
HAL Id: hal-03346772
https://hal.science/hal-03346772v1

Submitted on 17 Jun 2022

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Can nebular He II emission be explained by ultra-luminous
X-ray sources?

Charlotte Simmonds, Daniel Schaerer, Anne Verhamme

To cite this version:
Charlotte Simmonds, Daniel Schaerer, Anne Verhamme. Can nebular He II emission be explained by
ultra-luminous X-ray sources?. Astronomy & Astrophysics - A&A, 2021, 656, pp.A127. ⟨10.1051/0004-
6361/202141856⟩. ⟨hal-03346772⟩

https://hal.science/hal-03346772v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


A&A 656, A127 (2021)
https://doi.org/10.1051/0004-6361/202141856
c© ESO 2021

Astronomy
&Astrophysics

Can nebular He ii emission be explained by ultra-luminous X-ray
sources?

Charlotte Simmonds1 , Daniel Schaerer1,2 , and Anne Verhamme1,3

1 Observatoire de Genève, Département d’Astronomie, Université de Genève, 51 Chemin Pegasi, 1290 Versoix, Switzerland
e-mail: cpsimmonds@uc.cl

2 CNRS, IRAP, 14 Avenue E. Belin, 31400 Toulouse, France
3 Univ. Lyon, Univ. Lyon1, Ens de Lyon, CNRS, Centre de Recherche Astrophysique de Lyon UMR5574, 69230 Saint-Genis-Laval,

France

Received 23 July 2021 / Accepted 13 September 2021

ABSTRACT

Context. The shape of the ionising spectra of galaxies is a key ingredient to reveal their physical properties and for our understanding
of the ionising background radiation. A long-standing unsolved problem is the presence of He ii nebular emission in many low-
metallicity star-forming galaxies. This emission requires ionising photons with an energy >54 eV; it is important to note that these
particular photons are not produced in sufficient amounts by normal stellar populations.
Aims. To examine if high mass X-ray binaries and ultra-luminous X-ray sources (HMXBs and ULXs) can explain the observed He ii
nebular emission and how their presence alters other emission lines, we computed photoionisation models of galaxies including such
sources.
Methods. We combined spectral energy distributions (SEDs) of integrated stellar populations with constrained SEDs of ULXs to
obtain composite spectra with varying amounts of X-ray luminosity, parameterised by LX/SFR. With these, we computed photoioni-
sation models to predict the emission line fluxes of the optical recombination lines of H and He+, as well as the main metal lines of
[O iii], [O ii], [O i], and [N ii]. The predictions were then compared to a large sample of low-metallicity galaxies.
Results. We find that it is possible to reproduce the nebular He iiλ4686 and other line observations with our spectra and with amounts
of LX/SFR compatible with the observations. Our work suggests that HMBXs and ULXs could be responsible for the observed nebu-
lar He ii emission. However, the strengths of the high and low ionisation lines, such as He ii and [O i] λ6300, strongly depend on the
X-ray contribution and on the assumed SEDs of the high energy source(s), the latter being poorly known.
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1. Introduction

The presence of strong emission lines and the detection of
intense UV metal lines in numerous high-redshift galaxies, and
more generally the quest for the sources of cosmic reionisation,
has re-triggered a strong interest in the physical properties of dis-
tant galaxies and their radiation field (see e.g. the review of Stark
2016). In particular, prominent high ionisation spectral features,
such as nebular emission in C iv λ1550, He iiλ1640, as well as
intense C iii] λ1909 emission, have for example been detected
in several z > 6 galaxies, thus raising questions about the origin
of their hard ionising spectra (Stark et al. 2015; Schmidt et al.
2017). Indeed, galaxies showing these UV emission lines are rel-
atively rare at intermediate redshifts (z ∼ 2−3, see e.g. Erb et al.
2010; Le Fèvre et al. 2019; Schmidt et al. 2021) and in the low-z
Universe (see e.g. Senchyna et al. 2017; Berg et al. 2019).

Low-z galaxies showing nebular emission in C iv λ1550,
He ii in the UV (He iiλ1640) and optical (He iiλ4686), and
other high ionisation lines, such as [Nev]λ3426, are primar-
ily known among metal-poor star-forming galaxies (Berg et al.
2019; Senchyna et al. 2017; Guseva et al. 2000; Shirazi &
Brinchmann 2012). In the IR domain, the fine structure lines
of [O iv] 25.9 µm, as well as [Nev] 14.3 µm and 24.3 µm, for
example, are also detected in certain star-forming galaxies and
their strength increases in active galactic nuclei (AGN) (Sturm
et al. 2002; Fernández-Ontiveros et al. 2016). The relative

weakness and paucity of these lines in star-forming galaxies
is not surprising since nebular C iv λ1550, He iiλ4686, O iv,
and Nev emission lines require photons with energies above
47.9, 54.4, 54.9, and 97.1 eV, respectively, which are relatively
sparsely emitted by stars and stellar populations and thus thought
to be associated with other sources of higher energy photons.

In fact, the presence and strength of nebular He iiλ4686 in
optical spectra (and that of [O iv] in IR spectra) of star-forming
galaxies had already been recognised early on as a puzzle or
problem (e.g. Schaerer 1996; Guseva et al. 2000; Shirazi &
Brinchmann 2012), except in galaxies showing significant popu-
lations of Wolf-Rayet (WR) stars, which could be hot and numer-
ous enough to produce sufficient doubly ionised He (He2+) (e.g.
Schaerer 1996; Schaerer & Stasińska 1999). ‘Normal’ stellar
populations do not predict hard ionising spectra above 54 eV
sufficiently. Given that WR stars become much rarer at low
metallicity (12 + log(O/H) . 8.2), other sources or processes
must be found to explain nebular He ii emission in these galax-
ies. Furthermore, nebular He iiλ4686 is quite ubiquitous at these
low metallicities1, and the average observed intensity He ii/Hβ

1 For example, in the sample analysed by Schaerer et al. (2019), He ii
is detected in approximately two-thirds of the galaxies. In the larger
sample analysed here, this is the case for approximately one-third of the
star-forming galaxies.
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increases with decreasing O/H. This describes the essence of the
nebular He ii problem.

Despite constant improvements in stellar evolution and
atmosphere models, this problem has not been solved yet.
Indeed, the nebular He ii problem has by large been confirmed by
many more recent works using different up-to-date stellar pop-
ulation and photoionisation models, both analysing the optical
and UV recombination lines of He iiλ4686 and He iiλ1640 from
different galaxy samples (e.g. Stasińska et al. 2015; Steidel et al.
2016; Nanayakkara et al. 2019; Saxena et al. 2020a; Stanway &
Eldridge 2019; Plat et al. 2019; Berg et al. 2021).

