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ABSTRACT
We compute synthetic optical and ultraviolet (UV) emission-line properties of galaxies in a full
cosmological framework by coupling, in post-processing, new-generation nebular-emission
models with high-resolution, cosmological zoom-in simulations of massive galaxies. Our
self-consistent modelling accounts for nebular emission from young stars and accreting black
holes (BHs). We investigate which optical- and UV-line diagnostic diagrams can best help
to discern between the main ionizing sources, as traced by the ratio of BH accretion to star
formation rates in model galaxies, over a wide range of redshifts. At low redshift, simulated
star-forming galaxies, galaxies dominated by active galactic nuclei and composite galaxies
are appropriately differentiated by standard selection criteria in the classical [O III]λ5007/H β

versus [N II]λ6584/H α diagram. At redshifts z � 1, however, this optical diagram fails to
discriminate between active and inactive galaxies at metallicities below 0.5Z�. To robustly
classify the ionizing radiation of such metal-poor galaxies, which dominate in the early
Universe, we confirm 3 previous and propose 11 novel diagnostic diagrams based on
equivalent widths and luminosity ratios of UV emission lines, such as EW(O III] λ1663)
versus O III] λ1663/He II λ1640, C III] λ1908/He II λ1640 versus O III] λ1663/He II λ1640, and
C IV λ1550/C III] λ1908 versus C III] λ1908/C II] λ2326. We formulate associated UV selection
criteria and discuss some caveats of our results (e.g. uncertainties in the modelling of the
He II λ1640 line). These UV diagnostic diagrams are potentially important for the interpretation
of high-quality spectra of very distant galaxies to be gathered by next-generation telescopes,
such as the James Webb Space Telescope.

Key words: methods: numerical – galaxies: abundances – galaxies: evolution – galaxies: for-
mation – galaxies: general.

1 IN T RO D U C T I O N

The nebular emission from interstellar gas provides important
information about different ionizing sources in a galaxy. In par-
ticular, optical nebular emission lines are traditionally used to
distinguish between ionization sources such as young massive stars

� E-mail: hirschma@iap.fr

[tracing the star formation rate (SFR)], an active galactic nucleus
(AGN), or evolved, post-asymptotic giant branch (post-AGB) stars
(e.g. Izotov & Thuan 1999; Kobulnicky, Kennicutt & Pizagno
1999; Kauffmann et al. 2003; Nagao, Maiolino & Marconi 2006;
Kewley & Ellison 2008; Morisset et al. 2016). In fact, the intensity
ratios of strong emission lines, such as H β, [O III]λ5007, H α,
and [N II]λ6584, exhibit well-defined correlations, characteristic
of the nature of ionizing radiation. One widely used line-ratio
diagnostic diagram is that defined by the [O III]λ5007/H β and
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[N II]λ6584/H α (hereafter simply [O III]/H β and [N II]/H α) ratios,
originally characterized by Baldwin, Phillips & Terlevich (1981,
hereafter BPT) and Veilleux & Osterbrock (1987). This diagram
has been shown useful to distinguish different ionizing sources in
large samples of local galaxies (e.g. Kewley et al. 2001; Kauffmann
et al. 2003), but its applicability at high redshift is still unclear.
Based on a sample of about 50 star-forming (SF) galaxies and
10 confirmed AGNs at z ∼ 2.3, Coil et al. (2015) find that the
local AGN/SF galaxy classification in the [O III]/H β–[N II]/H α

diagram robustly separates these populations in the distant Universe.
However, the apparent evolution of the [O III]/H β ratio over cosmic
time identified in several observational studies challenges this
conclusion (e.g. Shapley et al. 2005; Lehnert et al. 2009; Yabe
et al. 2012; Steidel et al. 2014; Shapley et al. 2015; Strom et al.
2017). In addition, at the very low metallicities expected in the
youngest galaxies at high redshifts (e.g. Maiolino et al. 2008),
emission-line ratios for SF- and AGN-dominated models tend to
occupy similar regions of the [O III]/H β–[N II]/H α diagram (Feltre,
Charlot & Gutkin 2016). Thus, even if optical emission lines will be
measurable out to redshifts of several using the future James Webb
Space Telescope (JWST), their usefulness to constrain the nature of
ionizing sources in the early universe is uncertain.

In recent years, interest has grown in ultraviolet (UV) nebular
emission lines, such as C III] λ1908, C IV λ1550, and He II λ1640
lines, which can be routinely detected in SF galaxies at low redshift
with the Hubble Space Telescope and at higher redshift with near-
infrared spectrographs (e.g. Pettini & Pagel 2004; Hainline et al.
2009; Erb et al. 2010; Stark et al. 2014; Senchyna et al. 2017; Talia
et al. 2017; Vanzella et al. 2017). UV emission lines tend to be
particularly prominent in metal-poor, actively SF dwarf galaxies
at all redshifts (e.g. Stark et al. 2014; Berg et al. 2016; Senchyna
et al. 2017). This is because metal-poor gas cools less efficiently
than metal-rich gas, leading to higher electron temperatures and
stronger collisionally excited emission lines, while metal-poor stars
are also hotter and have harder ionizing spectra than metal-rich
ones (e.g. Schaller et al. 1992; Schaerer 2003). This makes UV
emission lines attractive tracers of the ionizing radiation in metal-
poor galaxies, which will be observable with JWST at redshifts way
into the reionization epoch, between z ∼ 15 (Planck Collaboration
XLVII 2016) and z ∼ 6 (e.g. Fan et al. 2006). Yet, to date, the
dependence of these lines on the nature of the ionizing radiation
in galaxies has been far less studied than that of optical lines, and
never in a cosmological context.

In a pioneering study, Feltre et al. (2016) explored the UV
emission-line properties of photoionization models of SF- and
AGN-dominated galaxies and proposed new line-ratio diagnos-
tic diagrams to discriminate between the two populations, such
as C III] λ1908/He II λ1640 versus C IV λ1550/He II λ1640 diagram.
This approach (see also Nakajima et al. 2018) relies on a blind
exploration of the wide parameter space of photoionization models
(ionization parameter, element abundances, depletion of metals on
to dust grains, stellar and AGN properties, etc.). While highly
instructive, it also presents some drawbacks: the results may be
affected by parameter combinations not found in nature; the com-
bined effects of star formation and nuclear activity in a ‘composite’
galaxy were not explored;1 and the conclusions drawn about line-

1Note that Nakajima et al. (2018) consider composite-like galaxies, by
simply adopting different fractional AGN contributions, but they do not
derive any selection criteria for composites.

ratio diagnostic diagrams do not incorporate the potential evolution
of galaxy properties with cosmic time.

In this respect, modelling nebular emission lines of galaxies in a
full cosmological context can give us important information about
the relation between observed nebular emission and the intrinsic
properties of ionizing sources at different cosmic epochs. However,
corresponding, entirely self-consistent models are not yet feasible,
because of insufficient spatial resolution on scales of single ionized
regions around AGN and stars as well as limitations in generating
cosmological radiation-hydrodynamic simulations. As an alterna-
tive, some studies suggested to post-process semi-analytic models
and cosmological simulations with spectral evolution models to
calculate nebular emission lines of galaxies in a cosmological
context (Kewley et al. 2013; Orsi et al. 2014; Shimizu et al.
2016; Hirschmann et al. 2017). For example, by linking metal
enrichment histories from cosmological simulations with nebular
emission models of SF galaxies, Kewley et al. (2013) proposed
modified, redshift-evolving criteria in the [O III]/H β–[N II]/H α

diagram to select SF galaxies while accounting for the predicted
cosmic evolution of [O III]λ5007/H β. Despite this progress, no
study so far has either considered a full differentiation between
SF, composite and AGN-dominated galaxies, or investigated the
potential usefulness of UV emission lines for the classification of
ionizing sources over cosmic time.

In this paper, we close this gap by appealing to the methodology
introduced by Hirschmann et al. (2017) to model in a self-consistent
way the nebular emission from different regions in the ISM ionized
by various sources in simulated galaxies. This is achieved by
coupling photoionization models for AGN (Feltre et al. 2016),
young stars (Gutkin, Charlot & Bruzual 2016) and post-AGB stars
(Hirschmann et al. 2017) with cosmological hydrodynamic simu-
lations. The resulting models reproduce observations of galaxies
in various optical BPT diagrams involving the H β, [O III]λ5007,
[O I]λ6300, H α, [N II]λ6584, and [S II]λλ6717, 6731 (hereafter sim-
ply [S II]λ6724) lines, at both low and high redshifts, and accounting
for the observed evolutionary trend in [O III]/H β (Hirschmann et al.
2017). Our methodology, which by design captures SF, composite
and AGN-dominated galaxies in a full cosmological framework,
provides a unique means of answering key questions we aim to
address in this study:

(i) To what extent are optical selection criteria, traditionally used
to identify the nature of ionizing sources in low-redshift galaxies,
still useful for classifications at high redshift?

(ii) Can we identify novel diagnostic diagrams in the rest-frame
UV and derive corresponding selection criteria to identify the
main ionizing sources of galaxies, in particular, in the distant
Universe?

Answers to these questions will allow proper interpretation of the
high-quality spectra of very distant galaxies to be gathered by next-
generation telescopes, such as JWST, providing valuable insight
into, for example, the relative contributions by star formation and
nuclear activity to reionization of the Universe.

The study is organized as follows. We start by describing the
theoretical framework of our study in Section 2, including the
cosmological zoom-in simulations, the photoionization models, and
the coupling methodology between simulations and emission-line
models. Sections 3 and 4 present our main findings about tracing the
nature of ionizing sources in distant galaxies via classical optical and
novel UV diagnostic diagrams. We address possible caveats of our
approach and put our results into the context of previous theoretical
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studies in Section 5. At the end, in Section 6, we summarize our
main results.

2 TH E O R E T I C A L F R A M E WO R K

2.1 Cosmological zoom-in simulations of massive haloes

To conduct this study, we appeal to a sample of 20 cosmological
zoom-in simulations of massive haloes described in Choi et al.
(2017) and Hirschmann et al. (2017). We briefly summarize these
models below and refer the reader to the original studies for more
details.

2.1.1 The simulation code ‘SPHGal’

The simulations used in this study were produced with the code
SPHGal, a modified version of the parallel, smoothed particle
hydrodynamics (SPH) code GADGET3 (Springel, Di Matteo &
Hernquist 2005). As described in Hu et al. (2014), this code
includes ‘modern’ numerical SPH schemes, which pass all standard
tests previously reported to be problematic, such as fluid-mixing
problems (see also Choi et al. 2017; Núñez et al. 2017).

SPHGal includes sub-grid models for star formation, chemical
enrichment, metal-line cooling, stellar and AGN feedback, and UV
photoionizing background (Haardt & Madau 2001). Specifically, to
model star formation, we assume a temperature-dependent density
threshold, above which gas particles get Jeans unstable and are
stochastically converted into star particles (Núñez et al. 2017).
Chemical enrichment is accounted for via type-Ia and type-II
supernovae (SNe) and AGB stars, tracing 11 species in gas and star
particles (Aumer et al. 2013). We also account for metal diffusion
in the ISM as in Aumer et al. (2013).

