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ABSTRACT

The study of high-redshift galaxies provides critical insights into the early stages of cosmic evolution, particularly during what is
known as cosmic noon, when star formation activity reached its peak. Within this context, the origin of the nebular He I emis-
sion remains an open question. For this work, we conducted a systematic multi-wavelength investigation of a sample of z ~ 2-4
Hell 11640 A emitters from the MUSE Hubble Ultra Deep Field surveys, utilising both MUSE and JWST/NIRSpec data and ex-
tending the sample presented by previous studies. We derived gas-phase metallicities and key physical properties, including electron
densities, temperatures, and the production rates of hydrogen- and He*-ionising photons. Our results suggest that a combination of
factors, such as stellar mass, initial mass function, stellar metallicity, and stellar multiplicity, likely contributes to the origin of the
observed nebular He II emission. Specifically, for our galaxies with higher gas-phase metallicity (12 + log(O/H) > 7.55), we find that
models for binary population with Salpeter IMF (M,, = 100 M,) and stellar metallicity Z, ~ 107 (i.e. similar to that of the gas) can
reproduce the observed He Il ionising conditions. However, at lower metallicities, models for binary populations with a ‘top-heavy’
initial mass function (M,, = 300M,) and Z, much lower than that of the gas (10™* < Z, < 107%) are required to fully account
for the observed He Il ionising photon production. These results reinforce that the He II ionisation keeps challenging current stellar

populations, and the He IT ionisation problem persists in the very low-metallicity regime.
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1. Introduction

The study of high-redshift galaxies offers critical insights into
the early stages of cosmic evolution, particularly during what
is called cosmic noon, a period around z ~ 2-3 when star for-
mation (SF) activity peaked (e.g. Lilly et al. 1995; Madau et al.
1996). Understanding the physical processes and stellar popu-
lations present during this epoch, and extending into the cos-
mic dawn at 6 < z < 10 when the first ionising sources
emerged, is essential to fully understand the processes of cos-
mic reionisation and the subsequent evolution of the universe
(e.g. Tumlinson & Shull 2000; Wise et al. 2012; Bromm 2013;
Wise et al. 2014; Finkelstein et al. 2019). In this context, the
budget of the double ionised helium (He*") is still a mystery.
This ion produces recombination emission lines (He II); the most
prominent features are the optical 14686 A and the ultravio-
let (UV) 11640 A narrow lines. This implies the existence of
very strong ionising radiation with photon energies higher than
544eV (or A < 228 A). In the far Universe, the presence of
these nebular lines is observed to be more common in high-
redshift galaxies than in local galaxies (e.g. Kehrig et al. 2011;
Cassata et al. 2013; Kehrig et al. 2015, 2018), making the study
of galaxies exhibiting nebular He II lines in their spectra (here-
after referred to as HeIl emitters) important in understanding
the nature of the ionising sources, the physical conditions of the
interstellar medium (ISM), and the stellar populations driving
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the early phases of cosmic evolution. In addition, the intensity of
the nebular He II line is observed to be higher in lower metallic-
ity galaxies (Guseva et al. 2000; Bromm 2013). In consequence,
the presence of nebular He Il lines in high-redshift galaxies is
suggested as a tracer of Population III (PopllI; Schaerer 2002,
2008) stars, which are extremely hot and metal-poor (often con-
sidered essentially metal-free, Z ~ 0) as they formed during
the first million years of the universe from primordial hydrogen
and helium. These stars would emit a significant hard UV ion-
ising continuum, potentially making them major contributors to
cosmic reionisation (e.g. Yoon et al. 2012; Cassata et al. 2013;
Nakajima & Maiolino 2022). Although a prominent PoplII ion-
ising continuum meets the conditions required to produce strong
Hell and Lye lines in high-redshift star-forming galaxies as
observed at z > 6 with HST (e.g. Cai et al. 2011) and JWST (e.g.
Topping et al. 2024; Venditti et al. 2024; Mondal et al. 2025),
this becomes a problem at lower redshifts, where the presence
of PopllI stars becomes increasingly unlikely.

Wolf-Rayet (WR) stars were proposed as a candidate to
solve this problem, (Garnett et al. 1991; Schaerer 1996). WR
stars are massive evolved stars in a late evolutionary stage,
where core helium burning occurs and the hydrogen enve-
lope is stripped away (Allen et al. 1976; Izotov & Thuan 2004;
Roy et al. 2020, 2025). In this phase, some early-type WR
stars are characterised by intense mass loss driven by dense
and powerful stellar winds, while the stripped stellar surface
reaches extremely high temperatures (I’ ~ 100kK) capa-
ble of doubly ionising the helium. WR winds can explain

A3, page 1 of 18

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202555935
https://www.aanda.org
http://orcid.org/0000-0002-0911-5141
http://orcid.org/0000-0001-7299-8373
http://orcid.org/0000-0003-1231-1482
http://orcid.org/0000-0001-8931-1152
http://orcid.org/0000-0003-2726-6370
mailto:ragonzalez@iaa.es
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Gonzélez-Diaz, R., et al.: A&A, 702, A3 (2025)

the origin of the nebular Hell in high-metallicity galaxies
(Shirazi & Brinchmann 2012; Roy et al. 2025). In particular,
systematic studies using integral field spectrographs (IFS) such
as VIMOS (Le Fevre et al. 2003; Cassata et al. 2013) and MUSE
(Bacon et al. 2010; Nanayakkara et al. 2019), as well as observa-
tions in individual galaxies such as NGC1569 with MEGARA
(Mayya et al. 2020) or the Cartwheel Galaxy with MUSE
(Mayya et al. 2023), have found that nebular Hell emission
is most likely powered by WR stars. However, the problem
persists in Hell-emitting metal-deficient star-forming galaxies,
where WR features are not prominent (e.g. Izotov & Thuan
2004; Kehrig et al. 2018; Nanayakkara et al. 2019; Roy et al.
2025). WR stars are not expected to be seen in the spectra
of extremely metal-poor galaxies (Z ~ 0.03 Zy) such as SBS
0335-052E (Izotov et al. 1999) and IZw18 (Thuan et al. 2004).
In these cases and in similar extremely metal-poor galaxies
(Pérez-Montero et al. 2020), the ionising power of the WR pop-
ulations has been found insufficient to supply the UV radi-
ation required to fully ionise He™, leaving this scenario still
open to debate. On the other hand, interacting binary stellar
populations composed of young massive stars have also been
shown to reproduce similar ionising conditions, particularly in
metal-poor environments (Z ~ 0.03Z;) with a top-heavy ini-
tial mass function (IMF). These conditions favour the formation
of stars with higher surface temperatures, resulting in a harder
ionising spectrum and a greater production of photons with
energies exceeding 54.4eV (e.g. Eldridge & Stanway 2012;
Eldridge et al. 2017; Gotberg et al. 2017; Smith et al. 2018;
Gotberg et al. 2019, 2023). According to binary stellar evolution
models such as BPASS (Eldridge et al. 2017; Xiao et al. 2018),
the predicted ionising flux from systems that include metal-poor
binary interactions, stellar rotation, and a top-heavy IMF can
account for the overall He Il photon budget (e.g. Kehrig et al.
2018; Nanayakkara et al. 2019; Hawcroft et al. 2025). Neverthe-
less, in extremely metal-poor galaxies, these models cannot fully
account for the He II photon production when the stellar Z is the
same as that of the gas, even when including contributions from
X-ray photons (e.g. Senchyna et al. 2020; Kehrig et al. 2021),
shocks (Gotberg et al. 2023) or gas-stripping processes (e.g.
Gotberg et al. 2017, 2023). This limitation necessitates invok-
ing nearly metal-free stars, suggesting a decoupling between
stellar and gas-phase metallicities (e.g. Kehrigetal. 2018;
Eldridge & Stanway 2022).

In general, the origin of the nebular Hell emission is
often attributed to WR stars or metal-poor binary systems with
a top-heavy IMF in high-metallicity and metal-poor galaxies
(up to 12 +1og(O/H) =~ 8; Kehrig et al. 2018; Nanayakkara et al.
2019; Pérez-Montero et al. 2020). However, an apparent anti-
correlation between Hell photon production and gas-phase
metallicity has been observed, which remains largely unex-
plained (e.g. Shirazi & Brinchmann 2012; Schaerer et al. 2019;
Pérez-Montero et al. 2020; Roy et al. 2025). Commonly invoked
ionising sources, such as those mentioned, appear insufficient
to account for the observed Hell photon production as the
gas-phase metallicity of the emitters decreases, indicating that
additional ionising mechanisms may be required, especially in
extremely metal-poor galaxies (7.2 < 12 + log(O/H) < 7.7,
Kehrig et al. 2015, 2016, 2018). This is one of the primary rea-
sons why Poplll-like stars are often invoked in such scenar-
ios, as their extremely hot metal-free nature enables them to
produce the hard ionising continuum required to explain the
observed Hell emission in the most metal-poor galaxies (e.g.
Schaerer 2008, 2002; Cassata et al. 2013; Nanayakkara et al.
2019; Nakajima & Maiolino 2022). However, most studies that
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explore the Hell ionisation budget in detail tend to focus on
individual galaxies—such as Cartwheel or SBS 0335-052E with
MUSE (e.g. Kehrig et al. 2016, 2018; Mayya et al. 2020, 2023)—
without testing whether the observed anti-correlation between
He II emission and gas-phase metallicity is also present in other
galaxies. On the other hand, larger systematic studies using inte-
gral field units (IFUs), such as Cassata et al. (2013) with VIMOS
and Nanayakkara et al. (2019) with MUSE, often do not fully
exploit the rich two-dimensional spatial and spectral information
that these instruments can provide.

