & and Myy and between
&, and the UV slope g in Fig. 4 and color-code each object
according to the relevant redshift. We find mild but signifi-
cant correlations in both cases. The ionizing efficiency increases
at fainter Myy (r = 0.23) from 24.8 at Myy ~ -21.4 to
~25.2 at Myy ~ —18.8. Similarly, & increases at a decreasing
UV slope g (rs = —0.23). These trends are weaker, but still sig-
nificant according to the Spearman correlation test when only
objects with log(My,:/My) > 9.5 are considered. The relation
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Fig. 3. & as a function of redshift. The empty and filled black squares
and error bars show the average and standard deviation for all VAN-
DELS objects and for those with log(My../Ms) > 9.5, respectively.
Individual VANDELS sources are shown as blue circles. The VAN-
DELS measurements are compared to the observed & vs. redshift
relation by Matthee et al. (2017; continuous and dashed black lines
show the average and the dispersion, respectively) and to measure-
ments from the literature for SDSS compact star-forming galaxies
(Izotov et al. 2017), LBGs at z ~ 2-3 (Shivaeietal. 2018) and
z ~ 4-5 (Bouwens et al. 2016), star-forming galaxies at z ~ 2-4
(Nakajima et al. 2018), individual objects at z ~ 7-8 (Stark et al.
2015b, 2017; Castellano et al. 2022b), bright (Endsley et al. 2021b) and
faint (Endsley et al. 2023) LBGs atz ~ 7, LBGs at z ~ 8 (Stefanon et al.
2022), and bright and faint LBGs at z ~ 8-9 observed with JWST-
NIRSpec by the CEERS ERS survey (Fujimoto et al. 2023). The mea-
surements by Shivaei et al. (2018) and Bouwens et al. (2016) are shown
for both the SMC extinction law and the Calzetti et al. (2000) attenua-
tion law. See the legend for symbols and colors.

with the UV slope is nearly flat, with the possible exception of
objects at extremely blue 8 < —3. No clear redshift-dependent
effect is evident in the diagrams described above. Objects at
7 ~ 2-5 populate the entire observed range.

The relation between the ionizing efficiency and the EW of
the UV emission lines is shown in Fig. 5. There is a robust signif-
icant trend of increasing & = at increasing EW(Lya) (r; = 0.42)

with an average log(¢; /Hz erg™') > 25 at EW>50A. Instead,
the correlations between & = and other emission lines are much
milder. According to the Spearman test, the correlations between
& and the EW of both CIII]A1909 (ry = 0.22) and OIII]11666
(rs = 0.27) are significant when objects in the full sample with a
line detection are considered, but only the latter remains signifi-
cant (with ry = 0.36) for objects with log(M /M) > 9.5. The
positive correlation with EW(CIII]11909) is likely driven by the
few objects with CIII]A1909 with an EW >20 A and an average
log(¢;,,/Hz erg™') ~ 25.2. In turn, no significant correlation is
found between ¢ and the EW of Hell41640.

4.2. Dependence of &

ion

on the physical parameters

In Fig. 6 we show the relation between & and physical
properties for the VANDELS sample. We find a significant
trend of increasing average ionizing efficiency at decreasing
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VANDELS objects are color-coded according to the relevant redshift.
The empty and filled black squares and error bars show the average
and standard deviation for the entire sample and for galaxies with
log(My.:/Ms) > 9.5, respectively. The VANDELS sample is compared
to measurements from the literature by Shivaei et al. (2018; LBGs at
z ~ 2-3), Emami et al. (2020; lensed dwarf galaxies at 1.4 < z < 2.7),
and Bouwens et al. (2016) and Lam et al. (2019; LBGs at z ~ 4-5). See
the legend for symbols and colors. The continuous black lines show the
relations measured by Prieto-Lyon et al. (2023) on sub-L* galaxies at
z~3-T.

mass (rs = —0.54). log(fi*on/Hzerg‘l) evolves from ~24.8 at
log(Mspar /M) > 11 to 225 at log(My,/Mg) < 10. A large
scatter is found on the & —SFR plane, but there is a clear preva-
lence of objects with high & at SFR > 100 Mg yr~!, and the
Spearman test indicates a significant correlation for the full sam-
ple (r¢ = 0.16) and the high-mass sample (r; = 0.38).

