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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 constrain & and galaxy physical parameters by means of spectro-photometric 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]A1909, Hell11640, OIII]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 restricting the analysis to a complete subsample at
log(M;4,/Mp)>9.5. We find a significant trend of increasing &;  with increasing EW(Lya), with an average log(¢;,/Hz erg )>25
at EW>50A, and a higher ionizing efficiency for high-EW CIII]11909 and OIII]A11666 emitters. The most significant correlations are
found with respect to stellar mass, specific star-formation rate (sSFR) and SFR surface density (Xsrz). The relation between &; and
sSFR shows a monotonic increase from log(¢;, /Hz erg™1)~24.5 at log(sSFR)~-9.5yr™! to ~25.5 at log(sSFR)~-7.5yr"!, a low scatter
and little dependence on mass. The objects above the main-sequence of star-formation consistently have higher-than-average ¢}, ,. A
clear increase of & with Xgpp is also found, with log(¢;, /Hz erg™')>25 for objects at gz >10 My /yr/kpc?.

Conclusions. Bright (Myy <20) and massive (log(Mg,,,/Mg)=9.5) galaxies at z=2-5 have moderate ionizing efficiency. However, the
correlation between £; | and sSFR, together with the known increase of 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 X rx as proxies
for & can be of fundamental importance to determine the role at the onset of reionization of galaxy populations at zx 10 recently

discovered by JWST.

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

1. Introduction

Investigating the ionizing emission of star-forming galaxies is
key to understanding how galaxies form stars and affect the sur-
rounding environment. In particular, it is fundamental to con-
strain the role played by high-redshift galaxies in the epoch of
reionization of the inter-galactic medium at z>6 (EoR, Dayal
& Ferrara 2018; Robertson 2022). The rate of ionizing pho-

tons escaping into the IGM from a galaxy population is N =
puvEy, fose» Where pyy is the UV luminosity density, & is
the ionizing photon production efficiency per unit UV luminos-
ity, and f, is the fraction of ionizing photons leaked into the
galaxy surroundings. The pyy 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 constrained at z <3-4 (e.g., Vanzella et al.
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2016; Marchi et al. 2017; Steidel et al. 2018; Pahl et al. 2021),
but the recent findings on indirect estimators of f,;, in low-
redshift galaxies (e.g., Izotov et al. 2018a,b; Flury et al. 2022)
is enabling the first constraints on the escape fraction of galaxies
in the EoR (e.g., Lin et al. 2023; Mascia et al. 2023a).

To constrain the contribution of high-redshift galaxies to the
EoR, much effort has also been spent to study the ionizing pho-
ton production efficiency & =~ as a function of redshift and of
galaxy properties.

Theoretical models predict a mild evolution of &7 with red-
shift, with typical values in the reionization epoch in the range
log(&; ,/Hz erg')~25.1-25.5. The ionizing photon production
efficiency is predicted to be a factor of ~2 higher in low-mass
galaxies due to their lower metallicity, which likely drive trends
of increasing & with decreasing SFR, UV slope and UV lumi-
nosity and increasing sSFR (Wilkins et al. 2016; Ceverino et al.
2019; Yung et al. 2020). However, model predictions have been
found to critically depend on the adopted stellar population syn-
thesis (SPS) models, with the inclusion of binary stellar popula-
tions increasing & 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
Balmer emission lines after correcting for dust attenuation (e.g.,
Schaerer et al. 2016; Shivaei et al. 2018). Similarly, photomet-
ric 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
[OI11]44959, 5007 doublet (Chevallard et al. 2018; Reddy et al.
2018; Tang et al. 2019), rest-frame UV colors (Duncan & Con-
selice 2015) or UV rest-frame emission lines (Stark et al. 2015a).
The reference ionizing efficiency assumed in reionization sce-
narios is log({-‘mn/Hz erg~1)~25.2-25.3 (Robertson et al. 2013),
which is consistent with the value measured in Lyman-break
galaxy (LBG) samples at z~4-5 and with predictions from theo-
retical 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

on

erg )~26.3 of faint Lyman-a emitters at z~4-5. Higher-than-
average ionizing efficiencies log(¢; /Hz erg”1)225.5 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), strong line emitters at z>2 (Nakajima et al.
2016; Tang et al. 2019). It has been shown that £} remains
approximately constant as a function of observed UV luminos-
ity 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 correlation between & and specific star-
formation-rate (sSSFR) has been found by Izotov et al. (2021) on
CSFGs at z<1, and is apparent at higher redshifts from the cor-
relation between ¢ and EW(Ha) 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. (2022) (3< z <7).