Star formation in our simulated galaxies is regulated by stellar
and AGN feedback. We adopt the scheme described in Núñez et al.
(2017) to model mass, energy, and momentum injection due to
early stellar and SN feedback from different evolutionary stages
of massive stars. AGN feedback and black hole (BH) growth is
modelled as described in Choi et al. (2017). Specifically, we follow
a statistical Bondi–Hoyle approach to follow gas accretion on to the
central BH (Bondi 1952; Choi et al. 2012). To model AGN feedback,
we adopt a physically motivated scheme including both mechanical
feedback, motivated by broad-absorption-line winds from quasars,
and radiative X-ray feedback (Ostriker et al. 2010; Choi et al.
2017). In contrast to many previous studies, we do not consider
only thermal energy release into the ambient medium as widely
assumed in cosmological simulations (e.g. Hirschmann et al. 2014;
Somerville & Davé 2015; Naab & Ostriker 2017). Adopting these
sub-grid models, in particular the improved prescription for AGN
feedback, we obtain fairly realistic massive galaxies in terms of,
e.g. SFR histories, stellar baryon conversion efficiencies (i.e. stellar
masses), sizes, gas fractions, gas (O/H) and stellar metallicities,
hot-gas X-ray luminosities, and optical emission-line ratios. Our
simulation predictions are also largely consistent with the observed
main sequence of SF galaxies, the mass–metallicity and the mass-
size relations (Choi et al. 2017; Hirschmann et al. 2017; Brennan
et al. 2018; Choi et al. 2018; Frigo et al. 2018).

2.1.2 The simulation set-up

Our set of 20 cosmological zoom-in simulations is based on a
sub-set of initial conditions from Oser et al. (2010, 2012) and

Hirschmann et al. (2012, 2013), adopting a WMAP3 cosmology
(σ 8 = 0.77, �m = 0.26, �� = 0.74, and h = 0.72; see e.g. Spergel
et al. 2003). The dark-matter (DM) haloes chosen for zoom-in re-
simulations, with z = 0 virial masses between 2.2 × 1012 M� h−1

and 2.2 × 1013 M� h−1, were selected from a DM-only N-body
simulation with a co-moving periodic box length L = 72 Mpc h−1

and 5123 particles (Moster et al. 2010). The construction of initial
conditions of the high-resolution re-simulations as well as the
generation of stellar merger trees are described in detail in Oser et al.
(2010, 2012) and Hirschmann et al. (2017), and we refer the reader to
these works for further information. In brief, our re-simulations are
consisting of particles with masses of mdm = 2.5 × 107 M� h−1 for
DM, and mgas = 4.2 × 106 M� h−1 for gas, the latter being equal to
that of star particles. The co-moving gravitational softening length is
890 h−1pc for DM particles, and 400 h−1pc for gas and star particles.
The stellar merger trees for the set of 20 re-simulated galaxies
are constructed by employing a friends-of-friends algorithm to
identify a central galaxy at any simulation snapshot. Then, at every
time-step, we trace back only the most massive progenitor of a
present-day central galaxy, i.e. in this study, we focus on central
galaxies.

Note that our limited sample of zoom-in simulations does not
allow for a statistical representation of galaxies (e.g. probability
distribution), and moreover, our simulation suite probes only a
subset of the parameter space (e.g. both lower mass and higher
mass haloes are missing). Nevertheless, we emphasize that despite
using a non-cosmologically representative sample for this study, our
simulations do follow the scaling relations between various physical
parameters (e.g. mass–metallicity relation).

2.2 Modelling of nebular emission

As described in Hirschmann et al. (2017), we post-process the re-
simulated 20 galaxies of Section 2.1 to follow their nebular emission
lines. To accomplish this, we use the recent prescriptions of Gutkin
et al. (2016), Feltre et al. (2016), and Hirschmann et al. (2017), with
some minor modifications, to calculate the emission lines from
ionized regions around young massive stars, narrow-line regions
of AGN, and post-AGB stars, as described in Section 2.2.1. All
photoionization models, employed for this analysis, were generated
using version c13.03 of the photoionization code CLOUDY (Ferland
et al. 2013). Then, we couple these extensive calculations of nebular-
emission models with the simulations of massive galaxies, as
described in Section 2.2.2. For further details about the nebular-
emission models and coupling methodology, we refer the reader
to Gutkin et al. (2016), Feltre et al. (2016), and Hirschmann et al.
(2017).

2.2.1 Nebular-emission models

To model H II regions around young stars, we adopt the updated grid
of nebular-emission models of SF galaxies constructed by Gutkin
(private communication). As in Gutkin et al. (2016), these calcu-
lations adopt the method described by Charlot & Longhetti (2001)
and link the latest version of the Bruzual & Charlot (2003) stellar
population synthesis model (Charlot & Bruzual in preparation) to
CLOUDY. The models used here include newly updated spectra of
Wolf–Rayet stars from the Potsdam Wolf–Rayet Models (PoWR;
Todt private communication). In addition, we consider the default
Gutkin et al. (2016) models for 10-Myr-old stellar populations
having a constant SFR history and a standard Chabrier (2003)
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initial mass function (IMF), with a cut-off at 0.1 and 300 M�.2 The
resulting grid contains models in wide ranges of different interstellar
properties (see table 1 of Hirschmann et al. 2017 for a summary of
all parameters).

For AGN narrow-line regions (NLR), we employ an updated grid
of photoionization models of Feltre et al. (2016). The new grid
includes microturbulent clouds (with a microturbulence velocity of
100 km s−1) and adopts a smaller inner radius (90 pc compared to
the old radius of 300 pc for an AGN luminosity of 1045 erg s−1) for
the gas in the NLR.3 For further details of this model grid, we refer
the reader to Feltre et al. (2016) and table 1 in Hirschmann et al.
(2017).

To account for nebular emission from passively evolving, qui-
escent galaxies, we adopt the grid of ‘PAGB’ models introduced
in Hirschmann et al. (2017), constructed by inserting spectra of
single-age, evolved stellar populations into the photoionization code
CLOUDY. For further details of the model grids, we refer the reader
to table 1 of Hirschmann et al. (2017).

2.2.2 Coupling nebular-emission models with zoom-in simulations

To combine the grids of photoionization models presented in
Section 2.2.1 with the simulations of massive galaxies outlined
in Section 2.1, at each redshift step, we choose an SF, AGN, and
PAGB emission-line model for each simulated galaxy and obtain
the corresponding integrated nebular emission by summing up these
three components. As described in Hirschmann et al. (2017), by
self-consistently matching all model parameters available from the
simulations, we choose the SF, AGN, and PAGB models suitable
for each galaxy.

A few model parameters cannot be provided from the simulation,
such as the slope of the ionizing AGN spectrum α, the hydrogen gas
density in individual ionized regions nH, and the dust-to-metal mass
ratio ξ d. By considering different values for these parameters, their
potential impact on the nebular emission of galaxies is automatically
accounted for in our analysis. Specifically, we sample two values
of the dust-to-metal mass ratio, ξ d = 0.3 and ξ d = 0.5, in the SF,
AGN, and PAGB models, as these values are closest to that of ξ d,� =
0.36 in the Solar neighbourhood (Gutkin et al. 2016). We further
consider two values of the hydrogen gas density in H II regions,
nH,� = 102 cm−3 and nH,� = 103 cm−3, in the SF models. In the
AGN models, we allow for two values of the gas density in narrow-
line regions, nH,• = 103 cm−3 and nH,• = 104 cm−3, and two values
for the UV slope of the AGN ionizing spectrum, α = −1.4 and
α = −2.0.4 For the PAGB models, nH,� = 10 cm−3 is adopted. In
the next paragraphs, we briefly describe the methodology to link
the SF, AGN, and PAGB models to our cosmological simulations,
but refer the reader to Hirschmann et al. (2017) for further
details.

To match the SF models with simulated galaxies, we link the
SF emission-line model from the grid of Gutkin et al. (2016)

2We adopt here an IMF truncated at mup = 300 M�, rather than the standard
100 M�, to increase the strength of the He II λ1640 line and bring it in better
agreement with observations (Senchyna et al. 2017). See also Section 5.2
for further discussion.
3Note that these modifications have been found to result in a better agreement
with the observations of NV emission lines of AGN (Mignolie et al. 2019).
4In other words, we consider all permutations of the non-constrained
parameters to have the maximum possible area spanned by line ratios of
a galaxy in the BPT/UV diagnostic diagrams.

with the gas and star parameters (metallicity, carbon-to-oxygen
ratio, and ionization parameter) closest to that of each galaxy at
each simulation time-step. Note that we compute the ionization
parameter of a simulated galaxy using equation 1 of Hirschmann
et al. (2017). As explained in Hirschmann et al. (2017), in our
approach, Usim,� depends on the simulated SFR (via the rate of
ionizing photons) and global average gas density, ρgas,glob (via the
filling factor).

To associate AGN models from the Feltre et al. (2016) grid with
the nuclear activity of simulated galaxies at any simulation time-
step, we adopt a procedure similar to that for SF models. We take
the ISM conditions for the AGN model to be the central (rather than
global) ones of the simulated galaxy (central warm gas metallicity,
central carbon-to-oxygen ratio, and central ionization parameter),
i.e. in a co-moving sphere of 1-kpc radius around the BH (roughly
appropriate to probe the narrow-line regions around AGN). As
for the SF models, the central ionization parameter of simulated
galaxies is derived from the central volume-averaged gas density
and the bolometric AGN luminosity. To pick a PAGB emission-line
model from the Hirschmann et al. (2017) grid for each galaxy at
each simulation time-step, we match the average age and metallicity
of all star particles older than 3 Gyr and the same warm gas
properties as for H II regions to the closest grid values of the PAGB
models.

2.2.3 Total emission-line luminosities and line ratios of simulated
galaxies

The methodology outlined in the previous sections enables us
to calculate the contributions of young stars, AGN and post-
AGB stars to various emission-line luminosities (such as LH α ,
LH β , and LO III) of a simulated galaxy. Then, summing over
these three contributions allows us to compute the total line
luminosities of a galaxy. For line luminosity ratios, we assume
for simplicity the notation LO III/LH β = [O III]/H β. In this study,
we focus on exploring line ratios built from six optical lines,
H β, [O III]λ5007, [O I]λ6300, H α, [N II]λ6584 and [S II]λ6724
(as defined in Section 1), and 11 UV lines, N V λ1240 (multi-
plet), [N IV]λ1483 + N IV]λ1487 (hereafter simply N IV] λ1485),
C IV λλ1548, 1551 (hereafter simply C IV λ1550), He II λ1640,
O III]λλ1661, 1666 (hereafter simply O III] λ1663), N III] λ1750
(multiplet), Si II] λ1814 (multiplet), [Si III]λ1883 + Si III]λ1892
(hereafter simply Si III] λ1888), [C III]λ1907 + C III]λ1909 (here-
after simply C III] λ1908), C II] λ2326, and [O II]λλ3726, 3729
(hereafter simply [O II] λ3727).

