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Abstract

There is a long history of using optical emission and absorption lines to constrain the metallicity and ionization
parameters of gas in galaxies. However, comparable diagnostics are less well developed for the ultraviolet (UV).
Here, we assess the diagnostic potential of both absorption and emission features in the UV and evaluate the
diagnostics against observations of local and high-redshift galaxies. We use the Flexible Stellar Population
Synthesis (FSPS) nebular emission model of Byler et al., extended to include emission predictions in the UV, to
evaluate the metallicity sensitivity of established UV stellar absorption indices and to identify those that include a
significant contribution from nebular emission. We present model UV emission-line fluxes as a function of
metallicity and ionization parameter, assuming both instantaneous bursts and constant star formation rates. We
identify combinations of strong emission lines that constrain metallicity and ionization parameters, including
[C1I] A1907, C1I] A1909, O] A1661,1666, Silll] A1883,1892, CIv A1548,1551, N1I] A1750,1752, and
Mg I A\2796, and we develop UV versions of the canonical “Baldwin Phillips Terlevich” diagram. We quantify
the relative contribution from stellar wind emission and nebular line emission to diagnostic line ratios that include
the C IV A1548,1551 lines, and we also develop an observationally motivated relationship for N and C enrichment
that improves the performance of photoionization models. We summarize the best diagnostic choices and the
associated redshift range for low-, mid-, and high-resolution rest-UV spectroscopy in preparation for the launch of
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the James Webb Space Telescope.
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1. Introduction

In the optical spectra of star-forming galaxies, emission
lines from ionized gas can be a factor of 10 times brighter
than the stellar continuum. These emission lines can also
reveal key physical properties of the gas and its ionizing
source. For gas that is ionized by stars, various combinations
of emission lines are frequently used to estimate the gas-
phase metallicity of a galaxy. Popular combinations of
emission lines include the “R23” (Pagel et al. 1979) and
“N2”(Pettini & Pagel 2004) diagnostics, which use ratios of
strong emission lines from oxygen, nitrogen, and hydrogen
that have been calibrated by theoretical models (e.g.,
McGaugh 1991; Kewley & Dopita 2002).

With the historical accessibility of optical observations, it is
a natural development that the most well used nebular
diagnostics are based in the optical portion of the spectrum.
Unfortunately, however, by z ~ 3, the emission lines required
for traditional optical diagnostics have been redshifted out of
the wavelength window accessible to ground-based near-
infrared (IR) observatories. Luckily, strong nebular emission
lines exist across the spectrum, from the ultraviolet (UV)
through the IR, which can potentially be used as equally
informative gas diagnostics. Diagnostics based on UV emission
lines are of particular interest, since they are applicable to
galaxies at high redshift.

The UV also offers a number of informative absorption
features as well. A galaxy’s spectrum is typically dominated by
light from young, massive stars in addition to the emission
from the ionized gas surrounding them. While there are fewer
emission lines in the UV than in the optical, we gain additional
diagnostic features from the numerous stellar UV absorption
lines. Many of these lines are produced in the atmospheres of
young, massive stars that should have the same metallicity as
the gas producing the emission lines. Because these same
O- and B-type stars are responsible for producing the ionizing
radiation incident to the gas cloud, it is possible to jointly
analyze absorption and emission features when inferring the
metallicity and ionization state of a galaxy. However, doing so
requires that one self-consistently links the temporal and
metallicity-dependent changes in the stellar absorption features
to the nebular emission lines.

In this paper, we take advantage of the work of Byler et al.
(2017), who paired the population synthesis models from the
Flexible Stellar Population Synthesis code (FSPS; Conroy
et al. 2009; Conroy & Gunn 2010) with photoionization models
from CLOUDY to self-consistently model the flux from star-
forming galaxies. We build on the UV absorption indices
identified in Leitherer et al. (2011), focusing on the wind-
driven and photospheric absorption lines, and the UV emission
features identified in Erb et al. (2010). We present the most
promising combinations of nebular emission line ratios and
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stellar absorption features in the UV that can be used to
estimate stellar and nebular metallicities for galaxies at high
and low redshift.

We describe the stellar and nebular model in Section 2. In
Section 3 we identify combinations of emission and absorption
features in the UV that track the gas-phase metallicity. In
Section 4 we compare the most promising diagnostics to
galaxies locally and at redshift z ~ 3, and in Section 5 we
discuss the utility of the various diagnostics in the context of
current and future observatories.

2. Description of the Stellar and Nebular Model
2.1. The Stellar Model

For stellar population synthesis, we use the FSPS package
(Conroy et al. 2009; Conroy & Gunn 2010) via the Python
interface python-fsps (Foreman-Mackey et al. 2014). We
adopt a Kroupa initial mass function (IMF; Kroupa 2001) with
upper and lower mass limits of 120Mg and 0.08 M,
respectively. We discuss our choice for evolutionary tracks
and spectral library in detail below; for all other SPS
parameters, we use the default parameters in FSPS.°

2.1.1. Evolutionary Tracks

We use the MESA Isochrones & Stellar Tracks (MIST; Choi
et al. 2016; Dotter 2016) single-star stellar evolutionary
models, which include the effect of stellar rotation. The
evolutionary tracks are computed using the publicly available
stellar evolution package Modules for Experiments in Stellar
Astrophysics (MESA v7503; Paxton et al. 2011, 2013, 2015),
and the isochrones are generated using Aaron Dotter’s publicly
available iso package on github.” A complete description of
the models can be found in Choi et al. (2016); we describe
some relevant model properties below.

The MIST models cover ages from 10° to 1 years, initial
masses from 0.1 to 300 My, and metallicities in the range
—2.0 < [Z/H] £ 0.5. Abundances are solar-scaled, assuming
the Asplund et al. (2009) protosolar birth cloud bulk
metallicity, for a reference solar value of Z., = 0.0142.

The MIST models include the effect of rotation, which is
particularly important for massive star evolution. We briefly
describe the implementation of rotation in the MIST models
below. The reader is referred to Section 3 of Choi et al. (2016)
for a comprehensive description. As explained in Choi et al.
(2017), the effects of rotation appear in the MESA stellar
evolution calculations in three main ways. First, rotation
decreases the gravitational acceleration via the centrifugal
force, which in turn affects the stellar structure. Second,
rotation can promote extra mixing in the interior, boosting the
transport of chemicals and angular momentum. MESA adopts
the common approach of treating the chemical and angular
momentum transport in a diffusion approximation. Finally,
rotation enhances mass loss. MESA adopts the formulation
from Langer (1998), where the mass loss rate M is multiplied
by a factor that increases dramatically as the surface angular
velocity €2 approaches critical, or breakup, angular velocity.