Few constraints are available for galaxies in the EoR. Some
objects at z > 7 have been found to have very high ionizing ef-
ficiencies (225.7, e.g., Stark et al. 2015b, 2017; Endsley et al.
2021a, 2022; Stefanon et al. 2022; Fujimoto et al. 2023). In
other cases, the & has been estimated to be consistent or slightly
higher than the canonical range assumed for high-redshift galax-
ies (Castellano et al. 2022b; Schaerer et al. 2022). The suggested

trend of an increasing typical £ with redshift likely arises from
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a change in the underlying mixture of galaxy populations, even-
tually driven by an evolution in physical parameters. Similarly,
discrepancies among & estimates can result from the differ-
ent sampling of the various galaxy populations by the different
selection techniques. In fact, &7 has been found to increase in
objects with high ionization state, young ages and low metallic-
ity, and is also affected by star-formation burstiness, initial-mass
function (IMF) and 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.

In the present paper we exploit a large sample of galaxies
at z~2-5 from the VANDELS survey (McLure et al. 2018; Pen-
tericci et al. 2018) provided with robust measurements of their
spectroscopic redshift, spectral energy distribution (SED) and
UV emission lines, to investigate the relation between & and
galaxy physical parameters. The paper is organised as follows:
the sample is presented in Sect. 2, while in Sect. 3 we discuss the
spectro-photometric fit used to constrain &}, and other physical
properties. The analysis of how £ varies with observed proper-
ties and physical parameters is presented in Sect. 4. The results
are summarised in Sect. 5. Throughout the paper we adopt AB
magnitudes (Oke & Gunn 1983), a Chabrier (2003) IMF and a
A-CDM concordance model (Hy = 70 km s Mpc‘l, Qu =0.3,
and Q, =0.7).

2. The VANDELS sample

For our work we use 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 foot-
prints are centered on the HST areas observed by the CANDELS
program (Grogin et al. 2011; Koekemoer et al. 2011), but given
the VIMOS field of view, the areas observed are two times larger:
for the outer areas, 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), while data reduction and
redshift determination can be found in Pentericci et al. (2018).
The fourth and final data release that we use is fully described
in Garilli et al. (2021) and contains redshifts of ~2100 sources
and the above mentioned photometric catalogs'. In particular
the redshifts were derived using the pandora.ez tool (Garilli
et al. 2010) which cross-correlates the spectra with a series of
galaxy templates, and then checked visually by 4 different mem-
bers of the collaboration. The reliability of the redshifts is quan-
tified with a quality flag (QF) in the following way: 0 means
no redshift could be determined; 1 indicates a 50% probabil-
ity of the redshift being correct; 2 indicates a 70/80% proba-
bility of the redshift being correct; 3 and 4 indicate respectively
a 95 and 100% probability of the redshift being correct; finally
9 means that the spectrum shows a single emission line and that
the redshift corresponds to the most probable identification. In
this work we have analysed all sources with 2 < z < 5 and se-
cure redshift, i.e. QF = 3 and = 4.

We exclude 13 AGN selected as in Bongiorno et al. (in prep).
The objects have been considered as likely AGN because they ei-
ther had an X-ray counterpart from Luo et al. (2017) or Kocevski

! The data release is available at http://vandels.inaf.it/db and
https://www.eso.org/qi/
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et al. (2018) (for the CDFS and UDS fields respectively) within a
1.5” radius, 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, of which 604 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 three sources initially classified as potential AGN on the
basis of their SED, and one Herschel-detected source. We ver-
ified that their inclusion is not affecting the analysis presented
here.

2.1. Photometric measurements

For the objects in our sample we use the VANDELS photomet-
ric 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 one. The objects in our sample are pro-
vided with a measurement of their UV slope performed by fit-
ting the available broad-band photometric measurements sam-
pling the 1230-2750A rest-frame range as described in Calabro
et al. (2021). We find that the UV slope is robustly measured
when at least 3 photometric bands are used in the fit, and when
the uncertainty on the measurement is o7(5) <0.5. This condition
is met for 810 objects out of the 1174 in the parent sample. For
each of these objects the UV slope determination is also used
to estimate the rest-frame UV magnitude, Myy, from a simple
interpolation of the continuum at 1600A. Finally, we use the
equivalent radii measured by Calabro et al. (2022) for 749 ob-
jects covered by F814W HST imaging. This subsample has a
median F814W magnitude of 25.2, corresponding to a signal-
to-noise ratio (SNR) ~20, enabling an accurate measurement of
their size (see also Ribeiro et al. 2016, for the relevant method-

ology).

2.2. Spectroscopic measurements

The measurements we use come from the official VANDELS
spectroscopic catalog (Talia et al. in prep.). Specifically, we use
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
provides a good fit to the line or not. In the present paper we
will use EW(Lya) only for the 565 objects in our sample with a
robust Gaussian fit of the line.

