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ABSTRACT

Accounting for nebular emission when modeling galaxy spectral energy distributions (SEDs) is important, as both
line and continuum emission can contribute significantly to the total observed flux. In this work, we present a new
nebular emission model integrated within the Flexible Stellar Population Synthesis code that computes the total line
and continuum emission for complex stellar populations using the photoionization code Cloudy. The self-consistent
coupling of the nebular emission to the matched ionizing spectrum produces emission line intensities that correctly
scale with the stellar population as a function of age and metallicity. This more complete model of galaxy SEDs will
improve estimates of global gas properties derived with diagnostic diagrams, star formation rates based on Hα, and
stellar masses derived from NIR broadband photometry. Our models agree well with results from other photoionization
models and are able to reproduce observed emission from H ii regions and star-forming galaxies. Our models show
improved agreement with the observed H ii regions in the Ne iii/O ii plane and show satisfactory agreement with He ii
emission from z = 2 galaxies when including rotating stellar models. Models including post-asymptotic giant branch
stars are able to reproduce line ratios consistent with low-ionization emission regions (LIERs).
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1. INTRODUCTION

The light emerging from galaxies is a complex com-
bination of emission from stars and gas, processed by
any intervening dust. To fully model this emission, it
is necessary to include the effects of each of these com-
ponents. For star-forming galaxies, the UV and optical
flux is dominated by the light produced by young, lu-
minous stars and the surrounding networks of ionized
gas. The latter produces nebular emission, which can
contribute as much as 20-60% of broadband fluxes and
which is responsible for nearly all the optical emission
lines present in the spectra of star-forming galaxies (An-
ders & Fritze-v. Alvensleben 2003; Reines et al. 2010).
Emission lines are routinely used at low and high red-
shift to measure key physical properties of entire galax-
ies, such as the star formation rate (SFR) and metallicity
(e.g., Tremonti et al. 2004; Kewley & Ellison 2008).

Nebular emission is comprised of two components: (1)
the nebular continuum, which is a continuous emission
spectrum that consists of free-free (bremsstrahlung),
free-bound (recombination continuum), and two-photon
emission; and (2) nebular line emission, which is primar-
ily produced by radiative recombination processes and
emission from forbidden and fine structure line transi-
tions. The strength of emission from these two compo-
nents depends on both the ionizing radiation field and
the metallicity of the gas. The amount of nebular emis-
sion thus varies from galaxy to galaxy, and can evolve
with cosmic time.

Stellar Population Synthesis (SPS) models used to in-
terpret galaxy observations account for the light emit-
ted by stars and the reprocessing of that light by dust,
but only a handful of current SPS codes include nebu-
lar emission, despite its important effects on the output
spectrum (see reviews in Walcher et al. 2011; Conroy
2013). The contribution from nebular emission can be
calculated with varying levels of sophistication. The
simplest approach computes the line and continuum
emission analytically, using the number of photons in
the Lyman continuum to calculate the strength of emis-
sion as a function of wavelength. The most complex
and accurate approach uses photoionization models to
compute the transfer of ionizing photons exactly.

The SPS codes Pégase (Fioc & Rocca-Volmerange
1999), PopStar (Mollá et al. 2009), and Starburst-
99 (Leitherer et al. 1999) all include analytic prescrip-
tions for nebular emission, where it is assumed that all
stellar photons with energies greater than 13.6 eV are
converted into nebular emission. The nebular contin-
uum contribution is calculated based on emission coef-
ficients for free-free, bound-free, and two-photon transi-
tions. Hydrogenic line intensities are similarly computed
by translating the number of photons in the Lyman con-
tinuum directly into a line intensity based on Case-B ap-
proximations. For Pégase, the line intensities for other
elements are included based on empirical line strengths.

For Starburst-99, line emission is computed from a
normalized library of stellar UV spectra, with absolute
fluxes derived from the stellar SED. While these analytic
prescriptions are computationally efficient, they cannot
account for temporal or chemical evolution.

For a more detailed analysis of the stellar and nebular
energy distributions, population synthesis models can
be coupled with photoionization models. Photoioniza-
tion models have proven to be essential in interpreting
the emission-line properties of H ii regions in terms of
the properties of the stars and gas (e.g., Dopita et al.
2000) and the nebular emission from galaxies in terms
of macroscopic star formation parameters (e.g., Brinch-
mann et al. 2004). Popular photoionization codes in-
clude Cloudy (Ferland et al. 2013) and Mappings-
III (Groves et al. 2004), both of which compute the
full radiative transfer through a gas cloud and predict
the resultant emission spectrum. Most implementations
model the total nebular emission as the sum of emission
from multiple H ii regions with different ages and phys-
ical properties, though at the cost of being much more
computationally expensive(e.g., Kewley et al. 2001; Moy
et al. 2001; Charlot & Longhetti 2001; Dopita et al.
2006).

We present a nebular emission model within the Flex-
ible Stellar Population Synthesis code (FSPS1, Conroy
et al. 2009) that adopts the best features of the realis-
tic photoionization models and implements them within
a more flexible stellar population framework. We cou-
ple the ionizing spectrum and stellar metallicity with
the gas phase metallicity to self-consistently compute
the total line and continuum emission. Following the
process of Charlot & Longhetti (2001), we use simple
stellar populations (SSPs) as the ionizing source for the
gas clouds using the photoionization code Cloudy. The
resultant nebular line and continuum emission are em-
bedded within FSPS as pre-computed tables. We can
then combine the results from the SSPs to produce self-
consistent spectra for arbitrary star formation histories
(SFHs). This strategy maintains the flexibility of FSPS
without the need to rerun the computationally expensive
photoionization models for each output stellar popula-
tion.

The self-consistent implementation of the nebular
model is two-fold: First, the nebular line and contin-
uum emission predicted by Cloudy is added to the
same spectrum that was used to produce the emission
lines, and is thus directly tied to the ionizing contin-
uum of each SSP as a function of age, metallicity, and
ionization parameter. Second, by linking the stellar
metallicity in FSPS with the gas-phase abundances in
Cloudy we couple the metallicity dependent changes
in the ionizing EUV spectral shape to the changes in
the gas coolants, which is reflected in both the temper-

1 available on GitHub https://github.com/cconroy20/fsps

https://github.com/cconroy20/fsps
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ature and ionization structure of the nebula. This is a
particularly important feature, as it allows us to more
accurately model the simultaneous signature of stars,
gas, and dust in the integrated spectra of galaxies, as
discussed below.

In § 2 we introduce the nebular emission model and
our means of coupling FSPS and Cloudy. We first dis-
cuss broad trends in the ionizing spectra in § 3, before
moving on to discuss the results of the nebular model
in § 4. We begin § 4 by discussing the ionization struc-
ture of individual H ii regions as a function of age and
metallicity (§ 4.1). We then use these results to discuss
the origin of common optical and NIR lines and their
variation in line strength (§ 4.2). In § 5 we generate
model grids of line ratios and showcase their ability to
reproduce lines observed in H ii regions and star-forming
galaxies. We consider several complicating features in
§ 6, including evolutionary tracks and dust, followed by
our conclusions in § 7.

2. METHODS AND IMPLEMENTATION

In the following sections we discuss the parametriza-
tion of the nebular emission model and our means of
embedding it within FSPS. We highlight broad trends
in the ionizing spectra and identify parameters which
most influence the properties of the nebular model.

2.1. Cloudy Model Parametrization

To calculate photoionization models, we use version
13.03 of Cloudy2, last described by Ferland et al.
(2013). Cloudy simulates physical conditions within a
gas cloud to predict the thermal, ionization, and chem-
ical structure of the cloud and the resultant spectrum
of the diffuse emission. Users must describe the physi-
cal properties of the gas cloud and provide an external
source of radiation to photoionize the cloud. Each model
must specify (1) the geometry and (2) the chemical con-
tent of the gas cloud, and (3) the spectrum and (4) the
intensity of the ionizing radiation source. Our choices
for these parameters are as follows.

2.1.1. Assumed Geometry

Following Charlot & Longhetti (2001), we adopt a
spherical shell cloud geometry and assume that the ion-
izing radiation is produced by a point source at the cen-
ter of the spherical shell of gas. The distance from the
central ionizing source to the inner face of the gas cloud,
Rinner, is fixed at 1019 cm (∼ 3pc) and we assume a con-
stant gas density of nH = 100 cm−3.

We note that density is the fundamental parameter in
Cloudy simulations, whereas pressure is the fundamen-
tal parameter in Mappings-III. We compared Cloudy
models run with a constant density law (which keeps the
sum of protons in atomic, ionized, and molecular forms

2 available at https://nublado.org/

constant throughout the gas) to those run with an iso-
baric density law (which dictates that the gas pressure
follows Pgas = ntot · k · Te) and found that our results
did not change by more than a few percent. Differences
between Mappings-III and Cloudy models are there-
fore unlikely to be due solely to the different application
of density and pressure laws.

2.1.2. Gas Chemical Content

We adopt the gas phase abundances specified by Do-
pita et al. (2000), which are based on the solar abun-
dances from Anders & Grevesse (1989). We assume that
the gas phase metallicity scales with the metallicity of
the stellar population, given that the metallicity of the
newly-formed stars should be identical to the metallic-
ity of the gas cloud from which the stars formed. Metal
abundances are solar-scaled, with the exception of nitro-
gen, which has a known secondary nucleosynthetic con-
tribution. For the scaling of nitrogen with metallicity,
we follow the piecewise relationship between nitrogen
and oxygen specified by Dopita et al. (2000).

Elements like carbon and nitrogen are observed to be
heavily depleted onto dust grains in H ii regions. This al-
ters the chemical composition of the nebula, but also the
thermal properties of the nebula, since these elements

Table 1. Solar Metallicity (Z�)

and Depletion Factors (D) adopted

for each element

Element log10 Z/Z� log (D)

H 0 0

He -1.01 0

C -3.44 -0.30

N -3.95 -0.22

O -3.07 -0.22

Ne -3.91 0

Mg -4.42 -0.70

Si -4.45 -1.0

S -4.79 0

Ar -5.44 0

Ca -5.64 -2.52

Fe -4.33 -2.0

Note—Solar abundances are from

Anders & Grevesse (1989) and de-

pletion factors are from Dopita

et al. (2000).

https://nublado.org/
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are important gas coolants. To account for this, the rel-
ative abundances used in this work include the effect of
depletion onto dust grains derived from observations as
defined in Dopita et al. (2000). The applied depletion
factors are constant factors applied to specific elements
and do not scale with the metallicity of the model. The
depletion factors are applied regardless of whether the
model nebula includes dust grains, due to their impor-
tant effect on the temperature structure of the cloud. A
complete description of the elemental abundances and
depletion factors used in this work can be found in Ta-
ble 1. In Table 2 we compare the abundances used in this
work with those used in other nebular emission models.

We produce two separate nebular models, one that in-
cludes grains within the nebula and one that does not.
For the set of models that include dust grains within
the nebula, we use a dust grain model with a size distri-
bution and abundances pattern appropriate for the ISM
of the Milky Way. The grain prescription includes both
a graphite and silicate component and generally repro-
duces the observed extinction properties for a ratio of ex-
tinction per reddening of RV ≡ AV /E(B−V ) = 3.1. We
note that in real galaxies Rv will not necessarily equal
the canonical Milky Way value and depletion patterns
may differ from the ones adopted in this work, which
could in turn significantly alter the physical properties
of the model H ii region.

2.1.3. Ionizing spectra

We use the stellar population synthesis code FSPS via
the python interface, python-fsps3, to generate spectra
from coeval clusters of stars, each with a single age and
metallicity (SSPs). The ionizing spectra from FSPS are
used as the central radiation field responsible for ioniz-
ing the surrounding gas cloud in the Cloudy model.
For each SSP (t, Z), the SED dictates the spectrum
of ionizing photons and the metallicity fixes the nebu-
lar abundances. This couples the age and metallicity-
dependent changes in the shape and intensity of the
ionizing spectrum with the coolants in the gas cloud,
both of which regulate cloud temperature and ionization
structure. The current implementation in FSPS allows
the user to specify different stellar and gas-phase metal-
licities, which will break some of the self-consistency of
the model, since emission lines will be added to an SSP
that is different from the one that was used to ionize the
gas.