On the other hand, various alternate sources and mechanisms
have been explored to attempt to solve the nebular He ii problem.
For example, radiative shocks have been proposed to explain
both the observed He iiλ4686 and [Nev]λ3426 emission in some
low-metallicity galaxies (see e.g. Thuan & Izotov 2005; Izotov
et al. 2012; Plat et al. 2019). X-rays from sources such as high-
mass X-ray binaries (HMXBs) and ultra-luminous X-ray sources
(ULXs) have been advocated as the origin of nebular He ii emis-
sion (e.g. Schaerer et al. 2019; Oskinova et al. 2019). Other
authors argued for possible contributions of Pop III-like (metal-
free) stars, fast-rotating stars, stripped stars in binary systems, or
something similar, which could boost the emission of He ii ionis-
ing photons (see Cassata et al. 2013; Szécsi et al. 2015; Götberg
et al. 2019; Stanway & Eldridge 2019). Recently, some stud-
ies have also proposed ‘unconventional’ explanations, which do
not require additional ionising sources or peculiar stars (Barrow
2020; Pérez-Montero et al. 2020), and which are discussed later
(Sect. 4.3). Clearly, no consensus has been achieved yet on the
origin of nebular He ii, and each of the above scenarios can be
debated. Furthermore, several of them do not make any quanti-
tative predictions which can be compared with observations and
tested.

In the present paper, we examine the impact of X-ray sources
(HMBXs and ULXs) on nebular He ii and other emission lines
in a quantitative manner, using Cloudy photoionisation mod-
els. Our approach is motivated by the simple model of Schaerer
et al. (2019), who compare the observed increase in the X-ray
luminosity per unit star-formation rate (LX/SFR) with decreas-
ing metallicity (Brorby et al. 2016; Douna et al. 2015) with
the observed increase in the He ii/Hβ intensity, and propose a
causal connection between the two. Such a connection appears
quite natural since the X-ray emission in star-forming galaxies is
dominated by individual bright sources (HMXBs and/or ULXs,
Mineo et al. 2012) and several ULXs are known to show nebulae
with He ii emission and also [O iv] 25.9 µm (Pakull & Angebault
1986; Pakull & Mirioni 2003; Kaaret & Corbel 2009; Berghea &
Dudik 2012). Postulating a simple scaling between the He+ ion-
ising and X-ray flux taking from observations, Schaerer et al.
(2019) have shown that the observed He ii/Hβ intensities and
their metallicity dependence can approximately be explained.

Several studies have criticised the recent HMXB and ULX
scenario. For example, Kehrig et al. (2021) argue that the obser-
vations of the low metallicity galaxy I Zw 18 used by Schaerer
et al. (2019) for the scaling show an insufficient contribution
of the ULX in this galaxy to He ii ionising photons. New inte-
gral field spectroscopic observations with the Keck telescope
of I Zw 18 provide a less definite answer on this issue, and
Rickards Vaught et al. (2021) argue that shocks or beamed X-ray
emission from ULXs could be responsible for the He ii emis-
sion. Senchyna et al. (2020) report the absence of bright X-ray
sources in several nearby galaxies with nebular He ii. Further-
more, using simple photoionisation models combining HMXBs

described by a multi-colour disc model with normal stellar pop-
ulations, Senchyna et al. (2020) conclude that HMXBs are inef-
ficient producers of the photons necessary to power He ii.

On the other hand, observations of ULXs in nearby galax-
ies have often revealed the presence of nebulae, some, but
not all of them, showing high ionisation emission lines (cf.
review of Kaaret et al. 2017). For example, nebular He iiλ4686,
[Nev]λ3426, and [O iv] 25.9 µm emission has been observed
by Pakull & Mirioni (2003), Lehmann et al. (2005), Abolmasov
et al. (2008), Kaaret & Corbel (2009), Berghea et al. (2010),
Grisé et al. (2011), Maggi et al. (2011), Moon et al. (2011),
Berghea & Dudik (2012), Binder et al. (2018), Urquhart et al.
(2018) and Vinokurov et al. (2018) in different ULX nebulae,
including famous objects such as Holmberg II X-1, NGC 5408
X-1, among others. Similarly, nebular He ii is also seen in
HMXBs of a lower X-ray luminosity (e.g. Pakull & Angebault
1986). Observationally, HMXBs and ULXs can thus produce
ionising photons which give rise to some or several of the high
ionisation lines discussed above and observed in low-metallicity
star-forming galaxies. In addition, HMXBs and ULXs are known
and predicted to be more numerous and luminous at low metal-
licities, their contribution is expected to be dominant in distant
star-forming galaxies, and LX/SFR increases towards high red-
shift (Fragos et al. 2013; Lehmer et al. 2016; Madau & Fragos
2017; Fornasini et al. 2019; Kovlakas et al. 2020). It is there-
fore of interest to explore the effect of ULXs whose spectra are
constrained by observations on integrated galaxy spectra.

For this purpose, we constructed spectral energy distribu-
tions (SEDs) of star-forming galaxies including a contribution
from ULXs. The stellar spectra, taken from the BPASS binary
population synthesis code (Eldridge et al. 2017), were combined
with three SEDs of ULX sources with nebulae, and whose spec-
tra have been constrained by multi-wavelength observations by
Kaaret & Corbel (2009) and Berghea & Dudik (2012). Com-
bined SEDs were constructed in such a way to allow for variable
amounts of X-ray luminosities, corresponding to the observed
range of LX/SFR in star-forming galaxies. With these SEDs,
we computed small grids of Cloudy photoionisation models to
predict the most relevant optical emission lines, which were
then compared to observations of a large sample of star-forming
galaxies for which measurements of nebular He ii are available.

Our methodology is described in Sect. 2. In Sect. 3 we
present the predicted high ionisation emission line strengths as
well as the most important optical emission lines using various
emission line diagrams, showing the impact of varying amounts
of X-ray emission on these observables. We discuss our results
and other recent approaches in Sect. 4. Our main conclusions are
summarised in Sect. 5.

2. Photoionisation models of star-forming galaxies
including ULXs

To predict the emission line spectra of star-forming galaxies
which harbour HMXB or ULX sources, we needed to com-
pute detailed photoionisation models using appropriate SEDs.
Since, in general, the available theoretical SEDs of galaxies do
not include X-ray sources, we first compiled several spectra of
ULXs from the literature, which we then combined using an
appropriate scaling with SEDs from evolutionary synthesis mod-
els describing the ‘normal’ stellar populations, that is excluding
the contribution from ULXs. We now briefly describe the SEDs
we used, the way they were combined, and the Cloudy model
grid we computed.
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Fig. 1. Basic SEDs used for the photoionisation models: The three
ULX spectra (DIS, BMC, and KAA), normalised to the same X-ray
luminosity LX, are shown by the red, blue, and green lines, respec-
tively. For comparison the pure stellar SED, labelled STE and shown
by the grey line, is scaled to our standard value of LX/SFR = 7.9 ×
1039 erg s−1/(M� yr−1); see text. The SED of I Zw 18 (LEB model) from
Lebouteiller et al. (2017) is shown in yellow and scaled to the same
stellar UV flux at ∼10 eV as STE, resulting in an LX higher by a fac-
tor ∼2.8 compared to the ULX spectra. The vertical dashed lines mark
the ionisation potentials of hydrogen and helium (13.6 eV and 54 eV,
respectively). The grey shaded area highlights the 0.5−8 keV range of
the spectra used for LX.