The most evident correlation is found between & and sSFR,

with a monotonic increase from log(&; /Hz erg™!) ~24.5 at
log(sSFR) ~ —9.5yr~! to ~25.5 at log(sSFR) ~ —7.5 yr~!. Most
importantly, the sSFR-&7 relation has a low scatter, which is
at variance with the other relations discussed here, and it shows
no evidence for multimodal distributions. The correlation is sig-
nificant according to the Spearman test and shows little depen-
dence on mass. The full sample and the log(My,:/Ms) > 9.5
sample have ry = 0.79 and ry = 0.68, respectively, and the aver-
age values as a function of sSFR are similar. The correlation is
particularly evident when the VANDELS sample is analyzed in
the M,—SFR plane (Fig. 7). Objects above the main sequence
of star formation have higher than average & and vice versa,
low & is found in galaxies whose SFR is lower than the typical
value at their stellar mass.

The ionizing efficiency also shows a significant increase in
compact star-forming objects (s = 0.35—0.38 for the full and the

high-mass samples). The galaxies with Zgpg > 10 Mg yr~! kpc*2
have log(&; /Hz erg”") > 25 with very few exceptions, and these
high efficiencies are prevalent at Zspg > 1 Mg ylr‘l kpcfz.
Building on the results discussed above, we searched for
an equation to provide an estimate of & on the basis of the
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physical properties of the galaxies. To do this, we carried out a
fully data-driven power regression analysis to evaluate equations
combining the measured parameters following the approach
described in Mascia et al. (2023a). A regularized minimization
of the sum of the root mean squared error (RMSE) and of the
mean absolute error (MAE), computed between the values pro-
vided by each equation and the dataset, yields the following
regression as the best description of our dataset:

fi*on =Co+ cllog(SFR)yl + CZIOg(Mstar/Mo)yz»

The coefficients and corresponding uncertainties were estimated
by repeating the minimization process 1000 times with a boot-
strap approach, in which 10% of the sample was randomly
removed in every iteration:

co = 0.002 + 0.010,
¢ = 0.329 + 0.015,
¢ = 38.63+0.21,

yi = 1.28 = 0.04,

y, = —0.200 + 0.003.

The power-law model presented above yields an RMSE = 0.2
and an MAE =0.15. This particular model, which is a function
of the SFR and the stellar mass, was selected as the best alter-
native to minimize the error. This is consistent from a physical

perspective with the clear correlation between the sSFR and & .

4.3. Comparison with previous results

The relation between & and redshift as well as its correlation
with observed properties was explored in several recent works.
In Fig. 3 we compare our estimates to previous measurements
of & from representative samples of star-forming galaxies at
different redshifts. The average ionizing efficiency as a function
of redshift computed on the entire VANDELS sample (empty
black squares in Fig. 3) agrees with the & -redshift relation by
Matthee et al. (2017), while our log(Mga/My) > 9.5 sample
(filled black squares) lies below their average. The average
& value measured by Nakajima et al. (2018) on a composite
of star-forming galaxies at z ~ 2-4 is higher than both the
VANDELS and the Matthee et al. (2017) averages, but the dif-
ference can be partly due to their use of BPASS models, which
include binary stellar populations with a 300 M, upper mass cut-
off of the IMF (Stanway et al. 2016).

Our objects also show lower average & than the samples
by Shivaei et al. (2018) and Bouwens et al. (2016) at z ~ 2
and z ~ 4.5, respectively, in particular when compared to
estimates based on a Small Magellanic Cloud (SMC) extinc-
tion law. Similarly, the & —Myy, and & —f relations in our
sample have lower average values than those from the litera-
ture (Bouwens et al. 2016; Lam et al. 2019; Emami et al. 2020,
Prieto-Lyon et al. 2023), although, as discussed in Sect. 4.1, both
relations appear to be bimodal, and the locus of VANDELS
objects with a higher ionizing efficiency includes all observed
values from the literature. Our average & values at Myy < —20
and as a function of UV slope agree better with the measure-
ments by Shivaei et al. (2018) based on the Calzetti et al. (2000)
attenuation law.

Most importantly, a good agreement is found with the
& — M. relations by Shivaei et al. (2018; based on Calzetti
attenuation), Lam et al. (2019), and Emami et al. (2020) at
log(My./My) < 10. At higher stellar masses, the VANDELS
sample has a lower average ionizing efficiency than the 1.4 <
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Fig. 5. Same as Fig. 4 but for the EWs of Lya, CIII], Hell, and OIII],
from top to bottom. Negative values on single objects are due to absorp-
tion in the case of Ly and to measurement noise on galaxies with
EW ~ 0 for the other lines. The & -EW(Lya) in the top panel is com-
pared to measurements on LAEs at z ~ 5 by Harikane et al. (2018).

z < 3.8 sample by Shivaei et al. (2018), whose & —Mg,, rela-
tion bends and increases again at very high masses. Considering
the apparent bimodal structure of the & —M,, distribution and
the low number of VANDELS objects in the most massive bin
shown in Fig. 6, we can explain the difference at high masses by
sample variance or by the different analyzed redshift range.