The direct integration measurements have been performed
using PyLick, a tool developed to measure Lick-like indices
and continuum breaks extensively tested on galaxies from the
LEGA-C survey (van der Wel et al. 2016) and on VANDELS
sources (Borghi et al. 2022). The parameters to define are the in-
tegration windows and the bandpasses for the blue and red part of
the continuum. While for absorption lines the bandpasses were
already defined in the literature (Maraston et al. 2009; Leitherer
et al. 2011), for emission lines they are not standard and were
newly defined on the basis of a high SNR (~35/pixel) composite
spectrum of all sources with VANDELS quality flag 3 and 4 (see
Talia et al. for more details).

In the present paper we will use measurements of Hell11640,
OIlI]11666 and CIII]A1909. We did not consider CIVA1548 be-
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Fig. 1. Main properties of the VANDELS sample (black) and of the
objects with log(M;,,,/M)>9.5 (red). The spectroscopic redshifts are
from VANDELS DR4, stellar masses (M) have been estimated with
BEAGLE as discussed in Sect. 3, while UV magnitudes (M) 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 four to take into account the
target sampling of the spectroscopic survey.

cause it is a blend of stellar and nebular emission with a pro-
file resulting from the mixture of both 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 follow-
ing windows were used: 1634 — 1654A for the HelI11640 emis-
sion (blue agld red continuum Windowso at 1614 — 1632, and
1680—1705A respectively); 1663 —1668A for OIII]211666 (con-
tinuum: 1614 — 1632, and 1680 — 1705A); 1897 — 1919A for
CIITA1909 (continuum: 1815 — 1839, and 1932 — 1948A re-
spectively). The uncertainties on the measurements are evaluated
by PyLick following the SNR method by Cardiel et al. (1998).
Talia et al. found that the error spectra produced by the data re-
duction pipeline underestimate the noise level by a factor of ~2,
on average, with respect to the noise r.m.s. measured on the ob-
ject spectra. Therefore, they applied an a-posteriori correction
factor to the error spectra that are used to derive measurement
uncertainties.

3. Spectro-photometric fitting with BEAGLE

We measure the physical parameters of the VANDELS galax-
ies, including the ionizing budget, by means of a spectro-
photometric fit performed with the BEAGLE tool (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 is modeled self-
consistently as described in Gutkin et al. (2016) by processing
stellar emission with the photoionization code CLOUDY (Fer-
land et al. 2013). The fit is performed by fitting the integrated
lines plus continuum fluxes measured as described in Sect. 2.
The redshift is fixed at the spectroscopic value, which is the one
provided with the VANDELS final release, with the exception of
the objects with a CIII]11909 detection at SNR>3, for which
we use the relevant systemic redshift determination (Calabro
et al. 2022). The BEAGLE SED-fitting runs are performed with
a configuration similar to the one adopted to estimate the ioniz-
ing efficiency of very high-redshift galaxies (Stark et al. 2017;
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Fig. 2. Top: comparison between the BEAGLE best-fit flux and the ob-
served flux of the lines used in the spectro-photometric fitting. Bottom:
comparison between the & = estimated by BEAGLE and the measure-
ment based on optical emission lines for the NIRVANDELS objects ob-
served with MOSFIRE. Measurements based on the EW([OII])-¢; re-
lation by Chevallard et al. (2018) or on Ha luminosity are shown as
green circles and magenta triangles, respectively, with larger symbols
and error bars indicating the relevant median and dispersion. The black
filled squares and errorbars show the median and dispersion in bins of
Alog(¢;, -BEAGLE)=0.5 for all objects with either He or [OIII] mea-

ion
surement.

Castellano et al. 2022b). The templates are based on a Chabrier
(2003) initial mass function and have metallicity in the range
-2.2 < log(Z/Zy) < 0.25. The configuration adopts the most
flexible parametric star formation history (SFH) allowed by the
code, i.e, an exponentially delayed function (SFR(t) o t-exp(-
t/7)) plus an ongoing constant burst. This SFH model allows the
analysis of objects with both rising and declining star formation
histories (Carnall et al. 2019), and an accurate estimates of the
global properties of both main-sequence and starburst galaxies
(Ciesla et al. 2017).

The duration of the final constant SFR phase is a free pa-
rameter in BEAGLE that we chose to fix to 10 Myr considering
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that most of the nebular emission is generated by reprocessed
light of massive stars with age of 3-10 Myr (Kennicutt 1998;
Kennicutt & Evans 2012). We adopt uniform priors 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 < log(S FR/My/yr)
< 3.0), and maximum stellar age (7.0 < log(Age/yr) < age of the
universe). Attenuation by dust is treated following the Charlot &
Fall (2000) model combined with the Chevallard et al. (2013)
prescriptions for geometry and inclination effects, assuming an
effective V-band optical depth in the range -3.0 < log(7y) < 0.7
with a fixed fraction ¢ = 0.4 arising from dust in the diffuse
ISM. Interstellar metallicity Z;s,, is assumed to be identical to
the stellar one, the dust-to-metal mass ratio and ionization pa-
rameter are left free in the ranges 0.1 < &; < 0.5 and -4.0 <
log(U;) < -1.0, respectively. In the following analysis we will
use the best-fit parameters obtained by BEAGLE from the maxi-
mum of the posterior probability distribution functions. The 68%
confidence level uncertainty on each parameter is measured from
the relevant marginal probability distribution. For the derived pa-
rameter &7, which is 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 sam-
ples (Equation 9 in Feroz & Hobson 2008, see also Chevallard
& Charlot 2016).