2.1. SEDs of ULXs

The SEDs of ULXs are relatively poorly known, and they show
a large diversity and also variability (e.g. Gladstone et al. 2009;
Sutton et al. 2013a,b; Walton et al. 2015; Pintore & Mereghetti
2016; Gúrpide et al. 2021a). In general, the X-ray spectra of
ULXs is modelled by the sum of two components related to
the emission from the accretion flow produced close to the com-
pact object: a multi-colour black body for the accretion disc and
a power law representing the coronal emission (Kaaret et al.
2017). Also, the UV and optical spectra can often be fitted by
a companion star or an irradiated (sometimes supercritical) disc
(cf. Grisé et al. 2012; Tao et al. 2012; Gúrpide et al. 2021b),
which further illustrates the uncertainties in the SEDs.

From the literature, we compiled three SEDs of ULXs,
which have not only been observed at X-ray wavelengths but
also at longer wavelengths (optical and some also in the IR),
and for which tailored photoionisation models fitting the X-ray
data and other observational constraints have been constructed.
These spectra cover the entire spectral range from the X-rays to
the extreme-UV, extending down to low energies (∼54 eV and
lower), which is mandatory to allow combinations with stellar
spectra and to explore, in particular, their impact on He ii lines,
whose ionisation potential is 54 eV. In particular, throughout this
work, we assume that the radiation in the UV-optical regimes
is predominantly produced by stars, while the radiation in the
X-rays is produced by the ULX. Later we comment on the choice
and representativeness of these SEDs (Sect. 4.2).

The SEDs used in this paper are shown in Fig. 1, and their
main relevant properties, which are discussed below, are sum-
marised in Table 1. In short, we list two indicators of spectral
hardness. The first one gives the ratio of the ionising photon

Table 1. Spectral properties of the basic ULX and stellar SEDs.

Model log(Q0/Q2) log(Q2/LX) [photon/erg]

STE 4.04 –
LEB 2.19 9.50
DIS – 10.25
BMC – 9.65
KAA – 9.61

Notes. Column 1: Model name. The stellar model (STE) refers to a
metallicity of 12 + log(O/H) = 8.1. Column 2: Ratio between Q0 and
Q2. Column 3: Ratio between Q2 and the 0.5−8 keV X-ray luminosity.
Empty columns (–) indicate when the SEDs are not well defined in one
of the spectral ranges considered.

fluxes above 54 eV, Q2, over those above 13.6 eV, Q0, which
measures the hardness of the ionising spectrum above the He+

potential to that of hydrogen. The second quantity, Q2/LX mea-
sures the relative number of He+ ionising photons emitted per
X-ray luminosity (0.5−8 keV in this work), that is an efficiency
of the X-ray source to produce He ii recombination line emis-
sion. It is listed only for SEDs with an X-ray component. We
note that Q0/Q2 is not given for pure ULX SEDs since their
contribution to H ionisation is negligible in combined models.

2.1.1. NGC 6946 X-1 SEDs

Two SEDs are taken from Berghea & Dudik (2012), who have
produced a model for the full optical to X-ray SED of the ULX
NGC 6946 X-1 associated with the MF 16 Nebula. This ULX
has very similar properties to the famous Holmberg II ULX (e.g.
Miller et al. 2005; Goad et al. 2006; Walton et al. 2015) and
emission in the IR nebular [O iv] line, often seen in AGN, and
was detected by Berghea et al. (2010). Several X-ray models
were used to reproduce published Hubble optical and UV data
along with data obtained via X-ray spectroscopy.

Berghea & Dudik (2012) found two XSPEC (Arnaud 1996)
Comptonisation models which can fit the X-ray data equally
well.

– DISKIR (irradiated disc; hereafter DIS): This model repre-
sents an accretion disc whose outer region is irradiated by
its inner region and the coronal emission of the black hole. A
fraction of the bolometric flux of the inner disc is thermalised
to the local blackbody temperature at each radius, changing
the thermal structure of the outer regions and, consequently,
the shape of the SED. This model could fit a fraction of the
ULXs and it was originally presented as a representation of
binary black hole systems. In it, the bulk of the disc’s flux
is reflected and only the hardest X-ray photons heat the disc
(Gierliński et al. 2009).

– BMC (Comptonisation by relativistic matter): This is an ana-
lytic model that describes the Comptonisation of soft pho-
tons by matter undergoing relativistic bulk motion. It is
typically used to describe thermal X-rays which originate
in the inner region of an accretion disc in a binary black
hole system (Gliozzi et al. 2011), and the in-falling matter is
heated in the vicinity of the event horizon of the black hole,
generating high energy photons (Titarchuk et al. 1997).

These models specifically describe high mass X-ray systems.
The difference between these models is found in the predictions
they yield for the optical and UV data. Specifically, the BMC
model requires a bright stellar companion in order to fit this part
of the spectrum of the MF16 nebula, while the DIS model does
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not. We included the BMC model without a stellar companion
to our calculations because we are interested in the high-energy
spectrum of the ULX, which will be combined with a stellar pop-
ulation model in order to produce a complete SED. For this work
we used both models, BMC and DIS, to which we added stellar
emission from the integrated population.

2.1.2. NGC 5408 X-1 SED

The third SED (KAA, hereafter) is a model of a photoionised
nebula created by analysing the spectra of the optical coun-
terpart of the ULX NGC 5408 X-1 as described in Kaaret &
Corbel (2009). Some authors argue that this source hosts an
intermediate-mass black hole candidate, whereas others argue
for a stellar-mass compact object accreting at a super-Eddington
rate (cf. Kaaret & Corbel 2009; Middleton et al. 2011). The
spectra of this nebula show high excitation emission lines, in
particular He iiλ4686 and [Nev]λ3426, which suggest X-ray
photoionisation (Kaaret & Corbel 2009; Cseh et al. 2012).
The KAA SED is based on a Comptonisation model (compps,
Poutanen & Svensson 1996) and includes a multi-colour black-
body representing the emission from the wind or the outer parts
of the supercritical disc and a cutoff powerlaw as a proxy for
the emission emitted closer to the compact object (Gladstone
et al. 2009). This model works by using exact numerical solu-
tions for the radiative transfer equation and includes parame-
ters such as geometry, optical depth, electron distribution, the
spectral distribution of soft seed photons, and the angle of the
observer.

2.2. A galaxy SED including an ULX – I Zw 18

In addition to the abovementioned SEDs, which primarily focus
on the X-ray part of the spectrum and describe ULXs, we also
used a SED of the well-known metal-poor galaxy I Zw 18, which
harbours a ULX source in the centre of its main H ii region,
I Zw 18-NW. Detailed multi-wavelength observations covering
numerous emission lines and tracers from different ISM phases
are available for this region. Lebouteiller et al. (2017) have stud-
ied this object in depth and they demonstrate the importance of
the ULX for understanding this giant H ii region. Their SED for
the north-western region (standard, LX = 4×1040 erg s−1), includ-
ing stellar and X-ray emission constructed using multiple, empir-
ically adjusted components and an accretion disc model (diskbb)
for the X-ray source, is shown in Fig. 1 and denoted by LEB sub-
sequently. As discussed in Lebouteiller et al. (2017), the SED
was empirically adjusted at energies close to the He+ ionisation
potential. Since this is a ‘combined’ and empirically constrained
galaxy SED, covering the entire spectral range (from UV to
X-rays) or relevance here, the X-ray contribution is kept fixed.