The comparison with previous works on the & —My,
plane is extremely important to explain the discrepancies
described above. The tendency towards lower & values than in
Bouwens et al. (2016) and other works is most likely explained
by the different mass distributions in the two samples, with
an average log(My,,/My) ~ 9.2 in their sample compared to
~9.9 in VANDELS. This is also evident for the comparison
with the results by Lam et al. (2019), whose sample extends
to log(Myr /M) < 8. The sample by Prieto-Lyon et al. (2023)
includes Lya-detected objects with an average Myy ~ —18 that
are most likely much less massive than the VANDELS galaxies.
Interestingly, the average values for the full VANDELS sample
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bottom.

agree better with those from Lam et al. (2019) and Emami et al.
(2020) on the & —f plane as well. The lower average & values
in our sample likely arise becuase high-mass objects are older
and more metal rich.

The & ~EW(Lya) relation in our data is also consistent with
previous findings for z ~ 5 LAEs by Harikane et al. (2018), but
the average values are ~0.2 dex lower at fixed EW. This discrep-
ancy can also likely be explained by the higher average stellar
mass of our sample of bright LBGs, which means that they are
most likely older and more enriched than the log(M,/Ms) ~
8-9 of the z ~ 5 narrowband-selected LAEs. We cannot exclude
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that the redshift evolution in the properties of Ly« emitters may
play a role, however.

A correlation between & and sSFR was previously found
by Izotov et al. (2021) for CSFGs at z < 1. They constrained
a clear trend between & and the quantity SFR™ x Mg, ,
which is monotonically correlated with the gas-phase metal-
licity according to the fundamental mass—metallicity relation
(Mannucci et al. 2010). When we recast our & —sSFR rela-
tion in this plane (not shown here), we find a consistent trend,
but with a lower scatter and a slightly lower normalization
(~0.1 dex), which is again possibly due to the lack of low-mass
galaxies in the VANDELS sample.

5. Summary and discussion

We have used the spectrophotometric fitting code BEAGLE to
measure the ionizing efficiency and other physical parameters
for a sample of 1174 galaxies with secure spectroscopic red-
shifts at z ~ 2-5 in the VANDELS survey. The sample com-
prises mostly bright (Myy < -20) massive galaxies, with a
high completeness at log(My,:/My) > 9.5. The measurement of
the physical properties exploited the availability of deep multi-
band photometry in the VANDELS area and the measurement
of emission lines in the UV rest-frame range (Lya, CIII]11909,
Hell11640, and OIII]11666). The spectrophotometric approach
adopted here is the same as was used for galaxies in the EoR
(e.g., Stark et al. 2015b; Castellano et al. 2022b) and provides
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a useful reference to infer & from the observed properties of
very high-redshift galaxies. We explored the correlation between
ionizing efficiency and galaxy properties by evaluating their sta-
tistical significance on the basis of Spearman (1904) rank coeffi-
cients, which are summarised in Fig. 8 both for the entire sample
and the high-mass sample.

We find no evolution of & with redshift within the probed
range and a mild increase in the ionizing efficiency at fainter
Myy and bluer UV slopes. The most significant correlations are
found with respect to EW(Lya), stellar mass, Xspr, and specific
SFR. The latter relation is particularly interesting: it is appar-
ently unimodal, with a remarkably low scatter, and it is signif-
icant both in the full sample and in the log(Myy,:/Mg) > 9.5
sample. As a result, the objects above the main sequence of star
formation consistently have higher than average &, and vice
versa, low fi*on is found in galaxies whose SFR is lower than
the typical value at their stellar mass. Our results can be clearly
visualized by studying at the differences between the distribu-
tions for objects with high (log(&;; /Hz erg™') > 25.2) and low
efficiency in our high-mass subsample (Fig. 9). The probability
density distributions of sSFR, SFR, and Xggr are clearly dif-
ferent. A difference is also apparent in the high-EW tail of the
EW(Lya) distribution, while the Myy and UV slope distributions
are very similar for the two samples. According to a two-sided
Kolmogorov—Smirnov test (Hodges 1958), the null hypothesis
that the two samples are drawn from the same parent distribution
has p < 0.01 for sSFR, SFR, and Xggg, and just a slightly higher
significance (p ~ 0.03) in the EW(Lya) case. The subsam-
ples of objects with low and high £ are statistically equivalent
(p > 0.15) as far as Myy and 8 are concerned. An inverse corre-
lation between metallicity and & provides a possible physical
explanation for the observed relations (Yung et al. 2020). In this
scenario, the inverse trend of & with stellar mass is a natural
consequence of the underlying mass-metallicity relation (e.g.,
Calabro et al. 2021; Curti et al. 2023), while objects with high
Yspr and galaxies above the main sequence have an enhanced
ionizing efficiency due to ongoing star formation episodes from
low-metallicity gas (Amorin et al. 2017). The increase in the
EW of CIII]41909 and OIII]A1666 at low gas-phase metallicity
(e.g., Stark et al. 2014) also explains the correlations we found
between these collisionally excited emission lines and & . In
turn, the lack of a correlation with Hell11640 is consistent with
the findings by Saxena et al. (2020) that high-redshift Hell emit-
ters and nonemitters have a comparable metallicity. Additional
poorly known mechanisms such as X-ray binaries or stripped
stars are needed to fully account for the emission rate of Hell
ionizing photons.