The SSPs are generated assuming a Kroupa IMF
(Kroupa 2001) and a fully sampled mass function. The
SSPs use the 2007 Padova isochrones (Bertelli et al.
1994; Girardi et al. 2000; Marigo et al. 2008) which
do not include evolutionary tracks for massive stars.
Geneva isochrones are adopted for M > 70M�, us-
ing the high mass-loss rate evolutionary tracks from

3 available at http://dan.iel.fm/python-fsps/

(Schaller et al. 1992; Meynet & Maeder 2000) as recom-
mended by Levesque et al. (2010). If the user adjusts
the IMF or the stellar library used in FSPS, the precom-
puted Cloudy output will no longer be self-consistent.

We adopt the BaSeL 3.1 stellar library, a theoretical
library of stellar spectra based on Kurucz models, re-
calibrated using empirical photometric data (Westera
et al. 2002). The Wolf-Rayet (WR) spectra are from M.
Ng, G. Taylor & J.J. Eldridge (priv. comm) using WM-
Basic (Pauldrach et al. 2001), and the O-star spectra
are from Smith et al. (2002) using CMFGEN (Hillier &
Lanz 2001). Post asymptotic giant branch (post-AGB)
stellar isochrones are from Vassiliadis & Wood (1994)
with post-AGB spectra from Rauch (2003). In § 3 we
discuss how changing various aspects of the applied SPS
model affects the ionizing spectrum and the resultant
nebular emission.

2.1.4. Ionizing Spectrum Intensity

To set the intensity of the ionizing spectrum, we use
the ionization parameter U , a dimensionless quantity
that gives the ratio of hydrogen ionizing photons to total
hydrogen density:

U ≡ QH

4πR2 · nH · c
, (1)

where R is radius of the ionized region, nH is the number
density of hydrogen (cm−3), c is the speed of light, and
QH (s−1) is the total number of photons emitted per sec-
ond that are capable of ionizing hydrogen (λ0 ≤ 912Å):

QH ≡
∫ ∞
ν0

fν
hν
dν =

1

hc

∫ λ0

0

λfλdλ . (2)

The ionization parameter used in this work, U , dif-
fers from the ionization parameter q (cm · s−1) used by
Levesque et al. (2010) and Dopita et al. (2013) by a fac-
tor of c, the speed of light: q = U · c. Cloudy defines U
at R = Rinner, the distance from the ionizing source to
the illuminated inner face of the cloud. In its derivation,
U is computed at R = RS, the Strömgren radius, the
location where ionization and recombination rates are
balanced in thermal equilibrium, which can only be cal-
culated after a photoionization model is computed. The
distinction does not matter for a thin spherical shell, the
geometry assumed in this work (for details see Charlot
& Longhetti 2001). To avoid confusion, we define U0 as
the ionization parameter calculated at the inner radius
of the gas cloud.
U0 conveniently folds in both the intensity (QH) of

the ionizing source and the geometry of the gas cloud
(Rinner, nH), which allows us to make a simplification
to reduce the dimensionality of our model grid. For a
fixed EUV shape and metallicity, any combination of
QH, Rinner, and nH that produces the same value of
U0 will produce the same nebular spectrum, a simplifi-
cation which holds at typical H ii region densities and
sizes (nH ∼ 10− 1000, Rinner ∼ 0.1− 10 pc).

http://dan.iel.fm/python-fsps/
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Table 2. Abundances of important gas coolants in various nebular emission models

Abundance Set Solar Abundance Set log (C/H) log (D) log (N/H) log (D) log (O/H) log (D)

Cloudy <Orion Nebula> Anders & Grevesse (1989) -3.52 · · · -4.15 · · · -3.40 · · ·

Dopita et al. (2013) Grevesse et al. (2010) -3.87 (-0.30) -4.65 (-0.05) -3.38 (-0.07)

Dopita et al. (2000) Anders & Grevesse (1989) -3.74 (-0.30) -4.17 (-0.22) -3.29 (-0.22)

Charlot & Longhetti (2001) Grevesse & Noels (1993) -3.45 · · · -4.30 (-0.27) -3.18 (-0.05)

Levesque et al. (2010) Anders & Grevesse (1989) -3.70 · · · -4.22 · · · -3.29 · · ·

Note—Values in table reflect absolute abundance at solar metallicity and include the indicated depletion factors.

We run each model at a range of U0 values for a fixed
Rinner and nH. We vary log10 U0 from -4 to -1 in steps of
0.5, a choice informed by Rigby & Rieke (2004), who ob-
served ionization parameters in local starburst galaxies
in the range −3.5 ≤ log10 U0 ≤ −1.5. Running models
at different values of U0 but fixed Rinner and nH implic-
itly varies the value of QH input to Cloudy for each
model. Older models with softer ionizing spectra thus
require higher values of QH to produce the same desired
range of ionization parameters.

Each instantaneous burst generated by FSPS assumes
the formation of one solar mass of new stars. From equa-
tion Eq. 2, we can calculate Q̂H ≡ QH/M� from the
spectrum of each 1M� SSP. QH for an arbitrary popu-

lation is then Q̂H times the mass in stars formed. Since
the value of QH input to Cloudy will vary from Q̂H as
calculated from the ionizing spectrum, we normalize the
resultant spectrum by Q̂H/QH to account for the differ-
ent intensities required to produce the desired range in
log10 U0.

For context, at 1M�, Q̂H calculated from the ioniz-
ing spectrum varies from 1043 − 1047 s−1/M�, which
corresponds to −9 . log10 U0 . −5 at the assumed
Rinner = 1019 cm and nH = 100 cm−3 of our model.
However, 1M� of stars is incapable of ionizing massive
H ii regions, which require −4 . log10 U0 . −1. The

normalization factor Q̂H/QH thus varies from 108 to 101.
For any given model, the range of applied normalizations
only varies by 103.

We choose to fix Rinner and nH and only vary QH to
produce the various desired values of log10 U0. Other
groups have taken different approaches to generating
model grids that vary in ionization parameter. Moy
et al. (2001) pair Pégase with Cloudy, and use a fixed
inner radius, a constant gas density, and set QH to 1052

in every model. Different values of U0 are then generated
by varying the volumetric fill factor of the surrounding
gas cloud, a measure of how clumpy the surrounding

gas cloud is4. Levesque et al. (2010) pair Starburst-
99 with Mappings-III, and increase the total mass of
the instantaneous bursts to 106 M�, and vary the in-
ner radius of the cloud to produce ionization parameters
consistent with those observed in Rigby & Rieke (2004).

2.1.5. Other Model Specifications

The Cloudy models are radiation-bounded, and all
relevant radiative transfer effects are included in the
treatment of line formation, which requires several itera-
tions per model to establish a well-defined optical depth
scale. We set a temperature floor of 100K, and stop the
radiative transfer calculation when the ionized fraction
of the cloud drops to 1%; resultant line ratios do not
qualitatively change for simulations that are stopped at
slightly different fractions.

We record 128 emission lines for each model, which
includes emission lines from the UV to the IR. Roughly
60% of the lines included are in the optical wavelength
regime, with ∼ 20% in the UV and ∼20% in the IR. A
full list of the included emission lines is provided in Ta-
ble 3. Cloudy reports air wavelengths for any wave-
length over 2000Å, and we convert these to vacuum
wavelengths using the IAU standard formalism from
Morton (1991). Note that many wavelengths for the re-
ported emission lines from Cloudy were inaccurate by
0.1-0.5Å, due to a combination of the limited number of
significant figures that could be recorded in legacy ver-
sions of Cloudy and the use of outdated line databases.
To remedy this, the lines were matched to the appropri-
ate lines from the NIST atomic line database, and their
wavelengths set to the true vacuum value.

We integrate the FSPS model spectra into Cloudy
using its support for “user-defined” atmosphere grids.
We have generated Cloudy-formatted ascii files that

4 The volumetric fill factor alters the effective path length of

the ionizing photons and is different from the covering factor,
Ω/
4π

,
which specifies the fraction of the ionizing flux that is “seen” by
the gas.
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supply the FSPS spectrum for stellar populations that
span the full range of available ages and metallicities;
these files have been made publicly available for anyone
to use within Cloudy. The publicly available ASCII
files include a standard, single-burst version and a ver-
sion for populations with constant star formation; both
use the IMF, evolutionary tracks, and spectral libraries
as specified above. However, CloudyFSPS5 provides a
python interface between FSPS and Cloudy that can
be used to generate ASCII files for arbitrarily complex
stellar populations as input to Cloudy.

2.2. Integration of Nebular Emission into FSPS

The nebular emission model samples the following val-
ues for SSP age, SSP metallicity, and ionization param-
eter, U0:

log10 U0: -4.0, -3.5, -3.0, -2.5, -2.0, -1.5, -1.0

log10 Z/Z�: -2.0, -1.5, -1.0, -0.6, -0.4, -0.3, -0.2,
-0.1, 0.0, 0.1, 0.2

Age: 0.5, 1, 2, 3, 4, 5, 6, 7, 10 million years (Myr)

For each SSP of age t and metallicity Z, we run pho-
toionization models at each ionization parameter, U0.
We normalize the line and continuum emission by QH

as calculated from the input ionizing spectrum. The
normalized line and continuum emission are recorded
into separate look-up tables. For a given SSP (t, Z)
and specified U0, FSPS returns the associated line
and continuum emission associated with that grid-point
from the look-up table. This maintains the model self-
consistency, such that the nebular emission is added to
the same spectrum that was used to ionize the gas cloud.
FSPS then removes the ionizing photons from the SED
to enforce energy balance. FSPS includes a parameter,
frac obrun, which allows some fraction of the ionizing
luminosity to escape from the H ii region, however, in
this work we assume an ionizing photon escape fraction
of zero.

The nebular model is implemented for SSPs with age
t < tesc, a parameter within FSPS that specifies the
time a given SSP is surrounded by its birth cloud. For
complex stellar populations, the total nebular contri-
bution is the sum of emission from all SSPs that con-
tribute to the SFH with age t < tesc. In practice, the
emission from H ii regions surrounding star clusters is a
relatively short-lived phenomenon (. 107 years), with
most of the contribution coming from SSPs 3 Myr and
younger, though deviations from this are discussed in
§ 6.1. In general, we neglect the contribution from old
planetary nebula and hot intermediate-aged stars. In
§ 6.2, however, we assess the importance of the contri-

5 available on GitHub https://github.com/nell-byler/
cloudyfsps.

bution from post-AGB stars. We do not consider the
contribution from AGN.

3. PROPERTIES OF THE MODEL IONIZING
SPECTRA

The ionizing spectrum is the link between FSPS and
the nebular emission model, and the emission line spec-
trum is critically dependent on the adopted ionizing ra-
diation field. Important parameters like the number of
ionizing photons and the slope of the spectrum blueward
of 912Å vary with the age and metallicity of the SSP. In
this section we present basic properties of the ionizing
spectra used in the nebular emission model and demon-
strate the effects that age and metallicity have on the
intensity and shape of the input spectrum.

3.1. Time evolution of the ionizing spectra

For giant H ii regions, the ionization is provided by
groups of rapidly evolving massive stars. The ionizing
spectrum will thus change with time, with stars of differ-
ent masses dominating the spectrum at different times.
For H ii regions, we are primarily concerned with the
evolution of flux at wavelengths shorter than 912Å, as
these are the photons with energies high enough to ion-
ize hydrogen in the surrounding gas cloud.