2.2.4 Total equivalent widths of nebular emission lines of
simulated galaxies

In addition to line luminosities and line ratios, we also compute
the total equivalent widths (EW) of some nebular emission lines.
We obtain the EW of an emission line by dividing the total line
luminosity by the total continuum flux C at the line wavelength,
e.g. EW(C III] λ1908) =LC III/CC III (expressed in Å). The total
continuum C is the sum of the contributions by the stellar (SF
and PAGB) and AGN components. For the stellar components,
we account for both attenuated stellar radiation and nebular re-
combination continuum. For the AGN component, we consider
only the nebular recombination continuum, and do not account for
any attenuated radiation from the accreting BH. This assumption
should be reasonable for type-2 AGN, where direct AGN radiation
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is obscured by the surrounding torus, and only emission from
the narrow-line region is observed. Instead, for type-1 AGN, the
EW computed here should be interpreted as upper limits. In the
remainder of this study, we will focus on exploring the EW of five
UV lines: EW(C III] λ1908), EW(C IV λ1550), EW([O III]λ5007),
EW(Si III] λ1888), and EW(N III] λ1750).

3 D IFFERENTIATING IONIZING SOURCE S O F
GALAXIES IN OPTICAL-LINE D IAGNOSTI C
D I AG R A M S

In this section, we aim to understand to what extent traditionally
used selection criteria in the [O III]/H β–[N II]/H α line-ratio
diagram (Kewley et al. 2001; Kauffmann et al. 2003) still allow
for a differentiation of the main ionizing sources in distant galaxies.
To robustly assess this, we investigate the sample of 20 cosmological
zoom-in simulations of massive galaxies and their main progenitors
in the optical [O III]/H β–[N II]/H α diagram in different redshift
intervals.5 We define redshift bins that contain several simulation
snapshots, and therefore, potentially several tens of emission-
line galaxies. To account for uncertainties arising from the few
parameters undetermined by simulations (nH, ξ d and α), we allow
these parameters to vary as described in Section 2.2.2. Thus, a
galaxy at a given time-step can appear several times in the line-ratio
diagram.

In the simulations, we can theoretically distinguish between dif-
ferent galaxy types on the basis of the predicted ratio of BH accretion
rate (BHAR) to SFR and the H β-line luminosity. Specifically,
SF-dominated, composite, AGN-dominated, and PAGB-dominated
galaxies are defined as follows (Hirschmann et al. 2017):

(i) SF-dominated galaxies: BHAR/SFR <10−4 and H βSF+AGN

> H βPAGB (blue stars in all figures)
(ii) Composite galaxies: 10−4 < BHAR/SFR <10−2 and

H βSF+AGN > H βPAGB (red circles in all figures)
(iii) AGN-dominated galaxies: BHAR/SFR >10−2 and

H βSF+AGN > H βPAGB (green triangles in all figures)
(iv) PAGB-dominated galaxies: H βSF+AGN < H βPAGB (yellow

squares in all figures)

By definition, this classification in terms of the theoretical
BHAR/SFR ratio reflects the relative contributions by young stars
and an AGN to the intrinsic ionizing-radiation budget. In fact,
the BHAR/SFR ratio controls the ratio of (observable) H β-line
luminosities arising from the AGN and stars. We find that the
fraction of H β-line luminosity arising from the AGN exceeds
50 per cent in galaxies classified as AGN-dominated in our model,
while it is between 1 and 50 per cent for composites and less than
1 per cent for SF-dominated galaxies. We emphasize here that the
nebular emission of an AGN-dominated (SFR-dominated) galaxy
can include a minor contribution from stars (an AGN).

In the following subsections, we adopt these theoretical defini-
tions to investigate the locations of different galaxy types in the
[O III]/H β–[N II]/H α diagram from z = 0 to z = 6 (Section 3.1),
discuss possible alternatives when the main ionizing sources in
distant galaxies are misclassified (Section 3.2), and quantify the
accuracy of traditionally used, optical selection criteria over cosmic
time (Section 3.3). Note that, while we focus on distinguishing

5We do not discuss here the [O III]/H β–[S II]/H α and [O III]/H β–[O I]/H α

diagnostic diagrams also proposed by BPT, as these are less useful to
separate AGN from composite galaxies.

between SF-dominated, composite, and AGN-dominated galaxies
in the [O III]/H β–[N II]/H α diagram, we also show for completeness
in Figs 1 and 3 the location of PAGB-dominated galaxies.

3.1 Optical line ratios of all galaxies

In the left column of Fig. 1, we show the locations of SF-dominated
(blue stars, top panel), composite (red circles, middle panel), AGN-
dominated (green triangles, bottom panel), and PAGB-dominated
(yellow squares, bottom panel) galaxies together their main pro-
genitors identified from all simulation snapshots at redshifts z <

1 in the [O III]/H β–[N II]/H α diagnostic diagram. For composite
and AGN-dominated galaxies, the symbols are further colour coded
according to AGN luminosity (as indicated). The location of SDSS
galaxies is indicated by the grey shaded areas and contours in each
diagram.

To enable a fair comparison between models and observations,
we illustrate the effect of adding a typical flux detection limit of
5 × 10−17 erg s−1 cm−2 (motivated by table 1 of Juneau et al.
2014, for SDSS galaxies) for all simulated galaxies (as in fig. 1
of Hirschmann et al. 2017). Galaxies satisfying this criterion are
shown by filled symbols, and those too faint to be detected by
open symbols. Also shown as black dashed and dotted lines in
these diagrams are classical observational criteria from Kauffmann
et al. (2003) and Kewley et al. (2001), respectively, to differentiate
SF galaxies from composites, AGN and LI(N)ER [low-ionization
(nuclear) emission] galaxies. Observationally, galaxies with line
ratios below the dashed line are classified as SF-dominated, those
with line ratios between the dashed and dotted lines as composite,
and those with line ratios above the dotted line as AGN-dominated.
In addition, galaxies with line ratios in the bottom-right quadrant
defined by dot–dashed lines are classified as LI(N)ER, whose main
ionizing sources are still debated (e.g. faint AGN, post-AGB stellar
populations, shocks, or a mix of these sources; e.g. Belfiore 2016).

As already discussed in Hirschmann et al. (2017), Fig. 1 depicts
that, at z < 1, simulated galaxies satisfying our conservative flux
limit occupy the same areas as SDSS galaxies in the [O III]/H β–
[N II]/H α plane. In addition, simulated galaxies of SF, AGN, and
PAGB types appear to be located in the same regions of the diagram
as the observationally defined SF, AGN, and LI(N)ER classes.
Only composite galaxies appear to be distributed more widely than
the observations, extending to higher than observed [O III]/H β

ratios at the highest AGN luminosities. None the less, the overall
agreement between models and observations in Fig. 1 is striking
given that, in our approach, different galaxy types are linked to
physical parameters, such as the fraction of total H β luminosity
and the BHAR/SFR ratio.

Turning towards higher redshifts, the second, third, and fourth
columns of Fig. 1 show the analogue of the first column for the
redshift bins z = 1–2, 2–3, and 3–5, respectively. Similarly to the
situation at low redshift, the emission-line properties of simulated
galaxies brighter than the flux-detection limit (filled symbols) are
consistent with the observed properties of SF galaxies from the sets
of Steidel et al. (2014) at z ∼ 2.3 (black diamonds with error bars
in the third column) and of Yabe et al. (2012) at z ∼ 1.4 (black
diamonds with error bars in the second column). Interestingly,
this agreement arises from the fact that for the whole set of
simulated galaxies, [O III]/H β globally increases, and [N II]/H α

decreases from low to high redshift. This can be traced back to a
drop in interstellar metallicity (the models including secondary N
production) and rise in SFR (controlling the ionization parameter) in
the models, as discussed in detail in Hirschmann et al. (2017). This
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338 M. Hirschmann et al.

Figure 1. [O III]/H β versus [N II]/H α diagrams for all simulated galaxies and their main high-redshift progenitors in different redshift intervals (different
columns). For completeness, the line ratios of simulated galaxies are shown for two different values of four undetermined parameters (ξd = 0.3, 0.5;
mup = 100, 300 M�; nH,� = 102, 103 cm−1; α = −1.4, −2). Different coloured symbols in different rows refer to different galaxy types (blue stars in top
row: SF; red circles in middle row: composite; green triangles in bottom row: AGN-dominated; and yellow squares in bottom row: post-AGB-dominated
galaxies, see the text for theoretical distinction criteria). Different AGN luminosities in composite and AGN-dominated galaxies are colour coded, as indicated.
Also shown for reference are observations of local SDSS galaxies (grey shaded areas and contours), as well as of distant galaxies (black diamonds) by
Yabe et al. (2012, z ∼1.4) and Steidel et al. (2014, z ∼2.3), together with classical observational criteria to differentiate between SF galaxies (below the
dashed line) from composites (between the dashed and dotted lines), AGN (above the dotted line), and LI(N)ER (in the bottom-right quadrant defined by
dot–dashed lines), according to Kewley et al. (2001, dotted line) and Kauffmann et al. (2003, dashed and dot–dashed lines). The small open symbols show the
synthetic line ratios of all galaxies, regardless of luminosity, while the large filled symbols show galaxies above a flux limit of 5 × 10−17 erg s−1 cm−2 in all
lines.

makes the different galaxy types less distinguishable towards high
redshift in Fig. 1, implying that the traditional optical selection
criteria break down. We note that, since the main reason for
composite/AGN galaxies to move towards the SF region in the
[O III]/H β–[N II]/H α plane is the lower typical metallicity of high-
redshift compared to low-redshift galaxies, the validity of standard
optical selection criteria might be preserved by focusing on pre-
selected subsamples of metal-rich galaxies at any redshift. We will
test this hypothesis in the next subsection.

3.2 Optical line ratios of only metal-rich galaxies

To assess whether traditional, optical selection criteria are useful
when applied to metal-rich galaxies at any redshift, we first need
to understand how to best distinguish between metal-rich and
metal-poor galaxies using observed emission lines. To this goal,
we have explored how reasonably different emission-line ratios
often used in literature (see e.g. Wuyts et al. 2016; Belfiore et al.
2017; and references therein) can trace interstellar metallicity
in our simulated galaxies. Here, we report our results for the
two line ratios we find to best scale with interstellar metallicity.