2.3. Photoionisation modelling using combined SEDs

Finally, to produce complete SEDs including stellar and
X-ray emission, we combined the above ULX spectra with SEDs
obtained from the binary population synthesis code BPASS v2.1
in Eldridge et al. (2017). We adopted the predicted SED of a
young population (age 106 yr), with a Kroupa initial mass func-
tion allowing for stellar masses up to 100 M�, and a metallicity
of 12 + log(O/H) = 8.1. In this work we aim to study the effect
of the X-ray contribution that ULXs can have over a galaxy,
thus, we have focussed on one stellar metallicity only, chosen to
be representative of our observational sample (cf. below). Small

Table 2. Model parameters of the Cloudy grid for the ‘base model’.

Parameter Values

log U −1.5, −2.0, −2.5, −3.0, −3.5
log((LX/SFR)/(erg s−1/(M� yr−1))) 38.93, 39.90, 40.63, 40.93, 41.18

Notes. The base model corresponds to a metallicity of 12 + log(O/H) =
8.1 and LX/SFR = 7.9 × 1039 erg s−1/(M� yr−1).

7.2 7.4 7.6 7.8 8.0 8.2 8.4 8.6
12 + log(O/H)

0

100

200

300

N

This work
Total
Non-Em.
HeII-Em.

Fig. 2. Metallicity histogram for the observational sample. In black we
highlight the distribution of the He ii emitters. The vertical dashed line
shows our selected metallicity at 12 + log(O/H) = 8.1.

metallicity variations in the stellar model do not produce signif-
icant changes in the SED shape or in the resulting emission line
intensities. The young age was chosen for comparison purposes
with earlier studies, which commonly use such ages for compar-
isons with observations (BPT diagrams and others), since this
provides relatively hard ionising spectra (see e.g. Kewley et al.
2006; Stasińska et al. 2015; Nakajima et al. 2018). The stellar
SED is denoted as STE.

For the combination of ULX and stellar SEDs, we were
guided by the observed correlation between the X-ray lumi-
nosity and star-formation rate (SFR) in star-forming galaxies,
which also shows a metallicity-dependence (see e.g. Ranalli
et al. 2003; Gilfanov et al. 2004; Laird et al. 2005; Mineo et al.
2014; Brorby & Kaaret 2017). Observations typically range from
LX/SFR ∼ 1039−1041 erg s−1/(M� yr−1), with lower (higher) val-
ues at high (low) metallicity. As a standard value we adopted
LX/SFR = 7.9×1039 erg s−1/(M� yr−1) (hereafter called the ‘base
model’), and we explored variations of ±1 dex or more. To scale
the stellar SED, we simply used the standard conversion factor
between the UV luminosity at 1500 Å and the SFR, given by
Kennicutt (1998).

The resulting SEDs were then used as input to the Cloudy
photoionisation code of Ferland et al. (2017), version C17.00,
to compute a grid of models with a varying ionisation parame-
ter with values between log U = −1.5 and −3.5. This parameter
is proportional to the ratio of ionising photons to total hydro-
gen density, and the range was chosen in order to span the
observed range of the main relative line intensities, as commonly
adopted in the literature (e.g. Feltre et al. 2017; Ji et al. 2020;
Ramambason et al. 2020). The models have a closed geometry
and are ionisation bounded, that is to say the calculation stops
when the hydrogen ionisation front is reached. We adopted solar
abundance ratios from Grevesse et al. (2010), identical stellar
and nebular metallicities, and a metallicity of 12 + log(O/H) =
8.1 for the base model. The range of parameters explored is
described in Table 2. In this paper the X-ray luminosity, LX,
refers to the energy range of 0.5−8 keV.
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2.4. Observational sample

To compare our models with observations, we used a sample
of 5607 star-forming galaxies from the Sloan Digital Sky Sur-
vey (SDSS) Data Release 14 (Abolfathi et al. 2018) compiled
by Y. Izotov and Collaborators, analysed in earlier publications
(Guseva et al. 2019; Ramambason et al. 2020). The selection
criteria used for the extraction of galaxies with active star for-
mation are presented in Izotov et al. (2014). Then we required a
detection of the [O iii] λ4363 line with an accuracy better than
4σ, thus allowing direct abundance determinations using the Te
method. The overall properties of the parent sample from Data
Release 14 are discussed in Guseva et al. (2019).

In Fig. 2 we show the metallicity distribution of the observa-
tional sample and the metallicity of our Cloudy models chosen
to be representative of the observations. In this sample, approx-
imately 36% show nebular He iiλ4686 emission, with a mean
He ii/Hβ ratio of I(4686)/I(Hβ) = 0.011+0.007

−0.004 and a mean metal-
licity of the He ii emitters of 12 + log(O/H) = 8.030+0.121

−0.158. The
errors indicate the dispersion of the distributions. In approxi-
mately two-thirds of the galaxies, HeII emission is not detected
with relative intensities below I(4686)/I(Hβ). (2−3) × 10−3. A
smaller, but similarly selected sample of nebular He ii emitters
has been discussed in Schaerer et al. (2019, 2020).

3. Results

We now present the results from our photoionisation models and
compare them to observations.

3.1. Galaxy SEDs including ULXs can produce enough He ii
emission to explain observations

In Fig. 3 (top panel), we show the predicted He iiλ4686/Hβ
intensity for the Cloudy models, using different SEDs, and as
a function of LX/SFR. The range of observed He iiλ4686/Hβ
intensities (when detected) is also shown for comparison. At a
given LX/SFR, the highest He iiλ4686/Hβ intensities are found
for the DIS models, followed by BMC and KAA. This is
expected since it reflects the decreasing amount of the He+ ion-
ising photons of these SEDs when normalised to the same X-ray
luminosity, expressed by Q2/LX (see Table 2). The dispersion
for a given SED is due to changes in the ionisation parame-
ter, with higher U leading to stronger He ii emission. The LEB
models with a different log〈U〉 are overplotted, showing that
the LEB SED can reproduce the observed He ii strength. More-
over, the points overlap showing that the variation of log〈U〉
does not make a significant difference in the predicted He ii
emission. In passing, we note that the Cloudy predictions for
He iiλ4686/Hβ for SEDs including X-rays agree or are some-
what lower than the expectations from Case B, as shown in the
appendix. Finally, He iiλ4686/Hβ increases with LX/SFR since
the contribution from X-rays controls the emission of He+ ionis-
ing photons, which primarily originate from the ULX component
(and not from stars).