Fig. 1 shows the contribution of stars in different mass
ranges to the ionizing spectrum as a function of age
and wavelength. In all panels, the radiation capable
of ionizing hydrogen is produced by the most massive
stars: those with initial masses & 10M�. At 1 Myr,
stars with initial mass & 35M� dominate the ionizing
spectrum. These stars are extremely short-lived and by
3 Myr the spectrum is dominated by stars with initial
masses & 25M�. O-type stars (> 35M�) have evolved
off of the main sequence by 5 Myr, and stars with masses
10− 25M� (B-type stars) dominate the spectrum from
6 − 20 Myr. By 10 Myr there are not enough stars left
with sufficiently high temperatures to produce signifi-
cant amounts of ionizing radiation.

3.2. Ionizing photon production rate

Fig. 1 shows the evolution in the intensity of ionizing
photon production with age. We quantify this in Fig. 2,
where we show typical values of Q̂H, the production rate
of photons that are capable of ionizing hydrogen (λ ≥
912Å) as a function of the age and metallicity of the
stellar population. As expected, the youngest stellar
populations produce the most ionizing photons and have
the highest values of Q̂H. As the population ages, cooler
stars dominate the SED, producing less light at higher
energies and decreasing the overall ionizing photon rate.

The SSP metallicity has a second-order effect on the
ionizing photon rate, attributed to (1) metallicity-
dependent changes in the stellar atmospheres and
(2) metallicity-dependent changes in stellar evolution.
First, metals in stellar atmospheres absorb heavily, di-
minishing the UV flux for high-metallicity SSPs. Sec-

https://github.com/nell-byler/cloudyfsps
https://github.com/nell-byler/cloudyfsps
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ond, low-metallicity stellar populations have longer
main sequence lifetimes, and can thus produce photons
capable of ionizing hydrogen for longer.

3.3. EUV spectrum

Not only is the absolute number of ionizing photons
important, but the exact distribution of ionizing photon
energies is important as well. Photoionization ejects an
electron with kinetic energy proportional to the energy
of the ionizing photon, and thus the spectrum of initial
electron velocities in the nebula reflects the spectrum
of ionizing photons. The more high energy photons are
present, the “harder” a spectrum is, which ultimately
affects the temperature and ionization structure of the
H ii region. To quantify the hardness of the SSPs in our
models, we calculate the slope of the extreme-ultraviolet
(EUV) portion of the SED, as measured between the ion-
ization threshold for helium (HeI, 24.6 eV or 505Å) and
hydrogen (13.6 eV or 912Å). A large slope implies rel-
atively few high-energy photons (a “soft” ionizing spec-
trum) and a smaller, flatter slope implies relatively more
high-energy photons (a “hard” ionizing spectrum).

We show the time evolution of the EUV slopes in
Fig. 3. To first-order, the slope of the EUV spectrum
is a function of SSP age. The youngest populations
have spectra dominated by hot stars, which emit rel-
atively more high-energy photons. Older populations
have spectra dominated by cooler stars, which emit rel-
atively fewer high-energy photons. Thus as the popu-
lation ages, the slope gradually steepens, or “softens.”
The abrupt change in spectral slope at log t ∼ 6.5 (∼ 3
Myr) roughly corresponds to the lifetime of an O-type
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Figure 3. The time evolution of the EUV slope of ionizing

spectra for single-burst populations at different metallicities.

The slope is measured between the ionization energy of he-

lium (505Å) and hydrogen (912Å); smaller slopes indicate a

“harder” ionizing spectrum, with relatively more high energy

photons. The ionizing spectra soften with time as the SSP

ages. The metal-poor populations produce harder ionizing

spectra at all ages. The sudden hardening of the spectra

near log t ∼ 6.7 is due to the onset of the WR phase.

star; once the O-type stars have evolved off of the main
sequence the slope suddenly becomes much “softer.”

The EUV-slope is also a function of metallicity, since
metallicity affects stellar evolutionary time scales and
mass loss rates. Low-metallicity populations are gen-
erally hotter, which hardens the EUV spectrum. Low-
metallicity populations have weaker line-driven winds
and experience less mass-loss, affecting main sequence
lifetimes. The low-metallicity models produce a more
gradual softening of the EUV spectrum, maintaining
hard ionizing spectra for 1-2 Myr longer than the most
metal-rich population.

3.4. Massive Star Evolution

Flux in the EUV portion of the spectrum is primarily
produced by stars with M > 10M�, and is thus closely
tied to massive star evolution. As such, the reliability
of the photoionization models is tied to the reliability
of evolutionary models of massive stars. Although the
ionizing spectrum tends to become both softer and less
intense with time, there are noticeable departures from
these trends at ∼5 Myr. These fluctuations are due to
Wolf-Rayet (WR) stars, which are massive stars (initial
mass & 30M�; highlighted as ∼ 35 − 75M� in Fig. 1)
that have evolved off of the main sequence. WR stars
are stellar cores exposed from extreme mass loss, and
their hot temperatures significantly harden the ionizing
spectrum of the stellar population, seen clearly at log t ∼
6.7 in Fig. 3.

We note, however, that models of WR evolution are
extremely uncertain, and that the exact masses and evo-
lutionary pathways are not well-constrained. The ex-
treme non-LTE nature of their atmospheres make WR
stars challenging to model, and variations in mass loss
and the strength of stellar winds make it difficult to pre-
dict ionizing fluxes (see review by Crowther 2007, and
references within). This limitation likely imparts sig-
nificant uncertainties into the evolution of the ionizing
spectrum, particularly at late (∼5 Myr) times.

The Padova+Geneva isochrones used in this work do
not include the effects of stellar rotation or binarity, both
of which have important effects on the ionizing spec-
trum and main sequence lifetimes of massive stars (e.g.,
Levesque et al. 2012; Eldridge 2012). We discuss this
issue in detail in § 6, and include a similar analysis of
the ionizing spectra produced by the MESA Isochrones
& Stellar Tracks (MIST, Dotter 2016; Choi et al. 2016),
which include stellar rotation, in § 6.1.

3.5. Constant Star Formation Rate

Ionizing spectra from single bursts may be a good ap-
proximation for a single massive H ii region, but real
galactic stellar systems can show more complexity. Star
clusters do not form instantaneously, and may be better
modeled by a population with a range of ages spanning a
few million years. Likewise, galaxies are subject to pro-
longed bursts of star formation involving many clusters,
and their integrated spectra may be better represented
with even more extended, complex SFHs. To calculate
the total emission spectrum for complex or extended
SFHs, FSPS adds the nebular emission from contribut-
ing SSPs from the nebular look-up tables generated by
instantaneous bursts.

We illustrate the effect of extended star formation by
comparing the instantaneous burst models to models
generated with a constant star formation rate (CSFR)
of 1 M� per year. In this analysis, the constant SFR
spectra are generated with FSPS and then fed as input
to Cloudy. For instantaneous burst models, the hard-
ness of model spectra decreases steadily with age as the
massive star population evolves off the main sequence.
In models with constant SFR, however, the rate of stars
forming and the rate of stars dying eventually reaches
an equilibrium, after which there is little evolution in
the ionizing spectrum.

In the top panel of Fig. 4 we compare the time evolu-
tion of the ionizing photon rate generated by instanta-
neous bursts and constant SFR populations. The con-
stant SFR models reach an equilibrium around 4 Myr,
after which the ionizing photon rate is essentially con-
stant. In the bottom panel of Fig. 4 we show the time
evolution of the EUV slope of the two models. The slope
of the constant-SF model eventually reaches equilibrium
around 6 Myr, with a slope that is roughly equivalent
to that of a 2 Myr instantaneous burst.
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Figure 4. The evolution of ionizing spectra for instanta-

neous bursts (blue) and populations with constant SFRs

(green). The intensity of the color shows different metal-

licities, with the lightest color corresponding to the high-

est metallicity model. Top: Time evolution of Q̂H, as

in Fig. 2. For the models with constant SFR, at ∼4 Myr

the birth rate of stars balances the rate of stars leaving the

main sequence, after which the ionizing spectrum shows little

variation. Bottom: Time evolution of the EUV slope, as

in Fig. 3. The slope of the constant SFR model eventually

reaches an equilibrium near 7 Myr with a slope consistent

with a ∼2 Myr instantaneous burst.

4. NEBULAR MODELS

For the models described in § 2, we use Cloudy to
calculate the physical properties of the gas and the emer-
gent emission line and continuum spectrum. In this sec-
tion, we discuss each of these features in turn.

4.1. Broad Physical Trends in Model HII Regions

Cloudy calculates the full radiative transfer through
the gas cloud, so each individual H ii region model has
internal structure, with radial variations in ionization
state and temperature, which in turn affect the loca-
tion within the nebula where various emission lines are
produced. Before discussing the emission properties of
the model H ii regions, we first explore their internal
structure to better understand the physical conditions
driving the global spectrum.

4.1.1. Model HII Region Temperatures

The emergent emission spectrum is sensitive to the
kinetic temperature of the free electrons, Te, since col-
lisions between electrons and metal ions are responsible
for producing some of the most prominent emission lines
observed in H ii region spectra. In this section, we de-
scribe how the equilibrium temperature of model H ii
regions is affected by the input ionizing spectrum and
gas-phase metallicity. Our model links the metallicity-
dependent changes in the ionizing spectrum with the
coolants in the gas cloud, which drive the bulk trends in
cloud temperature and ionization structure.

The equilibrium temperature of an H ii region is set by
the balance of heating and cooling processes. Photoion-
ization of hydrogen is the dominant source of heating
in an H ii region. The net heating from photoionization
is determined by (1) the photoionization rate and (2)
the average energy of the liberated electrons, both of
which depend on the intensity and shape of the ionizing
radiation field by means of the number of incident ioniz-
ing photons and the energy injected per photoionization.
The volumetric heating rate from photoionization, Γion,
is thus given by the photoionization rate weighted by
the energy of the freed electron:

Γion = nH

∫ ∞
ν0

4πJν
hν

(hν − hν0)σν(H)dν , (3)

where nH is the neutral hydrogen density, σν(H) is the
photoionization cross-section of neutral hydrogen, ν0 the
ionization energy, and Jν is the mean specific intensity
of the radiation field. This form is similar to integrating
a monochromatic version of QH weighted by the energy
of each photoelectron. Thus for a given QH, if there are
relatively more high-energy photons (i.e., if the ioniz-
ing spectrum is harder), each photoionization will inject
more kinetic energy, increasing the heating rate.

Cloud cooling is radiative, through a combination of
line and continuum emission. We represent the total
cooling rate, Λrad, as a sum of each of the major cooling
processes:

Λrad = Λce + Λfb + Λff , (4)

where Λce is the cooling from collisionally-excited metal
ions, Λfb is the cooling from free-bound emission, and
Λff is the cooling from free-free emission6. In Eq. 4 the
cooling rates are ordered by their contribution to the
total cooling rate; for H ii regions, the dominant cooling
process is emission from collisionally-excited metal-ions.

In Fig. 5 we show the fractional contribution of col-
lisionally excited metal ions to the total cloud cooling
as a function of model age and metallicity. At near-

6 Γ and Λ are traditionally used to represent the net energy
gained (and lost) per unit volume, with units erg·s−1·cm−3. In
this work we use Γ and Λ to represent the total energy gained
(and lost) in the nebula, with units erg·s−1.
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Figure 5. The fractional contribution of collisionally-

excited metal lines to the total cooling in a 1 Myr population

as a function of metallicity and ionization parameter. Metal

lines are the dominant coolant for models with metallicities

above ∼log10 Z/Z� = −1.0, and can provide as much as 90%

of the cooling emission at the highest model metallicities.

For models with metallicities below ∼log10 Z/Z� = −1.0, the

bulk of the cooling emission is through Lyα, recombination

lines, and the bound-free continuum. Cooling from free-free

emission contributes at most ∼10% of the total cooling.

solar and super-solar metallicities, the cooling is domi-
nated by forbidden and fine-structure transitions from
collisionally-excited metal-ions, which can provide up to
95% of the total cooling. However, for metal-poor neb-
ulae, the contribution from collisionally-excited metal-
ions is less than 1% of the total cooling rate. In this
regime, hydrogen provides the bulk of the cooling emis-
sion via free-bound line and continuum emission.