The aim of this study was to carry out a systematic multi-
wavelength investigation of the Hell ionisation budget by
analysing a sample of Hell-emitting star-forming galaxies
observed with the MUSE instrument, extending the dataset orig-
inally presented by Nanayakkara et al. (2019). We made use of
all available emission lines with a sufficiently high and reli-
able signal-to-noise ratio (S/N) in the MUSE Hubble Ultra Deep
Field surveys (Bacon et al. 2017, 2023) and complemented the
MUSE data with observations from the James Webb Space
Telescope’s Near-Infrared Spectrograph (JWST/NIRSpec). This
combined dataset allowed us to derive the gas-phase abundances
of our He II emitters and to perform a series of diagnostic analy-
ses involving the He I1 411640 line in conjunction with other key
UV features, such as [O1II] 11661,1666, [C1II] 11907,1909, and
CIV A11548,1551, in order to constrain the origin of the Hell
ionisation.

The structure of this paper is as follows. Section 2 presents
the MUSE and JWST sample, outlining the selection criteria
and characterisation of the galaxies. In Section 3 we derive
the gas-phase metallicities and determine key physical proper-
ties, including the electron density and the production rates of
hydrogen- and He*-ionising photons. Section 4 compares our
results with the photoionisation models of Gutkin et al. (2016)
and the BPASS binary stellar population models in order to con-
strain the possible origins of the He Il emission. Additionally,
we discuss potential discrepancies between metallicity estimates
based on UV calibrators and those obtained via direct methods
using electron temperature measurements from JWST data. We
also examine the impact of dust reddening across different wave-
lengths.

We adopt the standard ACDM cosmology with Hy =
70km/s/Mpc, Q = 0.7, and Q) = 0.3.

2. Sample characterisation
2.1. MUSE sample

The physical characterisation of He II emitters requires medium
to high spectral resolution (R > 1000) in order to discrim-
inate the nebular Hell line, along with broad spectral cover-
age to discern key UV features such as the [OIIl] 11661,6
and [CII] 119079, as well as Lya emission. The Multi-Unit
Spectrographic Explorer (MUSE; Bacon et al. 2010) IFS at the
ESO-VLT 8.2m telescope offers a rest-frame spectral range of
4650-9300 A, with a resolution varying from 1750 at 4650 A
to 3750 at 9300 A, and a spectral sampling of 1.25A. It pro-
vides a field of view (FoV) of 1 arcmin® with a spatial sampling
of 0.2 x 0.2 arcsec. These characteristics enable the detection of
the HeII line in galaxies from the cosmic noon to earlier epochs
(19 <z<4.7).

Our sample was selected from the MUSE Hubble Ultra Deep
Field surveys (MHUDF; Bacon et al. 2017), comprising three
MUSE fields: the MUSE eXtremly Deep Field (MXDF, 141-h
depth), the Ultra Deep Field survey (UDF-10, 1arcmin® 31-h
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Fig. 1. Example of a detected source from MHUDF, representing the galaxy with ID 106 in the MXDF. Upper panels: MUSE white-light image
(left), ORIGIN segmentation map of the source (centre), and HST F606W filter image (right). Lower pannel: Observed reference spectrum of the
source extracted with ORIGIN (blue) and its respective continuum + emission line fit (red).

depth field), and the 3x3 arcmin mosaic of nine MUSE fields
with 10-h depth (MOSAIC). The MHUDF data release includes
2221 different spectroscopic sources detected in those surveys
(Bacon et al. 2023), all of them published in The Advanced
MUSE Data products (AMUSED) web interface'. The available
data products include datacubes that have already been reduced
using a scheme to remove systematics and a self-calibration
process to mask instrumental artefacts (see Bacon et al. 2017
for more details regarding the data reduction). Additionally, the
Zurich Atmospheric Purge (ZAP) software (Soto et al. 2016)
was applied to remove sky residuals and improve the overall dat-
acube quality. The database includes a reference observed spec-
trum for each source, along with the corresponding continuum
model and line fittings. The reference spectrum represents the
observed integrated spectrum of the source, where the detected
sources within the datacube and subsequent extraction were per-
formed using the ORIGIN? software (Mary et al. 2020), which
is optimised for detecting faint emission sources in MUSE dat-
acubes. Figure 1 presents an example of a source detected in this
work and included in the AMUSED database. The left panel dis-
plays a white-light continuum image extracted directly from the

! AMUSED web interface.

2 In addition to ORIGIN, another algorithm developed by Bacon et al.
(2023), called ODHIN, was used to extract spectra from deep-exposure
sources. ODHIN is optimised for extracting spectra from blended
sources, a common issue in MOSAIC and MXDF, where exposure
times exceed 10 hours.

MUSE datacube, while the central panel shows the segmenta-
tion map generated by the ORIGIN software, from which the
reference spectrum was extracted, and the right panel shows
the corresponding HST F606W filter image. The lower panel
presents the spectrum extracted using the ORIGIN segmenta-
tion map (in blue), along with the continuum model and line fit-
ting (in red), measured using the PYPLATEFIT tool. This tool was
specifically developed to analyse the line features present in this
dataset (Bacon et al. 2023), measuring the fluxes, errors, S/N,
and FWHM for ~65 lines that are included in the dataset. Addi-
tionally, the spectral energy distribution (SED), stellar mass, and
star formation rate (SFR) for each detection, computed with
PROSPECTOR (Johnson et al. 2021) using Hubble Space Tele-
scope (HST) photometry, are also provided.

This dataset has already been used in a wide variety of
works such as those involving the Lya luminosity function
(Drake et al. 2017), the MgII emission (Feltre et al. 2018), or
extreme emission line galaxies (del Moral-Castro et al. 2024).
From this dataset we selected only sources with a S/N in the He II
line greater than 3. Only 25 out of the 2221 sources meet this cri-
terion, two of which are confirmed active galactic nuclei (AGNss;
ID:1051 and ID:1056; Nanayakkara et al. 2019), which present
broad Hell, [CIII], and CIV features. We identified a greater
number of He Il emitters in the MHUDF compared to previous
studies (e.g. Nanayakkara et al. 2019); five of these sources are
present in the Nanayakkara et al. (2019) dataset (without taking
into account the two AGNSs; see C for more details). In addi-
tion, 12 of them also present a prominent Ly emission line.
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Fig. 2. Stellar mass vs. star formation rate for the sample, derived from
the SED reported in the AMUSED database (Bacon et al. 2023), colour-
coded by redshift and excluding the two AGNs. The z = 3 SFMS, as
derived by Boogaard et al. (2018), is represented by a dashed blue line.
The sample shows a slight offset relative to the z = 3 SEMS, but follows
the expected linear trend.

We note that we do not know whether the rest of the galaxies
present Lya emission since the 1216 A wavelength is outside
the spectral range at that redshift;> however, it is important to
note that all the galaxies in this sample that show He Il emis-
sion also show Lya emission when the 1 = 1216 A is in the
observed rest-frame spectrum, when, in general, not necessary
a galaxy with He Il emission present Lya (Cassata et al. 2013).
Figure A.1 shows the HeII emission detected in the 25 sources;
the observed and fitted spectra (blue and red, respectively) are
the reference and the continuum + fit spectrum as in Figure 1.
Additionally, the figure shows the HeIl S/N and Lya S/N for
galaxies where Ly« is detected. All galaxies present a clearly
visible and prominent He II line; furthermore, the Lya emission
is also prominent (except for ID:103), with S/N > 100 in some
cases. A detailed spatially resolved analysis of Lya profiles will
be done in a forthcoming paper as half of the Lya emitters in
this sample exhibit a double-peaked profile, and, in general, all
are partially absorbed.

The main characteristics of the sample are listed in Table B1
(all tables can be found in Appendix B). Figure 2 shows the
classical star formation main sequence (SFMS) for our sample
(excluding the two AGNG5), covering a stellar mass (M,) distri-

bution in the range 7.9870%5 < log(M, /M) < 10.41*)3} with a

median of 9.32%03% log(M, /Mo), as well as a SFR distribution

of —1.307533 < log(Mg-yr™") < 2.52*03¢ with a median value of

0.36*032 log(Mo - yr"). These galaxies span 1.907 < z < 4.41,
with a median z = 2.974, thus one-half of the sample lies beyond
the cosmic noon (z > 3). The z = 3 theoretical SFMS derived by
Boogaard et al. (2018) is also shown, exhibiting a small offset
with the data. This offset, also reported by Bacon et al. (2023)
for the entire HMUDF sample, is likely due to differences in
the SFR calculation methods used by Boogaard et al. (2018) and

Bacon et al. (2023) (see the latter for more details).

3 Lya falls within the MUSE wavelength range for 2.82 < z < 6.64.
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A summary of the observed fluxes, errors, and FWHM:s of all
lines detected in the sample is given in Table B2 (the full table is
available online). The table includes all emission and absorption
lines detected in the galaxies; there are a total of 54 lines rang-
ing between the Lya emission at 1216 A and the Mgl absorption
line at 2853 A. Only lines presenting a S/N greater than 3 are
considerer in the analysis; the rest are excluded. Consequently,
undetected lines (outside the wavelength range or having a low
S/N) are represented as blank spaces in the table.

We derived the dust attenuation Ay from the continuum
UV slope B, parametrising the continuum as a power law
(Calzetti et al. 1994): f; oc A8, where f; is the observed flux at a
wavelength A. The emission and absorption UV features within
the fitting range (1300-1900 A) are masked to prevent them from
altering the continuum shape; these features are listed in Table 2
of Calzetti et al. (1994). The S slope can be related with the total
extinction at 4 = 1600 A as Aieoo = 4.43 + 1.998 (Meurer et al.
1999), and thus the Ay derived from g is

Ai600
b
k1600

Ay =Ry (H
with kjg00 = 9.97 degived from Calzetti et al. (2000) extinction
curve at 4 = 1600A and Ry = 4.05 the total V attenuation
(Calzetti et al. 2000). Four of the galaxies present an insufficient
continuum S/N to perform a reliable power-law fitting, giving a
negative S slope. For those cases (shown as blank spaces in the
Ay column of Table B1) we assume that Ay = 0; for the rest, we
correct all the fluxes using the Calzetti et al. (2000) extinction
curve: Fiy = Fopg X 1004AvK/Ry

Once the fluxes are corrected for extinction, we compute the
UV magnitude, defined as the absolute magnitude at the 1500 A
band (M5gp), i.e. the absolute AB magnitude derived from a sim-
ulated filter centred at 2 = 1500 + 100 A. We obtain M 1500 bY
computing a running median, averaging the convolution of the
corrected flux between 1400 and 1600 A with a window of size
20 A. M5y uncertainties are obtained as the standard deviation
of 10000 Monte Carlo runs. The magnitudes obtained are dis-
tributed between —17 2 M50 2 —22 with a median of ~-18,
which is comparable with the UV magnitudes of the He II emit-
ters reported by other authors (e.g. Nanayakkara et al. 2019).
Both Ms5pp and Ay values are included in Table B1, along with
the derived rest-frame He Il and Ly equivalent widths (EWs).
These EWs were calculated using the observed and continuum-
fitted spectra available in the AMUSED database, following the
definition: EW:f(l - F,/F.)dA, where F, and F, represent
the observed flux and the continuum-fitted flux, respectively.
The EW is computed by centring the integral on the target line
(1216 A for Lya and 1640 A for He IT) within a 20 A window.