The MIST models assume an initial rotation rate of
Vzams/Verit = 0.4, meaning that the surface velocity is set to
40% of the critical, or breakup, velocity. This rotation rate is
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also adopted in the Geneva models (Ekstrom et al. 2012)® and
is motivated by observations of young B stars (Huang
et al. 2010) and theoretical work on rotation rates in massive
stars (Rosen et al. 2012). Rotation is not included for stars with
M; < 1.2 Mg to match the slow rotation rate observed in the
Sun and other low-mass stars. The rotation rate is gradually
increased from 0 to vzams/Veir = 0.4 over the stellar mass
range 1.2-1.8 M. This gradual ramp-up produces velocities of
order 10-25km s~! in this mass range, in agreement with
observed rotation rates of main sequence (MS) and evolved
stars in the mass range 1.2-1.5 Mgy (Wolff & Simon 1997,
Canto Martins et al. 2011); see Choi et al. (2016) for details.

Choi et al. (2016) compared the rotating MIST and Geneva
evolutionary tracks and found that at fixed stellar mass, the
Geneva models are hotter and more luminous at the end of their
MS lifetimes, implying that rotational mixing is more efficient
in the Geneva models. In general, the Geneva rotating models
have enhanced MS lifetimes compared to the default MIST
model; however, MS lifetimes in Geneva and MIST agree to
within 10%—-15% at solar metallicity. For higher mass stars, the
MIST models have MS lifetimes that fall between those of the
nonrotating and rotating Geneva models.

In general, rotating stellar populations have higher bolo-
metric luminosities and sustain harder ionizing radiation fields
over a longer period of time compared to nonrotating
populations (e.g., Levesque et al. 2012; Choi et al. 2017).
While a full analysis of UV properties as a function of rotation
rate is beyond the scope of this work, we note that the rotating
MIST models adopted here produce ionizing luminosities that
are consistent with recent observations of young nuclear star
clusters. We also refer the reader to Choi et al. (2017) for an in-
depth investigation on the ionizing properties of massive
rotating populations for a range of initial rotation rates
(Vzams/Verie from 0.0 to 0.6) and composite populations with
a distribution of rotation rates.

For hot, luminous stars, line-driven winds can cause
significant mass loss. For stars with Toe > 1. 1 X 10*K and
surface hydrogen mass fraction Xy, > 0.4, the mass loss
prescriptions from Vink et al. (2000, 2001) are adopted. If the
star loses a considerable amount of its outer hydrogen layer
(Xsurf < 0.4) and becomes a Wolf-Rayet (WR) star, the Nugis
& Lamers (2000) wind prescription is used instead. For cooler
stars with effective temperatures below 10*K, the wind
prescription from de Jager et al. (1988) is used. As noted in
a recent review, these prescriptions fail to account for
clumpiness and inhomogeneities in outflows and may over-
estimate mass loss rates by a factor of 2-3 (Smith 2014).

The MIST models used in this work do not account for
binary stars. This is an additional source of uncertainty, since
O- and B-type stars are observed to have a high binary fraction,
between 0.6 and 1.0 (Sana et al. 2012; Kobulnicky et al. 2014),
and the presence of a binary companion can dramatically alter
the evolutionary path of a massive star (e.g., de Mink
et al. 2013; Smith 2014). The Binary Population and Spectral
Synthesis models (BPASS; Eldridge & Stanway 2009;
Eldridge et al. 2017) include binary interactions and have
found that binary mass transfer can substantially increase the
ionizing photon output from a stellar population and prolong

8 Note that Verie and Q. are defined differently in MESA and in the Geneva

models. In the Geneva models, the equatorial radius is 1.5 times larger than the
polar radius when = )., but this distinction is not made in MESA. See
Section 2.1 in Georgy et al. (2013) for more details.
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ionizing photon production for ~10Myr over single-star
models (Ma et al. 2016; Xiao et al. 2018).

2.1.2. Spectral Library

We combine the MIST tracks with a new, high-resolution
theoretical spectral library (C3K; C. Conroy et al. 2018, in
preparation) based on Kurucz stellar atmosphere and spectral
synthesis routines (ATLAS12 and SYNTHE; Kurucz 2005).
The spectra use the latest set of atomic and molecular line lists
and include both lab and predicted lines. The grid was
computed assuming the Asplund et al. (2009) solar abundance
scale and a constant microturbulent velocity of 2km s~ !.

We require high-resolution model spectra, since stellar
photospheric lines have equivalent widths (EWs) of ~1-3 A.
Typical stellar wind lines have EWs of ~5-15A. We use a
version of the C3K spectral library that has R = 1000 for
A = 100-1500 A and R = 10,000 for A = 1500 A to 1 um.

For very hot stars and stars in rapidly evolving evolutionary
phases, we use alternative spectral libraries. We highlight the
libraries used for very hot stars, since these will be responsible
for providing the radiation necessary to ionize hydrogen. For
MS stars with temperatures above 25,000 K (O- and B-type
stars), we use spectra from M. Ng, G. Taylor, and J. J. Eldridge
(2018, private communication), as described in Eldridge et al.
(2017), computed using WM-Basic (Pauldrach et al. 2001). For
WR stars, we use the spectral library from Smith et al. (2002)
using CMFGEN (Hillier & Lanz 2001), which includes both
WN and WC subtypes. Stars classified as WR stars with
surface C/O ratio >1 are labeled as WC, while WR stars with
surface C/O ratio <1 are labeled as WN.

2.2. The Nebular Model

We use the CLOUDY nebular model implemented within
FSPS, CLOUDYFSPS (Byler 2018), to generate spectra that
include nebular line and continuum emission. Calculations
were performed with version 13.03 of CLOUDY, last described
by Ferland et al. (2013). The model is described in detail in
Byler et al. (2017) and summarized briefly here. The nebular
model is a grid in (1) simple stellar population (SSP) age, (2)
SSP and gas-phase metallicity, and (3) ionization parameter,
Uy, a dimensionless quantity that gives the ratio of ionizing
photons to the total hydrogen density.