The model H ii regions are in thermal equilibrium, so
the net energy gained and lost by the nebula is equal
at every age and metallicity. While the net heating and
cooling rates in each cloud are always equal, the effi-
ciency of the various cooling processes is highly vari-
able, resulting in different model equilibrium temper-
atures. Metal line cooling is a particularly efficient
coolant and produces much lower equilibrium temper-
atures than cooling from recombination emission.

In the top panel of Fig. 6 we show the volume-averaged
equilibrium temperatures of model H ii regions as a func-
tion of metallicity and ionization parameter. Te varies
from ∼ 4000− 20, 000 K, with the lowest cloud temper-
atures found in the most metal-rich models. Metal line
cooling is the dominant cooling process for nebulae with
metallicities −1.0 < log Z/Z� < 0.1, and the cooling

efficiency is a strong function of the gas cloud metallic-
ity. Scaling up the gas phase abundances increases the
cooling efficiency, producing lower equilibrium temper-
atures, as expected from Fig. 5.

Below log10 Z/Z� = −1.0, the shift in the domi-
nant coolant produces a secondary dependence on ion-
ization parameter. In these extremely metal-poor gas
clouds, hydrogen is the only available coolant, with most
of the cloud cooling emission produced in recombina-
tion lines and continuum emission. The strength of
the recombination emission is strongly dependent on
the number of incident ionizing photons, thus below
log10 Z/Z� = −1.0, Te depends on both metallicity and
ionization parameter.

The bottom panel of Fig. 6 shows the time evolution
of the model H ii region temperatures at several different
metallicities and ionization parameters. As the ionizing
spectra soften with age, the equilibrium temperatures
decrease. However, variations in metallicity and ioniza-
tion parameter drive much larger variations in equilib-
rium temperature.

4.1.2. Ionization Structure and Line Emissivity of the

Model HII Regions

The ionization state of the cloud is critical for deter-
mining a number of processes within the nebula: the rate
of radiative cooling, the rate at which the cloud absorbs
photons from stars, and the chemical processes that can
proceed within the cloud. The ionization structure sets
the accessibility of critical emission lines; for example,
[O iii] emission can only be produced if oxygen is dou-
bly ionized. It is therefore necessary to understand what
drives the ionization structure of H ii regions to under-
stand the global emission line spectrum. Photoioniza-
tion is by far the most important ionization process, and
the frequency dependence of the ionization cross section
means that the spectral shape will thus play an impor-
tant role in determining the ionization structure within
the model H ii region.

In Fig. 7 we show the ionization structure and line
emissivity of oxygen in a model H ii region at 1, 2, and 3
Myr at fixed ionization parameter. At all ages, the high
ionization species are found in the inner region of the
nebula, while lower ionization species are found in the
outer region of the nebula. Spectral shape regulates the
spatial extent of high-ionization species and the preva-
lence of partial-ionization zones, which in turn controls
where emission from collisionally-excited transitions is
produced.

While oxygen emission is strong at all ages, the age-
dependent softening of the ionizing spectrum changes
the location within the cloud where each emission line
is produced. In the 1 Myr model, O++ is apprecia-
bly present in ∼ 60% of the cloud, with [O iii] emission
produced at nearly all radii. In the 3 Myr model, how-
ever, O++ is only present in the innermost 25% of the
cloud, and the emission from [O iii] is entirely contained
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Figure 6. Top: The volume-averaged electron tempera-

tures (Te) of model H ii regions as a function of U0 and

log10 Z/Z� at a fixed age (2 Myr). Above log10 Z/Z� = −1,

metal line cooling dominates and Te is primarily a function

of metallicity. Below log10 Z/Z� = −1, Ly-α, free-bound,

and free-free continuum emission provide most of the cool-

ing radiation and Te depends primarily on U0. Bottom:

The time evolution of Te at log10 Z/Z� = −0.3,−0.6,−1.0.

For each metallicity, the transparency of the line shows the

different ionization parameters, from log10 U0=-1 (opaque)

to log10 U0=-4 (transparent). At a fixed abundance, this

demonstrates the sensitivity of Te to the hardness of the ion-

izing spectrum, since the ionizing spectra soften with age.

within the doubly ionized oxygen zone. While the [O i],
[O ii], and [O iii] lines are produced in overlapping phys-
ical regions in the 1 Myr model, the lines are produced
in physically distinct regions of the cloud in the 3 Myr
model.

Ideally, we would like temperature and density di-
agnostics for the same ionic state, which would probe
the same physical region within the nebula. [O iii] is a
commonly-used temperature diagnostic, but probes the
temperature in the O++ zone, near the inner edge of
the nebula. [O ii] is the only optically accessible oxygen
density diagnostic, which measures the density in the
the O+ zone, in the outer region of the nebula. The re-
gion probed in either case may not be representative of
the nebula as a whole. This has implications for the in-
terpretation of line ratios, as lines produced at different
radii probe physically distinct regions of the nebula.

The strength of emission lines is not set solely by the
total abundance of an ionic species in the nebula (i.e. the
ionization structure shown in Fig. 7), but is modulated
by the energetic accessibility of energy levels as well.
Collisional excitation involves an interaction between an
ion and a free electron, and the rate of collisions will thus
depend on the kinetic energy of the free electrons in the
nebula7.

This is especially important in the context of our
nebular model, which links the gas phase abundances
to the metallicity of the ionizing population. In
§ 4.1.1, we demonstrated that Te is a strong func-
tion of metallicity through the efficiency of metal line
cooling. Both the hardness of the ionizing spectrum
and the timescales associated with stellar evolution are
metallicity-dependent, which has important effects on
the thermodynamic properties of the model H ii regions.

In Fig. 8 we show the oxygen ionization structure and
line emissivity of a 3 Myr model at constant ionization
parameter and different metallicities. In Fig. 7, the age-
induced softening of the ionizing spectrum changed the
spatial extent of different ionization zones. Here, we see
a similar effect from the metallicity-induced changes in
the ionizing spectrum, where the harder ionizing spectra
in the low-metallicity model extends the O++ ionization
zone.

4.1.3. Hydrogen Recombination Lines

Hydrogen recombination lines are typically the
strongest lines in H ii region spectra, and are widely
used diagnostics of H ii region conditions when com-
bined with metal lines. However, the hydrogen lines
have a fundamentally distinct emission mechanism than
the collisionally-excited metal lines discussed in § 4.1.2.
Recombination lines are produced by the radiative re-

7 We implement a constant density model, but collisional ex-
citation will also depend on the number of colliders and thus the
density of the nebula.
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combination of a free electron with a proton into an
excited state, followed by a radiative cascade to lower
levels. They therefore have a different dependence on
the properties of the nebula.

Analytic prescriptions for nebular emission gener-
ally assume that the number of ionizing photons and
the number of recombination photons are equal, which
yields a simple equation that converts QH to an Hα lu-
minosity. It is thus unsurprising that the total power in
the recombination lines closely tracks QH as measured
from the ionizing spectrum.

However, the conversion between QH and LHα is not
one-to-one, because the recombination coefficient, αB, is
a function of temperature. To get the correct luminosity
of Hα and Hβ, it is essential to factor in both the number
of ionizing photons and the temperature of the nebula.
This is explicitly self-consistent in our nebular model,
which adds the nebular emission to the same SSP (t, Z)
as the one that input to Cloudy, preserving the tem-
perature sensitivity of the recombination lines as a func-
tion of age and metallicity. We note that the PopStar
models do include a metallicity-dependent Te in their
recombination coefficient, but not an age-dependent Te.

In Fig. 9, we show the Hα luminosity of the model H ii
regions as a function of age, metallicity, and ionization
parameter. We have normalized the Hα luminosities by
QH to demonstrate the magnitude of the variations in
Hα luminosity driven by changes in temperature. At
constant age and ionization parameter, metallicity vari-
ations lead to a factor of three changes in the recom-
bination line strength. The softening of the ionizing
spectrum with time leads can change the recombination
line strengths by several orders of magnitude at fixed
metallicity and ionization parameter.

Accounting for the age and metallicity dependent
changes in Hα luminosity is one of the strengths of our
nebular model. Metallicity variations lead to factor of
three changes in recombination line strength. Age vari-
ations on order of a few Myr produce an order of mag-
nitude change in recombination line strength. Both of
these will impact Hα-based SFR indicators that do not
account for the temperature dependence of recombina-
tion lines.

4.1.4. Nebular Continuum

The nebular emission model has two components: line
emission and continuum emission from ionized gas. The
implementation within FSPS allows the user to choose
whether to include one or both in the output spectrum.
For young, metal-poor populations, the continuum can
contribute a significant portion of the total flux at op-
tical and IR wavelengths, with a relative contribution
that can be comparable to the stellar flux (e.g., Reines
et al. 2010).

For H ii regions, the most important continuum emis-
sion processes are free-bound emission and free-free
emission: free-bound emission is responsible for most
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Figure 9. The time evolution of the Hα luminosity normal-

ized by the ionizing photon rate, QH, to show the deviation

from predictions based solely on the number of ionizing pho-

tons due to age and metallicity. The different colors show dif-

ferent model metallicities and the transparency of the line in-

dicates the model ionization parameter, from log10 U0] = −1

(opaque) to log10 U0] = −4 (transparent).

of the nebular continuum emission at optical and NIR
wavelengths, while the free-free emission is more impor-
tant at longer wavelengths.

The free-bound continuum is produced when a free
electron recombines into an excited level of hydrogen,
followed by the radiative cascade that produces recom-
bination lines. The resultant continuum spectrum has a
sharp “edge” at the ionization energy followed by con-
tinuous emission to higher energies. As a hydrogen re-
combination process, the free-bound continuum will be
most sensitive to model ionization parameter. However,
the general shape of the continuum is determined by the
distribution of electron velocities and the recombination
cross section, and will thus be sensitive to the tempera-
ture of the H ii region as well.

The free-free continuum, which is the result of a free
electron scattering off of an ion or proton, produces a
roughly power-law (∝ ν−2) distribution of photon en-
ergies and is also sensitive to the temperature of the
H ii region. While comparatively smaller in magnitude,
two-photon continuum can be important in the UV. The
two-photon continuum is the result of a bound-bound
process, where the excited 2s state of hydrogen decays
to the 1s state by the simultaneous emission of two pho-
tons. The energy of the two photons totals to hνLyα,
producing a bump in the UV portion of the spectrum.

In the top panel of Fig. 10 we show the nebular con-
tinuum spectrum for for a 1 and 3 Myr solar metallicity
model. The overall intensity of the nebular continuum
spectrum is set by the model ionization parameter, since
recombination emission depends on the number of inci-
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dent ionizing photons. At fixed metallicity and age, the
continuum spectrum is nearly identical modulo a scaling
factor, Q̂H/QH. Several spectral features are easily dis-
cernible: bound-free transitions produce the characteris-
tic sawtooth edges across the spectrum; the two-photon
continuum is responsible for the bump at ∼1500Å.

While U0 sets the continuum normalization, the rel-
ative height and steepness of the recombination edges
are sensitive to the nebular temperature and thus the
metallicity of the model. The temperature-sensitivity
of the recombination continuum is well-known, and the
strength of the edge features have long been used as
temperature diagnostics (e.g., Peimbert 1967).

In the bottom panel of Fig. 10 we show the nebular
continuum for models with different metallicities, nor-
malized by Q̂H/QH. At low metallicities, there is rela-
tively more continuum emission. The emission edges are
much broader, and there is less difference in amplitude
between recombination edges. This behavior is primar-
ily due to temperature changes driven by the changing
cooling efficiencies.