We show in Fig. 1 the main properties of the sample. 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(My,/Mp)=8-11, but it is clearly incom-
plete at low masses. We compared the mass distribution of the
VANDELS sample to the one of all objects with photometric red-
shift 2 < z < 5 in the official CANDELS catalogs (Santini et al.
2015): the two are perfectly consistent at log(Mg,/Mg)>9.5
once the CANDELS counts are scaled by a factor of four to take
into account the target sampling of the spectroscopic survey. In-
stead, the VANDELS target selection criteria clearly yields to
incompleteness at lower masses. For this reason in the follow-
ing we will discuss separately the entire sample and the "mass-
complete” subsample at log(M,,,/M)>9.5.

3.1. Accuracy of the spectro-photometric analysis

Our approach exploits a combined spectro-photometric fit to es-
timate & and other physical parameters of the galaxies at the
same time. As a test of the reliability of the fit including spectro-
scopic lines we compared the measured line fluxes to the relevant
best-fit fluxes from BEAGLE: as shown in Fig. 2 BEAGLE can ac-
curately reproduce the three observed lines across the entire flux
range probed.

We then assessed the dependence of our results on the
adopted BEAGLE configuration through the analysis of a repre-
sentative subsample of 200 objects at z=3-4. In order to test the
effect of different attenuation laws we performed the fit adopt-
ing the Calzetti et al. (2000) one or the SMC extinction law by
Pei (1992). We find that the & | values from our reference run
which assumes a Charlot & Fall (2000) attenuation are consistent
(A log(£;,,)<0.01) with those found with a Calzetti et al. (2000)
law, but on average slightly lower (A log(¢7 )=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 (~0.1 dex, see also Mascia et al. 2023b)
when assuming a 5 Myr instead of a 10 Myr timescale as dura-
tion of the ongoing star-formation episode. We then performed a
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fit using only the photometric information and setting the dura-
tion of the ongoing star-formation episode to 100 Myr matching
the SFR timescale probed by UV integrated light. We found an
almost fixed log(¢;, /Hz erg')~25.2 for all sources, while the
SFR and M, values are consistent with the values in the ref-
erence spectrophotometric fit, albeit with a fraction of objects
having SFR lower by a factor 1.5, and correspondingly higher
stellar mass. Instead, a fit using photometry only and a 10Myr
duration of the ongoing star-formation episode provided &7 val-
ues 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 ion-
izing efficiency is found to be lower. This result indicates that
the inclusion of spectroscopic measurements enables more ac-
curate 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 NIRVAN-
DELS survey that targeted the VANDELS fields with MOS-
FIRE 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 clear [OIIl]44959,5007 detection in their
MOSFIRE K-band spectra enabling an estimate of & =~ from
EW(OII) using Eq.(3.1) in Chevallard et al. (2018). In addi-
tion, 9 objects at z~2.23-2.49 have detection of both Ha and
Hp, enabling a measurement of £ using standard conversions
from the dust-corrected Ha luminosity (e.g., Shivaei et al. 2018).
We measure the total flux of the Balmer lines and of the [OIII]
A44959,5007 doublet with a Gaussian fit of each line component.
For the z>3 subsample we use the measured broad band photom-
etry at the corresponding observed wavelength to determine the
EW([OIII]) since the continuum is undetected in the spectra. For
the objects with detection of the Balmer lines we first correct 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/HpB) = 2.86 (see, e.g., Dominguez
et al. 2013). We then apply the relation in Leitherer & Heck-
man (1995) to convert L(Ha) into an intrinsic Lyman-continuum
photons production rate N(H") and we estimate the ionizing ef-
ficiency as &} = N(H®)/Lyy, where Lyy is the dust-corrected
UV luminosity. We have assumed a null escape fraction of ion-
izing 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. Grazian et al. 2016; Begley et al. 2022).
We also neglected corrections for Balmer absorption which has
been found to be very small (~3% on average on NIRVANDELS
sources, Cullen et al. 2021). The comparison between the £ es-
timated by BEAGLE and the one measured from optical emis-
sion lines is shown in Fig. 2. We find a large scatter on indi-
vidual measurements, which is however consistent with the rel-
evant uncertainties. Most importantly, we find a fair agreement
(A log(¢7,)<0.1) on average among the different &; = estimates,
with no evident systematic trends. We also find agreement on
average when analysing separately the two subsamples of z > 3
[OIII] emitters and of z ~ 2 Ha emitters. The former subsam-
ple is large enough to assess consistency as function of &} . In
turn, the individual measurements based on Balmer lines do not
show a clear trend, but the low number of objects in this subsam-
ple only allows to assess consistency of the global median value.
While it is advisable to perform more in-depth tests of this kind
with future spectroscopic samples, we conclude that the & esti-
mates obtained by our spectro-photometric fitting procedure are