These findings have important consequences for the inves-
tigation of the epoch of reionization. There are intriguing sim-
ilarities between our results and the observed trends between
escape fraction and galaxy properties. The escape fraction has
been found to be positively correlated with EW(Lya), sSFR, and
Xsrr and to be anticorrelated with stellar mass and metallicity
(e.g., Pahletal. 2021; Flury et al. 2022; Begley et al. 2022).
While differences remain (e.g., the anticorrelation with UV slope
is more evident for fe. than for & ), the emerging scenario indi-
cates that compact high sSFR galaxies are efficient sources of
ionizing photons that are leaked into the IGM through density-
bounded regions or through channels carved by star formation
feedback (Gazagnes et al. 2020). In this respect, the increase in
sSFR that has been found at high-redshift (e.g., Stark et al. 2013;
Castellano et al. 2017; Topping et al. 2022) suggests an increase
in both ionizing efficiency and in the availability of moder-
ate escape fractions of ionizing photons to keep the IGM ion-
ized (Chisholm et al. 2022; Lin et al. 2023; Mascia et al. 2023a).
Finally, both the spectrophotometric analysis of the UV rest-
frame range and the availability of sSFR and Xgspgr as proxies
for &  can be of fundamental importance to determine the role
at the onset of reionization of the galaxy populations that are
being discovered by JWST NIRCam at z > 10, where rest-frame
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optical emission lines fall outside the spectral range observable
with NIRSpec (e.g., Castellano et al. 2022a, 2023; Naidu et al.
2022; Harikane et al. 2023; Curtis-Lake et al. 2023). The fitting
equation presented in Sect. 4.2 to estimate & from SFR and
Mo provides a first step in this direction. Forthcoming JWST
spectroscopic surveys will allow us to extend the present analysis
to higher redshifts and lower masses in order to derive robust
estimators of the ionizing efficiency of the very first galaxies.
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Appendix A: Average ionizing efficiency as a Table A.2. Tonizing efficiency as a function of the physical properties
function of the observed and physical properties

We report in Tab. A.1 and A.2 the average and standard devi- Min ~ Max Median log(&,,)

ation of the ionizing efficiency of the VANDELS objects with [Hz erg™']
log(M0r/Mo) > 9.5 as a function of the observed and physical log(M;ar/Mo)*
T aninf masonhe Gl gl
85 95 919  2521*0%
Table A.1. Ionizing efficiency as a function of the observed properties 9.5 10.5 9.88 24.96t8:§2
105 115 1063  24.86'07
Min  Max  Median log(¢; ) log(SFR) [Mo/yr]
[Hz erg ] 00 05 038 2479700
Redshift 05 1.0 086 24751
20 25 239 250457 10 15 129  24.88%02
25 30 263 24967 15 20 169 2504702
3035 325 24937 20 25 218 2527018
35 40 370 248975 25 30 260 2542700
40 45 420 2504702 log(sSFR) [yr ']
45 50 472 24985 100 95 963 2457702
Myy 95 90 909 2470702
220 210 2129 24.9470%7 90 85 871 2478019
210 200 2059 24.99% 85 80 834 250570
200 190 -1995  24.99%% 80 75 790 25357010
B 75 10 744 25450008
3.0 25 265 24.88%010 TogEsrm) Moy /kpe]
2520 210 249775 -1.0 05 -0.68 2472701
20 -L5-L67  25.02%¢ 05 00 018 2467700
L5 -10 -132 2493703 00 05 028 249302
L0 05 078 249205 05 10 075 2501703
EW(Lya) (A) 10 15 120 25.11%02
-40.0 0.0 -5.83 24.96f8%g 1.5 2.0 1.66 25_33t8é§
00 400 1047 2496702 —
40.0 80.0 36.41 25'06t8:£ ?%ezhg)y ’?}IEDaE]grSzlgsear;rF&esgn(llgfgnégﬁii(flr: 11:1) %(hl:/iﬂggszozan;e 2;2
80.0  120.0 98.36 25'34f8:§(7) included here for reference.
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