The model uses FSPS to generate spectra from coeval clusters
of stars, each with a single age and metallicity (SSPs). Using
the photoionization code CLOUDY, the SSP is used as the
ionization source for the gas cloud, and the gas-phase
metallicity is scaled to the metallicity of the SSP. For each
SSP of age t and metallicity Z, photoionization models are run
at different ionization parameters, Uy, from log Uy = —4 to
log,, Uy = —1in steps of 0.5. The resultant line and continuum
emission is normalized by the number of ionizing photons
calculated from the input ionizing spectrum. The normalized
line and continuum emissions are recorded in separate look-up
tables.

For a given SSP (¢, Z) and specified U/, FSPS returns the
associated line and continuum emission associated with that
grid point from the look-up table. This approach 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 removes the ionizing photons from the spectral energy
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distribution (SED) to enforce energy balance; in this work we
assume an ionizing photon escape fraction of zero.

The set of 128 emission lines used in Byler et al. (2017)
included 31, 51, and 45 lines in the UV, optical, and IR,
respectively. To fully explore the emission properties in the UV,
we have created an “extended” line list that includes 381 emission
lines in total, with 142 emission lines in the UV (A < 3000 A),
122 emission lines in the optical (3000A < X < 10,000A), and
117 in the IR (A > 10,000 A). While this list is not exhaustive,
most of these additional emission lines are relatively weak, and
there are thus no quantitative differences in the synthesized colors
for populations using the 128-line list and populations using the
381-line list. The full list of emission lines is given in
Appendix A, Table 5.

2.2.1. Gas-phase Abundances

We assume that the gas-phase metallicity scales with the
metallicity of the stellar population, given that the metallicity of
the most massive stars should be identical to the metallicity of
the gas cloud from which the stars formed.

For most elements, we use the solar abundances from
Grevesse et al. (2010), based on the results from Asplund et al.
(2009), and we adopt the depletion factors specified by Dopita
et al. (2013).

We treat nitrogen and carbon differently, however, due to the
likelihood that both these elements scale nonlinearly with
metallicity (e.g., Vila Costas & Edmunds 1993; Henry
et al. 2000; Berg et al. 2016). Nitrogen has known secondary
nucleosynthetic production at high metallicity, wherein nitro-
gen is dredged up during the bottleneck step of the CNO cycle,
which is directly dependent on metallicity (Cowley 1995).
In the case of carbon, additional carbon is returned to
the interstellar medium (ISM) through metallicity-dependent
processes such as stellar winds (Garnett et al. 1999). This is not
a nucleosynthetic process, and thus carbon is said to have a
“pseudosecondary” production process.

To set the relationship between N/H and O/H, we use the
following equation:

log,,(N/O)
12+log; (0, H)—8.3
=—15+1log(l + e 0.1 ), (1)

and for C/H and O/H we assume

log;(,(C/O)
= —0.8+0.14 - (12 + log;,(O/H) — 8.0)

12-+1og) o(O,;H) 8.0

+ log(1 +e 02 ). 2)

These choices are largely modeled after the empirical fits
used by Dopita et al. (2013). However, we have found that the
N/H and C/H relationship used in Dopita et al. (2013) is too
steep at the lowest metallicities. We discuss this issue at length
in Appendix B, given that the predicted emission lines are
sensitive to the abundance prescription applied, especially for
important coolants like C, N, and O.

The abundance for each element and applied depletion
factors at solar metallicity are given in Table 1.
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Table 1
Elemental Abundances and Adopted Depletion Factors D for Each Element in
the Nebular Model at Solar Metallicity, which Has Z = 0.0142
(log10(O/H) = —3.31 or 12 + log;o(O/H) = 8.69)

Element log0(E/H) logo(D)
H 0 0
He —1.01 0

C —3.57 —0.30
N —4.60 —0.05
(6] —3.31 —0.07
Ne —4.07 0
Na —5.75 —1.00
Mg —4.40 ~1.08
Al —5.55 —1.39
Si —4.49 —0.81
S —4.86 0

Cl —6.63 —1.00
Ar —5.60 0
Ca —5.66 —2.52
Fe —4.50 —1.31
Ni —5.78 —2.00

Note. Solar abundances are from Grevesse et al. (2010), and depletion factors
are from Dopita et al. (2013).

3. Model Spectra
3.1. Emission and Absorption Features in the UV

The UV portion of a galaxy spectrum is rich in absorption
features, including stellar absorption features and absorption from
the interstellar gas and circumgalactic medium (Leitherer
et al. 2011). While there has been work highlighting the utility
of UV interstellar absorption features (e.g., Rix et al. 2004) as
metallicity diagnostics, in this work we focus primarily on stellar
features produced by winds and photospheric absorption, since
these will link the metallicity-dependent changes in the stellar
population with the metallicity-dependent changes in the gas. For
short-lived massive stars, the metallicity of the stars should be
nearly identical to that of the surrounding natal gas cloud.

To highlight various emission and absorption features, in
Figure 1 we show example spectra for a population with
constant star formation over 10Myr at log,Z/Zs = —1.5,
—1.0, —0.5, and 0.0 over the wavelength range 1275-3100 A.
In general, the depth and number of photospheric absorption
lines increase with increasing metallicity. Emission from line-
driven winds is stronger in high-metallicity models as well, like
the CIV wind feature near 1550 A.

We show a model with log,Z/Zs = —0.5 at several
different ages in Figure 2 to demonstrate the evolution of the
UV spectrum with time. Nebular line and continuum emission
is strongest between 1 and 3 Myr, with significant line emission
sustained to 7 Myr. The time dependence of some stellar wind
features is apparent, with the strength of the CIv A1551 wind
emission increasing until 7 Myr. Broad [He IT]JA 1640 emission
can be seen briefly at 3 Myr due to the presence of WR stars.

In Figures 1 and 2, we have highlighted the set of 12 UV
line indices defined by Leitherer et al. (2011) in gray. Most of
these indices are dominated by lines from interstellar gas,
which are not included in this model. Exceptions include the
SiIV_1400 and CIV_1550 indices, which are typically
dominated by stellar wind lines, and A1TII_1670, which is a
blend of wind and interstellar lines. The depth of these features
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changes with metallicity, since the efficiency of hot star winds
is metallicity dependent.