2.2. JWST-NIRSpec optical sample

In addition to the MUSE UV rest frame data of the sample data,
we included a complementary rest-frame optical dataset for the
sample as having simultaneous optical and UV data enables
a more comprehensive analysis of the physical and chemical
properties of these galaxies. The spectroscopic data from the
Near-Infrared Spectrograph on the James Webb Space Telescope
(NIRSpec-JWST) gives a wide range of emission and absorp-
tion features in the near-infrared (0.6-5.3 um). At the redshift
range of our galaxies (1.9 < z < 4.4), this spectral coverage
corresponds to the optical regime, making NIRSpec spectra the
ideal dataset for the mentioned task. NIRSpec gives spectra mea-
sured with different configurations, including a prism and several
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filter—grating combinations. The prism covers the entire NIR-
Spec spectral range, but at low resolution (R ~ 100), causes a
full blending of important emission lines, such as the Ha + [N 1I]
16548, 84 doublet or the [O III] 114959, 5007 doublet. In con-
sequence, we used spectra taken with the grating—filter combi-
nations G140M-FO70PL, G235M-F170LP, and G395-F290LP,
which provide medium resolution (R ~ 1000) and a coverage
of 0.70-1.27 um, 1.66-3.07 um, and 2.87-5.10 um, respectively.

In order to include a homogeneously reduced and compre-
hensive NIRSpec dataset, we conducted an extensive search
in the DAWN JWST Archive (DJA), a public repository of
JWST galactic photometric and spectroscopic data, reduced
using the GRIZLI* and MSAEXP pipelines® (Valentino et al. 2023;
Heintz et al. 2024; de Graaff et al. 2025). We found in the DJA
that only 5 of the 25 galaxies in our sample have reduced spectro-
scopic data for at least one of the mentioned filter—grating combi-
nations, all of which were included in the JWST Advanced Deep
Extragalactic Survey (JADES; D’Eugenio et al. 2025). Figure 3
presents an example of a 2D and a 1D NIRSpec spectrum for the
galaxy with ID:50, obtained using the G235M/F170LP grating—
filter combination. The figure also includes a NIRCam RGB
cutout of the galaxy, created using the F115W, F277W, and
F444W filters (top), along with a NIRCam F444W cutout dis-
playing the NIRSpec slit location, marked by a magenta rectan-
gle®. This galaxy exhibits the largest number of detected lines,
ranging from Lya at 1216 A to Pay at 10938 A, offering an
extensive dataset that spans from the UV to the near-IR.

We measured all the emission lines available within the
spectral range of every galaxy, modelling the continuum as
a power-law function, and using the Python MPFIT’ mod-
ule to fit the lines. This module enables multi-peak Gaussian
fitting for systems of multiplet lines, such as the Ha + [N1I]
A16548, 84 doublet or the [OIII] 214959, 5007 doublet (see
Gonzalez-Diaz et al. 2024 for more details). Table B3 shows the

4
5

grizli pipeline.

msaexp pipeline.

% Both cutouts were obtained in the GRIZLI interactive data
products interface: https://dawn-cph.github.io/dja/general/
mapview/.

7 MPFIT documentation.

flux, error, and FWHM of the emission lines measured in the
NIRSpec sample. As for the UV lines in Section 2.1, we only
considered those lines with a S/N greater than 3.

This compilation of 1D MUSE and JWST data provided a
diverse and heterogeneous sample, allowing the physical char-
acterisation of Hell emitters and the measurement of chemi-
cal abundances, due to the large number of available emission
lines. Furthermore, the complementary JWST/NIRSpec data
allowed a more in-depth study of metallicity, electron tempera-
ture, and density. In addition, the MUSE 2D data available in the
AMUSED database enabled the study of Hell extended emis-
sion. The 2D characterisation, along with the analysis of Ly«
profiles, will be approached in a future paper.

3. Hell emitters physical and chemical properties
3.1. Metallicity determination

Nebular emission-line models predict that gas-phase metallicity
and the hardness of the ionising SEDs are sensitive to UV stellar
absorption, where nebular lines make a significant contribution
in both local and high-redshift galaxies and, consequently, UV
fluxes correlate with gas-phase metallicity (Byler et al. 2017,
2018). In particular, since [CIII] 21907 is one of the brightest
UV lines, along with [O III] 11661,6 A, these lines, together with
He Il 1640 A, have proven to be promising UV metallicity cali-
brators (Feltre et al. 2016; Jaskot & Ravindranath 2016) yield-
ing results similar to those obtained from direct optical determi-
nations (Byler et al. 2020; Iani et al. 2023).

We used the optimal 2D polynomial fitted to the model grid
surface obtained in Byler et al. (2020), which relates the gas-
phase metallicity with the He2-O3C3 diagnosis as

12 + log(O/H) = 6.88 — 1.13x — 0.46x> — 0.03x
- 0.61y + 0.024% — 0.044°
—0.32xy + 0.03xy> — 0.21x%y,

@)

where x is log;o([O1I] 21666/[C1II] 11906,9) and y is
logio(He IT 211640/[C I11] 21906,9).
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Fig. 4. He2-O3C3 diagnosis diagram. The red lines represent the
polynomial from equation (2) at 12 +log;o(O/H)=7.3, 7.5, and 7.7
respectively. The colours indicate stellar mass, while the open points
correspond to galaxies without SED information, and consequently no
measured M,. Only 18 points are shown as the rest present a S/N
lower than 3 in at least one of the involved emission lines. All galaxies
fall within a metal-poor regime; three of them approach the extremely
metal-poor regime (12 +log(O/H) ~ 7.3), showing a trend with M, .

Out of the 25 galaxies, we calculated the metallicity for
18, as the remaining galaxies have a signal-to-noise ratio (S/N)
lower than 3 in at least one of the involved emission lines.
Figure 4 presents the He2-O3C3 diagnostic diagram for these
18 galaxies. Three red lines are plotted, representing the poly-
nomial from Equation (2) at fixed values of 12 +log(O/H) (7.3,
7.5, and 7.7, respectively). The metallicity values for the galax-
ies can be found in Table B4, in the range between 7.3 and
7.7 and with uncertainties of ~+0.15, which places them within
the low-Z regime; only two galaxies from our sample show
metallicities (x7.3) slightly above those (12 +log(O/H) ~7.2—
7.3) of the well-known extremely metal-deficient He I emitters
1Zw18 and SBS0335-052E (e.g. Izotov et al. 1999; Thuan et al.
2004; Kehrig et al. 2016, 2018), which show relatively low M,:
10493 My, for 1Zw18 (Zhou et al. 2021) and 107** M, for SBS
0335-052E (Hunt et al. 2014). In our galaxy sample, the stel-
lar masses range from 10798 Mg, to 10'193 M, with metallicity
appearing to increase in more massive galaxies (see Figure 4).

The C/O and N/O ratios were determined using the empirical
relationship with metallicity derived by Dopita et al. (2013) and
later modified by Byler et al. (2020) to better match observations
in the low-metallicity regime (12 + log(O/H) < 8). The relation-
ships are defined as

10g(C/0) = —0.8 +0.14 - (Z - 8.0) + log (1 + er?) 3)
log(N/O) = 1.5 + log (1 + €77 ), @)

with Z = 12 + log(O/H).

Carbon is often referred to as a pseudosecondary element
since the triple-a process is not directly dependent on metal-
licity. Instead, variations in the C/O ratio are typically linked
to other metallicity-dependent processes, such as stellar winds
or supernova explosions, rather than nucleosynthesis (Berg et al.
2016; Byler et al. 2020). On the other hand, as the nitrogen
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forms as a secondary nucleosynthesis product at high metal-
licities, in our case it is expected to be constant (Dopita et al.
2013; Berg et al. 2016; Byler et al. 2020). Table B4 shows the
C/O and N/O values for our sample with typical statistical
errors of £0.14 dex (Byler et al. 2020). The log(C/O) ratio ranges
from —0.85 to —0.65, corresponding to —0.6 < [C/O] <
—0.48. Other rest-frame UV calibrations for deriving C/O abun-
dances exist, such as the semi-empirical method presented by
Pérez-Montero & Amorin (2017), which used the [CIII], C1V,
and [O1II] doublets. They found that for galaxies at z > 2,
the log(C/O) abundance ranges from —0.8 to —0.5 for 7 <
12 +1og(O/H) < 7.5, which is in very good agreement with our
results. In addition to C/O, the log(N/O) abundance remains con-
stant at *—1.5 ([N/O] = -0.42; Asplund et al. 2021), reinforcing
the fact that all our He Il emitters belong to a low-metallicity
regime.