Compared to observations, we find that some of the mod-
els predict He ii intensities which are strong enough to reach
the levels of the observations, that is galaxies where nebular
He ii is detected. Overall, with the ULX SEDs examined here,
we find that values of LX/SFR & 1040 erg s−1/(M� yr−1) are
required to reach currently detectable levels of He iiλ4686 emis-
sion. There are several ways to explain the absence of He ii
emission well below the threshold of the current observations
(He iiλ4686/Hβ . 0.005). Indeed, even in the presence of ULXs
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Fig. 3. Predicted relative emission line intensity ratios of nebular
He iiλ4686 (top) and [Nev]λ3426 (bottom) as a function of LX/SFR
for different SEDs. Each colour represents a different X-ray model. The
horizontal grey area shows the typical range of the observed He ii line
intensity, when detected. The vertical dashed line indicates the LX/SFR
value of our ‘base model’. The dispersion in each SED model is due
to changes in the ionisation parameter. It can be seen that an increase
in the X-ray component produces stronger He ii emission, overlapping
with the observational area for LX/SFR ' 1040−1041 erg s−1/(M� yr−1),
depending on the adopted ULX SED. For comparison, the value for
the LEB models are overplotted, showing that the LEB SED can
reproduce the observed He ii strength. In approximately two-thirds
of the galaxies, HeII emission is not detected with relative intensi-
ties below I(4686)/I(Hβ)∼ (2−3) × 10−3. The models with LX/SFR <
1040 erg s−1/(M� yr−1) do not produce significant [NeV] emission (i.e.
I([NeV])/I(Hβ)< 10−4), and they are therefore not included.

or other X-ray sources, the diversity of their intrinsic properties
(SEDs in particular) and variations in the ionisation parameter
can cause very weak or no He ii emission. More detailed com-
parisons with observations also involving other emission lines
will be discussed below.

3.2. [Nev] emission and its relation with He ii

In addition to He ii, a few blue compact dwarf galaxies
show [Nev]λ3426 emission (Izotov et al. 2004, 2012; Thuan
& Izotov 2005). Given its high ionisation potential of 97.1 eV,
this line is often associated with hard non-thermal radiation
from AGN, making its detection in star-forming galaxies inter-
esting to explore. The study of Izotov et al. (2012) lists eight
low-metallicity star-forming galaxies, in total, with intensities of
[Nev]λ3426/He iiλ4686∼ 0.2−0.5, which they propose can be
explained by fast radiative shocks contributing ∼10% of the stel-
lar ionising (Lyman continuum) flux. We attempt to explain these
observations with our models.
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Fig. 4. Emission line ratio diagrams for our models (log U and LX/SFR) for different SEDs compared to the observational sample. The left column
shows high-ionisation emission line diagrams (see Stasińska et al. 2015), while the right column shows low-ionisation diagrams (BPT diagram;
e.g., Kewley et al. 2006; Baldwin et al. 1981). The points within a same model show the outputs obtained for the base models and different
ionisation parameters. The shaded and coloured areas show the range of emission line ratios covered by the DIS, BMC, and KAA models with
varying X-ray luminosities and an ionisation parameter. The lines show the results for the same ionisation parameter for each model (from top to
bottom, log U = −1.5,−2.0,−2.5,−3.0,−3.5) and increasing X-ray emission from left to right. For the stellar (STE) and the LEB SED, the X-ray
luminosity is constant by construction (and LX = 0 for STE). The observational sample is shown by the grey symbols, where dots show the He ii
emitters and crosses the sources where He ii is not detected. In approximately two-thirds of the galaxies, HeII emission is not detected with relative
intensities below I(4686)/I(Hβ)∼ (2−3) × 10−3.

In Fig. 3 (bottom panel), we show the predicted [Nev]λ3426
line intensity. As expected, for a given LX/SFR, the highest
[Nev]λ3426/Hβ intensities are again found in the DIS model,
followed by BMC and KAA. This is analogous to the case of
He ii/Hβ, and it is explained by the decreasing number of Ne4+

ionising photons in the different SEDs. Compared to He ii/Hβ,
however, the [Nev] line intensity decreases more rapidly with
decreasing LX/SFR, and a higher LX/SFR is needed in order
to produce [Nev] emission with comparable (and detectable)
intensities as He iiλ4686. Finally, the [Nev] emission strongly
depends on the ionisation parameter (as expected for forbid-
den lines), in contrast to the He ii recombination lines, and
significant emission is only predicted for models with high U

(log U = −1.5 to −2.5). The observed intensities, reaching up
to [Nev]λ3426/Hβ = 0.0091 ± 0.0031 in galaxies with strong
He iiλ4686/Hβ ∼ 0.03 (Izotov et al. 2012) are well reproduced
by our models. The strong dependence of the [Nev] line on U
(primarily) and variations in the SED shape can also naturally
explain why only a (small) fraction of He ii emitters also show
[Nev].

3.3. The impact of ULXs on emission line diagnostics

To examine the effect of the high energy part of the SED
on the optical emission lines, we reproduced line ratio dia-
grams probing three ionisation stages of oxygen, the strength of
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Fig. 5. Relation between [OI]/[OIII] and HeII/Hβ for the DIS, BMC,
and KAA models (shaded areas) along with the observational sample
(dots). From top to bottom we show the increasing ionisation parameter
(lines). In approximately two-thirds of the galaxies, HeII emission is not
detected with relative intensities below I(4686)/I(Hβ)∼ (2−3) × 10−3.

nebular He ii, and two classical BPT diagrams (Baldwin et al.
1981) involving oxygen and nitrogen lines. Figure 4 shows
four different representations of the results: [O iii]/[O ii] ver-
sus [O i]/[O iii] and He ii/Hβ on the left, and BPT on the right.
Several of these diagrams were also discussed and compared
to the same observational sample in Stasińska et al. (2015)
and Ramambason et al. (2020). As shown in Fig. 4, and as is
well known, the ionisation parameter U basically determines the
observed [O iii]/[O ii] ratio, and overall also [O iii]λ5007/Hβ (cf.
Kewley et al. 2006). Then, at fixed U, the addition of X-rays pri-
marily leads to an increase in He iiλ4686/Hβ as shown above
(Fig. 3) by up to three orders of magnitudes for the model SEDs
and maximum LX/SFR value considered here. The low energy
tail of the X-ray emission not only creates a central He2+ region
from which the He ii recombination lines are then emitted, but
the large mean free path of the soft X-ray photons also leads
to an extension of the H ii region in the outer parts, thus caus-
ing stronger emission from low ionisation lines emitted in these
regions. This explains the increase in [O i] λ6300/Hα also shown
in this figure. As expected, the harder the spectra – as mea-
sured by Q2/Q0 – the higher the maximum intensity is of both
He iiλ4686/Hβ and [O i] λ6300/Hα. Other lines such as [N ii] are
not significantly affected by X-rays because the [N ii] lines are
formed in more central regions of the nebula.

The comparison of the models with the observations plot-
ted in Fig. 4 shows that the combination of stellar and ULX
SEDs allows one to cover basically the entire range of emis-
sion line ratios, including He ii/Hβ as already shown in Fig. 3.
The [N ii] λλ6548,6584/Hα BPT diagram is well reproduced,
that is to say our models follow the observational sample, which
is particularly due to an appropriate N abundance for this sam-
ple. The purely stellar models and those with low amounts of X-
rays do somewhat underpredict the [O i] λ6300 emission, as also
seen in other studies (Stasińska et al. 2015; Plat et al. 2019;
Ramambason et al. 2020). Interestingly, the addition of X-rays
allows one to simultaneously reach the observed intensities of
He iiλ4686 and a slight ‘boost’ of [O i] λ6300 to potentially rec-

oncile these different line ratios in a consistent manner, which
is further illustrated in Fig. 5. However, alternative explanations
for the possible discrepancies of [O i] λ6300 and other low ioni-
sation lines, which are not related to high energy emission, exist
(see e.g. Stasińska et al. 2015; Ramambason et al. 2020).