We also highlight important emission lines, noted by their
species name below the continuum. The strength of the various
emission lines will depend on the gas-phase metallicity, the
ionization parameter, and the hardness of the ionizing spectra,
which will change with the age and metallicity of the stellar
population responsible for ionizing the surrounding gas.

The nebular model as implemented within FSPS self-consistently
predicts the line and continuum emission for a stellar population
with an arbitrary star formation history and chemical evolution
history. However, in the construction of diagnostics, it is often
useful to highlight the limiting cases: the instantaneous burst and
continuous star formation. For all diagnostics presented in this
work, we thus present a model with an instantaneous burst of star
formation 1 Myr ago and a model with constant star formation
over 10 Myr. We justify this choice in Section 3.3.

3.2. Measuring Emission and Absorption Line Features

One of the challenges associated with measuring the strength
of absorption lines is defining the continuum. In the UV, this
choice is especially difficult, since metals in the stellar
atmosphere absorb heavily, masking the true continuum level.
Without knowledge of the true continuum level, EW measure-
ments will only place lower limits on the absolute line strength.

The high density of metal lines in the UV presents another
difficulty for absorption line EW measurements, as absorption
line indices often cover multiple blended absorption features.
While blended features may still track the overall metallicity,
many prominent absorption lines have complicated dependen-
cies on stellar spectral type or individual abundance patterns
(Maraston et al. 2009).

To measure absorption feature EWs, we adopt the set of 12
UV line indices defined by Leitherer et al. (2011), referred to as
L11 in the remainder of this work. For each index, L11 defined
a central bandpass and two flanking continuum bandpasses,
given in Table 2.

Following L.11, the continuum flux in a region is defined as the
median value of the flux within the bandpass and is assigned to the
midpoint wavelength. The continuum, F,,:(\), is then taken to be
the straight line connecting the midpoints of the continuum bands
on either side of a line. We then calculate the EW with

_ A FrcontlA) — Fxtine(N)
B (A) a j:\i f/\,conl()\) d)\, (3)

where Fjje(A) is the flux in the central bandpass spanning
A< A< M

Much of the work analyzing the UV absorption line behavior
of massive stars and stellar populations only considered the
effects of stellar absorption and interstellar absorption (e.g., Rix
et al. 2004; Maraston et al. 2009; Leitherer et al. 2011;
Zetterlund et al. 2015). This assumption is reasonable for
comparisons against observations of globular clusters and some
young, massive star clusters. However, the UV spectrum of
star-forming galaxies contains significant contributions from
nebular lines and continuum emission from ionized gas.

The nebular continuum emits significantly in the UV
blueward of the Balmer break,’ which acts to increase the

° The nebular continuum can account for ~5%—10% of the total flux between

900 and 1800 A and as much as ~20% of the total flux between 1800 and
4000 A (Byler et al. 2017).
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Figure 1. Spectra for a stellar population with constant SFR at 10 Myr with log, Uy = —2.5 atlog,,Z/Zs = —1.5, —1.0, —0.5, and 0.0. The shaded regions highlight
the L11 absorption indices, labeled at the top of the axes. The labels at the bottom of the axes identify strong emission lines included in the FSPS nebular model. The
shape of the nebular continuum and the strength of the emission lines vary with age and metallicity as the thermodynamic properties of the gas cloud change.

continuum level for the entire spectrum, reducing the EW
compared to a pure stellar prediction. In addition, prominent
emission lines from the gas surrounding star-forming regions
fall within many of the defined line and continuum bandpasses
(as seen in Figure 3), which also affects the calculated EWs.

We show the effect of adding nebular line and continuum
emission to a solar-metallicity single-burst stellar population in
Figure 3, where we plot the UV spectrum near the absorption
line and continuum bandpasses for the L11 A1ITII_1670
absorption index. When nebular emission is included, the spectrum
becomes brighter and contains line emission throughout the plotted
wavelength range, including in the continuum and feature
bandpasses. Nebular emission changes the expected EWs by
10%—-50% in most cases, but by as much as an order of magnitude
for cases like MgII_2800 where the central bandpass covers
three emission lines. The effect of including nebular emission is
most important for young populations; for bursts older than
10 Myr, the difference in the absorption index EW when compared
to the stellar-only EW is less than 5%.

In what follows, we include the effects of both emission and
absorption when computing absorption line EWs. For nebular
emission line ratios, we use the full predicted flux from each
line and do not reduce the emission line flux due to underlying
stellar absorption, since this is already accounted for in most
observational comparisons.

3.3. Age Sensitivity

The same O- and B-type stars that produce the absorption
lines in Figures 1 and 2 are also responsible for providing the

ionizing radiation incident to the surrounding natal gas cloud,
producing nebular line and continuum emission. These stars are
short-lived, so most of the UV spectral features are age-
dependent. For nebular emission models, it is common to
provide model grids at the two limiting cases of star formation:
models where star formation occurs in one instantaneous burst
and models where the star formation is constant with time (e.g.,
Dopita et al. 2000, 2006, 2013; Kewley et al. 2001; Levesque
et al. 2012; Gutkin et al. 2016).

Instantaneous-burst models are only useful for young stellar
populations and very recent starbursts. In the left panel of
Figure 4, we show the time evolution of Ha for instantaneous-
burst models at several metallicities. As expected, the emission
is strongest at young ages and eventually disappears entirely as
the massive star population required to ionize the surrounding
gas evolves off of the MS. The exact timescales associated with
strong nebular emission will depend on the underlying stellar
evolutionary models. For models that do not include stellar
rotation or multiplicity, significant nebular emission persists for
at most 3—4 Myr. Models that include stellar rotation can
extend the lifetime of nebular emission up to 5-7 Myr (e.g.,
MIST, used in this work; Byler et al. 2017; Choi et al. 2017).
For evolutionary tracks that include the effects of stellar
multiplicity, the lifetime of nebular emission can extend to
greater than 10 Myr (e.g., BPASS; Eldridge & Stanway 2012;
Stanway et al. 2014; Xiao et al. 2018).