3.2. Electron density

The electron density (n) is defined as the number of free elec-
trons per unit volume. By selecting two emission lines from the
same ion that originate from nearly identical excitation energy
levels, the relative excitation rate becomes primarily dependent
on the collision strength (Osterbrock & Ferland 2006). In such
cases, if the collisional de-excitation rates of the two levels are
different, the intensity ratio of these lines will depend mostly on
the electron density. Traditionally, the optical [S 1] 16716/16731
ratio has been used to estimate n.. However, in the UV regime,
the [CIII] A1907/41909 ratio exhibits similar characteristics,
making it a suitable diagnostic for determining the electron den-
sity in this dataset (Keenan et al. 1992; Osterbrock & Ferland
2006; Proxaufetal. 2014). We used PYNEB, as described in
Section 3.1, assuming an electron temperature of 7, = 10*K.
The [C 1] 11907/41909 ratio is employed to estimate the elec-
tron density for those galaxies in which both [CIII] lines are
detected with a S/N greater than 3. For galaxies with ID 50, 22,
and 1141, we instead used the optical [SII] ratio from NIRSpec
observations as the S/N of the [SII] lines is higher than that of
the [CIII] doublet in these cases. The uncertainties associated
with every value are obtained as the standard deviation of 10 000
Monte Carlo runs. Table B4 summarises the values obtained for
each galaxy. We find that the galaxies present low to intermedi-
ate n, regimes, between 102-10% cm™3, with only two cases with
ne ~ 10* cm™3. However, it is important to note that the uncer-
tainties associated with the derived values are significant (up to
50%) due to the [CIII] lines, which are intrinsically faint and
therefore noisy.

3.3. lonising photon production

The presence of the nebular He IT 1640 A line in at high redshift
indicates the existence of hard ionising radiation, requiring pho-
tons with energies hv > 54.4 eV to ionise the He™ ion, which is
characteristic of ongoing extreme star formation activity in very
low-metallicity regimes (Kehrig et al. 2011; Kehrig et al. 2015,
2018; Cassata et al. 2013). These photons produce an ionising
flux that is related to the Hell 1640 A luminosity as follows
(Osterbrock & Ferland 2006):

QHe o=

Lisao
Jissoas(He Ilig40, T)

[phot/s]. 3)

8 We use the standard notation of [C/O], with the brackets indicating
the log of the C/O ratio normalised to the Sun abundance, assuming
log(C/O), = —0.26 (Asplund et al. 2021).
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Fig. 5. He** vs. H* ionising photon production, derived from Equa-
tions (5) and (6). The colours indicate the stellar mass of each galaxy.
The black square represents measurements for the extremely metal-poor
star-forming galaxy SBS 0335-052E taken from Kehrig et al. (2018).

Here Lje40 is the He Il 1640 A luminosity, reddening corrected
using the Ay derived from equation (1); jjeso is the He I 1640 A
emissivity; and ag(He Il 649, T') is the recombination coefficient
for the HeI1 1640 A at a given temperature.

Analogously, we can also calculate the hydrogen photon pro-
duction rate using the He line as

LHa

Q a = I ——
e heas(Ha, T)

[phot/s], (6)

where Ly, is the Ha 6563 A luminosity, jy, is the Ha emis-
sivity, and ag(Hea, T) is the recombination coefficient for the
Ha line at a given temperature. We computed both Qpgeyr
and Oy, using the Python module PYNEB (Luridiana et al.
2015) assuming case B recombination, 7 = 10*K, and an
electron density n. = 100cm™°. Since the Ha line is not
included in the sample, we estimated Ly, using the SFR derived
from the SED (Table B1) and applying the SFR-Ly, rela-
tion (Kennicutt et al. 1994; Madau et al. 1998; Kewley & Dopita
2002): SFRy,(Moyr™") = 7.9 x 1074 Ly, (erg/s).

Figure 5 shows the relation between He™™ versus H* ion-
ising photon production. Given that the ionisation potential of
He" (54.4¢V) is significantly higher than that of H (13.6¢eV),
it is expected that Oy, > Quer; if the incident SED is hard
enough to doubly ionise helium, it is also sufficient to ionise
hydrogen. In addition, the trend in Figure 5 appears to be expo-
nential, with the minimum value of Qy, (103>%%) reached at the
minimum value of Qe (10°229), and the maximum value of
OHao (10%7) reached at the maximum value of OHell (10%433;
individual values can be found in Table B4). Furthermore, both
Onenr and Qp, appear to correlate with the stellar mass (see
Figs. 5 and 6). On the one hand, a correlation between M,
and Qy, is expected, as Qy, is proportional to the SFR, and
the SFR and M, follow a linear trend in the SEMS (Figure 2).

® We fix the assumed n, for all galaxies since the emissivity is only
weakly dependent on the electron density, only around a 0.5% between
10> and 10° and 1% in the extreme cases of n, = 10* found in
Section 3.2.

On the other hand, Fig. 6 shows that Oy values seem to
increase with the absolute UV magnitude (M1500) and with
the total stellar mass of our galaxy sample of nebular Hell
emitters. These trends indicate that hot massive stars might
be the main cause of the Hell ionisation in our sample since
such stars are expected to dominate the far-UV stellar contin-
uum at 1500 A and the stellar mass in metal-poor star-forming
galaxies (e.g. Guseva et al. 2000; Shirazi & Brinchmann 2012;
Kehrig et al. 2015; Szécsi et al. 2015; Kehrig et al. 2016, 2018;
Senchyna et al. 2020; Berg et al. 2021). This is also expected
since brighter galaxies have more star formation, and thus there
can be more stars that can contribute to the ionising photon pro-
duction.

4. Discussion
4.1. UV diagnosis diagrams

The characterisation of star formation and ISM conditions in
star-forming galaxies and AGNs requires a comprehensive inter-
pretation of optical and/or UV emission lines. The computation
of stellar population synthesis and photoionisation codes leads to
the generation of various nebular emission models, which can be
used to interpret the observed emission line fluxes. Furthermore,
the He I1 11640 line is commonly used as a standard reference in
UV diagnostics, which is analogous to HB in optical diagnostics,
due to its strong dependence on both the metallicity and the ion-
isation parameter (Feltre et al. 2016). In particular, Gutkin et al.
(2016) present a set of UV models based on stellar population
synthesis models (Bruzual & Charlot 2003) and CLOUDY pho-
toionisation models (Ferland et al. 2013). These models are suit-
able for studying the chemical evolution and ISM properties of
galaxies at high redshift (2 < z < 9) based on UV emission
features (e.g. Gutkin et al. 2016; Feltre et al. 2016; Stark et al.
2017; Nanayakkara et al. 2019; Bunker et al. 2023; Atek et al.
2024), and are parametrised using six values, which are more
sensitive to UV lines than optical lines: the total ISM metallic-
ity (Zism), the hydrogen gas density (ny), the zero-age ionisation
parameter at the Stromgren radius (Us), the dust-to-metal ratio
(&4), the upper mass cut-off of the initial mass function (myp),
and the C/O ratio.

In Figure 7 (left) we show the [CII] A1907/Hell versus
[O1II] A1666/He 1T diagnosis. The models plotted correspond to
a pure photoionisation scenario due to massive stars, as pure
AGN ionisation would produce [CIII]/He II ratios lower than 1
(Feltre et al. 2016; Gutkin et al. 2016). These models, which best
fit the data, correspond to the highest ionisation parameter in the
set, with log(Us) = —1, a low dust-to-metal ratio (¢£; = 0.1), and
a top-heavy IMF with m, = 300 M. The free parameters are the
ISM metallicity (Zism), expressed in terms of 12 +log(O/H), and
the C/O abundance (normalised to (C/O), = 0.55; Asplund et al.
2021), represented in Figure 7 as an area with a width corre-
sponding to Zism and a height corresponding to C/O. All points
fall within this area, with values of 12 +10g(O/H)meger < 7.7,
which are similar to the values found in Section 3.1. The C/O
values range between 0.14(C/O) and 0.27(C/O)e, correspond-
ing to —0.85 < [C/O] < —0.4, generally falling below the mea-
sured values shown in Section 3.1 (—0.6 < [C/O] < —0.4). These
variations in the C/O ratios when using UV lines are well docu-
mented in the literature and can fluctuate by more than 0.6 dex
at low metallicities (Berg et al. 2016, 2019; Byler et al. 2020).
This is primarily due to the strong dependence of C/O on the
star formation history (SFH) and supernova feedback, and thus
the [CII] and [O1II] lines alone are insufficient to accurately
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varies horizontally between 12 + log(O/H) =7 and 8.75. Right: CIV 441548, 51/[CIII] 11907 — CIV 411548, 51/He Il diagnosis for those galaxies
where CIV 111548, 51 is detected. The rainbow lines correspond to photoionisation models with gas density ny = 10> cm™, tracing a metallicity
gradient from 12 +1log(O/H) =7 to 8.75. Three different paths are shown, each representing a different ionisation parameter log(Us), ranging
from —3 to —1. All models assume a C/O abundance ratio of 0.1(C/O),. The observed scatter reflects a gradient in the ionisation parameter as
C1V increases linearly relative to the other lines in a pure photoionisation scenario. In addition, the two AGNs (ID:1051 and ID:1056) present a
significantly higher C IV/[C III] ratio, distinguishing them from the rest of the sample. All the points in the two diagnoses lie in the region of very
low metallicity (12 +log(O/H) < 7.7), which are similar to the measured values.

determine the gas-phase oxygen abundance (Berg et al. 2019;
Byler et al. 2020).

In addition, the diagnostic diagrams that best distinguish
between star formation-driven photoionisation, AGN activity,
and shocks are those involving the UV lines CIV 411548, 51,
[CII] 41907, and HeIl 11640, as AGNs and shocks produce
markedly different line ratios in the UV compared to their
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optical counterparts (e.g. Villar-Martin et al. 1997; Allen et al.
1998; Groves et al. 2004; Allen et al. 2008; Feltre et al. 2016).
In addition, the ratios involving the lines mentioned above
have been found to be sensitive to metallicity, and the
CIV A11548,51/[C1I1] 21907 ratio also depends on the ion-
isation parameter (Nagao et al. 2006; Feltre et al. 2016). In
Figure 7 (right) we examine the CIV 141548, 51/[C 1] 11907
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versus CIV A41548,51/He 1l diagnosis using the Gutkin et al.
2016 models as in Figure 7 (left).