— Matthee+17 QO Shivaei+18 (SMC) A Castellano+22a
. This work, logM > 9.5 . Bouwens+16 (SMC) Endsley+22
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—
I
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=
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<
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w
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Fig. 3. & as a function of redshift: black empty and filled squares

and error bars show the average and standard deviation for all VAN-
DELS objects and for those with log(My,,/Mg)>9.5, respectively. In-
dividual VANDELS sources are shown as blue circles. The VANDELS
measurements are compared to the observed &} versus redshift rela-
tion by Matthee et al. (2017) (black continuous and dashed lines show
average and dispersion, respectively), and to measurements from the
literature for SDSS compact star-forming galaxies (Izotov et al. 2017),
LBGs at z~2-3 (Shivaei et al. 2018) and z~4-5 (Bouwens et al. 2016),
star-forming galaxies at z~2-4 (Nakajima et al. 2018), individual ob-
jects at z~7-8 (Stark et al. 2015b, 2017; Castellano et al. 2022b), bright
(Endsley et al. 2021b) and faint (Endsley et al. 2022) LBGs at z~7,
LBGs at z ~ 8 (Stefanon et al. 2022), bright and faint LBGs atz ~ 8§ -9
observed with JWST-NIRSpec by the CEERS ERS survey (Fujimoto
et al. 2023). The measurements by Shivaei et al. (2018) and Bouwens
et al. (2016) are shown for both the SMC extinction law and the Calzetti
et al. (2000) attenuation law. See legend for symbols and colors.

reliable for our purpose of exploring correlations between the
ionizing efficiency and the physical properties of the galaxies in
the VANDELS sample.

4. Results

The combined spectro-photometric constraints on the VAN-
DELS sample allow us to explore 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 &7 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,,/Mg)>9.5. Throughout the pa-
per we will 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 exist between two variables, without any as-
sumption on the form of the relation. The rank coefficient is de-
fined in the range —1 < ry < 1, where negative (positive) values
indicate anti-correlation (correlation) between the two variables.
The relevant p-value p(r;) is the probability of the null hypothe-
sis of absence of any correlation. We will consider a correlation
to be present whenever p(r;) <0.01. The Spearman rank coef-
ficients will be summarised in Fig. 8 both for the entire sample
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Fig.4.&; as afunction of Myy (top) and UV slope (bottom). The VAN-
DELS objects are color-coded according to the relevant redshift. Black
empty and filled squares and error bars show the average and standard
deviation for the entire sample and for galaxies with log(M,,/M)>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), Bouwens et al.
(2016) and Lam et al. (2019) (LBGs at z ~4-5). See legend for symbols
and colors. The black continuos lines show the relations measured by
Prieto-Lyon et al. (2022) on sub-L* galaxies atz ~ 3 — 7.

and the high-mass one. In the forthcoming sections we will show
the correlations estimated from the VANDELS sample together
with available results from the literature. A detailed comparison
with previous works will be discussed in Sect. 4.3, but we an-
ticipate here that differences in the stellar mass distributions be-
tween VANDELS and other samples likely explain discrepancies
found with respect to other observed and physical properties.

4.1. Dependence of &

won

on observed properties

£

We first explore 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 ob-
jects span a large £ range, with no significant evolution with
redshift (rg ~0.05).

We show in Fig. 4 the relations between & and Myy, and
between &} and UV slope §, color-coding each object according
to the relevant redshift. We find mild, albeit significant correla-
tions in both cases. The ionizing efficiency increases at fainter
Myy (ry=0.23) from 24.8 at Myy ~-21.4, to ~25.2 at at Myy ~-
18.8. Similarly, & = increases at decreasing UV slope 8 (r=-
0.23). These trends are weaker, although still significant accord-
ing to the Spearman correlation test, when considering only ob-
jects with log(M,/Mg)>9.5. In fact, the relation with 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
above mentioned diagrams, with objects at z~2-5 populating all
the observed range.
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The relation between ionizing efficiency and the EW
of the UV emission lines is shown in Fig. 5. There is
a robust, significant 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 Spear-
man test the correlations between ¢ and the EW of both
CIII]A1909 (r;g=0.22) and OIII]A1666 (r;=0.27) are significant
when considering objects in the full sample having a line de-
tection, but only the latter remains significant (with r;=0.36)
for the objects with log(Mg,,/Mg)>9.5. The positive correla-
tion with EW(CIII]11909) is likely driven by few objects having
CIII]A1909 with EW>20A and average log(¢: /Hz erg1)~25.2.
In turn, no significant correlation is found between &; = and the
EW of Hell11640.