Specifically, Fig. 2 shows the fairly tight positive relations between
both N2O2 [≡ log([N II]λ6584/[O II] λ3727), top panel] and N3O3
[≡ log(N III] λ1750/O III] λ1663), bottom panel] with interstellar
metallicity for all simulated galaxies and their progenitors at z = 0–
6 (colour coded by number density; average line ratios with their 1σ

dispersion are shown by solid and dotted lines, respectively). Note
that the primary physical origin of the scatter at fixed metallicity is
the dispersion in C/O abundance ratio and dust-to-metal mass ratio
ξ d. These tight relations are, to some extent, a consequence of the
observationally found relation between N/O and O/H, which is a
priori adopted in our nebular emission-line models (see Gutkin
et al. 2016 for details). Fig. 2 shows that galaxies with N2O2
> −0.8 or N3O3 > −0.7 (horizontal red dashed lines) have on
average interstellar metallicities above approximately half solar
[log(Zgas,glob/Z�) � −0.25].

Fig. 3 shows the analogue of Fig. 1 after pre-selecting metal-rich
galaxies using the criterion N2O2 > −0.8 (all galaxy types in a
given redshift bin are displayed in the same panel in Fig. 3). In
this case, despite the low statistics of metal-rich galaxies at redshift
z > 1, SF-dominated and active (composite and AGN-dominated)
galaxies appear to be graphically separated by the optical selection
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Synthetic nebular emission 339

Figure 2. 2D-Histograms of the optical line ratios N2O2
[≡ log([N II]λ6584/[O II] λ3727), top panel] and N3O3 [≡
log(N III] λ1750/O III] λ1663), bottom panel] versus interstellar metallicity,
for all simulated galaxies and their main progenitors at z = 0–6. In each
panel, black solid and dotted lines show the mean line ratios and their
1σ dispersion. The horizontal red dashed line in the top panel indicates
the line-ratio cut (N2O2 =−0.8) to distinguish between metal-poor and
metal-rich galaxies adopted in this work, roughly corresponding to a cut at
half-solar interstellar metallicity of log (Zgas,glob/Z�) = −0.25 (shown by
vertical red dashed line). A similar distinction can be achieved with a cut at
N3O3 =−0.7.

criterion of Kewley et al. (2001, black dashed line). Yet, even when
pre-selecting metal-rich galaxies, standard optical selection criteria
still fail to differentiate between composite and AGN-dominated
galaxies.

3.3 Purity and completeness fractions for optically selected
galaxy types

From the previous paragraphs, we conclude that standard optical se-
lection criteria can help better distinguish the main ionizing sources
in galaxies out to high redshifts when pre-selecting metal-rich
galaxies. In this subsection, we further quantify the differentiability
of galaxy types with optical selection criteria over cosmic time by
computing ‘completeness’ and ‘purity’ fractions of SF-dominated,
composite, and AGN galaxies. The completeness (purity) fraction
provides a measure of how complete (uncontaminated) a population
of a given observationally selected galaxy type is with respect to
our theoretically defined galaxy types. Specifically:

(i) The completeness fraction is computed by first selecting
galaxies of a given type according to the theoretical definition,

and then checking how many of these selected galaxies would be
classified of the same type according to the observational selection
criterion.

(ii) In turn, the purity fraction is calculated by first selecting
galaxies of a given type observationally, and then checking how
many of these selected galaxies would be classified of the same
type theoretically.

In Fig. 4, we show the purity (small symbols, dashed lines in
the first and third panels) and completeness (large symbols, solid
lines in the second and fourth panels) fractions of SF-dominated
(blue), composite (red), and AGN-dominated (green) galaxies
versus redshift, when including all galaxies (top two panels) and
only pre-selected, metal-rich galaxies (bottom two panels). When
including all galaxies, the completeness/purity fractions of SF- and
AGN-dominated galaxies drop sharply from � 60 per cent at low
redshifts to � 60 per cent at z > 1.0, for the reasons outlined
in Section 3.1. The purity/completeness fractions of composite
galaxies never exceed ∼40 per cent. When restricting the sample to
metal-rich galaxies, the completeness/purity fractions of composite
galaxies stay similarly low. In contrast, out to z = 3 (beyond which
our sample contains hardly any metal-rich galaxy), SF-dominated
galaxies have completeness/purity fractions always in excess of
60/70 per cent. For AGN-dominated galaxies, the completeness
fraction can even exceed 80 per cent, but the purity fraction
remains low at high redshift. This is because of the difficulty of
separating composite from AGN-dominated galaxies in optical line-
ratio diagrams, even at high metallicity (Section 3.2). Still, overall,
the results of Fig. 4 reinforce the visual impression from Fig. 3 that,
at high interstellar metallicity, standard optical selection criteria in
the [O III]/H β–[N II]/H α diagram help discriminate between active
and inactive galaxies out to high redshift.

4 D I FFERENTI ATI NG IONI ZI NG SOURCES O F
GALAXI ES I N UV-LI NE D I AGNOSTI C
D I AG R A M S

In the previous section, we have seen that optical line-ratio diag-
nostic diagrams can help distinguish active from inactive galaxies
out high redshifts only for metal-rich galaxies. In this section, we
explore diagnostic diagrams based on rest-frame UV emission lines
to discriminate between ionizing sources in metal-poor galaxies at
all redshifts. As described in Section 1, our methodology, based
on the self-consistent modelling of SF, composite, and AGN-
dominated galaxies in a full cosmological framework, can bring
new insight over previous pioneering studies in this area (Feltre
et al. 2016; Nakajima et al. 2018).

In the following subsections, we start by exploring the usefulness
of different combinations of UV line ratios and EW, involving
(Section 4.1) or not (Section 4.2) the He II λ1640 line, to classify
simulated, metal-poor galaxies with different types of ionizing
radiation, as defined through the theoretical BHAR/SFR ratio (see
Section 3). The He II λ1640 line is problematic because of the
difficulties of the photoionization models in reproducing the profile
and strength of this line in observed spectra (see Section 5.2 for
discussion). These diagnostic diagrams allow us to derive selection
criteria for different galaxy types (summarized in Tables 1 and
2). We also quantify the redshift evolution of the purity and
completeness fractions for UV-selected galaxy types (Section 4.3).

In all UV diagrams considered below, we plot the same simulated
galaxies in different redshift intervals as plotted in the optical
diagrams of Section 3, but including now only metal-poor galaxies,
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340 M. Hirschmann et al.

Figure 3. Same as Fig. 1, but for metal-rich galaxies (N2O2 > −0.8), and including all galaxy types in a single diagnostic diagram in each redshift
interval.

as pre-selected with N2O2 < −0.8 (i.e. with metallicities below
about half solar; see Section 3.2). Since we focus on such metal-
poor galaxies, we neglect any contribution from post-AGB stellar
populations to the total nebular emission (this contribution is mostly
important for evolved, metal-rich galaxies at low redshift; see e.g.
Hirschmann et al. 2017). By analogy with the case of optical lines
in Section 3, we apply a flux detection limit of 10−18 erg s−1 cm−2 to
all UV emission lines of simulated galaxies (note that we typically
lose less than 10 per cent of our galaxies, when applying this flux
detection limit). This corresponds roughly to the line-flux detection
limit at a signal-to-noise ratio of 10 in 10 ks with NIRSpec on board
JWST. We also apply a detection limit of 0.1 Å on UV emission-
line EW. This low EW limit is justified by our desire to keep our
analysis as general as possible for the proposed diagnostic diagrams
to be useful also for future instruments with very high sensitivity
(e.g. MOSAIC and HARMONI at the ELT). We have checked that
the selection criteria derived below do not changed when applying
more rigorous cuts in EW and fluxes.

4.1 UV-line diagnostics of metal-poor galaxies including
He II λ1640

UV diagnostics including line EW have been discussed in several
earlier studies to identify AGN-sensitive lines (e.g. Villar-Martin,
Tadhunter & Clark 1997; Allen, Dopita & Tsvetanov 1998). With
the notable exception of the recent in-depth study by Nakajima et al.
(2018), these previous works did not investigate EW signatures
from both AGN and young stars, and, thus, they did not provide any
selection criteria to distinguish between SF and composite galaxies.
Fig. 5 shows the distribution of SF (blue stars), composite (red
circles), and AGN-dominated (green triangles) galaxies in five UV
diagnostic diagrams constructed using a UV line ratio and a UV line
EW, in four redshift intervals, z = 0–1, 1–2, 2–3, and 3–6 (from
left to right). The diagnostic diagrams are (from top to bottom) as
follows:

(i) EW(C III] λ1908) versus C III] λ1908/He II λ1640 (hereafter
EW-C3);

(ii) EW(C IV λ1550) versus C IV λ1550/He II λ1640 (hereafter
EW-C4);

(iii) EW(O III] λ1663) versus O III] λ1663/He II λ1640 (hereafter
EW-O3);

(iv) EW(Si III] λ1888) versus Si III] λ1888/He II λ1640 (hereafter
EW-Si3); and

(v) EW(N III] λ1750) versus N III] λ1750/He II λ1640 (hereafter
EW-N3).

For composite and AGN-dominated galaxies, the symbols are
further colour coded according to AGN luminosity (as indicated).

For each UV diagnostic diagram shown in each redshift range, we
find a fairly clear separability of different galaxy types, with only
some minor overlap between SF-dominated galaxies and composite
galaxies with faint AGN. This clear differentiability of galaxy types
arises primarily from differences in line ratios, but also in line EW, as
most AGN-dominated galaxies have EW larger than reached by SF-
dominated (and to a large extent also by composite) galaxies. The
ratio of any of the five (collisionally excited) metal lines considered
in Fig. 5 to the He II λ1640 (recombination) line decreases from
SF-dominated, to composite, to AGN-dominated galaxies. This is
because of the harder ionizing radiation of accreting BHs compared
to stellar populations, which increases the probability of doubly
ionizing helium. This hard radiation also makes the EW of high-
ionization, collisionally excited metal lines stronger, and more so for
luminous than for faint AGN. We recall that the EW in Fig. 5, which
account for the emission from narrow-line regions but not for direct
attenuated radiation from accreting BHs, should be appropriate
for type-2 AGN and taken as upper limits for type-1 AGN (see
Section 2.2.4).

Also shown in each panel of Fig. 5 are proposed observational
selection criteria to separate SF-dominated from composite (dashed
line), and composite from AGN-dominated (dotted line) galaxies.
These selection criteria, reported in the top section of Table 1,
were chosen to maximize the purity and completeness fractions
(Section 4.3). Interestingly, the same criteria remain valid over the
whole redshift range from z = 0 to 6. This indicates that the UV-line
ratios and EW of metal-poor galaxies considered here depend far
less sensitively on ISM properties than on the nature of the ionizing
radiation.