The figure shows the mentioned line ratios for all our galax-
ies where the C1V lines are detected, including the two AGNs
(ID:1051 and ID:1056), exhibiting a linear trend between the
two ratios as the CIV 411548, 51 flux increases. This behaviour
correspond with a photoionisation scenario driven by star for-
mation in most galaxies. However, the trend breaks for the two
AGNSs, which show significantly higher CIV 111548, 51 emis-
sion relative to the other lines, which is an expected signa-
ture of AGN activity (Gutkin et al. 2016; Feltre et al. 2016). The
coloured lines represent models for pure star-forming photoion-
isation with the same gas density of ngy = 10*>cm™ and three
different ionisation parameters (from log(Us) =—3 to —1). The
rainbow-coded colours indicate the metallicity, ranging from
12 +1og(O/H) =7 to 8.75. An increase in ISM metallicity is
also expected to lead to a higher abundance of cooling agents,
resulting in an increased ratio of metal lines to He Il emission
(Gutkin et al. 2016), and thus the increment in the CIV/Hell
ratio of Figure 7 (right) translates into a metallicity gradient.
For similar metallicity values, CIV/[CIII] increases with the
ionisation parameter. For a fixed Us, the models show that the
increase in the CIV A11548,51 emission relative to the colli-
sionally excited [CII] line in our galaxies can be attributed to
an increase in metallicity, which is compatible with our mea-
sured values of 12 +1log(O/H) <7.7. Since U is proportional
to the H-ionising photon rate (Qy) and to the gas density ny,
this parameter provides insight into the hardness of the ionis-
ing spectrum. A high U can result from AGN activity, which
tends to increase the gas density and ionising output, or from
elevated ionising photon production (Feltre et al. 2016). As dis-
cussed in Section 3.3, Qy can be higher than 10°* photons/s
in star-forming galaxies, particularly in the most massive He I
emitters.

4.2. Direct vs indirect abundance determination

The use of UV lines to estimate chemical abundances in high-
redshift star-forming galaxies has been extensively discussed by
several authors (e.g. Villar-Martin et al. 2004; Yuan & Kewley
2009; Erb et al. 2010; Christensen et al. 2012; James et al. 2014;
Bayliss et al. 2014; Steidel et al. 2016; Kojimaetal. 2017,
Nicholls et al. 2020). All these studies found that using the UV
lines of the O** ion yields T, values similar to those obtained
from optical lines, showing the importance of using UV lines
to characterise physical conditions in high-redshift galaxies (see
Nicholls et al. 2020 for more details). In particular, UV [CIII]
and [OIII] lines are optimal for this estimation since the emis-
sivity of [OTII] 11666 A and the strength of the [CIIT] 11909 A
line are sensitive to T and the oxygen gas abundance rather than
the absolute carbon abundance. Thus, the combination of [CIII]
and [O IIT] emission lines serves as a tracer of the gas-phase oxy-
gen abundance (Jaskot & Ravindranath 2016; Byler et al. 2018,
2020).

Galaxy 50 is the one with the broadest wavelength cov-
erage when combining MUSE and NIRSpec data, allowing a
direct estimation of 7. using the [OIII] UV doublet 1660,66
and the optical [O III] 5007 A line. Nicholls et al. (2020) presents
a formula for obtaining 7, by combining optical and UV O**
ion lines, obtained by fitting several line ratios obtained from
MAPPINGS V5.1 photoionisation models, using extensive colli-
sional and radiative excitation/de-excitation data, as well as col-
lisional cross-sections from Lennon & Burke (1994). This fitting
assumes a low-density limit and a 7. range between 5000 and

32000 K. The results obtained by Nicholls et al. (2020) from this
fitting are consistent with the results of the mentioned studies
and is expressed as

5.0485 — 8.2350x + 0.6987x>

log(Te [ = — 0 1 025102

(N

where

_ (f1660 + f1666)
x =log|¥——

fSOO7

is the ratio of the dust corrected fluxes of the UV to optical [O III]
lines.

For ID:50, we obtain a T.[OII] = (2.28 + 0.29) x 10* K.
This temperature can be used to derive the C/O using the [O III]
1666 A and [CIT] 1909 A as (Garnett et al. 1995)

c 1,09/t JTCI 21909

= 0.089%¢ 8
O++ STOI] 11666 ®)
and
C C++
5 = ICEx o++]’ ©)

where t+ = T,[OIII]/10* and ICF is the ionisation correc-
tion factor. The ICF is a challenging parameter to determine,
particularly when no data are available to estimate the O
abundance. Amayo etal. (2021) presented an extensive grid
of photoionisation models to derive the ICF for various ionic
species, including C**/O**. They found that at low metallicities
(12 +1og(O/H) < 7.7), the C**/O** ICF tends to 1. Additionally,
since O** and C** have similar ionisation potentials (54.9 eV
and 47.9 eV, respectively), one can assume C**/O** ~ C/O if the
incident SED is hard enough to produce both species at low
metallicity and the radiation field is not dominated by cooler
stars. In the latter case, C** can exceed O** (Garnett et al. 1995).
In our case, since we are in a low-metallicity regime and the
radiation field can indeed produce photons with energies higher
than 54.9eV (as helium is also ionised twice), we assume that
ICF=1.

With these assumptions, and applying equation (8), we found
that the C/O abundance in ID:50 is 0.12+0.03 (~21.3% the
solar abundance). This value is slightly lower compared to
the obtained from the He2-O3C3 calibration (0.19 +0.02, cor-
responding to ~35% of the solar abundance), but still falls
within the value of the calibration taking into account the
uncertainties. These values are also similar to those obtained
using the direct method and the semi-empirical calibration of
Pérez-Montero & Amorin (2017), which yields a value of ~0.17
assuming the 12 + log(O/H) obtained for this galaxy (=7.62; see
Table B4). Differences between these values can generally be
expected, especially when combining optical and UV emission
lines, as the uncertainties in dust extinction and de-reddening
calculations are higher for UV line fluxes (Nicholls et al. 2020).
Moreover, this correction does not necessarily need to be identi-
cal for optical and UV lines (Cardelli et al. 1989; Calzetti et al.
1994), making it an intrinsic challenge when using UV emission
lines (Nicholls et al. 2020). This is discussed in more detail in
the next subsections.
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4.3. Optical versus UV dust absorption correction

It is well known that interstellar extinction exhibits a strong
wavelength dependence, particularly in the UV part of the spec-
trum. This becomes less pronounced towards the infrared, pri-
marily due to the effects of scattering and absorption followed
by re-emission, which are less significant at longer wavelengths
(Cardelli et al. 1989; Calzetti et al. 1994; Osterbrock & Ferland
2006). The amount of stellar continuum absorbed by dust, typ-
ically estimated as the difference between the observed and
intrinsic light (Calzetti et al. 2000), varies significantly from the
UV to the IR. This absorption is commonly related to the visual
extinction, Ay, and is described using an analytical expres-
sion known as the extinction law, which depends on wave-
length, k(1) (e.g. Fitzpatrick & Massa 1990; Calzetti et al. 2000;
Fitzpatrick & Massa 2007, 2009; Butler & Salim 2021). This
wavelength dependence causes the stellar continuum to appear
sloped, particularly at shorter wavelengths. The steepness of
this slope can be parametrised to estimate the total extinction,
as described in Section 2.1 (Calzetti et al. 1994; Meurer et al.
1999). Nevertheless, we cannot assume that this steepness is
uniform across the entire spectrum. As a result, the Ay derived
from the UV slope may differ from that obtained using the opti-
cal Balmer decrement or the near-infrared Paschen lines. Conse-
quently, the dust-reddening correction can vary depending on the
wavelength range we are working with, and can affect the results
when we perform a multi-wavelength analysis, as mentioned in
Sections 2.1 and 4.2.

In this section we check the possible discrepancies in
the Ay determination using the NIRspec sample described in
Section 2.2 for those galaxies where more than two Paschen lines
are detected (ID:50, ID:22, and ID:1141).

Only ID:50 presents at least two Balmer lines to obtain Ay
in the optical range (hereafter A(V)gamer), as seen in Table B3.
Taking the He and HB values from the table, we computed
A(V)Bamer by using the Calzetti et al. (2000) extinction law as

A(V)Balmer =

2.5Ry ([FHa/FHﬁ]obs)’ (10)

kup — kno [Fra/Fuglint

where kyg and kg, are the values of the extinction law for
HpB and He (=3.61 and 2.53, respectively); [Fuo/Fuglobs 18 the
observed Ha/Hp ratio; [Fuo/Fuglin: 1S the intrinsic ratio, fixed
at 2.86 (assuming case B recombination at low-density limit and
T. = 10* K; Osterbrock & Ferland 2006); and Ry, = 4.05 is the
total V attenuation.

The optical Ay obtained for ID:50 is A(V)Baimer = 0.798 +
0.118, which is closely consistent with that obtained with
the B slope (A(V)s = 0.802 = 0.006). In the near-IR,
we can determine Ay by using all the Paschen series lines
detected (hereafter A(V)paschen)- This can be done by con-
sidering the flux attenuation of a certain Paschen line (P,)
[FPobs/F(Pinc] = 107044vkP0/Rv " and the He flux attenu-
ation [F(Ha)obs/F(Ha)in] = 107044vkue/Rv _The ratio of the two
Paschen values to the Ha corrections is then
[F(Py)/F(Ha)lobs 0.4
[F(P»/F(Ha)Lm) gy AV KHO =KEOL (D
[F(Py)/F(Ha)lin is the intrinsic ratio of the Paschen series
to Ha, which can be obtained using PYNEB and assuming
case B recombination, low-density limit and 7. = 10*K
(Osterbrock & Ferland 2006). [F(P,)/F(Ha)]ops is the observed
ratio obtained from NIRSpec (Table B3). In addition, k(Ha) —
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Table 1. Ay values obtained using the three methods.

1D A(V)ﬁ A(V)Balmer A(V)Paschen

50 0.802+0.006 0.798+£0.118 0.807 +0.263
22 1.262 +£0.012 - 0.436 +£0.044
1141 0.807+0.011 - 0.297 £ 0.085

k(P,) is the difference in the Calzettietal. (2000) extinc-
tion curve between the Ha and the Paschen series. Equa-
tion (11) shows that, when representing the mentioned flux
ratios and k(Ha) — k(P,), its slope is proportional to A(V)paschen
(Kehrig et al. 2006). In Figure 8 we show the ratio of the
observed and theoretical Paschen to Ha flux versus k(Ha)—k(P,)
for the three mentioned galaxies.