4.2. Dependence of &

ion

on 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
mass (ry=-0.54), with log(¢; /Hz erg”!) going from ~24.8 at
log(Mar/Mg)>11 to 225 at log(M,,/Me)<10. A large scatter is
found on the £ -SFR plane, but there is a clear prevalence of ob-
jects with high & at SFR>100Mg/yr, and the Spearman test in-
dicate a significant correlation for both the full sample (r;=0.16)
and the high-mass sample (7,=0.38).

The most evident correlation is found between &~ and
sSFR, with a monotonic increase from log(¢; /Hz erg )~24.5
at log(sSFR)~-9.5y77! to ~25.5 at log(sSFR)~-7.5yr~!. Most
importantly, at variance with the other relations discussed here,
the sSFR-£; relation has a low scatter, and no evidence for
multi-modal distributions. The correlation is significant accord-
ing to the Spearman test and shows little dependence on mass,
with the full sample and the log(M,,/My)>9.5 one having
rs=0.79 and r;=0.68 respectively, and similar average values as
a function of sSFR. The correlation is particularly evident when
analysing the VANDELS sample in the M,,,-SFR plane (Fig. 7):
objects above the main-sequence of star-formation have higher-
than-average &, and, viceversa low & is found in galaxies that
have lower SFR than the typical value at their stellar mass.

The ionizing efficiency also shows a significant increase in
compact star-forming objects (r;=0.35-0.38 for the full and the
high-mass samples). The galaxies with gz >10 Mgy /yr/kpc?
having log(¢; /Hz erg~')>25 with very few exceptions, and such
high efficiencies being prevalent at Xgpg >1 Mg /yr/ kpc?.

Building on the results discussed above, we searched for an
equation to provide an estimate of & on the basis of the galaxy
physical properties. To this aim, we carried out a fully data-
driven power regression analysis to evaluate equations combin-
ing 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 provided by each
equation and the dataset, yields the following regression as best
description of our dataset:

é‘:;:m: Co + 1 10g(SFR)71 t+ log(Msrar/MG)yza

The coeflicients and corresponding uncertainties have been
estimated by repeating the minimization process 1000 times with
a bootstrap approach where in every iteration 10% of the sample
was randomly removed:
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co = 0.002 + 0.010,
¢ =0.329 +0.015,
2 = 38.63£0.21,
v = 1.28 + 0.04,

¥, = —0.200 + 0.003.

The power law model presented above yields to a RMSE=0.2
and a MAE=0.15. The fact that this particular model, which is
a function of the SFR and the stellar mass, was selected as the
best alternative to minimize the error is consistent, from a phys-
ical perspective, with the fact that a clear correlation is observed
between the sSFR and &

ion*

4.3. Comparison with previous results

The relation between ¢ and redshift as well as its correlation
with observed properties have been explored in several recent
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Fig. 6. Same as Fig. 4 but for, from top to bottom, M, SFR, sSFR and
XS FR-

works. In Fig. 3 we compare our estimates to previous mea-
surements 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 (black empty squares in Fig. 3) is in agreement with
the &; -redshift relation by Matthee et al. (2017), while our
log(M14r/Mg)>9.5 sample (black filled 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) av-

erages, but the difference can be partly due to their use of BPASS
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Fig. 7. The VANDELS sample on the SFR versus My, plane. Each ob-
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timates of the main sequence of star-formation by Speagle et al. (2014)
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models including binary stellar populations with a 300M,, 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 comparing to estimates
based on a Small Magellanic Cloud (SMC) extinction law. Simi-
larly, the & -Myy, and & - relations in our sample have lower
average values than the ones from the literature (Bouwens et al.
2016; Lam et al. 2019; Emami et al. 2020; Prieto-Lyon et al.
2022), although, as discussed in Sect. 4.1, both relations appear
bimodal, and the locus of VANDELS objects with higher ion-
izing efficiency includes all observed values from the literature.
Our average ¢ values at Myy <-20, and as a function of UV
slope are in better agreement with the measurements by Shivaei
et al. (2018) based on the Calzetti et al. (2000) attenuation law.

Most importantly, a good agreement is found with the &} -
My, relations by both Shivaei et al. (2018) (based on Calzetti
attenuation), Lam et al. (2019) and Emami et al. (2020) at
log(M0r/Mg)<10. At higher stellar masses the VANDELS sam-
ple has a lower average ionizing efficiency compared to the
1.4 < z < 3.8 sample by Shivaei et al. (2018) whose & -My,,
relation bends and increases again at very high masses. Consid-
ering the apparent bimodal structure of the & -Mg,, distribu-

tion and the low number of VANDELS objects in the most mas-
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Fig. 9. Probability density distributions of, from top left to bottom
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&, >25.2 (blue filled histogram) and objects with &~ <25.2 (black

empty histogram). Only galaxies with log(M,-/My) > 9.5 are consid-
ered in both cases.

sive bin shown in Fig. 6, the difference at high masses can be
explained by sample variance or by the different redshift range
analysed.