The EW-C3 and EW-C4 diagrams (first two rows) of Fig. 5 also
show available observations of dwarf SF galaxies at z ∼ 0 (Berg
et al. 2016; Senchyna et al. 2017) and z = 1.5–4 (Stark et al. 2014),
and three SF-dominated galaxies at z = 2.3, 3.1, and 7 (Erb et al.
2010; Stark et al. 2015; Vanzella et al. 2016, 2017, respectively),
along with AGN-dominated galaxies at z = 2–3, 1.4–4.6, and 7
(respectively, Hainline et al. 2011; Talia et al. 2017; Laporte et al.
2017), as indicated. The predictions from our simulations are in fair
agreement with these sparse observational data: observed SF- and
AGN-dominated galaxies nicely fall in the regions corresponding to
our theoretically defined SF/composite and AGN categories. This
agreement with observations corroborates our theoretically derived
selection criteria. We note that some of the dwarf SF galaxies at
z ∼ 0 (Berg et al. 2016; Senchyna et al. 2017) and at z > 1
(Stark et al. 2014; Vanzella et al. 2016, 2017) have slightly higher
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Synthetic nebular emission 341

Figure 4. Completeness (large symbols, solid lines in the first and third
panels) and purity fractions (small symbols, dashed lines in the second and
fourth panels) as a function of redshift, for simulated SF-dominated (blue
stars and lines), composite (red circles and lines), and AGN-dominated
(green triangles and lines) galaxies, as classified observationally using the
standard criteria of Kewley et al. (2001) and Kauffmann et al. (2003) in
the optical [O III]/H β–[N II]/H α line-ratio diagram. The top two panels
show the results when including all simulated galaxies, and the bottom two
panels when including only galaxies pre-selected to be metal rich, with
interstellar metallicities log(Zgas,glob) � −0.25, using the criterion N2O2 >

−0.8 (bottom panel). Error bars and shaded areas illustrate binomial errors.
See Section 3.3 for more details.

EW(C III] λ1908) and EW(C IV λ1550) than our simulated massive
galaxies and their progenitors. This is caused primarily by the
average higher metallicities and lower specific SFR of simulated
massive galaxies relative to observed dwarf galaxies, whose UV
and optical emission-line spectra can otherwise be well fitted by
the nebular emission models adopted in this work (Senchyna et al.
2017; Chevallard et al. 2018). We also note that very high-quality
observations will be required to fully exploit the selection criteria
of Fig. 5, which require EW measurements down to 0.1 Å.

In Fig. 6, we show an alternative to Fig. 5 constructed using line
ratios only. Specifically, we plot the distribution of SF, composite,
and AGN-dominated galaxies in five UV diagnostic diagrams
constructed each with the C III] λ1908/He II λ1640 ratio in ordinate
and a ratio involving a third line in abscissa, at different redshifts.
The diagrams are (from top to bottom) as follows:

(i) C III] λ1908/He II λ1640 versus C III] λ1908/C IV λ1550 (here-
after C3-C43);

(ii) C III] λ1908/He II λ1640 versus N V λ1240/He II λ1640 (here-
after C3-N5);

(iii) C III] λ1908/He II λ1640 versus O III] λ1663/He II λ1640
(hereafter C3-O3);

(iv) C III] λ1908/He II λ1640 versus Si III] λ1888/He II λ1640
(hereafter C3-Si3); and

(v) C III] λ1908/He II λ1640 versus N III] λ1750/He II λ1640
(hereafter C3-N3).

Irrespective of the redshift range, we obtain a fairly clear
separability of different types of metal-poor galaxies in all UV
diagnostic diagrams shown.

The clear separability of different galaxy types in Fig. 6 arises
from the fact that ratios of collisionally excited metal lines to the
He II λ1640 recombination line are highly sensitive to the hard
radiation from an AGN, as described in Fig. 5. We note that
this is less the case for N V λ1240/He II λ1640 (second row), since
N V λ1240 requires photons of even higher energy than He II λ1640
to be produced (77.5 versus 54.4 eV). Hence, N V λ1240/He II λ1640
is not a clear indicator of the hardness of the ionizing radiation. In the
C3-C43 diagnostic diagram (top row), the C IV λ1550/C III] λ1908
ratio is also sensitive to the rise of energetic photons from the
presence of an AGN, which increases the probability of triply
ionizing carbon.

As in Fig. 5, also shown in each panel of Fig. 6 are proposed
observational selection criteria to separate SF-dominated from
composite (dashed line), and composite from AGN-dominated
(dotted line) metal-poor galaxies. These selection criteria, reported
in bottom section of Table 1, can be applied over the whole redshift
range from z = 0 to 6.

To compare our theoretical predictions with observations of UV
emission lines in active and inactive galaxies, we show, when
available, observations from three main samples in the different
panels of Fig. 6, as indicated: (i) a sample of 22 type-2 AGN
assembled by Dors et al. (2014, and references therein), consisting
of 12 Seyfert-2 galaxies in the local Universe and 10 X-ray selected
type-2 quasars at redshift 1.5 < z < 4.0; (ii) a sample of five
gravitationally lensed, low-mass SF galaxies at redshifts 1.5 < z

< 3.0 from Stark et al. (2014); and (iii) two samples of dwarf
galaxies at z ∼ 0 from Senchyna et al. (2017) and Berg et al.
(2016). In addition, we show a few individual distant galaxies from
Vanzella et al. (2016, 2017), Patrı́cio et al. (2016), and Steidel et al.
(2016).

We find that observations of SF-dominated galaxies in Fig. 6
generally overlap with the theoretically defined SF-galaxy regions
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Table 1. Observational selection criteria to discriminate graphically between metal-poor (N2O2 < −0.8) SF-dominated, composite, and AGN-dominated
galaxies, derived from distributions of simulated galaxies with different BHAR/SFR ratios in the 14 UV/optical diagnostic diagrams of Figs 5, 6, and 7. The
first column specifies the abscissa and ordinate (EW or line ratio) and the second column the acronym of the diagnostic diagram; the third, fourth, and fifth
columns the individual selection criteria for SF-dominated, composite, and AGN-dominated galaxies, illustrated by the dashed (SF-composite) and dotted
(composite-AGN) lines in Figs 5 and 6. See the text in Sections 4.1 and 4.2 for details.

UV diagram Acronym SF galaxies Composites AGN

Criteria based on a UV line ratio and a UV line EW, including He II λ1640
y = log(EW(C III] λ1908)), EW-C3 y < 2x − 1.5 y > 2x − 1.5, y > 0.5x + 0.8, x < 0.4
x = log(C III] λ1908/He II λ1640) y < 0.5x + 0.8 if y < 1,

x > 0.4 if y > 1
y = log(EW(C IV λ1550)), EW-C4 y < 2x − 1.4 y > 2x − 1.4 y > x + 0.5, x < 0.5
x = log(C III] λ1908/He II λ1640) y < x + 0.5 if y < 1

x > 0 if y > 1
y = log(EW(O III] λ1663)), EW-O3 y < 2x − 1.8 y > 2x − 1.8 y > 0.6x, x < 0
x = log(O III] λ1663/He II λ1640) y < 0.6x if y < 0

x > 0 if y > 0
y = log(EW(Si III] λ1888)), EW-Si3 y < 1.6x − 0.8 y > 1.6x − 0.8 y > 0.6x + 0.7, x < −0.5
x = log(Si III] λ1888/He II λ1640) y < 0.6x + 0.7 if y < 0.3

x > −0.5 if y > 0.3
y = log(EW(N III] λ1750)), EW-N3 x > −0.3 x < −0.3 y > x + 1, x < −1.2
x = log(N III] λ1750/He II λ1640) y < x + 1 if y < −0.3

x > −1.2 if y > −0.3

Criteria based on ratios of three UV lines, including He II λ1640
y = log(C III] λ1908/He II λ1640), C3-C43 y > −0.9x + 0.8 if x >

−0.2,
y < −0.9x + 0.8 if x >

−0.2,
y < −0.1

x = log(C IV λ1550/C III] λ1908) y > 1 if x < −0.2 y < 1 if x < −0.2,
y > −0.1

y = log(C III] λ1908/He II λ1640), C3-N5 y > −0.9x + 0.8 if x >

−0.2,
y < −0.9x + 0.8 if x >

−0.2,
y < −0.1, x < 1

x = log(N V λ1240/He II λ1640) y > 1 if x < −0.2 y < 1 if x < −0.2,
y > −0.1

y = log(C III] λ1908/He II λ1640), C3-O3 y > 1 or x > 0.8 y < 1, x < 0.8, y < −0.1, x < 0
x = log(O III] λ1663/He II λ1640) y > −0.1 or x > 0
y = log(C III] λ1908/He II λ1640), C3-Si3 y > 1 or x > 0.5 y < 1, x < 0.5, y < −0.1, x < −0.5
x = log(Si III] λ1888/He II λ1640) y > −0.1 or x > −0.5
y = log(C III] λ1908/He II λ1640), C3-N3 y > 1 or x > −0.2 y < 1, x < −0.2, y < −0.1, x < −1
x = log(N III] λ1750/He II λ1640) y > −0.1 or x > −1

Table 2. Same as in Table 1, but now for diagnostic diagrams not including the He II λ1640 line [see selection criteria quantified by the dashed (SF-composite)
and dotted (composite-AGN) lines in Fig. 7].

UV diagram Acronym SF galaxies Composites AGN

Criteria based on ratios of UV and optical lines, not including He II λ1640
y = log(C IV λ1550/C III] λ1908), C43-C32 y < 0.8x − 1.1 y > 0.8x − 1.1, y > 0.8x − 0.75
x = log(C III] λ1908/C II] λ2326) y < 0.8x − 0.75
y = log(C IV λ1550/C III] λ1908), C43-OI y < −1.3x − 3.2 y > −1.3x − 2.8, y > −1.3x − 2
x = log([O I]λ6300/H α) y < −1.3x − 2
y = log(N IV] λ1485/N III] λ1750), N43-C32 y < 0.8x − 1.3 y > 0.8x − 1.3, y > 0.8x − 0.9
x = log(C III] λ1908/C II] λ2326) y < 0.8x − 0.9
y = log(N IV] λ1485/N III] λ1750), N43-OI y < −1.3x − 3.2 y > −1.3x − 3.2, y > −1.3x − 2.2
x = log([O I]λ6300/H α) y < −1.3x − 2.2

(above the dashed line in each panel), but can also fall in the
composite-galaxy regions (between dashed and dotted lines). This
does not necessarily indicate a mismatch between predictions and
observations, as observed SF-dominated galaxies may include a
minor contribution from a central accreting BH (or the He II λ1640
line is not properly modelled, see Section 5.2 for further discussion).
Also, some dwarf-galaxy measurements provide only limits on

emission-line ratios (Stark et al. 2014), compatible with both com-
posite and SF-dominated model galaxies. Similarly, observations of
AGN-dominated galaxies generally overlap with the theoretically
defined AGN regions in Fig. 6, but can also fall in the composite-
galaxy regions. This could arise from the contamination of line-flux
measurements of AGN narrow-line regions by star formation in
the host galaxy (e.g. Bonzini et al. 2013; Antonucci et al. 2015).
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Synthetic nebular emission 343

Figure 5. Distribution of simulated metal-poor (N2O2 < −0.8) SF (blue stars), composite (red circles), and AGN-dominated (green triangles) galaxies
in five UV diagnostic diagrams constructed using a UV line ratio and a UV line EW, in four redshift intervals, z = 0–1, 1–2, 2–3, and 3–6
(from left to right). The diagnostic diagrams are (from top to bottom) (i) EW(C III] λ1908) versus C III] λ1908/He II λ1640; (ii) EW(C IV λ1550) versus
C IV λ1550/He II λ1640; (iii) EW(O III] λ1663) versus O III] λ1663/He II λ1640; (iv) EW(Si III] λ1888) versus Si III] λ1888/He II λ1640; and (v) EW(N III] λ1750)
versus N III] λ1750/He II λ1640. For composite and AGN-dominated galaxies, the symbols are further colour coded according to AGN luminosity (as indicated).
As in Fig. 1, the line ratios of simulated galaxies are shown for two different values of four undetermined parameters (ξd = 0.3, 0.5; mup = 100, 300 M�;
nH,� = 102, 103 cm−1; α = −1.4, −2). Also shown in each diagram are the criteria from the top section of Table 1 to separate SF-dominated from composite
(dashed line), and composite from AGN-dominated (dotted line) galaxies. Observations of SF-dominated (Erb et al. 2010; Stark et al. 2014, 2015; Berg et al.
2016; Vanzella et al. 2016, 2017; Senchyna et al. 2017) and AGN-dominated (Hainline et al. 2011; Laporte et al. 2017; Talia et al. 2017) galaxies are reported
in the first two rows, as indicated.
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344 M. Hirschmann et al.