In Table 1 we present a summary of the results for the dif-
ferent Ay values obtained using each method. In general, the Ay
values derived from the near-IR are lower than those obtained
from the UV, as expected when the galaxies are dustier. How-
ever, it is important to note that the number of data points used
in the near-IR extinction estimation is limited, which can intro-
duce a source of systematic error. A more robust and reliable
approach to estimate A(V)paschen Would involve using a larger
set of Paschen series lines, particularly when the goal is to
correct emission lines spanning the optical to near-IR range.
The most remarkable case is ID:50, which shows consistent Ay
values across the near-IR, optical, and even UV, which is the
most uncertain part of the extinction curve, indicating a uniform
extinction across the spectrum for this source, clearly matching
the assumed extinction curve.

These discrepancies in the dust correction can be an impor-
tant source of systematic error, especially when mixing UV
and optical lines, as in the calculation of the electron temper-
ature for ID:50 in Section 4.2. For the sake of consistency,
we calculated the Ha luminosity (Ly,) using the NIRSpec Ha
flux from Table B3, corrected using A(V)paimer- We obtained
Ly, = (2.070 +0.341) x 10*? erg/s, which is in very good agree-
ment with the value derived from the SFR estimated via SED
fitting (Table B1) using the SFR—Ly, relation (Kennicutt et al.
1994; Madau et al. 1998; Kewley & Dopita 2002) applied in
Section 3.3, which yields Ly, = (2.797 + 0.397) x 10** erg/s.

4.4. He Il ionisation budget

Different ionisation sources have been proposed to explain the
origin of the Hell excitation. Among them, hot massive stars
have been one of the most commonly suggested. In particu-
lar, some early-type WR stars with enough T4 are often con-
sidered strong candidates, as they are capable of producing
photons with energies exceeding 54.4 eV, sufficient to doubly
ionise helium (e.g. Schaerer 1996, 2002; Kehrig et al. 2011;
Kehrig et al. 2018; Nanayakkara et al. 2019; Mayya et al. 2023).
However, WR populations are not expected to be significant
in very low-metallicity low-z galaxies (e.g. Guseva et al. 2000;
Izotov et al. 1999, 2006; Papaderos et al. 2006; Kehrig et al.
2018), suggesting the need for additional sources of ionisation
such as interacting binaries (e.g. Gotberg et al. 2017; Smith et al.
2018; Kehrigetal. 2018; Gotberg etal. 2019), shocks (e.g.
Schaerer et al. 2019; Roy et al. 2025), or X-rays sources (e.g.
Schaerer et al. 2019; Saxena et al. 2020; Senchyna et al. 2020).
Other types of hot massive stars may contribute more signifi-
cantly to the global He Il ionisation budget in such environments,
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ID: 50, Ay =0.807+0.263

ID: 22, Ay =0.436+0.044

ID: 1141, Ay =0.297+0.085
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Fig. 8. Ratio between observed and theoretical Paschen to He flux versus the extinction curve, k(Ha) — k(P,), for the three galaxies. The black
dashed line represents the linear regression fitting. Every plot is labelled with the Ay obtained.
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Fig. 9. Oyenn vs. M for our sample. The colours correspond to the
gas-phase metallicity. The oblique lines represent the Qpen predictions
from the BPASS models, scaled linearly with stellar mass. Models with
interacting binaries are shown as dashed lines. Those without them are
shown as solid lines. In all cases we show the metallicities of Z = 1073,
1074, and 1075, Additionally, we present models adopting a standard
Salpeter IMF (Salpeter 1955) with an upper mass limit of M, = 100 M,
(red lines) and models assuming a top-heavy IMF with M, = 300 M,
(blue lines). SBS 0335-052E (Kehrig et al. 2018) is included as a black
square, which presents 12 +log(O/H) =7.3.

as WR stars alone cannot fully account for the observed nebu-
lar He II emission (e.g. Kehrig et al. 2018; Stanway & Eldridge
2019; Platetal. 2019; Royetal. 2025). In particular, in
extremely metal-poor galaxies such as IZw18 (Thuan et al.
2004; Kehrig et al. 2015, 2016) and SBS 0335-052E (Hunt et al.
2014; Kehrig et al. 2018), even after accounting for additional
ionising sources, it has been necessary to invoke the presence
of extremely metal-poor stars with metallicities lower than that
of the surrounding gas in order to explain the observed Hell
budget (extremely metal poor stars with Z ~ 107>). These stars
are peculiar, extremely hot, and nearly metal-free that can emit
large amounts of He*-ionising photons and may boost He Il
emission in metal-poor galaxies at lower redshifts (e.g. Schaerer
2008; Yoon et al. 2012; Cassata et al. 2013; Kehrig et al. 2018;
Pérez-Montero et al. 2020). As Figures 6 and 7 suggest that mas-
sive stars could be the main ionising source, we assess whether
the photon production from nearly metal-free stars and interact-

ing binaries can reproduce the measured He Il photon produc-
tion by considering the Binary Population and Spectral Synthe-
sis models (BPASSv2.1; Eldridge et al. 2017) models'®, which
provide a comprehensive set of stellar SEDs that include both
single and interacting binary systems (without including x-rays
binaries) at very low metallicities (Z = 1073, 107%, and 107).
Openr can be derived in these models for a given IMF by inte-
grating the SEDs between 1 and 228 A for instantaneous star-
burst models with an initial stellar mass of M, = 10° M, at an
age of 10%8 yr, which corresponds to the average age of stellar
populations that predominantly produce photons with energies
>54.4eV (e.g. Nanayakkara et al. 2019; Hawcroft et al. 2025).
In Figure 9, we present the values of Qyerr derived in Section 3.3
for our He Il emitters, plotted against the stellar mass obtained
from SED fitting (Table B1), and colour-coded by the gas-phase
metallicity derived in Section 3.1. The oblique lines represent the
Onenr predictions from the BPASS models, scaled linearly with
stellar mass, i.e. if the predicted Qyer is 6.45 x 10*® photons/s for
a star cluster of M = 10° My, then a cluster with ten times the
stellar mass is expected to produce ten times more ionising pho-
tons. We include both models, with interacting binaries (dashed
lines) and without them (solid lines), for metallicities Z = 1073,
1074, and 107>. Additionally, we present models adopting a stan-
dard Salpeter IMF (Salpeter 1955) with an upper mass limit of
My, = 100M;, (red lines), as well as models assuming a top-
heavy IMF with M., = 300M; (blue lines). In general, most
of the data points suggest an increase in Qgeyr as a function of
stellar mass (M, ), along with a trend on gas-phase metallicity.
The comparison with the predictions of BPASS indi-
cate that, for the galaxies with higher gas-phase metallicity
(7.7> 12 +1og(O/H) > 7.55) and stellar mass (log(M,) = 9 M),
the models including single stellar populations with a Salpeter
IMF (M, = 100M; can reproduce the observed HelI ionis-
ing photon production when considering nearly metal-free stars
(Z5/2000 < Z < Z5/200). This constraint on stellar metallic-
ity can be relaxed when considering stellar clusters composed
of interacting binaries with very low metallicities (Z;/200 <
Z < Z/20). Thus, both scenarios—single, nearly metal-free
stars and very low-metallicity interacting binaries (each with
My, = 100Mg)—can account for the observed ionising pho-
ton production. However, in the single-star scenario, the stel-
lar metallicity is lower than the gas-phase metallicity. For the
binary star models, the stellar metallicity closely matches the
gas-phase metallicity only in the highest-metallicity galaxies
(7.7>12 +1og(O/H) > 7.6, which correspond to Zg,s ~ 1073).

10 We use the v2.1 in order to use the “all binary” and “all single” star
populations models.
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On the other hand, for galaxies in our sample with lower
stellar masses and lower gas-phase metallicities than in the pre-
viously discussed cases, the first two scenarios cannot fully
account for the observed ionising photon production. Instead,
a top-heavy IMF with an upper mass limit of M,, = 300 M,
must be considered. In this context, both single nearly metal-
free stars and very low-metallicity interacting binaries with
a top-heavy IMF can reproduce the observed HeIl-ionising
photon production in these low-mass very low-metallicity
galaxies. We note that hypothetical rapidly rotating chemi-
cally homogeneous evolution (CHE) stars could contribute to
enhance UV emission, and therefore to the observed Quen
(Szécsi et al. 2015, 2025; Liu et al. 2025). Analogously, quasi-
chemically homogenous evolution (QHE) stars, which are hypo-
thetical main sequence stars evolving to WR stars directly
due to their mixing (e.g. Martins et al. 2013; Eldridge et al.
2017), can also contribute to the ionisation budget. Never-
theless, a detailed analysis of the contribution of such stars
to the Hell ionising budget is beyond the scope of this
work.

Four cases exhibit even more extreme behaviour (IDs 106,
3621, 8249, and 149), corresponding to the highest Qg in our
sample. The previously discussed scenarios cannot reproduce the
observed Qi values; only models that include nearly metal-
free binaries or very low-metallicity binaries with a top-heavy
IMF are able to account for the observed ionising photon pro-
duction. One of the four mentioned cases corresponds to the
galaxy with the lowest measured O/H in our sample (ID:149
with 12 + log(O/H) = 7.45). The others lack sufficient signal-
to-noise in the [CIII] and [O III] lines to allow for a reliable O/H
determination (see Section 3.1). These results are similar to those
obtained for galaxies such as SBS 0335-052E (marked as a black
square in Figure 9) and IZw18, both of which exhibit extremely
low metallicities (12 +1og(O/H) ~ 7.2-7.3). In these cases, the
observed Qpepr can only be reproduced by models that include
interacting binaries at Z = 107> and a top-heavy IMF in the He II
ionisation budget.