The comparison against previous works on the & -Mgq,
plane is extremely important to explain the above mentioned dis-
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crepancies. In fact, the tendency towards lower £ values com-
pared to Bouwens et al. (2016) and other works is most likely
explained by the different mass distributions in the two samples,
with an average log(M,,/Mp)~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(M1.r/Mg)<8. The sample by Prieto-Lyon et al. (2022) in-
cludes Lya-detected objects with an average Myy ~-18 that are
most likely much less massive than the VANDELS galaxies. In-
terestingly, the average values for the full VANDELS sample are
in better agreement with the ones from Lam et al. (2019) and
Emami et al. (2020) also on the & -g plane. The lower aver-
age &;  values in our sample are likely connected to high-mass
objects being 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 with average values that are ~0.2dex lower at fixed EW.
This discrepancy can also be likely explained by our sam-
ple of bright LBGs having a higher average stellar mass, thus
being most likely older and more enriched, compared to the
log(M10r/Mg)~8-9 of the z~5 narrow-band selected LAEs, al-
though we cannot exclude that redshift evolution in the proper-
ties of Lya emitters may play a role.

A correlation between & and sSFR has been previously
found by (Izotov et al. 2021) for CSFGs at z<1. They constrained
a clear trend between ¢; ~and the quantity SFR™"? x M, which
is monotonically correlated with the gas-phase metallicity ac-
cording to the fundamental mass-metallicity relation (Mannucci
et al. 2010). Once recasting our £ -sSFR relation in this plane
(not shown here) we find a consistent trend but with a lower scat-
ter and a slight 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 spectro-photometric fitting code BEAGLE to
measure the ionizing efficiency and other physical parameters
for a sample of 1174 galaxies with secure spectroscopic red-
shift at z~2-5 in the VANDELS survey. The sample comprises
mostly bright (Myy <-20), massive galaxies, with a high com-
pleteness at log(M,,/Mg)>9.5. The measurement of physical
properties exploits the availability of deep multi-band photom-
etry in the VANDELS area, and the measurement of emission
lines in the UV rest-frame range (Lya, CIII]11909, Hell11640,
OIII]11666). The spectro-photometric approach adopted here is
the same used for galaxies in the EoR (e.g., Stark et al. 2015b;
Castellano et al. 2022b) and provides a useful reference to infer
¢&; , from observed properties of very high-redshift galaxies. We
explored the correlation between ionizing efficiency and galaxy
properties evaluating their statistical significance on the basis
of Spearman (1904) rank coefficients which are summarised in
Fig. 8 both for the entire sample and the high-mass one.

We find no evolution of & = with redshift within the probed
range, and a mild increase of the ionizing efficiency at fainter
Myy, and bluer UV slopes. The most significant correlations are
found with respect to EW(Lye), stellar mass, Xg g, and specific
SFR. The latter relation is particularly interesting: it is appar-
ently unimodal with a remarkably low scatter, and it is signifi-
cant both in the full sample and in the log(M,,,/Mg)>9.5 one. As
a result, the objects above the main-sequence of star-formation
consistently have higher-than-average & , and, viceversa low

ion’

& is found in galaxies that have lower SFR than the typical

won
value at their stellar mass. Our results can be clearly visualized

by looking at the differences between the distributions for ob-
jects with high (log(¢; /Hz erg™1)>25.2) and low efficiency in
our high-mass subsample (Fig. 9). The probability density dis-
tributions of sSFR, SFR and Xgrg are clearly different. A dif-
ference is also apparent in the high-EW tail of the EW(Lya)
distribution while Myy and UV slope distributions are very
similar for the two samples. In fact, according to a two-sided
Kolmogorov-Smirnov test (Hodges Jr 1958), the null hypothesis
that the two samples are drawn from the same parent distribu-
tion has p < 0.01 for sSFR, SFR and X5z, 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 cor-
relation between metallicity and & provides a possible physi-
cal explanation for the observed relations (Yung et al. 2020). In
such a 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 X5 g and galaxies above the main sequence have enhanced
ionising efficiency due to ongoing star-formation episodes from
low-metallicity gas (Amorin et al. 2017). The increase in the EW
of CIIIJ11909 and OIII]11666 at low gas-phase metallicity (e.g.,
Stark et al. 2014) also explains the correlations we found be-
tween these collisionally excited emission lines and &} . In turn,
the lack of correlation with Hell11640 is consistent with the
findings by Saxena et al. (2020) that high-redshift Hell-emitters
and non-emitters have comparable metallicity, and additional,
poorly known mechanisms such as X-ray binaries or stripped
stars are needed to fully account for the emission rate of Hell
ionising photons.