Figure 6. Same as Fig. 5, but for UV diagnostic diagrams constructed using line ratios only. The diagrams are (from top to bottom) (i) C III] λ1908/He II λ1640
versus C III] λ1908/C IV λ1550; (ii) C III] λ1908/He II λ1640 versus N V λ1240/He II λ1640; (iii) C III] λ1908/He II λ1640 versus O III] λ1663/He II λ1640; (iv)
C III] λ1908/He II λ1640 versus Si III] λ1888/He II λ1640; and (v) C III] λ1908/He II λ1640 versus N III] λ1750/He II λ1640. Also show in each diagram are the
criteria from the middle section of Table 1 to separate SF-dominated from composite (dashed line), and composite from AGN-dominated (dotted line) galaxies.
Observations of dwarf galaxies at z ∼ 0 (Berg et al. 2016; Senchyna et al. 2017) and z = 2–3 (Stark et al. 2014), individual distant SF galaxies (Patrı́cio et al.
2016; Steidel et al. 2016; Vanzella et al. 2016), Seyfert-2 galaxies at z ∼ 0 and type-2 quasars at z ∼ 2 (Dors et al. 2014) are reported, as indicated.

We conclude that, overall, the sparse observational data currently
available are compatible with the UV selection criteria in Fig. 6.

To ensure that the agreement between model and observations
is not affected by parameters not self-consistently traced in our

simulations (Section 2.2.2), we tested the effect of adopting either
a higher hydrogen density, nH, a smaller slope of the UV ionizing
AGN spectrum, α, or a higher dust-to-metal mass ratio, ξ d, on
the UV line ratios in Fig. 6. As in the case of optical line ratios
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Synthetic nebular emission 345

(Hirschmann et al. 2017), we find that UV line ratios are controlled
primarily by other physical properties, such as metallicity and
SFR, and weakly sensitive to any combination or potential redshift
evolution of the free parameters.

We note that the line measurements shown in Figs 5 and 6 were
not corrected for potential attenuation by dust in the galaxies.
This is not important for the samples of low-mass SF galaxies,
which have been shown to be extremely dust-poor (e.g. table 7
of Stark et al. 2014). For the AGN samples, we prefer not to
correct the observed fluxes using an arbitrary attenuation curve,
as the dispersion between different standard curves is large at UV
wavelengths (e.g. fig. 9 of Charlot & Fall 2000). Instead, when
comparing synthetic UV lines with these data, we computed the
attenuation that would be inferred using the Calzetti et al. (2000)
curve for a V-band attenuation of one magnitude (AV = 1) and found
the impact on our analysis to be largely negligible (see Section 5.1
for a more detailed discussion).

4.2 UV-line diagnostics of metal-poor galaxies not including
He II λ1640

All the UV-diagnostic diagrams we considered so far to discriminate
between ionizing sources in metal-poor galaxies included the
He II λ1640 line. Recently, problems have arisen when fitting this
emission line in observed spectra of local dwarf and high-redshift SF
galaxies, using state-of-the-art photo-ionization models combined
with (single-star or binary) stellar population synthesis models (e.g.
Gutkin et al. 2016; Steidel et al. 2016): in some cases, particularly
for very metal-poor dwarf galaxies with metallicity below 1/5 solar,
models can underestimate the observed He II λ1640-line luminosity
by almost an order of magnitude (e.g. Senchyna et al. 2017; Steidel
et al. 2016; Berg et al. 2018; Jaskot & Ravindranath 2016). In
this context, the reliability of the UV selection criteria presented
in Section 4.1 to discriminate between SF-dominated, composite
and AGN-dominated metal-poor galaxies may be reduced (see
Section 5.2 for a more detailed discussion). To circumvent this
potential drawback, we now present two alternative UV and two
combined optical-UV diagnostic diagrams to discriminate between
different galaxy types, which avoid the problematic He II λ1640 line.

By analogy with Figs 5 and 6, we show in Fig. 7 the distribution
of SF, composite and AGN-dominated galaxies in four different
diagnostic diagrams at different redshifts. The diagrams are (from
top to bottom) as follows:

(i) C IV λ1550/C III] λ1908 versus C III] λ1908/C II] λ2326 (here-
after C43-C32);

(ii) C IV λ1550/C III] λ1908 versus [O I]λ6300/H α (hereafter
C43-O1);

(iii) N IV] λ1485/N III] λ1750 versus C III] λ1908/C II] λ2326
(hereafter N43-C32); and

(iv) N IV] λ1485/N III] λ1750 versus [O I]λ6300/H α (hereafter
N43-O1).

In all diagrams, different galaxy types fall into different regions,
but generally the separability appears to be less clear in these new
diagnostic diagrams without the He II λ1640 line than in the previous
ones including the He II λ1640 line (see Figs 5 and 6).

The C IV λ1550/C III] λ1908 and N IV] λ1485/N III] λ1750 ratios
typically increase from SF-dominated, to composite, to AGN-
dominated galaxies and with AGN luminosity, because of the corre-
sponding larger fraction of highly energetic photons (Section 4.1).
The C III] λ1908/C II] λ2326 ratio is less sensitive to the details of
the ionizing spectrum at high energies, while the [O I]λ6300/H α

ratio is slightly larger for composite and AGN-dominated galaxies
than for SF-dominated galaxies, for reasons outlined in Hirschmann
et al. (2017). A drawback of the combined UV-optical diagnostic
diagrams in Fig. 7 is that optical lines of distant galaxies shift
beyond the range of near-infrared spectrographs at z � 6. We
note that replacing [O I]λ6300/H α by [S II]λ6724/H α in Fig. 7
would result in a similar separability between different galaxy
types. We also found that many other UV line-ratio combinations
without the He II λ1640 line, e.g. Si IV λ1400/Si III] λ1888 and
Si III] λ1888/Si II] λ1814, cannot help discriminate between ionizing
sources in galaxies.

As in Figs 5 and 6, we propose in each panel of Fig. 7 two
observational selection criteria to separate SF-dominated from com-
posite (dashed line), and composite from AGN-dominated (dotted
line) metal-poor galaxies. These selection criteria are reported in
Table 2. We could not find any readily available observations in the
literature to test/validate these criteria.

4.3 Purity and completeness fractions for UV-selected galaxy
types

In the previous two subsections, we identified 14 UV diagnostic
diagrams to graphically distinguish between different galaxy types
via observational selection criteria reported in Tables 1 and 2. In this
section, we investigate the reliability of these UV selection criteria
by computing the corresponding completeness and purity fractions,
as defined in Section 3.3.

Fig. 8 shows the completeness (large symbols, solid lines) and
purity (small symbols, dashed lines) fractions of SF-dominated
(blue), composite (red), and AGN-dominated (green) galaxies
versus redshift, as selected using the criteria in Figs 5–7. The 14
panels correspond to the 14 different diagnostic diagrams of Figs 5–
7. In all cases, the purity/completeness fractions of SF-dominated
galaxies and the completeness fraction of AGN-dominated galaxies
stay mostly above 90 per cent over the entire redshift range (except
for C43-C32). This indicates that our proposed UV selection
criteria work remarkably well to select SF-dominated galaxies, and
complete samples of AGN-dominated galaxies, from the simulation
galaxy sample.

For the EW-C3, EW-C4, EW-O3, EW-Si3 diagrams, the selected
AGN samples are in addition largely uncontaminated by other
galaxy types (in particular, composites), as indicated by AGN
purity fractions in excess of 90 per cent. The EW-N3, C3-C43,
C3-N5, C3-O3, C3-Si3, and C3-N3 diagrams also provide fairly
high AGN purity fractions, above 75 per cent. In contrast, for the
C43-C32, C43-OI, N43-C32, and N32-O1 diagrams not including
the He II λ1640 line, AGN purity fractions can drop fairly low, down
to only 20 per cent, as a consequence of contamination by composite
galaxies.

As in the case of optical selection criteria (Section 3.3), the UV-
derived purity/completeness fractions of composite galaxies fall
generally below those of SF- and AGN-dominated galaxies. In
particular, diagnostic diagrams not including the He II λ1640 line
are characterized by low purity and/or completeness fractions of
composites (down to 20 per cent), as composites often overlap
with SF- and AGN-dominated regions in these diagrams. The
highest purity/completeness fractions for composites are reached
with the EW-C3 (>75 per cent), as well as the EW-Si3 and C3-
O3 (>60 per cent) diagrams. Thus, we identify these UV diagnostic
diagrams as most powerful to reliably discriminate between ionizing
sources in not only local, but also distant metal-poor galaxies. As
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346 M. Hirschmann et al.

Figure 7. Same as Fig. 5, but for combined UV/optical diagnostic diagrams not including the He II λ1640 line. The diagrams are (from top to
bottom) (i) C IV λ1550/C III] λ1908 versus C III] λ1908/C II] λ2326; (ii) C IV λ1550/C III] λ1908 versus [O I]λ6300/H α; (iii) N IV] λ1485/N III] λ1750 versus
C III] λ1908/C II] λ2326; and (iv) N IV] λ1485/N III] λ1750 versus [O I]λ6300/H α. Also show in each diagram are the criteria from the bottom section of Table 1
to separate SF-dominated from composite (dashed line), and composite from AGN-dominated (dotted line) galaxies.

mentioned before, this may require accurate measurements of faint
line EW.