Nebular continuum emission is clearly strongest at
high ionization parameters and low-metallicity. The
harder ionizing spectra associated with young stellar
populations further enhances this. In Fig. 11, we show
the total SED for 1 and 5 Myr SSPs at high and low
metallicities and log10 U0 = −2.5. The 1 Myr model
has much stronger line and continuum emission, which
is strongest in the low-metallicity model.

Reines et al. (2010) found that the nebular contin-
uum contributed significantly (∼ 40%) to the NUV-
NIR broadband flux of young (< 3 Myr) clusters, es-
pecially near the Balmer break. In Fig. 12, we show
the fractional contribution to the total flux as a func-
tion of model age for several wavelength ranges from the
EUV to the NIR at solar metallicity and fixed ionization
parameter(log10 U0 = −2.5). Our emission models agree
with Reines et al. (2010), with continuum and line emis-
sion contributing at least 30% of the total flux at young
ages in every wavelength range considered. The GALEX
NUV panel in Fig. 12 shows strong continuum emission
but no significant line emission. This is just due to the
fact that there are few strong emission lines exist in this
particular bandpass, which misses Lyα.

The largest contribution from line and continuum
emission relative to the stellar emission is seen in the
optical and NIR. Nebular line and continuum emission
contributes 95% of the total flux in the Spitzer 3.6 and
4.5µm bands for several million years, with continuum
emission producing 70% of the total flux. The 3.6 and
4.5µm bands are thought to be a stable tracer of light
from stellar populations and are often used to make stel-
lar mass estimates. Fig. 12 demonstrates that the ability
of these bands to accurately measure stellar mass is hin-
dered if there has been any star formation in the last 10
Myr.

We show the fractional contribution to the broadband
flux for a log10 Z/Z� = −1 model in the bottom panel
of Fig. 12. The broad behavior in the low metallicity
model is nearly identical to the solar metallicity model.
We might expect line emission to contribute a larger
fraction of the total flux in the low-metallicity model,
since oxygen emission is generally stronger at sub-solar
metallicities; this effect is only a few percent. The most
noticeable difference between the high and low metallic-
ity models is the time dependence of the nebular emis-
sion. In the low metallicity model, nebular emission con-
tributes a significant portion of the total flux for longer,
by a few Myr. Lower metallicity stellar populations have
extended main sequence lifetimes, which in turn extends
the timescale for nebular emission. This is an important
feature of our nebular model, which links the stellar and
nebular abundances, and ultimately allows for a more
accurate accounting of the total flux from galaxies.

4.2. Line Emission from the Model HII Regions

With an understanding of the physical properties of
the model H ii regions, we can better understand the
processes driving variations in nebular emission. In
this section, we characterize the emission line proper-
ties of the model H ii regions and their dependence on
the model parameters.

4.2.1. Broad Trends in Emission Line Strength

Fig. 13 shows global trends in line strength for the
strongest optical emission lines: Hβλ4861, [O iii]λ5007,
Hαλ6563, [N ii]λ6584, and [S ii]λ6713. To showcase the
results of the implementation within FSPS, the emis-
sion lines plotted in Fig. 13 were generated directly
from python-fsps by generating SSPs with and with-
out emission lines and subtracting the stellar-only spec-
trum8.

As discussed in § 2.2, when the look-up table within
FSPS is computed, the emission lines are scaled by the
number of ionizing photons in the incident SSP. To first
order, the model age sets the overall intensity of the
emission lines through this QH normalization. The 1
Myr SSP is much brighter and produces many more
ionizing photons than the 4 Myr SSP and has stronger
emission lines. Despite the normalization by QH, emis-
sion lines sensitive to the overall ionization parameter
still vary with U0. For example, [S ii] is a well-known
ionization-sensitive line, and is strongest at low U0.

For models at constant age and ionization parame-
ter, changing the model metallicity has two effects: it
changes (1) the shape of the ionizing spectrum and (2)
the gas phase abundances. The first of these effects is

8 Users can turn on nebular emission in the StellarPopulation
class by setting the add neb emission and add neb continuum
parameters to True. See the documentation for more infor-
mation: http://dan.iel.fm/python-fsps/current/stellarpop_
api/#example

http://dan.iel.fm/python-fsps/current/stellarpop_api/#example
http://dan.iel.fm/python-fsps/current/stellarpop_api/#example
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reflected in the metallicity-dependent variability in Hα
and Hβ line strengths. The metal poor models produce
hotter H ii regions, which in turn produces stronger re-
combination line emission. The second of these effects
is demonstrated in the [N ii] and [S ii] line strengths,
which are strongest in the highest metallicity models,
which reflects the decreasing metal abundance.

The [O iii] emission is less straightforward to describe
due to the well-known double-valued and non-linear re-
lationship between oxygen line strength and metallicity
(Pilyugin & Thuan 2005; Kewley & Ellison 2008). For
the selection of metallicities plotted in Fig. 13, [O iii]
emission is strongest at log10 Z/Z� = −0.6. At the low-
est metallicities, oxygen is not abundant enough to pro-
duce significant emission; at the highest metallicities,
the temperature is too low to collisionally excite a sub-
stantial population of O++ ions to make the [O iii]λ5007
transition.

4.2.2. Emission Line Ratios

In the previous sections, we have tried to build intu-
ition for the broad trends seen in metal and recombina-
tion line strengths. In this section we will build upon
that intuition to better understand various line ratios
used to probe the physical state of the nebula.

Most line ratios involve the comparison of a metal
line to a Balmer line. The total power emitted in
collisionally-excited metal lines is proportional to the
total cooling in metal lines, and thus sensitive to metal-
licity and ionization parameter (§ 4.1.1). As discussed
in § 4.1.3, the total power emitted in the hydrogen re-
combination lines is primarily driven by QH and should
thus trace the total luminosity of the ionizing source.

In practice, however, we never have access to reliable
measurements of the total power in metal line emission
and instead measure the fluxes of a small number of in-
dividual lines from a particular species. For example,
in the left panel of Fig. 14 we show the the ratio of
[O iii]λ5007/Hβ as a function of metallicity and ioniza-
tion parameter. The [O iii] line strengths do not scale
directly from the total metal line emission, and the re-
sultant ratio between [O iii] and Hβ does not monoton-
ically scale with metallicity. Instead, the line ratio is
double-valued with metallicity.

Some of this behavior is due to changes in the ion-
ization state of oxygen from O+ to O++. At high
metallicity temperatures are too low to collisionally ex-
cite an appreciable population of O++, decreasing the
[O iii] emission. The middle panel of Fig. 14 compares
the line strengths of oxygen from two different ion-
ization states, [O iii]λ5007 and [O ii]λ3727. While the
[O iii]λ5007 emission decreases, the [O ii] emission stays
relatively strong. The ratio of just these two lines proves
to be an excellent probe of the overall excitation of the
H ii region.

In the right panel of Fig. 14 we show the [N ii]λ4865/Hα
line ratio as a function of model metallicity and ioniza-

tion parameter. The [N ii] line strength is not double-
valued with metallicity at the temperatures found in
our model H ii regions.

5. OBSERVATIONAL COMPARISONS AND
NEBULAR DIAGNOSTIC DIAGRAMS

To first order, the spectrum of an ionized gas cloud
depends on the ionization state and the temperature of
the gas. These quantities are largely set by the strength
of the ionizing radiation field and the gas phase metallic-
ity. Observationally, astronomers probe the metallicity
and strength of the ionizing radiation field by identify-
ing sets of line ratios that uniquely map to these quanti-
ties. One of the most well-known examples is the classic
BPT diagram (Baldwin et al. 1981), which compares the
[N ii]λ4865/Hα and [O iii]λ5007/Hβ line ratios to sepa-
rate objects by excitation mechanism.

The BPT diagram and diagnostic diagrams using
other combinations of line ratios are often employed to
test the agreement of theoretical emission line ratios
from photoionization models with emission line ratios
from observations. In this section we will discuss the lo-
cation of the FSPS nebular model in various commonly-
used diagnostic diagrams.

5.1. The Observational Comparison Sample

We test our predicted emission line luminosities
against those measured from spectroscopic observa-
tions of both H ii regions and star-forming galaxies
to demonstrate that the FSPS nebular model is capa-
ble of reproducing observed emission from both single
H ii regions and complex populations of multiple H ii
regions. Even though we do not know the U0, Z, t val-
ues of the observed objects independently, theoretical
grids should at least be able to span the range of ob-
served line ratios using reasonable physical parameters.
The H ii region comparison spectra from van Zee et al.
(1998), consist of observations of massive H ii regions
in nearby galaxies and are a standard comparison set
for nebular emission models (Dopita et al. 2000; Kewley
et al. 2006; Levesque et al. 2010; Dopita et al. 2013).
For star-forming galaxies, SDSS galaxy spectra are an-
other common comparison set used in optical line ratio
diagnostic diagrams (Dopita et al. 2000; Kewley et al.
2006; Levesque et al. 2010). The SDSS spectra typically
cover large areas of a galaxy and are likely to contain
emission from multiple H ii regions.

The van Zee et al. (1998) catalog reports emission line
intensities with contributions from both doublet lines
for [N ii] (6548, 6584) and [O iii] (4959, 5007). Standard
diagnostic diagrams only use the stronger of the two,
[N ii]λ6584 and [O iii]λ5007; we remove the contribu-
tion from the weaker line using the theoretical intensity
ratio between the two lines (e.g., I5007 = 2.88 I4959).
This results in a decrease in the [N ii]λ4865/Hα and
[O iii]λ5007/Hβ ratio of ∼ log10 (3/4) or ∼ 0.1 dex.
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The star-forming galaxy sample is derived from galaxy
spectra from the Sloan Digital Sky Survey Data Re-
lease 7 (SDSS DR7; York et al. 2000; Abazajian et al.
2009) and emission line fluxes measured from the pub-
licly available SDSS DR7 MPA/JHU catalog4 (Kauff-
mann et al. 2003a; Brinchmann et al. 2004; Salim et al.
2007). We use the emission line sample presented in
Telford et al. (2016), briefly summarized here. The sam-
ple includes ∼ 135, 000 galaxies with redshifts between
0.07 and 0.30. Galaxies are required to have S/N of
25 in the Hα line, 5 in the Hβ line, and 3 in the [S ii]
lines. Emission line fluxes are corrected for dust extinc-
tion using the Balmer decrement and the Cardelli et al.
(1989) extinction law, assuming RV = 3.1 and an in-
trinsic Balmer decrement of 2.86. AGNs are removed
from the sample according to the empirical BPT dia-
gram classification of Kauffmann et al. (2003b).

5.2. BPT line ratios

In Figs. 15 and 16, we show how each of the model
parameters affects the location of a model H ii region in
the BPT diagram. In Fig. 15 we vary U0 and log10 Z/Z�
for 1 and 2 Myr model.
U0 variations: Increasing model U0 moves the model

along the star-forming sequence to higher values of
[O iii]λ5007/Hβ and lower values of [N ii]λ4865/Hα. Ni-
trogen and oxygen have similar ionization potentials, so
comparing a doubly-ionized population, [O iii], with a
singly-ionized population, [N ii], probes the ionization
state of the gas cloud. Thus, increasing U0 will en-
hance the doubly-ionized population at the expense of
the singly ionized population.
Abundance variations: Decreasing the gas phase

abundances moves the model away from the star-
forming sequence, to lower values of [N ii]λ4865/Hα
and [O iii]λ5007/Hβ. Decreasing the gas phase metal-

licity results in a higher equilibrium temperature. Ini-
tially, the changing line ratios reflect the change in
ionization state, with enhanced [O iii] emission and de-
creased [N ii] emission. However, for a fixed nebular
temperature, the theoretical curve in the BPT diagram
depends linearly on the abundances of N and O rela-
tive to hydrogen. Decreasing the gas phase abundances
below log10 Z/Z� = −0.6, results in a decrease in both
[O iii]λ5007/Hβ and [N ii]λ4865/Hα. For high metallic-
ity models, the temperature is too low to collisionally
excite O++ ions to make the [O iii]λ5007 transition,
and so [O iii]λ5007/Hβ decreases at roughly constant
[N ii]λ4865/Hα.
Age variations: We show the age evolution of the

log10 Z/Z�-log10 U0 grid for instantaneous bursts in the
top panel of Fig. 16. The grid is well-matched to the
star forming sequence for the 1 Myr models. By 3
Myr, however, very few models can produce line ra-
tios consistent with the star-forming locus or H ii re-
gions. Those that do have very high ionization parame-
ters (log10 U0 > 2) and a very narrow range of metallic-
ities (log10 Z/Z� ∼ −0.6). The WR phase at ∼ 5 Myr
significantly hardens the ionizing spectrum.