4. Discussion

The above results are promising, showing that the presence
of ULXs in star-forming galaxies can – in some conditions –
explain the observed emission of nebular He ii and other lines in
low metallicity galaxies. We now discuss these conditions and
related assumptions, other studies on the contribution of ULXs
and HMXBs, as well as other approaches to tackle this problem.

This work has shown that X-ray emission can drive the nebu-
lar He ii emission by using ULXs and HMXBs as the sources of
the observed high energy radiation. In particular, we found that
the model DIS yields the most promising results. In low metal-
licity galaxies, HMXBs are expected to outnumber low mass
X-ray binaries by a factor of ∼10 (Douna et al. 2015). Addition-
ally, about two-thirds of the LX,0.5−8 keV per unit SFR are expected
to be due to HMXBs (Mineo et al. 2014). If HMXBs are indeed
responsible for the nebular He ii emission, the excess of these
objects at lower metallicity would agree with the observations.

4.1. The ULX and HMXB – He ii connection in the literature

Our study follows up on the scenario proposed by Schaerer et al.
(2019, 2020), who relate the observed anti-correlation between
the integrated LX/SFR and metallicity of star-forming galaxies
(Douna et al. 2015; Brorby et al. 2016; Lehmer et al. 2021) to
the same observed trend of nebular He iiλ4686/Hβ with metal-
licity. They show that the observations can roughly be repro-
duced with simple assumptions and an empirical calibration of
Q2/LX = (1−3) × 1010 photon erg−1 based on the ULX observed
in the low-metallicity galaxy I Zw 18. This work postulates that
X-ray bright sources (HMXBs and ULXs) are the main source
of He+ ionising photons in low-metallicity galaxies.

Overall, the present work builds on the same assumptions,
using, however, detailed SEDs of ULXs to perform quantita-
tive photoionisation models to predict not only the He+ and
H recombination lines, but also metallic forbidden lines, which
are successfully compared to the observations. In particular,
our Cloudy models can reproduce the observed intensities of
the high ionisation lines of He ii, [Nev]λ3426, as well as the
lines of [O iii], [O ii], and [O i]2. Observationally, Saxena et al.
(2020a,b) have explored the X-ray emission from a sample of
18 He ii emitters and a comparison sample of non-He ii emit-
ters at redshift z ∼ 3 by stacking, finding similar ratios of
LX/SFR for both samples. From this, they conclude that X-ray
binaries or weak or obscured AGN are unlikely to be the dom-
inant producers of He+ ionising photons in star-forming galax-
ies at this redshift. For the 18 He ii emitters available for this
study, they obtain a stacked log〈LX〉/〈SFR〉 = 40.01+0.26

−0.75 (in
erg s−1/(M� yr−1) at z = 3.04, and 39.95+0.12

−0.17 for the non-emitters
at z = 3.15. Both values are compatible with existing mea-
surements at z ∼ 1.5−2.3 (Fornasini et al. 2019). However,
the uncertainties on LX/SFR are quite large, especially for the
He ii emitters, and the LX/SFR of both samples is not signifi-
cantly larger than the average value observed in the low-z Uni-
verse at solar metallicity log LX/SFR = 39.55 ± 0.15 (see e.g.

2 Since observations probing O iv lines are quite rare, we are currently
not able to examine this ionisation stage as well.
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Brorby et al. 2016), where nebular He ii emission is generally not
observed (cf. Guseva et al. 2000; Shirazi & Brinchmann 2012).
Further observational studies are desirable to reach firmer con-
clusions (cf. below).

Senchyna et al. (2020) performed a similar modelling exer-
cise as the present study, but they have reached opposite results.
They used spectra of HMXBs from the multi-colour disc model
(Mitsuda et al. 1984), producing a modified blackbody spectrum
representing gas at a range of temperatures in the accretion disc,
and different black hole masses. These SEDs were then com-
bined in the same way as in our study to the SED of integrated
stellar populations, assuming variable amounts of LX/SFR, and
then processed by Cloudy models. From their work, Senchyna
et al. (2020) conclude that HMXBs are not efficient enough to
produce the needed amount of He+ ionising photons, and hence
that the HMXBs are not the dominant source of nebular He ii in
low-metallicity galaxies. The main differences with the present
work are the adopted SEDs used to describe the X-rays sources.
Clearly, the SEDs assumed by Senchyna et al. (2020) are very
hard, and hence predict only small amounts of ionising photons
close to the He+ ionisation potential. In other words, their input
spectra have a significantly lower Q2/LX than the ULX SEDs
adopted here, which directly translates to lower He iiλ4686/Hβ
ratios for the same amount of X-ray emission (i.e. the same
LX/SFR). The success or failure of their model and ours therefore
largely depends on the assumed X-ray SEDs that are adopted.
We now discuss this issue and the diversity of SEDs among
ULXs and HMXBs.

4.2. Diversity of SEDs among ULXs

Early ULX observations were dominated by a single spec-
tral component that could be fitted with accretion disc models
(Makishima et al. 2000). However, as the spectral quality
of observations improved with Chandra and XMM-Newton, it
became evident that this single component model was not physi-
cally motivated and that deeper observations required more com-
plex modelling (Kaaret et al. 2017).

A physically motivated ULX model would have two main
components: an accretion disc modelled by radially dependent
blackbodies and a Comptonised corona. The relative flux of
these components varies, making the spectrum change its hard-
ness (e.g. ‘soft UL’ and ‘hard UL’; Sutton et al. 2013a,b). The
fundamental properties of X-ray binaries are the mass, spin
and nature of the compact object and companion star, as well
as their orbital separation and eccentricity. The variation of
these properties produces different SED shapes. In addition, as
already discussed above, different components may be present
(intermediate-mass BHs, irradiated discs, and supercritical irra-
diated discs), and the mass-transfer rate is also expected to
affect the intrinsic SEDs. Many studies suggest that ULXs cor-
respond to a subset of sources with super-Eddington accretion
rates seen basically face-on, whereas observations at high incli-
nations would see the enshrouded accretor as microquasars or
super-soft sources (see Kaaret et al. 2017; Urquhart et al. 2019,
and references therein).

Observationally, ULXs show emission across a wide spec-
tral range, in some cases including radio emission and nebulae
detected at optical and IR wavelengths, illustrating the many
diverse associated processes (e.g. Cseh et al. 2014; Liu et al.
2015). In the case of nebulae, the detected emission lines may
provide useful information on the SEDs in the spectral range of
interest here (primarily >54 eV and up to the X-ray domain) and
on the contributions from other processes (e.g. shocks). Indeed,

as already mentioned in the Introduction, numerous ULX nebu-
lae showing high ionisation lines as He iiλ4686, [Nev]λ3426,
and [O iv] have been reported (e.g. Pakull & Mirioni 2002;
Lehmann et al. 2005; Abolmasov et al. 2007, 2008; Kaaret &
Corbel 2009; Berghea et al. 2010; Grisé et al. 2011; Maggi et al.
2011; Moon et al. 2011; Berghea & Dudik 2012; Binder et al.
2018; Urquhart et al. 2018; Vinokurov et al. 2018), but others
do not show such lines (e.g. Pakull & Mirioni 2002; Abolmasov
et al. 2007; Díaz Tello et al. 2017). Interestingly, some micro-
quasars also show nebulae with He iiλ4686 emission (Pakull
et al. 2010), which is another shared property with (some) ULXs.
Statistical results regarding the frequency and strength of these
important lines have, to the best of our knowledge, not been
reported. In any case, the present results point towards a diversity
of the SED in the UV-to-X-ray domain.