It is worth noting that the completeness/purity fractions asso-
ciated to our UV selection criteria are hardly affected by any
redshift evolution of metallicity and/or specific SFR, thanks to
the weak dependence of the involved UV line ratios on these
galaxy properties. We find that only N V λ1240/He II λ1640 exhibits
a significant dependence on interstellar metallicity, but this line ratio
is hardly used to distinguish between different galaxy types. Instead,
the clear separability of ionizing sources in the C3-N5 diagnostic
diagram arises primarily from the robust dependence of C III]/He II

on the hardness of ionizing radiation (see the second row of
Fig. 6).

5 D ISCUSSION

In the last two sections, our combination of zoom-in galaxy
simulations with versatile nebular-emission models allowed us to
show that optical ‘BPT’ diagnostic diagrams can help discriminate
between ionizing sources in metal-rich galaxies out to high redshifts,
and UV diagnostic diagrams in metal-poor galaxies at all redshifts.
We quantified novel selection criteria based on 14 UV diagnostic
diagrams (reported in Tables 1 and 2), and found the EW-C3, EW-
Si3, and C3-O3 line-ratio/EW combinations to be most sensitive to
the nature of the ionizing source. In this section, we discuss some
caveats of our derived UV selection criteria (Sections 5.1–5.3) and
reframe our results on UV selection criteria into the context of
previous theoretical studies (Section 5.4).
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Synthetic nebular emission 347

Figure 8. Purity (small symbols, dashed lines) and completeness (large symbols, solid lines) fractions as a function of redshift, for simulated metal-poor
(N2O2 < −0.8) SF-dominated (blue stars and lines), composite (red circles and lines) and AGN-dominated (green triangles and lines) galaxies, as classified
observationally using the UV selection criteria of Table 1. Each panel corresponds to a different UV diagnostic diagram from Figs 5–7, as indicated at the top.
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348 M. Hirschmann et al.

5.1 Dust attenuation

As mentioned in Section 4.1, to explore the effect of dust attenuation
by the diffuse interstellar medium on synthetic UV lines of a
galaxy,6 we computed the effect of attenuated emission lines that
would be inferred using the Calzetti et al. (2000) curve for a
V-band attenuation of one magnitude (AV = 1). We found the
impact on our analysis to be largely negligible. Specifically, line
ratios, such as C III] λ1908/He II λ1640, C IV λ1550/He II λ1640,
O III] λ1663/He II λ1640, Si III] λ1888/He II λ1640, N III] λ1750/
He II λ1640, and C IV λ1550/C III] λ1908 would be shifted
by less than ∼0.1 dex by such dust attenuation; only
N IV] λ1485/He II λ1640 would be lower by about ∼0.3 dex (see
also Feltre et al. 2016). The effect on diagnostic diagrams is
modest, therefore, when adopting the same attenuation prescription
for all lines. However, the effect could be larger if, for example,
the regions producing different emission lines where attenuated in
different ways. As an example, this differential dust attenuation
might become important for the N IV] λ1485/He II λ1640-ratio, as
the N IV] λ1485 is mostly produced in the NLR, while He II λ1640
can be produced in both NLR and H II regions.

In order to minimize the impact of dust attenuation, optical
emission lines used in line ratios of the classical BPT diagrams
were chosen to be as close as possible to one another in wavelength
(�λ). Their differences in wavelength vary between �λ = 20 Å
(for [N II]/H α) and �λ = 260 Å (for [O I]/H α). Most of
the line ratios in our suggested UV diagnostic diagrams involve
lines with a wavelength difference smaller than 250 Å, except
for C IV λ1550/C III] λ1908 (�λ = 358 Å), N V λ1240/He II λ1640
(�λ = 400 Å), and C III] λ1908/C II] λ2326 (�λ = 418 Å). Thus,
the UV diagnostic diagrams C3-C43, C3-N5, N43-C32, and C43-
C32 might be affected more strongly by dust than the other UV
diagrams proposed in this study. However, as the attenuation by dust
is stronger in the UV than in the optical, at fixed line wavelength
difference, its impact can be stronger in UV than in optical diagrams
even for �λ < 250 Å. A sophisticated modelling of dust will
be certainly needed to robustly address the effect of dust on UV
diagnostic diagrams, which, is, however, beyond the scope of this
work.

5.2 The problematic He II λ1640 line in photoionization models

As mentioned in Section 4.2, all currently available models of
nebular emission appear to severely underestimate the observed
He II λ1640-line luminosity in some extreme cases of very metal-
poor SF galaxies (with Zgas � 0.2 Z�; e.g. Jaskot & Ravindranath
2016; Steidel et al. 2016; Senchyna et al. 2017; Berg et al. 2018).
The potential reasons for this discrepancy between models and
observations are still heavily debated in the literature.

At least for the dwarf galaxies studied by Senchyna et al. (2017),
extra photoionization by an AGN is unlikely to ease the tension be-
tween observed and modelled He II λ1640 luminosities. This study
also showed that for some observed spectra, the models of Gutkin
et al. (2016) can fit the He II λ1640 line when invoking an IMF
extending out to 300 M�, but only with a metallicity substantially
lower than the optically derived gas-phase metallicity, hence not
providing any satisfactory solution. In addition, photoionization
models including binary stellar population models (e.g. BPASS,
Eldridge et al. 2017) appear to also fail to reproduce observed

6Instead, within one H II region or narrow-line region, dust attenuation is
self-consistently accounted for by CLOUDY.

He II λ1640 lines of some metal-poor SF galaxies (Shirazi &
Brinchmann 2012; Senchyna et al. 2017).

This leaves three primary ionizing sources, which could con-
tribute to enhanced He II λ1640 emission: stars, shock excitation,
and X-ray binaries (see section 5.3 of Senchyna et al. 2017 for
a detailed discussion). New observations of extremely metal-poor
galaxies by Senchyna & Stark (2018) show that unlike for the
other nebular lines, the equivalent width of He II λ1640 does not
scale with that of H β in their sample. This would suggest that
some extremely high-energy (>54.4 eV) flux in these very metal-
poor galaxies is produced by sources with time-scales >10 Myr
(effectively decoupled from the lifetimes of most massive stars),
such as stars stripped by close binary interactions or low-mass
X-ray binaries, and shocks. Such processes are not yet included in
nebular emission models. Based on an observed dependence of hard
X-ray luminosity on metallicity in SF galaxies, Schaerer, Fragos &
Izotov (2019) argue that high-mass X-ray binaries (HMXB) might
account for the missing ionizing flux, although this explanation
is not favoured a priori by Chandra data on the most extreme
He II λ1640 emitter in the sample of Senchyna et al. (2017, see
their section 5.3.3).

The uncertainties affecting models of the He II λ1640 line in
metal-poor galaxies cast some doubt about the validity of the
UV selection criteria presented in Section 4.1. To assess the
robustness of these criteria, we can study the impact of artificially
increasing the He II λ1640-line luminosity predicted by our models.
Fig. 9 illustrates the completeness (top panel) and purity (bottom
panel) fractions of SF-dominated, composite, and AGN-dominated
(different symbols) metal-poor galaxies at redshifts z = 0–6, for
the 10 UV diagnostic diagrams including the He II λ1640 line (as
indicated on the x-axis), after multiplying the predicted He II λ1640-
line luminosities from young stars by factors of 1 (i.e. fiducial model,
large symbols), 2 (middle-size symbols), and 4 (small symbols).

Remarkably, Fig. 9 shows that the purity/completeness frac-
tions of AGN-dominated galaxies and the purity fractions of SF-
dominated galaxies are hardly affected by an increased He II λ1640
luminosity and remain above 80 per cent. Also the completeness
fractions of composites show comparably little variation with
increasing He II λ1640 luminosity, staying largely above 70 per cent.
This indicates that UV-selected AGN-dominated galaxies can still
be reliably identified, SF-dominated samples are widely uncontam-
inated by active galaxies (composites and AGN), and composite
samples are fairly complete.

In contrast, the completeness fractions of SF-dominated galaxies
and the purity fractions of composites can drop below 20 per cent
if the He II λ1640 luminosity increases by a factor of four. This
is because a rise in the He II λ1640 luminosity of an SF-dominated
galaxy makes the ratio of any metal line to He II λ1640 move towards
the region populated by composites in UV diagnostic diagrams. As
a consequence, SF-dominated samples are not complete anymore,
and composite samples are strongly contaminated by SF-dominated
galaxies. We note that modifying the UV selection criteria does not
provide any acceptable solution because of the intrinsic overlap of
SF-dominated and composite galaxies in ratios of a metal line to
He II λ1640.

Fig. 9 further indicates that the purity/completeness fractions in
the EW-O3 diagnostic diagram are least affected by an enhanced
He II λ1640 luminosity: completeness fractions of SF-dominated
galaxies stay above 50 per cent, and purity fractions of composites
do not drop below 25 per cent. To obtain more complete samples
of SF-dominated galaxies from observed spectra, we suggest the
best UV diagnostic diagrams with He II λ1640 to be combined with
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Synthetic nebular emission 349

Figure 9. Purity (bottom panel) and completeness (top panel) fractions for simulated metal-poor (N2O2 < −0.8) SF-dominated (blue stars and lines),
composite (red circles and lines) and AGN-dominated (green triangles and lines) galaxies, as classified observationally using the UV selection criteria of
Tables 1 and 2. Each abscissa corresponds to a different UV diagnostic diagram from Figs 5 and 6, as indicated. Large symbols correspond to the same models
as in Fig. 8. Medium symbols correspond to models in which the He II λ1640-line luminosity from young stars was artificially increased by a factor of 2, and
small symbols to models in which the He II λ1640-line luminosity was artificially increased by a factor of 4.

the C43-C32 or C43-OI diagrams without He II λ1640, as the latter
result in completeness fractions of SF-dominated galaxies above
80 per cent, as shown in Fig. 8. Future progress in the modelling
of He II λ1640 emission in SF galaxies should further improve UV
diagnostic diagrams.

Finally, we point out that the resonant C IV λ1550 line has a
complex profile resulting from a combination of nebular emission,
stellar winds, and interstellar absorption (e.g. Vidal-Garcı́a et al.
2017; Berg et al. 2018; Byler et al. 2018). Our modelling does
not account for interstellar absorption, which could severely reduce
the observed emission-line flux of this resonant line. Despite this
and the implied tailored spectral decomposition required to retrieve
intrinsic nebular emission from observations, the C IV λ1550 line is
among the strongest emission lines detected in the rest-UV spectra
of dwarf galaxies and AGN, justifying the mention of UV diagnostic
diagrams with C IV λ1550 in our work.

5.3 UV line ratios from shock excitation

Since many observations indicate that galactic outflows from
supernovae explosions, stellar winds and AGN exist in a significant
fraction of galaxies out to high redshifts (e.g. Steidel et al. 2010;
Genzel et al. 2011; Kornei et al. 2012; Newman et al. 2012),

shock excitation may be an important contributor to optical and
UV-line emission in distant galaxies. Theoretically, shock models
were developed by Dopita (2003); Allen et al. (2008, fast shocks);
Rich et al. (2010); and Rich, Kewley & Dopita (2011, slow shocks).