The bottom panel of Fig. 16 shows the time evolution
of the log10 Z/Z�-log10 U0 grid for constant SFR models.
At the youngest ages, the ionizing spectra produced by
the instantaneous burst models and the constant star
formation models are very similar, and produce very
similar line ratios. As discussed in § 3.5, the CSFH
models reach an equilibrium around ∼ 4 Myr with an
intensity and hardness roughly equivalent to a 2 Myr in-
stantaneous burst. Thus, the CSFH models continue to
produce line ratios that match the observed star-forming
locus to later ages.

We compare the constant SFR model grid to the
model grid presented in Dopita et al. (2013) (hereto
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after D13), which uses Starburst-99 ionizing spec-
tra and the Mappings-III photoionization code. We
do not run the photoionization models ourselves, rather
we use the line ratios from the D13 paper directly. To
make a cleaner comparison, we run our constant SFR
model through Cloudy at the same ionization parame-
ters and metallicities used in the D13 model, and match
the gas phase abundances to those used in D13 (see Ta-
ble 1). We attempt to match the density of the D13
models, however, as discussed previously, Mappings-III
is pressure-based photoionization code, and nH = 300 is
just the initial average density. The D13 paper tested
several different electron velocity distributions. We com-
pare to their model with κ = ∞, which corresponds
to a Maxwell-Boltzmann distribution, also assumed in
Cloudy.

We show the BPT diagram for the two constant SFR
model grids in Fig. 17. Despite the different approaches,
both models show substantial overlap and are able to
reproduce most of the observed SF-sequence. While
the two grids show similar trends with ionization pa-
rameter and metallicity, the ionization parameters do
not line up. The FSPS model shows more coverage
in the [N ii]λ4865/Hα and [O iii]λ5007/Hβ line ratios,
while the D13 grid extends to more extreme values in
[O iii]λ5007/Hβ. This difference is likely due to the fact

that the D13 grids extend to higher metallicities than
the FSPS grid, up to log10 Z/Z� = 0.7, or 5Z�. Our
model ties the gas phase abundances with the metallicity
of the stellar population, and the maximum metallicity
in the Pavoda+Geneva isochrones is log10 Z/Z� = 0.2.

5.3. Alternative Diagnostic Line Ratios

While the BPT diagram is the most widely used di-
agnostic diagram, there are many combinations of line
ratios used to probe physical properties of H ii regions
and star forming galaxies. Theoretical grids of photoion-
ization models are able to reproduce observed BPT dia-
gram line ratios quite easily, but these same models can
fail to reproduce observed line ratios in other diagnos-
tic diagrams (e.g., Telford et al. 2016). In this section
we assess several diagnostic diagrams and showcase our
model’s ability to reproduce observed line ratios.
N2O2: The [N ii] λ6548 / [O ii] λ3727 (N2O2) line ra-

tio correlates with metallicity and is widely used as an
abundance indicator (Levesque et al. 2010; Dopita et al.
2000; Veilleux & Osterbrock 1987). The line ratio is
especially useful as a diagnostic when paired with an
ionization-sensitive line ratio like log[O iii] λ5007 / [O ii]
λ3727 (O3O2), discussed in § 4.2.2. In Fig. 18 we show
the N2O2 and O3O2 line ratios for a 1 Myr instanta-
neous burst and a 4 Myr constant SFR model. The
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tion parameter varies from log10 U0 = −1.5 (dark blue)

to log10 U0 = −3.5 (light blue) and metallicity varies from
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model grids show good overall agreement with the data,
and can reproduce most of the observed H ii region line
ratios. The more extreme N2O2 line ratio values may
produced by gas phase metallicities not reached by our
model grid. The turn-over in ionization parameter at
the highest metallicity in our model, log10 Z/Z� = 0.2,
suggests that the ionizing spectra at high-metallicity are
not hard enough.
Ne3O2: Levesque & Richardson (2014) presented the

utility of the [Ne iii] λ3869 / [O ii] λ3727 (Ne3O2) line
ratio as an ionization parameter diagnostic. The O3O2
line ratio is a well-known probe of excitation, but the
wavelength separation of the lines make the diagnos-
tic quite sensitive to reddening and requires observa-
tions that cover a wide wavelength range. The Ne3O2
remedies both of these issues, and shows a tight cor-
relation with O3O2. However, Levesque & Richardson
(2014) found considerable offset (∼0.6 dex) between the
models and the observations of Ne3O2 and O3O2 line
ratios, suggesting an underlying deficiency in the pre-
dicted emission line fluxes, which they attributed to an
insufficiently hard ionizing spectrum.

In Fig. 19, we show the Ne3O2 and O3O2 line ratios
produced by our U0−Z model grid for a 1 Myr instanta-
neous burst and a 4 Myr constant SFR model compared
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to the massive extragalactic H ii regions from van Zee
et al. (1998). Our grids show considerable improvement
from the models used in Levesque & Richardson (2014),
reducing the offset between model and data to ∼ 0.2
dex. Both the instantaneous burst and constant SFR
models are able to reproduce 75% of the observed H ii
region line ratios.

For completeness, in Figs. 20 & 21 we show model
grids for two additional common diagnostic diagrams.
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6. MODEL SENSITIVITY TO SECONDARY
PARAMETERS

In the default model presented in § 4, we assumed
Padova+Geneva isochrones, dust-free gas, and negligi-
ble contributions from old hot stars to the ionizing spec-
trum. Here we relax each of these assumptions in turn
and show how the resultant models vary.

We present nebular model grids using MIST evolution-
ary tracks, computed with the Modules for Experiments
in Stellar Astrophysics (MESA, Paxton et al. 2011). The
MIST models sample the full range of stellar masses and
ages (0.08 to 300M�, log t from 5.5 to 10.5) and include
stellar rotation. For further details regarding the MIST
models, see Choi et al. (2016). The model grids pre-
sented for the MIST and Padova+Geneva models are
both computed self consistently: MIST ionizing spectra
were input to Cloudy, and the resultant nebular emis-
sion were added to the same spectra used to produce the
emission; likewise for the Padova+Geneva models. The
nebular model in the current version of FSPS includes
tables for both isochrone sets.

6.1. Isochrones and Stellar Atmospheres

Recent work has suggested that the redshift evolution
in the location of the star-forming sequence in the stan-
dard BPT diagram can be attributed to harder ionizing
spectra (e.g., Steidel et al. 2014). The intensity and
hardness of the EUV portion of the spectrum dictate
the overall ionization structure and temperature of the
nebula, which in turn affects the overall location of the
model grid in various diagnostic diagrams presented in
§ 5.3. SPS models have a number of knobs to turn that
can alter the amount of EUV flux significantly, through
stellar atmospheres (winds, opacities) and stellar evolu-
tion (mass loss, rotation, binarity).

We do not compare different stellar atmospheric mod-
els since this is not currently an easily flexible aspect of
FSPS. We do, however, consider different treatments
of stellar evolution, by varying the evolutionary tracks
used to produce the ionizing spectra input to Cloudy.
We first analyze bulk differences in the ionizing spectra
generated with different isochrones and then discuss the
effect on the resultant photoionization models. Within
FSPS, there are four isochrone sets to choose from:
Padova (Bertelli et al. 1994; Girardi et al. 2000; Marigo
et al. 2008) + Geneva (Schaller et al. 1992; Meynet &
Maeder 2000), BaSTI (Pietrinferni et al. 2004; Cordier
et al. 2007); PARSEC (Bressan et al. 2012); and MESA
Isochrones & Stellar Tracks (MIST, Dotter 2016; Choi
et al. 2016). Here we focus on the comparison between
the Padova+Geneva isochrones used in § 4, which reflect
the “industry standard” in this context, and the MIST
isochrones (MIST, Dotter 2016; Choi et al. 2016), the
newest stellar evolution calculations included in FSPS.

The Padova+Geneva model uses 2007 Padova isochrones
with high-mass-loss-rate Geneva isochrones adopted for
M > 70M�. For the comparisons made in this work,

both the Padova+Geneva models and the MIST models
use a Kroupa IMF and identical stellar atmospheres.
O-star spectra are from WM-BASIC (Pauldrach et al.
2001, updates from Eldridge et al., in prep); Wolf-Rayet
stellar spectra are from CMFGEN (Hillier & Lanz 2001);
post-AGB stellar isochrones are from (Vassiliadis &
Wood 1994) with spectra from (Rauch 2003).

The MIST models include stellar rotation, which af-
fects stellar lifetimes, luminosities, and effective temper-
atures through rotational mixing and mass loss (Choi
et al. 2016, for further details). Rotating stars tend to
have harder ionizing spectra and higher luminosities. In
Fig. 22 we show the time and metallicity evolution of Q̂H

and the EUV slope for the MIST evolutionary tracks,
identical to the ones shown for the Padova+Geneva
models in Fig. 3. The left panel of Fig. 22 shows the evo-
lution of Q̂H, the ionizing photon rate, which shows the
same qualitative behavior as the Padova+Geneva mod-
els: the lower metallicity models produce higher values
of Q̂H, and Q̂H gradually decreases with time. Quanti-
tatively, however, the MIST values of Q̂H are larger by a
factor of 2-3 and maintain larger values for longer. For
MIST, the lowest metallicity spectra produce elevated
values of Q̂H until nearly 10 Myr.

The right panel of Fig. 22 shows the time evolution of
the EUV slope. At the earliest ages, the MIST and
Padova+Geneva ionizing spectra have similar slopes,
but the evolution with time is significantly different.
The Padova+Geneva spectra begin to soften around 3
Myr, while the MIST models stay relatively hard until
5 Myr. This is likely due to the extended main sequence
lifetimes afforded by rotational mixing.

The prolonged high values of QH seen in the MIST
models imply that the MIST SSPs could sustain ioniz-
ing radiation for a longer period of time compared to
the Padova+Geneva models. We show the time evo-
lution of the BPT diagram in Fig. 23. While the two
models are qualitatively similar at the youngest ages,
they produce very different line ratios at later ages. The
Padova+Geneva grid begins to fall away from the star-
forming locus on the BPT diagram at 2 Myr; at 3 Myr
the Padova+Geneva models fail to reproduce H ii re-
gion line ratios consistent with observed star forming
regions. Conversely, the MIST models can match the
star-forming locus until at least 4 Myr, due to the in-
creased number of ionizing photons and harder ionizing
spectra.

The effect of WR stars at 5 Myr for the Padova+Geneva
models in Fig. 23 is striking. WR stars produce an ex-
tremely hard ionizing spectrum, which rejuvenates an
ionizing spectrum that would otherwise be too soft to
produce emission line ratios consistent with observed
star forming galaxies.

6.1.1. Alternative Line Ratios

He2: [He ii] emission is produced in H ii regions but
can also be produced in the atmospheres of WR stars.
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Steidel et al. (2016) discussed the discrepancy between
predicted [He ii] λ1640 / Hβ (He2) line ratios and those
observed for a sample of massive star forming galaxies
near z ∼ 2. Predictions for the nebular [He ii] emission
from Starburst-99 models were too weak to match ob-
served [He ii] line ratios. Only the BPASS models (El-
dridge 2012), which include stellar and nebular [He ii]
emission, could match the observed [He ii] flux, thus
Steidel et al. (2016) deduced that photospheric emission
must also contribute to the [He ii] flux.