For models with continuous star formation, the rate at
which stars die and are born eventually equilibrates, and the
ionizing spectrum reaches a “steady state” and the luminosity
traces the SFR. In Byler et al. (2017), we showed that this
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the nebular continuum and the strength of the emission lines vary with age and metallicity as the thermodynamic properties of the gas cloud change.

Table 2
UV Line Indices from Leitherer et al. (2011)

Index name Index bandpass Blue continuum Red continuum Features included

SiII_1260 1255-1264 1268-1286 1268-1286 Silr A 1260; Sit A 1259

0I_SiII_1303 1290-1307 1268-1286 1308-1324 O1A1302; Sill A 1304; Silr A 1295
CII_1335 1326-1340 1308-1324 1348-1378 CII A 1334; C1r* A 1335

SiIV_1400 1379-1405 1348-1378 1433-1460 SiIv A 1393,1402

SiII_1526 1521-1529 1460-1495 1572-1599 Sill A 1526

CIV_1550" 1529-1553 1460-1495 1583-1599 C 1V A 154891550 SiIr A 1533
FeII_1608 1600-1613 1583-1599 1614-1632 Fe 11 A 1608

AlII_1670" 1663-1679 1614-1632 1680-1705 Al X 1670% ([O 1] A 1666, Al 1l A 1670)
A1III_1860" 1840-1873 1815-1839 1932-1948 Al )\ 1854,1862

FeII_2370" 2334-2391 2267-2290 2395-2450 Fe I X 2344,2374,2382

FeII_2600" 2578-2611 2525-2572 2613-2674 MnII \ 2576,2594,2606; Fe II A 2586,2600
MgII_2800" 2788-2810 2720-2785 28122842 Mg 1T \ 2796°,2803

Notes. The last column includes only stellar absorption features. If present, nebular emission lines are indicated in parentheses. Lines that can appear in emission or

absorption are flagged with e.
 One or more emission lines fall within a defined bandpass for this index.

“steady state” was reached around ~4 Myr for nonrotating
stellar models. The right panel of Figure 4 shows the time
evolution of Ha emission for the CSFR models (1 Mg yr_l).
For the rotating MIST models used in this work, the steady
state is reached between 7 and 10 Myr, which is consistent
with the findings of Jaskot & Ravindranath (2016), who
found that the rotating Geneva and BPASS models reached
equilibrium much later than single-star models, as late as
20 Myr.

In the remainder of this work, we use the 1 Myr instantaneous
burst and the 10 Myr CSFR models to represent the young
starburst and “steady state” limits. We note that diagnostics
including absorption or stellar features will be much more sensitive
to the exact SFH over 1-300 Myr timescales than diagnostics
using emission line ratios. However, beyond the instantaneous
burst and the steady-state limits, the model parameter space
increases massively. While a potentially interesting area to explore,
it is outside the scope of this work.
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younger. Models with a constant SFR reach a “steady state” after several megayears, where the rate of stars forming and the rate of stars dying are in equilibrium.

3.4. Absorption Line Trends with Model Age and Metallicity

In Figure 5 we show the L11 absorption indices for our
model spectra as a function of age for a single burst (top) and a
constant SFR (bottom). The time and metallicity evolution of
these absorption indices is frequently complex, due to their
dependence on a combination of stellar photospheres, nebular
emission, and stellar winds.

The indices that probe stellar wind features (SiIV_1400,
CIV_1550) are strongest at young ages and gradually decrease
with time, as the massive stars evolve off the MS. In particular,
the C IV index at 1550 A shows EWs as high as 12 A in the first
few million years, making it both easy to detect and highly age-
sensitive.

Figure 5 also shows how each absorption index changes with
metallicity. In general, the high-metallicity models have larger
EWs, as line blanketing in the upper atmosphere of O- and
B-type stars reduces the amount of emergent flux at high
metallicities. This effect is clearest in the Fe_2370 index,
which shows dense photospheric absorption in the highest
metallicity models, distinguishing low-metallicity stellar popu-
lations from the high-metallicity stellar populations.

For young, massive stars, radiatively driven winds produce
significant mass loss on the MS (Kudritzki & Puls 2000). These
winds are metallicity dependent; Vink et al. (2001) estimate that
mass loss rates scale as M ~ Z%6%-064 for O- and B-type stars.
Thus, absorption indices that include stellar winds like CIV_1550
and SiIV_1400 will be strongly dependent on metallicity. For
populations 10 Myr and younger, these indices have EWs that vary
by factors of 2—6 between different metallicity models.

The AITIII_1670 index is one of the indices that
inadvertently includes emission lines in the feature bandpass
([0 1] A 1666, [AlT] A 1670). However, this actually makes it
a stronger metallicity diagnostic, since the emission line
features are metallicity dependent as well.

3.5. Nebular Emission Features in the UV

We distinguish which emission lines are the most promising
diagnostics by identifying relatively bright lines that also show
significant variation in strength with metallicity and ionization
parameter. These are calculated based on variation from a
fiducial 10 Myr CSFR stellar population with log,,Z/Zo =
—0.5 and log Uy = —2.5. All emission lines tracked by
CLOUDY are considered individually unless otherwise noted,
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even if they are considered to be part of a doublet or multiplet. We first calculate f;; ., the line strength relative to H3, to identify
For visual clarity, however, some figures may only include a emission lines that are relatively bright. We then characterize the
label for the brightest line in the series. sensitivity of the lines to the ionization parameter or metallicity by

oo
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Figure 6. Variance in emission line strength, ojine, from changes in metallicity (left) and ionization parameter (right) as a function of f;,., the median emission line

strength relative to H3. Emission lines with high oyis. and f;

ine

are both relatively bright and show significant variation with model metallicity or ionization parameter.

These emission lines are potentially useful diagnostics for the gas-phase metallicity and ionization state of galaxies.

calculating 0, and oy, the variance in f;;. over the full parameter
range for Uy and log;, Z/Z, respectively. For the fiducial 10 Myr
CSFR model, o7 is the variance in f;,. at fixed ionization
parameter, log, Uy = —2.5, over —2<log,Z/Zy < 0.5.
Similarly, o4 is the variance in f;,. at constant metallicity,
log,yZ/Zo = —0.5, over —4 < log Uy < —1. We note that
this definition means that some lines may be difficult to detect in
some regions of parameter space.