As we neglected shock excitation in our analysis so far, in this
subsection, we assess (i) which implications shocks can have for
our UV selection criteria7 and (ii) to what extent pure shock-
dominated galaxies can be separated from SF-dominated, compos-
ite, and AGN-dominated galaxies in UV diagnostic diagrams. In the
following, we consider the fast-shock models of Allen et al. (2008),
calculated with the MAPPINGS III shock and photoionization code.
For simplicity, the shock models are not coupled with the properties
of simulated galaxies. Instead, we focus on the shock models with
lowest two available metallicities, Z = 0.004 and 0.008 (roughly 1/4
and 1/2 of the present-day solar metallicity; Caffau et al. 2011) and
consider full ranges in all other model parameters (i.e. magnetic-
field strength, density of the ionized region, shock velocity, and
ionization parameter).

7Note that we do not explicitly discuss the location of shocked regions
in optical diagnostic diagrams, as many previous works on shock-induced
emission lines have already done that.
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In Fig. 10, we plot the Z = 0.004 and 0.008 shock models of
Allen et al. (2008, orange and yellow diamonds, respectively) over
our simulated metal-poor (N2O2 < −0.8) SF-dominated (blue 2D
histogram), composite (red 2D histogram) and AGN-dominated
(green 2D histogram) galaxies at redshifts z = 0–6 in 9 UV
diagnostic diagrams from Section 4 (different panels, not including
EW-based diagrams), together with the selection criteria of Tables 1
and 2 (dashed and dotted lines). Pure shock-dominated galaxies
are separate from ‘standard’ SF-dominated galaxies, but not from
composite and AGN-dominated galaxies. Thus, an observed SF
galaxy with strong shocks residing in the composite/AGN region
of a UV diagnostic diagram could be mistaken for an active galaxy.
Other signatures of nuclear activity (e.g. X-ray, radio emission,
and integral field spectroscopy) would be required to confirm the
presence of an AGN in such a galaxy.

It is worth noting that, in reality, shocks are generally not
expected to dominate line emission from a galaxy and are usually
associated with SF and AGN activity (see e.g. Kewley et al. 2013).
Exploring self-consistently the contribution from shocks to the
cosmic evolution of emission-line ratios would therefore require that
we identify shocks in our simulations and couple their properties
(velocity, metallicity) with those of the shock models. We postpone
such an investigation to a future study. A further uncertainty consists
in the limited metallicity range of the shock models of Allen
et al. (2008), not extending below 1/4 solar metallicity. It remains
unclear which region of UV diagrams extremely metal-poor shock-
dominated galaxies would populate. New shock models will be
required to answer this question.

5.4 Comparison with UV selection criteria proposed in
literature

UV emission-line-based criteria to discriminate between ionizing
sources in galaxies have been proposed in a few previous theoretical
studies (Feltre et al. 2016; Nakajima et al. 2018), but out of any
cosmological context and using separate photoionization models
for young stars and AGN, thus, without considering composite
galaxies. We now replace our model predictions on UV selection
criteria in the context of these previous studies.

Our results agree generally well with those of Feltre et al. (2016),
who also identified the C3-C43, C3-N5, C3-O3, C3-Si3, and C3-N3
UV diagrams as powerful diagnostic tools to discriminate between
ionizing sources in galaxies.8 This general agreement, at least
for metal-poor galaxies, is not surprising, as the nebular-emission
models used in our analysis are further developments of those
used by Feltre et al. (2016, see Section 2.2.1). Interestingly, the
revised (harder) spectra of Wolf–Rayet stars in the stellar population
models imply that the He II λ1640-based UV diagnostic diagrams
of Section 4.1 are not suitable any longer to differentiate ionizing
sources in metal-rich galaxies (in addition to metal-poor galaxies),
as was the case in Feltre et al. (2016). This is because metal-rich SF
galaxies now overlap with composite and AGN-dominated galaxies
in these diagrams.

Our results are also largely consistent with those of Naka-
jima et al. (2018), who provide selection criteria to sepa-
rate SF- from AGN-dominated galaxies, based on the EW-
C3, EW-C4, and C43-C4C3 (i.e. C IV λ1550/C III] λ1908 versus

8Note that, unlike Feltre et al. (2016), we discarded diagnostic diagrams
involving neon UV lines, which will be hard to detect because of typically
low EW.

(C IV λ1550 + C III] λ1908)/He II λ1640) diagnostic diagrams. We
chose not to display here the C43-C4C3 diagram, as we found
the C3-C4 diagram (based on the same emission lines) to better
discriminate between different sources of ionizing radiation. We
also note that the EW of AGN models in Nakajima et al. (2018)
are typically lower than those presented in Section 4, as these
authors included unattenuated AGN radiation when computing the
continuum level (which should not be appropriate for type-2 AGN;
see Section 2.2.4).

Finally, it is of interest to note that all UV diagnostic diagrams
proposed by Feltre et al. (2016) and Nakajima et al. (2018)
include the He II λ1640 line, which can be difficult to reproduce
in models of metal-poor galaxies (Section 5.2). In the framework
of our analysis, we made a first attempt to identify He II λ1640-free
diagnostic diagrams to discriminate between ionizing sources in
distant galaxies (Section 4.2).

6 SU M M A RY

This paper is the second in a series dedicated to the exploration
of optical and UV emission-line diagnostic diagrams to classify
the nature of ionizing radiation in galaxies over cosmic time. We
computed synthetic optical and UV emission lines of galaxies in a
cosmological framework by coupling – in post-processing – newly
developed spectral evolution models, based on photoionization
calculations, with a set of 20 high-resolution cosmological zoom-
in simulations of massive galaxies, as described in Hirschmann
et al. (2017). The latter were performed with the code SPHGal, a
modified version of GADGET3, including sophisticated prescriptions
for star formation, chemical enrichment (Aumer et al. 2013), stellar
feedback (Núñez et al. 2017), BH growth, and AGN feedback
(Choi et al. 2017). We included nebular emission from young
stars (Gutkin et al. 2016), AGN (Feltre et al. 2016) and post-AGB
stars (Hirschmann et al. 2017). We adopted direct predictions from
our simulations for the redshift evolution of global and central
interstellar metallicities, C/O abundance ratio, SFR, BHAR, global
and central average gas densities, and the age and metallicity of post-
AGB stellar populations. Based on these, we selected SF, AGN,
and post-AGB nebular-emission models for each galaxy and its
most massive progenitor at any redshift. By default, we sampled
different, reasonable values of undetermined parameters, such as
the dust-to-metal mass ratio, ionized-gas hydrogen density, and
power-law index of AGN ionizing radiation.

We can summarize our main results as follows:

(i) The synthetic [O III]/H β and [N II]/H α emission-line ratios
of present-day SF, composite, and active galaxies predicted by our
simulations are in fairly good agreement with those suggested by
standard optical selection criteria routinely used to classify the
ionizing sources of galaxies in the local Universe.

(ii) Towards high redshift, standard optical selection criteria in
the [O III]/H β–[N II]/H α diagram can distinguish active from
inactive galaxies only in metal-rich galaxies (i.e. with metallic-
ities � 0.5 Z�), as metal-poor galaxies of different types over-
lap in this diagram. Metal-rich galaxies can be pre-selected ob-
servationally, for example using the [N II]λ6584/[O II] λ3727 or
N III] λ1750/O III] λ1663 ratios. Even so, a differentiation between
composite and AGN-dominated galaxies is not feasible at high
redshift.

(iii) To robustly classify the ionizing radiation of metal-poor
galaxies, which dominate in the early Universe, we confirm 3
previous diagnostic diagrams from Nakajima et al. (2018) and
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Synthetic nebular emission 351

Figure 10. Radiative shock models at metallicities Z = 0.004 and 0.008 from Allen et al. (2008, orange and yellow diamonds, respectively), plotted over
simulations of metal-poor (N2O2 < −0.8) SF-dominated (blue 2D histogram), composite (red 2D histogram), and AGN-dominated (green 2D histogram)
galaxies at redshifts z = 0–6, in 9 UV diagnostic diagrams from Section 4 (different panels, not including EW-based diagrams), together with the selection
criteria of Tables 1 and 2 (dashed and dotted lines).

propose 11 novel diagnostic diagrams, all based on luminosity
ratios and equivalent widths of emission lines in the UV regime
(the corresponding selection criteria are listed in Tables 1 and 2).
UV emission lines tend to become prominent at low metallicities
and are accessible to near-infrared spectrographs out to higher
redshifts than optical lines. We identify the EW(C III] λ1908)
versus C III] λ1908/He II λ1640, EW(Si III] λ1888) versus
Si III] λ1888/He II λ1640, and C III] λ1908/He II λ1640 versus
O III] λ1663/He II λ1640 diagrams as most powerful diagnostics
to differentiate the ionizing sources in metal-poor galaxies over
cosmic time, with completeness and purity fractions (defined in
Section 3.3) always above ∼70 per cent.

(iv) Current nebular emission models appear to sometimes dra-
matically underestimate the He II λ1640-line luminosity in very
metal-poor galaxies. We tested the robustness of our UV selec-
tion criteria to these uncertainties by exploring the impact of
artificially increasing the predicted He II λ1640-line luminosities of
our simulated galaxies. We find that SF galaxies typically move
towards the regions populated by composites in UV diagnostic
diagrams, thereby reducing the completeness fractions of SF galax-
ies and the purity fractions of composites. The EW(O III] λ1663)

versus O III] λ1663/He II λ1640 diagram is least affected by these
changes. In addition, we propose alternative UV diagnostic dia-
grams not including the He II λ1640 line, such as that defined by the
C IV λ1550/C III] λ1908 and C III] λ1908/C II] λ2326 ratios, which
can also be used in combination with He II λ1640-based diagnostics.

(v) When exploring the distribution of pure-shock models in our
UV diagnostic diagrams, we find that these tend to fall in regions
occupied by composites and AGN galaxies. Thus, an observed SF
galaxy with strong shocks residing in the composite/AGN region of
a UV diagnostic diagram could be mistaken for an active galaxy.

The theoretical results presented in this paper provide useful
insights into the identification of ionizing sources in metal-poor
(primeval) galaxies with metallicities below half solar. Nevertheless,
it is important to keep in mind the sparse statistics of our sample
of 20 simulated massive galaxies and their main progenitors, and
the neglect of galaxies with present-day low masses, which may
affect the derived UV selection criteria at any cosmic epoch. The
self-consistent relative contribution by radiative shocks to UV- and
optical-line ratios, which we neglected in this study, must also be
quantified in detail in future work.
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In follow-up studies, we plan to identify UV-line diagnostics
most sensitive to the escape of hydrogen-ionizing photons from
galaxies and to provide constraints on the re-ionization processes
of neutral hydrogen in the early Universe. In addition, we plan to
explore the contribution by different ionizing sources to nebular
emission in different regions of a galaxy, i.e. producing spatially
resolved emission-line maps to improve the interpretation of modern
integral-field spectroscopic observations in terms of galaxy physical
parameters.
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