In Fig. 24 we show the He2 line ratios predicted by our
model grids. The Padova+Geneva models are shown in
gray, and are unable to produce enough [He ii] emission
to explain the observed He2 line ratios from Steidel et al.
(2016). However, the MIST models produce significant
nebular [He ii] emission from 3-5 Myr, which can fully
account for the observed He2 line ratio without the need
to include stellar emission as well. The harder ionizing
spectra produced by the MIST models show clear im-
provement from the Padova+Geneva models for emis-
sion lines associated with high excitation species.

For completeness, in Fig. 25 we show model grids for
several additional common diagnostic diagrams.

6.2. Old Stellar Contribution

The region of the BPT diagram between the star-
forming sequence and the AGN sequence is occupied
by objects classified as “low ionization emission re-
gions”(LIERs, Belfiore et al. 2016)9. LIER-like emission
is characterized by strong low-ionization forbidden lines
(e.g., [N ii], [S ii], [O ii], [O i]) relative to recombination
lines, and was originally discovered in the nuclear re-
gions of galaxies and attributed to AGN-related activity
(Kauffmann et al. 2003b; Kewley et al. 2006; Ho 2008).
While some cases are certainly still driven by the pres-
ence of a weak AGN, the discovery of spatially extended
(∼kpc scales) LIER-like emission has led to work sug-
gesting that hot, evolved stars could be responsible for
the ionizing radiation in other cases (Singh et al. 2013;
Belfiore et al. 2016). The leading candidate for the ioniz-
ing source is the population of post-AGB stars (Binette
et al. 1994; Sarzi et al. 2010; Yan & Blanton 2012). Ex-
treme horizontal branch stars may also be hot enough to
play a role in LIER-like emission lines, but considering
their effect is beyond the scope of this paper.

Post-AGB stars are stars that have left the AGB,
evolving horizontally across the HR diagram towards
very hot temperatures (∼ 105 K) before cooling down to
form white dwarfs, with a fraction of the post-AGB pop-
ulation forming planetary nebulae. The exposed cores of
post-AGB stars are hot enough to ionize hydrogen and
thus could produce a radiation field capable of ionizing

9 Low ionization nuclear emission regions (LINERs, Heckman
1980) refers to centrally concentrated low ionization emission,
which may still be attributed to weak AGN-related activity.

the surrounding ISM, provided that there are enough
post-AGB stars.

Post-AGB stars are not capable of matching the ioniz-
ing flux produced by a single O-star; their strength lies
in numbers. The progenitors of these stars have initial
masses from 1-5M�, and are much more common than
O-type stars. For early-type galaxies where the bulk of
the stellar population is old, AGB and post-AGB stars
can contribute a significant portion of the total galaxy
luminosity. Yan & Blanton (2012) measured the ioniza-
tion parameter and gas density for galaxies with LIER-
like emission and compared it to the typical numbers of
ionizing photons produced by post-AGB stars. They de-
duced that the ionization parameter for post-AGB stars
falls short of the required value by a factor of 10, im-
plying that the gas geometry must be quite close to the
stars themselves.

The geometry between the stars and gas is one of the
major uncertainties associated with interpreting LIER-
like emission. We first determine if populations includ-
ing post-AGB stars are capable of producing line ra-
tios consistent with LIER-like emission. The geome-
try previously assumed in this work (log10Rinner = 19;
nH = 100) is appropriate for massive H ii regions found
in star forming galaxies, where the gas is associated with
the natal gas cloud, butmay not accurately describe the
gas geometry in a scenario where old stars provide the
ionizing radiation.

To test the sensitivity to geometry, we generate ioniz-
ing spectra for older SSPs (> 1 Gyr) that include post-
AGB stars to use as input to Cloudy, and run pho-
toionization models at different values of Rinner and nH.
In Fig. 26 we show the BPT diagram line ratios for the
post-AGB star ionizing spectra at several different ion-
ization parameters, with nHvaried from 10-1000 and the
inner radius varied from 1018 − 1020 cm (0.3-30 pc).

The post-AGB models produce line ratios consistent
with LIER-like emission, well outside of the “pure star
forming” region of the BPT diagram, as identified by
Kauffmann et al. (2003a). The ionization parameters
required to produce observable line ratios are log10 U0 ∼
−5 to log10 U0 ∼ −3. At Rinner = 1019 and nH = 100
cm−3, this implies a total initial stellar mass of 106-
108M�. The required stellar mass would be higher for
models where the inner radius is further from the ion-
izing source. We note that the ionizing spectrum was
based on a stellar population at solar metallicity; low-
metallicity post-AGB stars are hotter and would likely
enhance the ionizing radiation.

The line ratios in Fig. 26 show little sensitivity to the
star-gas geometry, a result of our simplified model in
which the gas exists in a plane-parallel shell surrounding
a central point source of ionizing radiation. If the gas is
produced by the AGB stars themselves or has a spatial
distribution that differs from the distribution of stars,
the geometry will differ substantially from the simplified
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by a 3 Gyr solar metallicity SSP that includes post-AGB

stars. The grayscale 2D histogram is star forming galaxies

from SDSS. The solid black line shows the extreme starburst

classification line from Kewley et al. (2001) and the dashed

line is the pure star formation classification line from Kauff-

mann et al. (2003a). Our post-AGB star models do produce

line ratios consistent with LIER-like emission, but large num-

bers of post-AGB stars (at least Minitial ∼ 106M�) would be

required to produce enough ionizing photons.

shell used in this work. In future papers we plan to test
the effects of model geometry in more detail.

Another major uncertainty associated with the inter-
pretation of LIER-like emission lies in our incomplete
understanding of the late stages of stellar evolution. In
addition to the poor constraints on the age distribution
and lifetimes of post-AGB stars, it is uncertain what
fraction of post-AGB stars contribute to the large-scale
photoionizing radiation field. A recent census of the
old, UV-bright stellar population in M31 was unable to
reproduce predicted numbers of post-AGB stars (Rosen-
field et al. 2012).

To understand the sensitivity of LIER-like emission to
the underlying stellar model, we generate ionizing spec-
tra with varying contribution from post-AGB stars us-
ing the pagb parameter in FSPS. This parameter speci-
fies the weight given to the post-AGB star phase, where
pagb=0.0 turns off post-AGB stars and pagb=1.0 im-
plies that the Vassiliadis & Wood (1994) tracks are im-
plemented as-is, the default behavior in FSPS. In the
top panel of Fig. 27 we show the ionizing spectrum pro-
duced by a 3 Gyr SSP with pagb set to 1, 10−1, 10−2,
and 10−3. Scaling down the implemented post-AGB
stars scales down the emergent EUV radiation in the
spectrum.

We show the resultant BPT diagram for the photoion-
ization models that vary in both U0 and pagb in the
bottom panel of Fig. 26. We find that the luminosity of
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of post-AGB stars) to 10−4, which decreases the amount of

EUV flux relative to the rest of the population. Bottom:

BPT diagram for photoionization models where U0 and the

weight of the post-AGB phase are varied. The solid black line

shows the extreme starburst classification line from Kewley

et al. (2001) and the dashed line is the pure star forma-

tion classification line from Kauffmann et al. (2003a). The

grayscale 2D histogram shows the number density of SDSS

star-forming galaxies. The Vassiliadis & Wood (1994) tracks

used for post-AGB stars must be correct within a factor of

two if post-AGB stars are responsible for LIER-like emission.

the post-AGB stars could be reduced by a factor of two
and still produce LIER-like emission, provided there are
enough stars.

Belfiore et al. (2016) found that the [S ii]/Hα line ratio
provided a clean separation between LIER-like emission
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Figure 28. [S ii]/Hα diagnostic diagram with a curve from

Kewley et al. (2001) that separates the region in the dia-
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regions. The grayscale 2D histogram shows the number den-

sity of SDSS star forming galaxies. The post-AGB star mod-

els are able to reproduce the elevated [S ii]/Hα emission ob-

served in LIERs.

and Seyfert-like emission. In Fig. 28, we show the [S ii]
emission produced by our post-AGB models. The line
ratios produced by our post-AGB star models show the
elevated [S ii]/Hα ratios observed in LIER galaxies, and
confirms the utility of [S ii] as a means of identifying
low-ionization emission.

6.3. Nebular Dust

FSPS includes two separate nebular emission models:
one that is dust-free and one that includes the effects of
dust within the gas cloud itself. Dust changes the tem-
perature structure of the cloud, since it provides alterna-
tive mechanisms for heating and cooling the gas. If cloud
temperatures are low enough to allow the survival of
dust grains, grain photoionization and thermionic emis-
sion can be an efficient heating mechanism.

In Fig. 29 we show the change in temperature pro-
duced by model H ii regions that include dust grains
when compared to the grain-free model as a function of
metallicity and ionization parameter for 1 Myr models.
The models that include grains produce slightly hotter
H ii regions; at solar metallicity and log10 U0 = −1, the
grain model produces a volume-averaged electron tem-
perature that is 25% hotter than the grain-free model.
This effect is only important at high metallicity, where
the nebula is cool enough such that dust grains survive
and contribute additional heating. In the high temper-
atures associated with the low-metallicity models, dust
grains are destroyed and the inclusion of grains has little
effect on the thermal properties of the H ii region.
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Figure 29. Effect of including grains within the nebular

cloud on the resultant equilibrium temperature. For most

models, heating from dust has a negligible effect on the equi-

librium temperature of the model H ii region. However, for

models with near-solar and super-solar abundances heating

from dust grains can change the resultant equilibrium tem-

perature by as much as ∼30%.

The inclusion of dust grains is most important for
highly-ionized gaseous regions at high metallicity, where
they have a non-negligible effect on emission line
strengths. In Fig. 30 we show the BPT diagram for
the model H ii regions with and without dust grains.
Both grids do a reasonable job at covering the range
of observed emission line strengths. However, for mod-
els at high metallicity and ionization parameter, the
higher equilibrium temperatures produced in the dusty
models produce enhanced [O iii]λ5007/Hβ at the same
[N ii]λ4865/Hα. The line ratios differ by less than 10%
at their most extreme values and still fail to reproduce
the star-forming locus beyond ∼ 3 Myr. A more careful
analysis is required to determine which model provides
the best fit to the data.

We note that neither the dusty nor the dust-free mod-
els include the effect of reddening or extinction between
the point where the line forms and the outer edge of the
cloud. As such, the effect of including grains is primar-
ily on the thermodynamic properties of the cloud, and
extinction and reddening should be applied to the emer-
gent spectrum. For consistency, the dust-free and dusty
model grids include identical prescriptions for abun-
dance depletions from Table 1.
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Figure 30. Effect of including grains within the nebular

cloud on line ratios in the BPT diagram. The solid black line

shows the extreme starburst classification line from Kewley

et al. (2001) and the dashed line is the pure star forma-

tion classification line from Kauffmann et al. (2003a). The

grayscale 2D histogram shows the number density of SDSS

star-forming galaxies. The higher temperatures produced in

the dusty models result in slightly elevated [O iii]λ5007/Hβ

ratios, which better reproduce the line ratios observed in

star-forming galaxies and H ii regions.

7. CONCLUSIONS

We have presented a model for nebular emission based
on photoionization models from Cloudy and ioniz-
ing spectra from FSPS. The FSPS nebular model’s
self-consistent coupling of the nebular emission to the
matched ionizing spectrum produces emission line in-
tensities that correctly scale with the stellar population
as a function of age and metallicity.

• Our model links the stellar and nebular abun-
dances, coupling the metallicity-dependent changes
in the ionizing spectrum and stellar evolution
to changes in the gas phase coolants. The low-
metallicity models have harder ionizing spectra,
produce hotter nebulae, and sustain nebular emis-
sion for several Myr over the solar metallicity
models. At very low metallicities, however, the
models cannot produce observed line ratios sim-
ply due to the paucity of gas phase metals like N
and O.