We show oy and oz as a function of the median f . in
Figure 6 for the fiducial 10 Myr CSFR model. Emission lines
that lie in the upper right hand of the plot are the most
promising, since these lines are relatively bright and show
significant variation with gas-phase metallicity (left panel)
or ionization parameter (right panel). The well-known
C1] A 1909 A and O 1iI] A 1666 A lines fall into the promising
regime of both panels of Figure 6. Strong CII] emission
appears in spectra of low-metallicity galaxies at low and high
redshift (e.g., Shapley et al. 2003; Erb et al. 2010; Leitherer
et al. 2011; Bayliss et al. 2014; Stark et al. 2014, 2015; Berg
et al. 2016; Stroe et al. 2017a; Senchyna et al. 2017).

The Nelll] A3869 and O 11] A3729 lines are also found in the
promising region of Figure 6; the Ne302 ratio was previously
highlighted by Levesque & Richardson (2014) as an excellent
probe of gas cloud ionization state. Other promising emission
lines in Figure 6 include [AlI] A2661, [MgII] A2796,
CIV A1548, CIV A1551, and [SinI] A1883, which we will
discuss at length in the following sections. [MgII] A2796
emission was detected in a stacked spectrum of z ~ 2 galaxies
by Du et al. (2017). While C IV A1548 has been used to identify
active galactic nucleus (AGN) sources (Feltre et al. 2016; Stroe
et al. 2017b), sources with moderate CIV EWs have been

detected at high redshift that may be attributable to nebular
emission and emission from massive star winds (Stark et al.
2014; Mainali et al. 2017; Schmidt et al. 2017).

A full list of predicted UV emission line fluxes as a function
of metallicity and ionization parameter is given in Table 3.

3.5.1. Emission Line Ratios

We determine which combination of emission lines from
Section 2.2 will make useful emission line ratio diagnostics. We
make a number of observationally motivated cuts to the list of
emission lines considered for candidate line ratios. A total of 382
emission lines are included in the FSPS nebular model, 159 of
which are in the UV. We remove 21 hydrogen Lyman series lines,
because they are notoriously difficult to interpret due to resonant
scattering effects and do not consider emission lines blueward of
Lyc, which will be observationally difficult to access. We then
restrict the line list to elemental species with abundance by number
relative to hydrogen of log[n/H] > —6, which leaves 60
remaining emission lines. Finally, we restrict ourselves to lines
with log[fiine/HB] > —4, which is sufficient to catch the weak but
temperature-sensitive auroral lines, leaving 42 candidate emission
lines to consider for possible line ratio diagnostics.

We first determine all possible nonrepeating combinations of
the 42 emission lines. For each of these line ratios, we calculate
the variance in the line ratio, o, by taking the standard
deviation of the line ratio across a range of model parameters.
We consider variation in the line ratio due to ionization
parameter and metallicity, using a 10 Myr CSFR model with
log,yZ/Zs = —0.5 and log,,Uy = —2.5 as the fiducial model.
To find ratios that are sensitive to changes in metallicity, we
calculate 00 z at fixed age and ionization parameter (10 Myr



THE ASTROPHYSICAL JOURNAL, 863:14 (26pp), 2018 August 10 Byler et al.

CIII A 1906
354} OIII AL666]CIIT ALO0T logly = —2.5
10 Myr CSFR Silll A 1883
§ 35.2f
< @SiIII A1883/CIII A1907 Ol A2471
= MglI A 2796
"o 35.0fF
S Fell 2400
<
° | CIIA2326 &
} 34.8 ©
~. =t
%0 OCII \2326/CIII A1907 CII \2326/SilII A1883 ONIA1666 |5
= 346} QUI 12322 OIII A2322 OIII A2322/CII A2326 I A 1335
i
| v AL548 CIV A1548 Qn A1263/O1II A1666
=g NIII A 1752
Elddl @SiIV A1394 SilV A1394
20 CIV A1548
TR I e oA o
34.2 FRSIT A1256 .Asmms ®S11 71256 o ®511 A1256 OIII A 2321
NI ALT2 N Mgfri% A2142NIT A2142 NH%\ﬁ\Il 1‘32142
5.0 LTt ni7so ?e‘l} A1786 —“ e AL786 ‘. Sill A1263
0.3 0.4 0.5 0.6 0.7
O ratio, Z ( 10g10[f1me1/fnne2] )
Figure 7. x axis shows ory0,z, the variance in emission line ratio due to changes in metallicity, for a 10 Myr CSFR model at log,, Uy = —2.5 and assuming 1 Mg of

stars. The y axis shows the median luminosity of the less luminous emission line used in the ratio, by definition the numerator, or “line 1.” For visualization purposes,
we have labeled each ratio by the emission line in the numerator, and we color coded the marker by the emission line in the denominator, “line 2.” Emission line ratios
in the upper right corner of both plots will be the easiest to observe and should provide the most leverage in determining gas-phase metallicities.

Table 3
UV Line Fluxes Given by the CLOUDYFSPS Models, Assuming a 10 Myr CSFR at Solar Metallicity

10g10U0 Clv Clv Hell O 1 o1 Alll N 111 Si 11 Si 111 ci CcIm

1548 A 1551 A 1640 A 1661 A 1666 A 1671 A 1752 A 1883 A 1892 A 1907 A 1909 A
—4.0 —5.3259 —5.6272 —2.6206 —4.5499 —4.1581 —2.6228 —4.7133 —2.9867 —3.2134 —1.7065 —1.8902
-35 —3.7689 —4.0643 —2.4183 —3.7273 —3.3355 —2.5325 —3.9159 —2.6059 —2.8317 —1.3893 —1.5728
-3.0 —2.6854 —2.8647 —2.3427 —3.2949 —2.9033 —2.4825 —3.5258 —2.4548 —2.6774 —1.2797 —1.4632
-25 —2.4156 —2.4729 —2.3021 —3.1025 —2.7121 —2.4571 —3.3794 —2.4187 —2.6303 —1.2749 —1.4583
-2.0 —2.3026 —2.3483 —2.2641 —2.9781 —2.5905 —2.4446 —3.2914 —2.4054 —2.5935 —1.2792 —1.4624
-15 —2.1895 —2.2539 —2.2261 —2.8917 —2.5093 —2.4448 —3.2333 —2.3956 —2.5561 —1.2736 —1.4564
-1.0 —2.0432 —2.1298 —2.1901 —2.8149 —2.4401 —2.4382 —3.1827 —2.3826 —2.5224 —1.2555 —1.4377

Note. The lines are given as 10go[Fiine/ Frgl-

(This table is available in its entirety in machine-readable form.)