Thus far relatively few studies have examined ULX neb-
ulae in classical BPT diagrams or used similar diagnostics to
determine the dominant source of the optical emission (see e.g.
Lehmann et al. 2005; Abolmasov et al. 2008). Recent examples
of BPT diagrams are shown, for example, by Díaz Tello et al.
(2017), who found a ULX nebula located on the border between
star forming and AGN regions. Another nebula was found in the
LINER domain (López et al. 2019). The emission line ratios of
the high-ionisation nebula Holmberg II X-1 are consistent with
H ii regions (Lehmann et al. 2005). According to Kaaret et al.
(2017), most nebulae appear to be powered by shocks between
outflows and the surrounding medium, while few are powered by
photoionisation. Again, both X-ray and photo-ionised regions as
well as shock-ionised nebulae seem to exist, but statistics and a
more profound understanding of these nebulae are lacking. In
short, the variety and range of properties exhibited by ULXs
make the modelling of ULXs a challenging task.

4.3. Other sources of nebular He ii emission

Several other processes and sources to explain nebular He ii
emission in low-metallicity galaxies have been suggested and
explored in the literature. These include, for example, shocks in
the ISM and the existence of very hot stars, in addition to other
‘unconvential’ suggestions.

Thuan & Izotov (2005), Izotov et al. (2012), and others have
proposed that fast radiative shocks can explain both the observed
He iiλ4686 and [Nev]λ3426 intensities in some low-metallicity
galaxies. Using the shock models of Allen et al. (2008) for SMC
and LMC metallicities, Izotov et al. (2012) show that the main
intensities can be reproduced with shocks contributing ∼10%
of the total ionising flux, the rest being due to stars. Observed
broad components in strong emission lines such as Hα could
be a direct observational signature indicating such shocks. The
studies of Plat et al. (2019) and others reach similar conditions,
arguing for a shock or an AGN contribution to explain nebular
He ii. The principle difficulties of this scenario are probably pre-
dicting the required shock contribution in a quantitative manner
and explaining the observed increase in He ii/Hβ with decreas-
ing metallicity. To the best of our knowledge, this has not been
addressed yet in the literature.

Basically since the discovery of frequent nebular He ii emis-
sion in low-metallicity galaxies, it has been shown that state-
of-the-art evolutionary synthesis models combining the latest
knowledge of stellar evolution and stellar atmospheres fall short
of producing the high energy (>54 eV) photons needed to repro-
duce this high ionisation line (see references in Sect. 1). Despite
several updates, improvements, and the inclusion of stars result-
ing from stellar interactions in binary systems, this conclusion
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remains valid so far, as shown by several recent studies exam-
ining both the UV and/or optical He ii recombination lines (e.g.
Berg et al. 2018; Stanway & Eldridge 2019; Nanayakkara et al.
2019; Saxena et al. 2020a; Bian et al. 2020).

Despite this, several authors suggest that binary evolution,
fast rotation, or other processes could lead to very hot stars,
which should boost and maybe provide sufficient He+ ionising
photons (e.g. Götberg et al. 2019; Bian et al. 2020). However,
no quantitative stellar population model solving this observa-
tional problem has been presented so far. Two recent studies
propose that nebular He ii emission with the observed intensi-
ties could even be achieved with conventional stellar popula-
tions, that is without the need to invoke other sources of higher
energy photons. For example, Barrow (2020) performed cos-
mological zoom-in simulations of high-redshift galaxies includ-
ing SEDs from the Flexible Stellar Population Synthesis code
(FSPS; Conroy & Gunn 2010) and following the evolution on
very short timescales. In these simulations they identified several
galaxies with He iiλ4686/Hβ ∼ 0.001−0.03, which were found
during specific, relatively short time intervals. The study of
Barrow (2020) argues that gaps of ≥15 Myr in star formation
could explain the high intensities of He ii without the need for
other ionising sources.

However, in the detailed simulations which reach metallici-
ties of 12 + log(O/H) . 8.0, comparable to those observed in
the low-z galaxy sample, their models predict lower intensities
(He iiλ4686/Hβ . 0.007) than the observations. Furthermore,
the predicted He ii phases occur only in sources with low Hβ
equivalent widths (EW(Hβ). 10 Å), in stark contrast to obser-
vations (see e.g. the compilation in Schaerer et al. 2019, 2020).
Finally, the simulations predict only very few sources and short
phases with nebular He ii, which is again in contrast to the
observations where nebular He ii is detected in approximately
two-thirds of the star-forming galaxy samples at metallicities of
12 + log(O/H) . 8.3. From this we conclude that their model
is not comparable to the observed low-z galaxy sample or that
additional high-energy sources are indeed needed.

In a recent work, Pérez-Montero et al. (2020) have stud-
ied the behaviour of the nebular He i and He ii lines in low-
z galaxies and they suggest that the observed intensities of
He ii could be explained by density-bounded H ii regions pow-
ered by ‘normal’ stellar SEDs. To achieve this with normal
SEDs, the relative He iiλ4686/Hβ predicted for Case B (ioni-
sation bounded nebulae) must be significantly ‘boosted’. This
can in principle be achieved by reducing a large fraction of the
Hβ emission which is emitted quite uniformly across the entire
H ii region, whereas the central He ii-emitting region remains
unchanged. However, to reach the observed He ii intensities, a
very high mean escape fraction fesc = 0.74 (or a mean absorp-
tion fraction of 26%) of the H ionising photons must be invoked
(Pérez-Montero et al. 2020), which is not compatible with the
observations. Indeed, overall Lyman continuum escape appears
to be relatively rare and certainly well below this value at any
redshift z . 3 where it has currently been measured (see e.g.
Siana et al. 2015; Grazian et al. 2017; Steidel et al. 2018; Alavi
et al. 2020). Also, at z ∼ 0.3−0.4 where recent studies with the
Hubble Space Telescope have detected some Lyman continuum
emitters, the measured escape fractions range from ∼2−70% (see
e.g. Izotov et al. 2021, and references therein), with a mean
escape fraction well below the value invoked by Pérez-Montero
et al. (2020). Furthermore, the known low-z leakers do not show
different and enhanced He ii/Hβ intensities (Guseva et al. 2000).
Finally, with such a large mean escape fraction, the observed
Hβ EW distribution of the He ii emitters would be significantly

altered (i.e. shifted to lower EW(Hβ) by a factor ∼4) and many
He ii emitters showing high EW(Hβ) (cf. Shirazi & Brinchmann
2012; Schaerer et al. 2020) could hence not be explained by
the same stellar population model which predict a maximum
EW(Hβ) which is quite close to the maximum observed value.