• Nebular emission is primarily produced by the
youngest populations, 5 Myr and younger. Sin-
gle burst models cannot match the star forming
sequence in the BPT diagram at ages greater than
3 Myr, unless the stellar tracks include rotation.
Models with constant star formation do produce
acceptable fits.

• Hydrogen emission line strengths depend primar-
ily on the number of ionizing photons, but have an
important secondary dependence on the nebular
temperature, which can change Hα line strenghts
by 10-15%. This produces age and metallicity-
dependent variations in Balmer line strength
which is important to consider when estimating
SFRs.

• For instantaneous burst populations 3 Myr and
younger, nebular line and continuum emission is
responsible for at least 30% of the total flux in
the UV and optical, and at least 60% of the total
flux in the optical and NIR regimes. Starlight con-
tributes . 5% of the total flux in the the Spitzer
3.6 and 4.5µm bands; for populations with recent
star formation (< 10 Myr), this could introduce
inaccuracies in stellar mass estimates made using
these filters.

• The FSPS nebular model can reproduce observed
line ratios of massive H ii regions and star-forming
galaxies, and shows good agreement with the pho-
toionization models from D13. The FSPS nebular
model shows improved coverage of observed line
ratios for N2O2, O3O2, Ne3O2.

• Stellar rotation extends the ionizing lifetime of
the stellar population and produces harder ion-
izing spectra. The FSPS nebular models using
MIST models can produce BPT line ratios con-
sistent with observed H ii regions until ∼5 Myr.
The MIST models produced [He ii] emission strong
enough to fully account for high He2 line ratios ob-
served in star-forming galaxies at z∼2.

• Post-AGB stars have ionizing spectra that are
hard enough to ionize the surrounding gas and
produce line ratios consistent with LIER-like emis-
sion in the BPT diagram and in the [S ii] diagnos-
tic diagram. To achieve the luminosities neces-
sary to produce significant nebular emission, stel-
lar masses of 106 − 108M� are required. Future
work will study the effect of geometry in more de-
tail.
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alty Research Fund Grant 65-8055.
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APPENDIX

A. COMPARISON WITH Starburst-99

We compare the Padova+Geneva models with the Starburst-99 instantaneous bursts recommended by Levesque
et al. (2010) by running both sets of ionizing spectra through Cloudy with identical parameters. The Starburst-
99 models adopt similar ingredients, including the same high mass-loss rate evolutionary tracks from the Geneva
group, described in Meynet & Maeder (2000), the BaSeL spectral library (Starburst-99 uses an earlier compilation,
presented in Lejeune et al. (1997)) and the same spectral libraries for hot stars (WM-BASIC for O-type stars and and
CMFGEN for WR stars, earlier versions).

We compare the resultant line ratios in Fig. 31, which show excellent agreement, as expected, since both models
use the same isochrones and an almost identical combination of stellar libraries. The emission line ratios differ
quantitatively by ∼ 5 − 10%, but show the same qualitative behavior and overlap in much of parameter space.
Emission line tables for the Starburst-99 models are available upon request.

The set of Starburst-99 models from Levesque & Richardson (2014) apply new Geneva tracks that include the
effect of stellar rotation. Shown in § 6.1, this has important implications on the time evolution of the BPT line ratios,
and ultimately the lifetimes associated with ionization regions. A detailed study on the effects of stellar rotation
on ionizing radiation and a full comparison between the Starburst-99 models with rotation and the MIST models
(which include rotation) will be discussed in a future paper, Choi et al. (in prep).
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Figure 31. BPT diagram comparing models run with two different SPS codes: FSPS and Starburst-99 as a function of SSP

age. The models agree within ∼ 5− 10% and show similar qualitative behavior.
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B. EMISSION LINE LIST

The list of emission lines in the FSPS nebular model is included here.

Table 3. Emission lines included in the FSPS nebular model

Vacuum Wavelength (Å) Line ID Cloudy ID

1215.6701 Ly-α 1216 H 1 1215.68A

1025.728 Ly-β 1025 H 1 1025.73A

972.517 Ly-γ 972 H 1 972.543A

949.742 Ly-δ 949 H 1 949.749A

937.814 Ly 937 H 1 937.809A

930.751 Ly 930 H 1 930.754A

926.249 Ly 926 H 1 926.231A

923.148 Ly 923 H 1 923.156A

6564.60 H-α 6563 H 1 6562.85A

4862.71 H-β 4861 H 1 4861.36A

4341.692 H-γ 4340 H 1 4340.49A

4102.892 H-δ 4102 H 1 4101.76A

3971.198 H 3970 H 1 3970.09A

3890.166 H 3889 H 1 3889.07A

3836.485 H 3835 H 1 3835.40A

3798.987 H 3798 H 1 3797.92A

18756.4 Pa-α 1.8752µm H 1 1.87511m

12821.578 Pa-β 1.2819µm H 1 1.28181m

10941.17 Pa-γ 1.0939µm H 1 1.09381m

10052.60 Pa-δ 1.0050µm H 1 1.00494m

9548.80 Pa 9546 H 1 9545.99A

9232.20 Pa 9229 H 1 9229.03A

9017.8 Pa 9015 H 1 9014.92A

40522.79 Br-α 4.0515µm H 1 4.05116m

26258.71 Br-β 2.6254µm H 1 2.62515m

21661.178 Br-γ 2.1657µm H 1 2.16553m

19450.89 Br-δ 1.9447µm H 1 1.94456m

18179.20 Br 1.8175 µm H 1 1.81741m

17366.885 Br 1.7363 µm H 1 1.73621m

74599.00 Pf-α 7.4585µm H 1 7.45781m

46537.80 Pf-β 4.6529µm H 1 4.65250m

37405.76 Pf-γ 3.7398µm H 1 3.73953m

32969.80 Pf-δ 3.2964µm H 1 3.29609m

30392.02 Pf 3.0386 µm H 1 3.03837m

123719.12 Hu-α 12.4µm H 1 12.3685m

75024.40 Hu-β 7.5011µm H 1 7.50043m

59082.20 Hu-γ 5.9071µm H 1 5.90659m

51286.50 Hu-δ 5.1277µm H 1 5.12725m

4472.735 He i 4472 He 1 4471.47A

5877.249 He i 5877 He 1 5875.61A

Table 3 continued
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Table 3 (continued)

Vacuum Wavelength (Å) Line ID Cloudy ID

6679.995 He i 6680 He 1 6678.15A

10832.057 He i 1.0829µm He 1 1.08299m

10833.306 He i 1.0833µm He 1 1.08303m

3889.75 He i 3889 He 1 3888.63A

7067.138 He i 7065 He 1 7065.18A

1640.42 He ii 1640 He 2 1640.00A

9852.96 [C i] 9850 TOTL 9850.00A

8729.53 [C i] 8727 C 1 8727.00A

4622.864 [C i] 4621 C 1 4621.00A

6097000.00 [C i] 610µm C 1 609.200m

3703700.00 [C i] 369µm C 1 369.700m

1576429.62 [C ii] 157.7µm C 2 157.600m

2325.40 C ii] 2326 C 2 2325.00A

2324.21 C ii] 2326 C 2 2324.00A

2328.83 C ii] 2326 C 2 2329.00A

2327.64 C ii] 2326 C 2 2328.00A

2326.11 C ii] 2326 C 2 2327.00A

1908.73 [C iiI] C 3 1910.00A

1906.68 [C iiI] C 3 1907.00A

5201.705 [N i] 5200 N 1 5200.00A

6585.27 [N ii] 6585 N 2 6584.00A

6549.86 [N ii] 6549 N 2 6548.00A

5756.19 [N ii] 5756 N 2 5755.00A

1218000.00 [N ii] 122µm N 2 121.700m

2053000.00 [N ii] 205µm N 2 205.400m

2142.30 N ii] 2141 N 2 2141.00A

573300.00 [N iiI] 57µm N 3 57.2100m

6302.046 [O i] 6302 O 1 6300.00A

6365.535 [O i] 6365 O 1 6363.00A

5578.89 [O i] 5578 O 1 5577.00A

631852.00 [O i] 63µm O 1 63.1700m

1455350.00 [O i] 145µm O 1 145.530m

3727.10 [O ii] 3726 O II 3726.00A

3729.86 [O ii] 3729 O II 3729.00A

7332.21 [O ii] 7332 O II 7332.00A

7321.94 [O ii] 7323 O II 7323.00A

2471.088 [O ii] 2471 O II 2471.00A

1661.241 O iii] 1661 O 3 1661.00A

1666.15 O iii] 1666 O 3 1666.00A

5008.240 [O iii] 5007 O 3 5007.00A

4960.295 [O iii] 4960 O 3 4959.00A

4364.435 [O iii] 4364 TOTL 4363.00A

2321.664 [O iii] 2321 O 3 2321.00A

883564.00 [O iii] 88µm O 3 88.3300m

Table 3 continued
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Table 3 (continued)

Vacuum Wavelength (Å) Line ID Cloudy ID

518145.00 [O iii] 52µm O 3 51.8000m

128135.48 [Ne ii] 12.8µm Ne 2 12.8100m

155551.00 [Ne iii] 15.5µm Ne 3 15.5500m

360135.00 [Ne iii] 36µm Ne 3 36.0140m

3869.86 [Ne iii] 3870 Ne 3 3869.00A

3968.59 [Ne iii] 3968 Ne 3 3968.00A

3343.5 [Ne iii] 3343 Ne 3 3343.00A

1812.205 [Ne iii] 1815 Ne 3 1815.00A

4725.47 [Ne iv] 4720 Ne 4 4720.00A

2796.352 Mg ii 2800 Mg 2 2795.53A

2803.53 Mg ii 2800 Mg 2 2802.71A

348140.00 [Si ii] 35µm Si 2 34.8140m

10323.32 [S ii] 1.0331µm S 2 1.03300m

6732.673 [S ii] 6732 S II 6731.00A

6718.294 [S ii] 6717 S II 6716.00A

4069.75 [S ii] 4070 S II 4070.00A

4077.50 [S ii] 4078 S II 4078.00A

187130.00 [S iii] 18.7µm S 3 18.6700m

334800.00 [S iii] 33.5µm S 3 33.4700m

9533.20 [S iii] 9533 S 3 9532.00A

9071.1 [S iii] 9071 S 3 9069.00A

6313.81 [S iii] 6314 S 3 6312.00A

3722.75 [S iii] 3723 S 3 3722.00A

105105.00 [S iv] 10.5µm S 4 10.5100m

69852.74 [Ar ii] 7µm Ar 2 6.98000m

7137.77 [Ar iii] 7138 Ar 3 7135.00A

7753.19 [Ar iii] 7753 Ar 3 7751.00A

5193.27 [Ar iii] 5193 Ar 3 5192.00A

3109.98 [Ar iii] 3110 Ar 3 3109.00A

218302.00 [Ar iii] 22µm Ar 3 21.8300m

89913.80 [Ar iii] 9µm Ar 3 9.00000m

7334.17 [Ar iv] 7330 Ar 4 7331.00A

2669.951 [Al ii] 2670 Al 2 2670.00A

2661.146 [Al ii] 2660 Al 2 2660.00A

1854.716 [Al iii] 1855 Al 3 1855.00A

1862.7895 [Al iii] 1863 Al 3 1863.00A

143678.00 [Cl ii] 14.4µm Cl 2 14.4000m

8581.06 [Cl ii] 8579 Cl 2 8579.00A

9126.10 [Cl ii] 9124 Cl 2 9124.00A

5539.411 [Cl iii] 5538 Cl 3 5538.00A

5519.242 [Cl iii] 5518 Cl 3 5518.00A

606420.00 [P ii] 60µm P 2 60.6400m

328709.00 [P ii] 32µm P 2 32.8700m

12570.21 [Fe ii] 1.26µm Fe 2 1.25668m
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