It is important to note that the stellar metallicities in the
BPASS models are defined in terms of Fe/H, not O/H. There-
fore, any direct comparison between stellar and gas-phase metal-
licity must account for a-enhancement, i.e. the overabundance
of a-elements such as oxygen relative to iron (O/Fe), which
becomes more pronounced at lower values of 12 +log(O/H)
(Steidel et al. 2016; Matteucci 2021; Byrne et al. 2025). Never-
theless, Steidel et al. (2016) have shown that star-forming galax-
ies at z ~ 2-3 exhibit emission-line properties indicative of
photoionisation by young @-enhanced massive stars, with O/Fe
values up to two to five times the solar value. However, this
level of enhancement remains insufficient to account for the
most extreme cases in our sample, where the stellar metallicity
required to reproduce the He Il ionisation rate falls in the range
Z5/2000 < Z < Zy/200. In all cases, the gas-phase metallic-
ity need to be lower than the metallicity of the stellar popula-
tions to reproduce the observed Qyeyr, evidencing a decoupling
between stellar and gas-phase abundances in high-redshift galax-
ies (Steidel et al. 2016; Byler et al. 2020), where the ionising
stellar populations appear to be more metal-poor than the sur-
rounding gas. This scenario can be attributed with the presence
of nearly metal-free very massive stars, and may help explain
the rapid enrichment of the ISM in a-elements observed in
galaxies with sufficiently high star formation rates. In addition,
these findings are similar to previous studies, as the formation
of the nebular He Il line continues to challenge current stellar
models.
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5. Summary and conclusions

In this work, we performed a physical and chemical char-
acterisation of a sample of galaxies at z ~ 2-4 exhibiting
prominent nebular He 11640 A emission, commonly referred
to as He Il emitters. Our sample was selected from the MUSE
Hubble Ultra Deep Field surveys (MHUDF; Bacon et al. 2017,
2023), and expanded upon the samples used by previous authors,
which include three MUSE fields: the MUSE Extremely Deep
Field (MXDF), the Ultra Deep Field survey (UDF-10), and
the MOSAIC field. We used the publicly available AMUSED
database to identify potential He II emitters.

From a total of 2221 objects in the MHUDF, we identi-
fied 25 galaxies exhibiting nebular He 1111640 A emission with
signal-to-noise ratios greater than 3, spanning a redshift range of
1.907 < z < 4.41. Among these, two are classified as AGNs.
For the remaining 23 star-forming galaxies, all cases where the
A = 1214 A falls within the MUSE range (ten sources excluding
the AGNs) show a prominent Lya emission line.

To complement the MUSE rest-frame UV data, we also
incorporated JWST/NIRSpec optical spectra by querying the
public DJA database (D’Eugenio et al. 2025). We found that five
star-forming galaxies in our sample have publicly available and
fully reduced NIRSpec observations.

Using UV-based calibrations, we find that all Hell emit-
ters in our sample exhibit very low gas-phase metallicities,
with values in the range 7.3 < 12+1og(O/H)<7.7. Addi-
tionally, these galaxies show sub-solar carbon-to-oxygen abun-
dance ratios, with —0.6 < [C/O] < —0.4, similar to those found for
other high-redshift He Il emitters. In contrast, the nitrogen-to-
oxygen ratio remains approximately constant at [N/O] = -0.42,
as expected given that nitrogen is primarily produced through
secondary nucleosynthesis at higher metallicities. Moreover, the
theoretical photoionisation models of Gutkin et al. (2016) pre-
dict very low gas-phase metallicities and sub-solar C/O abun-
dance ratios (—0.85 <[C/O] < —0.57). In addition, we derived
electron densities using both UV and optical diagnostics, specif-
ically the [CIII] 41907/41909 and [S 1] 16716/16731 ratios, and
found that all galaxies in the sample lie within a diverse low- to
intermediate-density regime (10> < n, < 10° cm™). To assess
the consistency of our calculations and assumptions, we com-
pared dust extinction estimations derived from the UV (using
MUSE data) with those obtained in the optical/near-IR (using
JWST/NIRSpec data). We found that the Ay values derived from
the Paschen series in the near-IR are generally lower than those
inferred from the UV g slope. This is expected, particularly in
galaxies with higher dust content, where the UV slope may over-
estimate extinction in the optical and near-IR lines. Therefore,
in such cases, the 8 slope should be used exclusively to correct
UV fluxes, while the Ay derived from the Paschen series is more
appropriate for correcting emission lines in the optical/near-IR
regime.

A notable exception is object ID:50, which shows uniform
extinction across the UV, optical, and near-IR wavelengths. For
this galaxy, the extinction-corrected He luminosity from NIR-
Spec is similar to the Ha luminosity inferred from the SED
fitting. Given that this object also exhibits the highest num-
ber of detected emission lines in the sample, we were able
to compute its electron temperature and derive its C/O abun-
dance ratio. The result from the direct method is in very good
agreement with the value obtained from the empirical UV
calibration.

We computed the production rates of both H* and He** ion-
ising photons and found that Qg increases exponentially with
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One- Both Oy and Qy,, are higher in galaxies with higher stel-
lar masses and greater UV luminosities.

To investigate the origin of the observed He Il emission, we
compared our results with stellar SED models from BPASS
(Eldridge et al. 2017). For our galaxies with higher gas-phase
metallicities (7.7 > 12 + log(O/H) > 7.55) and higher stellar mass
(log(M,) = 9M,), we find that single-star populations with a
Salpeter IMF can reproduce the observed Qper emission, but
only if the stars are nearly metal-free (Z;/2000 < Z < Z,/200).
The condition of the metallicity can be relaxed to a very low stel-
lar metallicity (Z,/200 < Z < Z/20) when considering binary
stars. For our galaxies with lower gas-phase metallicities (12
+log(O/H) < 7.55) and lower stellar masses (log(My) < 9Mg),
a top-heavy IMF with M, = 300 M, is needed to account for
the He™ ionisation either assuming single nearly metal-free hot
stars or binary stars with lower metallicity than the gas.

In addition to the galaxies discussed above, four galaxies in
our sample exhibit higher Qy.y values relative to their stellar
masses (IDs 106, 3621, 8249, and 149), resembling the well-
known extremely metal-poor Hell emitters SBS 0335-052E
and IZw18 (Kehrig et al. 2015, 2018), especially ID:149 with
12 +1og(O/H) =7.45. Their high observed Quenr can be repro-
duced either with models that include interacting binaries com-
bined with a top-heavy IMF at Z;/200 < Z < Z/20 or with
binaries following a Salpeter IMF (M, = 100 M) at Z,/2000 <
Z < Zp/200 (i.e. nearly metal-free). Notably, one of these four
galaxies exhibits the lowest O/H ratio in our sample, further sup-
porting the scenario observed in SBS 0335-052E and IZw18.

In conclusion, the origin of the He 11640 A emission in
this sample is influenced by a combination of factors, includ-
ing stellar mass, IMF, stellar metallicity, and stellar multiplicity.
Very hot massive stars can provide sufficient energy to efficiently
ionise helium twice; however, in some cases the production of
the He* ionising photons requires nearly metal-free hot stars, a
condition that can be relaxed when considering binary stars.

Our analysis, based on a larger and consistently selected
sample of galaxies in the MHUDF at the cosmic noon and
beyond, indicates that the challenge of reproducing nebular He I
emission seem to be a generalised problem in extremely metal
poor galaxies.

A significantly larger sample is required to verify these find-
ings and draw more robust conclusions. In future work, we will
extend this analysis to a major sample and conduct a more
in-depth investigation of Lyman continuum photon escape by
examining Lya line profiles and the two-dimensional spatially
extended emission of Lya, Hell, and other detected lines. The
galaxy with ID:50 will also be studied as a special case, given
its rich set of emission features, spanning from Ly at 1216 A
to Pay at 10938 A. This offers an extensive dataset that covers
a broad spectral range, from the UV with MUSE to the near-
infrared with JWST/NIRSpec.
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Appendix A: He llemitters spectra
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Fig. A.1. He Il emitters sample ordered by S/N(HeII'). The blue and red spectra represent the reference spectrum and the model continuum + fit,
respectively. The S/N of He Il and Ly (when detected) are included in the labels. The last two panels correspond to the two AGNs identified in
the sample, exhibiting broad He Il and CIV 1548,51 A lines.
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Appendix B: Additional tables

Gonzélez-Diaz, R., et al.: A&A, 702, A3 (2025)

Table B1. General characteristics of the He Il emitters sample.

D RA DEC EW(Lye) EWHell) z M, SFR Ay Mis00
12000 12000 A A logM/Mp)  log(Mg - yr™1)
7898 03:32:34.778  -27:47:59.447 124+29 2867 0.351+0.058  -16.426+0.086
8249 03:32:37.931 -27:47:39.686 12420 1.9£05 2955 1.259+0.017  -22.968+0.025
1059 03:32:36.826  -27:45:58.029  223.1x448  7.9x13  3.806  9.813°8% 1.466%048  0.877+0.008  -19.955+0.012
1141%  03:32:39.617  -27:47:37.179 1.8£02 2344 9.709%%, 0.869*02%"  0.807+0.011  -19.034+0.017
50% 03:32:39.083  -27:46:17.855 249137 3.4£05 3325 9.9979%?26 1.137j8;§83 0.802+0.006  -18.99:£0.009
6664  03:32:38.962  -27:47:03.994 22402 2391 9.506% %% 0A363j§;§§3 0.618+0.009  -18.167+0.014
8165  03:32:39.698  -27:46:48.250 5713 2338 7.983‘}6%272 -0.6970 7% 0.31£0.028  -15.755+0.042
149 03:32:40.287 -27:46:43.113  469.3+£24.6  12.1x1.3 3721 8.9539«%'92s 0.272j§?§§8 1.598+0.128  -19.934+0.189
8414 03:32:41.061  -27:47:20.897 11.0£25 2844 8.5619%‘%‘1 —0.227jg-§§g 0.319£0.026  -14.977+0.039
103 03:32:39.919  -27:46:47.418  8.0x4.1 1407 2994 ' ' 0.622+0.012  -18.014+0.018
3621 03:32:39.525  -27:48:53.532  882.4£109  31.5x2.8  3.062  8.851°3%% —0.098%;22 0.722+0211  -21.282+0.31
8369  03:32:40.774  -27:47:27.606 5613 2344 8 1149&_";18 -1301753"  0.137+0.027  -15.141+0.04
6700  03:32:40.387  -27:46:51.802  136.7+0.9 32£05 2994 9 065965§s 0.179*0-78  0.342+0.005  -17.608+0.007
1045 03:32:33.780  -27:48:14.354 3605 2616  9.33° 43%,; 0.608*0%22  0.454+0.008  -19.007+0.012
6999 03:32:38297 -27:47:28.514  2272%157  5.6+15 3427 8729922 —0.178j0:§§§ 0.758+£0.019  -17.062+0.029
164 03:32:40.643  -27:47:05.944 77£12 1907 8 118‘}3% —0.787t§-{66
6666  03:32:38.290 -27:46:36.267  221.8+22  158£17 3434 9 4719-3?25 0.878*031 0.762+0.008  -18.76+0.012
1024 03:32:31.454  -27:47:25.116 47+06 2868 10.()749-3%419 1.326j8§;% 0.619+0.007  -19.328+0.01
1273 03:32:35475  -27:46:16.915 10207 2172 9.045%7%3, 0.162j§gg§ -17.107+0.03
22 03:32:37.071  -27:46:17.176 2.6£02 2226 1041592 14224098 1.262+0.012  -21.387+0.017
1036 03:32:43.387  -27:47:10.541 44+06 269 9 3172537* 0374149 0.401+0.007  -18.942+0.01
1056 03:32:39.670  -27:48:50.598  105.5+58.2  12.5+0.6  3.063  11.631%)% 1 356j2~§99 2.57740.015  -23.591+0.022
51 03:32:39.643  -27:46:53.809 5.1£02 2229 9.4059% 0 417j81‘2‘2? 0.608+0.066  -20.378+0.098
106 03:32:39.294  -27:46:44.671  215.2¢16.1  10.0+1.5 3276 9 165‘3%%5?8 0.394f§35§7 0.334+0.015  -16.843+0.022
1051 03:32:42.837  -27:47:02.532  16.6+4.8 6302 319 108079275 2.52tg-§2§f 0.57+0.045  -20.243+0.066