CSFR, log, Uy = —2.5). Similarly, we calculate oy, at fixed As discussed in Section 3.5, the Ne30O2 emission line ratio
age and metallicity to find ratios that are sensitive to changes in was identified by Levesque & Richardson (2014) as an
the ionization parameter (10 Myr CSFR, log,,Z/Zs = —0.5). excellent probe of gas ionization state. The Ne3O2 ratio
For each pair of emission lines, we use the brighter of the two appears in the upper right part of Figure 8, confirming that this
emission lines as the denominator, as determined by the median analysis can identify emission line ratios that are sensitive to
brightness relative to H3 over the range of models considered. metallicity and ionization parameter.'” Similarly, the metalli-
In Figures 7 and 8, we plot the variance in the brightest of city-sensitive O3C3 ratio (e.g., Stark et al. 2015; Feltre
the candidate emission line ratios. Figures 7 and 8 show the et al. 2016; Gutkin et al. 2016; Ding et al. 2017; Du et al.
line ratio variance, o0y, versus the median brightness relative 2017) appears in the upper right portion of Figure 7.
to HG of the less luminous emission line in the pair (the ratio Other promising line ratios include [O 1] A2322/[C1I] \2326

numerator, by definition), which would be the observationally (03C2), [Sim] A1263/[C1] A1335 (Si2C2), [N 1] A1752/[O 1]
limiting line. Figure 7 shows variance in emission line ratios A1666 (N303), and [Si 1] A1883/[C 1m1] A1907 (Si3C3); a full list

driven by metallicity changes (op.0.z) at constant age and is included in Table 4.

ionization parameter, while Figure 8 shows variance driven by In Figure 9 we show each of these line ratios as a function of
ionization parameter changes (o) at constant age and metallicity to highlight their utility as metallicity indicators.
metallicity, as noted in the upper right corner of the figure. As These ratios show several orders of magnitude variation with
in Figure 6, emission line ratios in the upper right region of metallicity and ionization parameter. These emission line ratios
these figures will be the easiest to detect and should have the

most sensitivity to changes in metallicity or ionization ' The Ne302 ratio used in Levesque & Richardson (2014) uses the sum of the

e ;i . : . 3726 and 3729 A doublet. The ratio in Figure 8 includes only the 3729 A line,
parameter. ‘We limit our study to emission line ratios with however, since all lines are tracked individually in our model. The 3729 A line

Oratio > 0.3, which c.orresponds to line ratios that expf:rience at is the brighter line in the low-density regime considered here and is thus visible
least a factor of 4 difference over the parameters of interest. in Figure 6.

10
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Figure 8. x axis shows 0yaoy, the variance in emission line ratio due to changes in ionization parameter, for a 10 Myr CSFR model at log,,Z/Zs = —0.5 and
assuming 1 Mg of stars. The y axis shows the median luminosity of the less luminous emission line used in the ratio, by definition the numerator, or “line 1.” For
visualization purposes, we have labeled each ratio by the emission line in the numerator, and we color coded the marker by the emission line in the denominator, “line
2.” Emission line ratios in the upper right corner of both plots will be the easiest to observe and should provide the most leverage in determining ionization parameters.

Table 4

UV Emission Line Ratios
Ratio Definition
Si2C2 logo([Si1] A1263/[C 1] A1335)
Si4C2 logo(SiIV A1394/[C 11] A1335)
C403™° log;o(C IV A1551/[0 I] A1666)
He2Hb™® log,o([He 1] A1640/H0)
03C3 logo([O 1] A1666/C 1] A1907)
N303 logo(IN 1] A1752/[0 1] A1666)
Fe2N3 logo(Fe I1 A1786/[N 1] A1752)
Si3C3 logo([Sim] A1883/C 1] A1907)
Si3N3 logo([Sim] A1883/[N 1] A1752)
03C2 logo([O ] A2322/[C 1] A2326)
03C2 logo([O ] A2322/[011] A2471)
0O3Mg2 logo([O 1] A2322/[Mg 1] A2796)
C2Si3 logo([C ] A\2326/[Si 1] A\1883)
Al2Mg2 logio([Al Tl A2661/[Mg 1] A2796)
Ne302 logo([Ne 1] A3870/[0 11] A3729)
Notes.

 Ratio may include contribution from stellar wind emission.
" Ratio may be sensitive to shock contribution.

can be used by themselves to estimate the gas-phase metallicity
of a galaxy, but with uncertainty due to the unknown ionization
parameter. Alternatively, they can be combined with other
emission line ratios to create “diagnostic diagrams” in the UV,
like the well-used Baldwin Phillips Terlevich (BPT) diagram in
the optical (Baldwin et al. 1981). These combinations of
emission line ratios may better distinguish the metallicity and
ionization parameter of the observed population than the use of
a single line.

We show several promising emission line ratio combinations
in Figure 10. The [Sill] A1263/[C 1] A1335 (Si2C2) versus
[O ] A1666/[C m] A1907 (O3C3) diagnostic diagram (left) is
very sensitive to the gas-phase metallicity while remaining

11

relatively insensitive to ionization parameter, due to combining
species from several ionization states. The O3C3 ratio also
pairs well with the [OII] A2322/[O11] A2471 ratio for a
diagnostic diagram (right) that has the potential to distinguish
metallicity and ionization parameter, though the sensitivity to
metallicity seems to saturate below log,Z/Zs = —1.5.

All of these diagnostic diagrams make use of emission lines
that are relatively close in wavelength space to minimize the
effects of reddening. In Figure 10 we show the direction that
one magnitude of reddening (Ay = 1) would change the
emission line ratios, assuming two different extinction laws, the
canonical Calzetti extinction curve and the steeper SMC
extinction curve, which may be more appropriate for low-
metallicity galaxies.