These findings have important consequences for the inves-
tigation of the epoch of reionization. There are intriguing sim-
ilarities between our results and observed trends between es-
cape fraction and galaxy properties. The escape fraction has been
found to be positively correlated with EW(Lya), sSFR and Zg pp,
and to be anti-correlated with stellar mass and metallicity (e.g.,
Pahl et al. 2021; Flury et al. 2022; Begley et al. 2022). While
differences remain (e.g., the anti-correlation with UV slope be-
ing more evident for f, than for & ), the emerging scenario
points to compact, high sSFR galaxies being 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 which has been found at high-redshift (e.g., Stark et al.
2013; Castellano et al. 2017; Topping et al. 2022) suggests an in-
crease in both ionizing efficiency and in the availability of mod-
erate 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 spectro-photometric analysis of the UV rest-
frame range and the availability of sSSFR and Xg pg as proxies for
¢&r . 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 opti-
cal emission lines fall outside the spectral range observable with
NIRSpec (e.g., Castellano et al. 2022a, 2023; Naidu et al. 2022;
Harikane et al. 2022; Curtis-Lake et al. 2022). The fitting equa-
tion presented in Sect. 4.2 to estimate &; from SFR and My,
provides a first step in this direction. Forthcoming JWST spec-
troscopic surveys will allow us to extend the present analysis to
higher redshifts and lower masses in order to derive robust esti-
mators of the ionizing efficiency of the very first galaxies.
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Appendix A: Average ionizing efficiency as a
function of observed and physical properties

We report in Tab. A.1 and A.2 the average and standard devi-
ation of the ionizing efficiency of the VANDELS objects with
log(Myr/Ms) > 9.5 as a function of observed and physical
properties. The statistics as a function of mass on the full sample
is included in Tab. A.2 for reference.

Table A.1. Ionizing efficiency as a function of observed properties

Min  Max  Median log(¢}))

[Hz erg‘l]
Redshift
2.0 2.5 2.39 25.04f8:§g
2.5 3.0 2.63 24.96ﬁ8:3§
3.0 3.5 3.25 24.93f8%2
3.5 4.0 3.70 24.89f8:§‘9‘
4.0 4.5 4.20 25.O4ﬁ8:§‘7‘
4.5 5.0 4.72 24.98t8:§g
Myy
-22.0 -21.0 -21.29 24.94t8:§8
-21.0  -20.0 -20.59 24.99f8:§§
-20.0 -19.0 -19.95 24.99ﬁ8:§8
B

3.0 -25 -2.65 24.88f8:;§
2.5 -2.0 -2.10 24.97t8:42é
20  -1.5 -1.67 25.02f8:§‘1t
-1.5 -1.0 -1.32 24.93+026

-0.78
-1.0  -05 -0.78 24.92+0-24

_ -0.59
EW(Lya) (A)

400 00 583 249602

0.0 400 1047  24.96:9%

400 800 5641  25.06'018

80.0 1200 9836  25.34%02

Table A.2. Ionizing efficiency as a function of physical properties

Min  Max Median log(¢}))
[Hz erg™']
log(Mar/Mo)*
7.5 8.5 8.38 25.40f8;%3
8.5 9.5 9.19 25.211’8:%(7)
9.5 10.5 9.88 24.96”_’8:22
105 11.5 10.63 24.86f8:£
log(SFR) [Mo/yr]
0.0 0.5 0.38 24.79f8:?g
0.5 1.0 0.86 24.75f82é2
1.0 1.5 1.29 24.88f81ﬂ
1.5 2.0 1.69 25.04f8;§3
2.0 2.5 2.18 25.271’8:%?
2.5 3.0 2.60 25.42f8:8;
log(sSFR) [yr~']
-100 9.5 -9.63 24.57j8:é‘]‘
-9.5 9.0 -9.09 24.70f8jé§
90 -85 -871 24.78f8:£
-8.5 -8.0 -8.34 25.05f8§2
80 7.5 -7.90 25.351’8:}(2)
-7.5 7.0 -7.44 25.45”_’81?3
log(Zsrr) [Mo/yr/kpc?]
-1.0  -0.5 -0.68 24.721’8%
-0.5 0.0 -0.18 24.67f8:§i
0.0 0.5 0.28 24.931’8:5%
0.5 1.0 0.75 25.01f8§?
1.0 1.5 1.20 25.1 lfgjﬁé
1.5 2.0 1.66 25.334_’8;%2

a) The VANDELS sample is incomplete at log(My,,/Ms) < 9.5
(Sec. 3), the average and standard deviation in this mass range are
included here for reference.
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