4.4. Future avenues

From the above discussions and based on our current knowl-
edge of stars and stellar populations, we conclude that shocks,
ULXs and HMBXs, a low-luminosity AGN contribution, or
other sources of high energy photons are needed to solve the neb-
ular He ii problem. None of the existing scenarios provide fully
satisfactory answers and/or quantitative results thus far. Clearly,
more research is needed to unveil the mystery of He ii nebular
emission.

For example, theoretical and observational studies to better
understand the SEDs of ULXs and HMXBs as well as their
diversity might be of interest. Similarly, a better understand-
ing of ULX nebulae, their frequency, observed spectra, etc.
would be useful. More generally, investigations on the impact of
X-ray sources (both discrete and diffuse) on the ISM and
observed spectra of star-forming galaxies may also shed new
light on the He ii problem and other, possibly related issues.
Along these lines, several recent studies have for instance inves-
tigated the link between X-rays and Lyα emitters, and possi-
ble connections between X-ray sources and Lyman continuum
escape (see e.g. Sobral et al. 2015; Svoboda et al. 2019;
Dittenber et al. 2020). More detailed investigations of shocks and
their contribution to high ionisation lines, both on small scales
(resolved) as well as in integrated galaxy spectra, would also
seem of considerable interest.

The James Webb Space Telescope and other large telescopes
will certainly continue to detect nebular He ii emission in pro-
gressively more distant galaxies and provide invaluable new
information on the stars, the ISM, and other components of
galaxies in the early Universe. A proper solution for the long-
standing nebular He ii problem, which may affect other emis-
sion line diagnostics to a currently unknown extent, appears to
be a fundamental goal to confidently exploit these powerful new
observations.

5. Conclusions

We have quantitatively examined the impact of luminous
X-ray sources on the optical emission lines of star-forming
galaxies and nebular He ii in particular. To do so, we com-
bined three empirically constrained SEDs of ULXs with known
nebulae from Berghea & Dudik (2012) and Kaaret & Corbel
(2009) with the SED of stellar populations, as predicted from
BPASS models (Eldridge et al. 2017). The X-ray luminosity
of the source normalised to the SFR of the galaxy, LX/SFR,
which is considered a free parameter, was used to explore the
effect of the X-ray sources. We varied LX/SFR from 1039 to
∼1041 erg s−1/(M� yr−1), thus covering the range observed in
star-forming galaxies (e.g. Mineo et al. 2014; Brorby & Kaaret
2017). Using the combined SEDs, we then computed Cloudy
photoionisation models for conditions representative of low-
metallicity galaxies from the sample of Guseva et al. (2019). Our
main findings can be summarised as follows:

– The addition of X-ray emission from a ULX to a
purely stellar SED hardens the spectrum of the galaxy,
allowing a nebular He ii emission with intensities up
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to He iiλ4686/Hβ∼ 0.04, comparable to the observations,
with X-ray luminosities also compatible with observations.
Increasing the X-ray contribution directly increases the out-
put He ii nebular emission.

– We note that [Nev] emission, which requires ionising pho-
tons with energies above 97.1 eV and is observed together
with He ii in a small number of blue compact dwarf galax-
ies, can be explained by the same models. The strong depen-
dence of [Nev] on the ionisation parameter can naturally
explain why this line is only detected in a small fraction of
He ii emitters.

– The contribution of ULXs to the galaxy SED affects the
classical optical diagnostic diagrams. As expected, the high
energy radiation boosts both high and low ionisation lines.
We show, for example, that the BPT diagram involving
[O i] λ6300/Hα is more significantly altered than [N ii]
λλ6548,6584/Hα.

– We show that the main optical emission line ratios, involv-
ing three ionisation stages of Oxygen (namely [O iii]
λλ4959,5007, [O ii] λ3727, and [O i] λ6300), He iiλ4686,
[N ii] λλ6548,6584, plus Hα and Hβ, can consistently be
reproduced by our galaxy SEDs including an ULX compo-
nent.

– In particular, we have shown that the most efficient model is
one in which an irradiated disc X-ray model is added, which
can fit some ULXs’ optical and X-ray wavelengths (DIS).
The base spectra for the DIS model can achieve the observed
percentage, while the BMC and KAA models are expected
below it.

– The impact of ULXs on the UV-optical emission lines of
low-metallicity star-forming galaxies strongly depends on
the shape of the SEDs of these X-ray sources, which are
poorly known, most likely variable, and thus difficult to
describe in an average sense.
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Appendix A: Comparison of Cloudy predictions
with Case B

To first order, assuming simple Case B recombination line emis-
sivities, the relative line intensities of He ii/Hβ are given by

I(4686)/I(Hβ) = A ×
Q2

Q0
, (A.1)

where Q0 and Q2 are the ionising photon fluxes for H and He+

respectively (i.e. above 13.6 and 54 eV), and A ' 1.74 for typical
nebular conditions (Stasińska et al. 2015). In Fig. A.1, we com-
pare the line ratio calculated from this simple analytic expres-
sion with the predictions from our Cloudy model grid. Overall,
the scaling is as expected, and the models with a high ionisation
parameter agree well with Eq. (A.1), except for very low values
of He iiλ4686/Hβ. 3×10−3, which is below the current detection
limit. For models with low U, we find a decrease in He ii/Hβ, by
up to a factor ∼ 2 − 3, which we attribute to the competition
between H and He, discussed in earlier studies (e.g. Stasińska
& Tylenda 1986; Raiter et al. 2010), and which cannot be cap-
tured by simple Case B theory. We also note that for the hardest
SED (between 54 eV, the ionisation potential of He+, and the
X-ray domain), Cloudy predicts a lower He ii/Hβ intensity than
naively expected from simple ionising-photon counting. This is
most likely due to the fact only a fraction of photons with an
energy > 54 eV have energies sufficiently close to the ionisation
potential to be efficiently absorbed by He+, whose photoionisa-
tion cross section decreases with ν−3.
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Fig. A.1. Percentages of HeII in relation to Hβ. The X-axis shows the
analytical predictions based on the input spectra, where the factor 1.74
corresponds to typical nebular conditions. The dashed line shows a one-
to-one relation between the predictions and the outputs. The upper and
lower boundary for each model correspond to log U = −1.5 and log U =
−3.5, respectively.

A127, page 12 of 12


	Introduction
	Photoionisation models of star-forming galaxies including ULXs
	SEDs of ULXs
	NGC6946 X-1 SEDs
	NGC5408 X-1 SED

	A galaxy SED including an ULX – I Zw 18
	Photoionisation modelling using combined SEDs
	Observational sample

	Results
	Galaxy SEDs including ULXs can produce enough Heii emission to explain observations
	[Nev] emission and its relation with Heii
	The impact of ULXs on emission line diagnostics

	Discussion
	The ULX and HMXB – Heii connection in the literature
	Diversity of SEDs among ULXs
	Other sources of nebular Heii emission
	Future avenues

	Conclusions
	References
	Comparison of Cloudy predictions with Case B