Notes. ID, RA, DEC, z, M,

Hell, [CIII] and CIV features are marked in bold face.

Table B2. Sample UV lines fluxes measured with MUSE.

and SFR values were taken from the AMUSED database (Bacon et al. 2023). For galaxies with ID: 7898, 8249 and
103, the SED was not performed due to the lack of HST photometric data. Consequently, the M, and SFR values were not calculated and are left
as blank spaces in the table. The Ay from the g slope, M 5o and rest-frame EWs were calculated in this work (see section 2.1). The Ay obtained
using the Paschen series for the galaxies marked by an asterisk can be found in table 1. The two AGNs (ID:1056 and ID:1051) which present broad

3621 8369 6700 1045 6999

Line Flux Error FWHM Flux Error FWHM Flux Error FWHM Flux Error FWHM Flux Error FWHM
1072 erg/s/cm? A 1072 erg/s/cm? A 1072 erg/s/cm? A 10720 erg/s/cm? A 1072 erg/s/cm? A

Lya 10087.44 150.14 6.92 2500.30 17.44 431 41433 745 5.85

[sillj 1527+ 2587 7.02 4.70

clVis48 3234 7.14 2.70 21.15 554 2.74 33432 63.44 9.66 40.15  3.49 4.86

cIV 1549 1048.72  205.92 6.76 56.16 9.45 2.70 9409 976 475 97.89  36.85 252 6245 513 4.86

clIViss0 825.62 179.74 6.76 23.83 6.19 2.70 4612 672 475 84.47 3334 252 2230  5.66 4.87

Fe II 1608 2043 6.62 4.87

Fe I 1610b* 2351 743 4.87

He Il 1640 373.03  86.95 5.02 25.80 5.96 2.69 3478 7.87 4.03 16238 32.38 3.96 1252 250 2.53

[oI1Ij 1660 2537 623 4.06 103.89 31.28 3.98 931 263 2.53

oIl 1663b 4245 7.73 2.68 7817  7.67 4.07 28246  40.07 3.98 2681  3.59 2.53

oIl 1666 32.92 6.29 2.68 5280  5.65 4.07 178.57 2872 3.99 1750 2.66 2.53

ALTI 1671% -17.01 543 5.00

rsilll 1883 39.10  6.66 4.40 13556 19.78 4.26 8.15  2.54 2.61

(siIlII) 1886b 22.42 6.56 2.61 5747 899 4.41 213.81 27.74 427 8.15  2.54 2.61

(siIll} 1892 12.65 4.77 2.61 1837  7.29 4.42 78.25 2221 4.28

(cIIIy 1907 361.71 11831 5.65 41.79 473 2.60 89.85 10.04 4.44 41793 2779 430 2070 2.69 2.62

[c 1117 19096 361.71 11831 5.65 67.11 6.59 2.60 149.74 13.88 4.45 69033  38.02 430 3523 3.90 2.62

25.32 5.00 2.60 59.89  9.94 4.45 27240 2677 430 1453  3.08 2.62

[c 11011909

Notes. The fluxes, errors, and FWHM are from the AMUSED database (Bacon et al. 2023). We excluded those with a S/N lower than 3, left as
a blank space in the table. The full table (available at the CDS) includes all the emission and absorption features measured with MUSE, which
ranges from Lya-1216 A to MgI-2853 A (54 lines). Absorption features are marked with an asterisk, and the flux of combined doublets are marked

witha’b’.
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Table B3. He Il emitters NIRSpec sample.

Gonzélez-Diaz, R., et al.: A&A, 702, A3 (2025)

50 22 1141 6666 6700
Line Flux Error Flux Error Flux Error Flux Error Flux  Error
10 erg/s/cm? 107 2erg/s/cm? 10%erg/s/cm? 10erg/s/cm? 10 erg/s/cm?
[O11] 3729 295.60 20.58 629.06 41.80 29.57 1191
Ho6 4102 93.09 30.03 53.26  20.87
Hp 4861 284.66 23.37
[OTT] 5007 1823.99 148.41
He15877 81.96 29.86
Ha 6563 1140.54 46.12 767.34 55.18 1417.88 73.86 228.58  13.57
[S1]16717 252.61 63.41 500.95 85.26 970.52 219.01
[S1] 6731 232.53 55.74 498.55 80.88 892.97 172.20
He 17065 49.13 14.17
[ArIII]7138 55.36 22.17
He 18446 32.42 10.26
[S1I1] 9068 87.46 23.43 443.55 109.40 72292 178.28 28.18 6.35
Pa9 9229 312.25 147.74
Pa8 9546 239.83 37.29 346.16 54.54 387.04 72.64 32.45 5.23 31.26  17.42
C19850
Pag 10049 90.76 29.06 480.58 95.55 666.61 208.11 22.89 9.36 28.74  23.72
He 110830 304.88 38.61 277.28 55.93 335.23 66.09 91.70 6.95
Pay 10938 135.76 32.20 373.92 76.72 21.89 5.88
Fell 11128 16.94 13.07
Pap 12818 265.46 54.86 554.66 129.48
Notes. NIRSpec fluxes, are measured as described in section 2.2.
Table B4. He Il emitters main results.
1D Qu(x10%) Quen(x10°?) 12+log(O/H) log(C/O) log(N/O) n.(x10%)
photons/s photons/s cm™
7898 0.823+0.307 7.339+0.241 -0.857 -1.49993
8249 14.173+4.659
1059 4.243+4.172 15.497+4.923
1141 1.073+0.842 0.680+0.203 7.663+0.164 -0.677 -1.49830 0.043+0.034
50 1.989+1.323  2.880+0.812 7.621+0.165 -0.713 -1.49887 0.661+0.142
6664 0.334+0.190 0.464+0.125 3.123+1.811
8165 0.029+0.028 0.177+0.047 7.545+0.16 -0.766 -1.49948 6.833+4.185
149 0.271+0.191 14.51+4.196 7.456+0.189 -0.813 -1.49978  29.03+12.56
8414 0.086+0.048 0.266+0.068 7.539+0.146  -0.770 -1.49951  4.087+2.581
103 0.707+0.175 7.668+0.146  -0.672 -1.49820 15.30+7.673
3621 0.115+0.085 13.65+4.238
8369 0.007+0.005 0.133+0.031 7.399+0.145 -0.836 -1.49988  2.965+1.903
6700 0.219+0.218 0.515+0.116 7.606+0.127 -0.724 -1.49903 4.302+2.748
1045 0.588+0.387 2.231+0.445 7.678+0.107 -0.663 -1.49802 2.058+1.068
6999  0.096+0.065 0.650+0.130 7.356+0.133  -0.851 -1.49992  6.235+4.298
164 0.023+0.010  0.142+0.028 7.532+0.11 -0.774 -1.49954  0.213+0.157
6666 1.095+0.729 3.420+0.670 7.521+£0.123  -0.780 -1.49959  6.755+4.665
1024  3.074+2.484 3.706+0.717 7.665+0.109  -0.675 -1.49826  3.182+1.899
1273 0.210+0.112  0.586+0.110 7.567+0.103  -0.752 -1.49934  6.245+2.705
22 3.834+2.489 7.889+1.402 7.666+0.1 -0.674 -1.49823  3.328+2.034
1036  0.343+0.334 2.073+0.352 7.694+0.09 -0.647 -1.49768  1.791%1.157
51 0.379+0.192 0.619+0.097 7.562+0.081 -0.756 -1.49938
106 0.359+0.225 8.435+0.921 2.802+0.155

Notes. Qy and Q. are in units of 10°* and 10°? photons/s, respectively. The electron densities are in units of 103cm™>. Both AGNs are excluded

from the results.
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Appendix C: Flux comparison

As a sanity check, we compared our measured fluxes for the five
He Il emitters in common with Nanayakkara et al. (2019) (IDs:
1024, 1036, 1045, 1273, and 3621). In Figure C.1 we show
this comparison for the matched detections, considering only the
emission lines with a S/N greater than 3. In general, our fluxes
are in good agreement.
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Fig. C.1. Comparison between the fluxes used in this work (when the
target S/N is reached) and the fluxes obtained by Nanayakkara et al.
(2019) in their work for the same objects. The diagonal dashed line
indicates the 1:1 relation, showing that our fluxes are in excellent agree-
ment.
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