3.5.2. Comparisons with Optical Line Ratios

In Figure 11, we compare several of the UV emission line
ratios to well-known emission line ratios in the optical for the
10Myr CSFR model grid. The top panel of Figure 11
highlights emission line ratios that are sensitive to ionization
parameters. On the x axis, we show the optical log;y([O III]
A5007/[0 1] A3726,9) ratio, also referred to as 0302 or Os.,
which is known to be sensitive to ionization parameter. We
compare O3, to two different UV line ratios: log;o([O III]
AL666/C 1] A1907) (O3C3; top left) and logo([O 1] A2322/
C1] A2326) (O3C2; top right). Both UV ratios show similar
sensitivity to ionization parameter and correlate positively with
the optical O302 ratio. The UV ratio is more metal-dependent
at fixed ionization parameter, but at low metallicity (below
log,,Z/Zs = —1) the sensitivities are comparable.

The bottom panel of Figure 11 shows emission line ratios
that are sensitive to metallicity. We compare UV metallicity-
sensitive emission line ratios to the optical log;o([N 1I] A 6584/
[O1] A3726,9) emission line ratio, which correlates strongly
with metallicity and has little dependence on ionization
parameter (Kewley & Dopita 2002). The UV logo([N II]



THE ASTROPHYSICAL JOURNAL, 863:14 (26pp), 2018 August 10 Byler et al.
log10(Z/Z¢) log10(Z/Z¢) log10(Z/Zs)
—-1.5 —-1.0 —-0.5 0.0 —-1.5 —-1.0 —-0.5 0.0 —-1.5 —-1.0 —-0.5 0.0
15 T T T T Ne) 1 T T T E T T T T
> N 1 « 15
— ~ )
~ ~< ~
— = 1 =5 o
— — .
— = —
O O } 3
~ ~ -1 3 Z 0.5
N N <0
o) N o
=) AN & J ™
— N r~ 0.0
< ~ ap)
— = ~<
= = -3r 1 = -o05
o 2.5 1 1 1 1 O 1 1 1 O
©
> % Yo T T T T
& 0 B 2 00! l
~< = .
= ’H< ~< -0.2}F R
o0 -1 = =
E o= O 04 -
N _
o Re) -0.6 | E
a2 ] o]
G 0] = 08
[a)] [a\] V.o r .
~ ~< ~
= -3 = = -10f 3
5 | | | | o m 1 1 | | .
% T T T T 8 g !
Ne} > > 1.5 |
— — i
~< ~ ~< 1.0 i
] — —
— — —
— — —
@) g g 0.5 E
R ™ S 00 ]
Yor) Q0 <t :
I~ o] Nej
L — —
,< ,< ,< —05 1
= = =
= 1.6 = o -1.0
Z | | | | wn m

70 75 80 85 7.0

12 + loglo( O/H )

7.5
12 + 10g10( O/H )

7?0 715 810 8.5
12 + lOglo( O/H )

1 1
8.0 85

Figure 9. Several emission line ratios as a function of model metallicity (purple to yellow) and ionization parameter (blue) for 10 Myr constant SFR populations. The
blue lines connect models of constant ionization parameter, with log;,{, = —1 in dark blue and log;,U{y = —4 in light blue. Models of constant metallicity span from

log,yZ/Zo = —2 in purple to log,yZ/Zo = 0.0 in yellow.

A1752/[0 1] A1666) ratio (N303; bottom left) shows a strong
correlation with the optical N202 ratio, where larger values of
both indicate higher metallicities. Neither ratio does particu-
larly well at low metallicity, though. The UV log;q([Si III]
A1883/C1m] A1907) (Si3C3; bottom right) is anticorrelated
with the optical N202 ratio. The Si3C3 ratio is strongest at
low metallicity and will thus have slightly different optimal
applications.

3.6. UV Diagnostics Combining Emission
and Absorption Features

For short-lived, massive stars, the metallicity of the stars
should be nearly identical to that of the surrounding natal gas
cloud, but also see Steidel et al. (2016) for a discussion of
a-enhanced systems. There are notably fewer nebular emission
lines in the UV compared to the optical, but we can gain
additional metallicity leverage by considering combinations of

12

stellar absorption features and nebular emission features. In this
section, we identify useful combinations of emission and
absorption lines that track well with the properties of the
ionizing SSP and gas-phase metallicity. We use the strongest
absorption features identified in Section 3.4 and combine them
with the most promising diagnostic ratios determined in
Section 3.5.

Figure 12 shows metallicity diagnostics using the combina-
tion of an emission line ratio and an absorption feature. Both of
the absorption features strongly track the metallicity of the
young stellar population and can provide complementary
metallicity information where the emission line ratios may be
less sensitive. For example, the Si4C2 emission line ratio
excels at low metallicities where the SITV_1400 absorption
feature is weakest (top left panel). In comparison, the
FeII_1608 index has a better sensitivity to abundance
changes at low metallicity, pairing nicely with the Si3C3 and
N303 emission line ratios (top right and bottom left panels of
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Figure 12, respectively), which are most sensitive at moderate
metallicities. The metallicity sensitivity of the A1ITI_1860
index correlates positively with the C2Si3 emission line ratio
(bottom right), providing improved metallicity leverage.

We note that EW measurements are much more sensitive to
the continuum level than emission line ratios. The diagnostics
in Figure 12 represent model predictions that are appropriate
for young, massive star clusters. The presence of a substantial
old stellar population would increase model EWs above those
presented here. To properly compare observations to the
diagnostics that combine an EW and an emission line ratio, the
contribution from any underlying old stellar population should
be removed.

4. Observational Comparison
4.1. UV Spectra of Local Galaxies

Blue compact dwarfs (BCDs''), originally defined by
Sargent & Searle (1970), are characterized by blue
optical colors, small sizes (<1 kpc), and low luminosities
(Mg > —18). These galaxies have high specific star formation
rates and low metallicities and have thus been proposed as
nearby analogs of star formation in young galaxies observed at
high redshift (Thuan 2008). The young ages associated with
recent star formation make these objects very UV bright, and
their optical spectra are often indistinguishable from HII
regions.

4.1.1. Emission Lines

We compare our models with data from Berg et al. (2016),
who presented both UV and optical spectra for a sample of
seven nearby low-metallicity, high-ionization BCDs. In this
analysis to connect UV and optical emission line properties,
Berg et al. (2016) obtained UV spectra with the Cosmic
Origins Spectrograph (COS) on the Hubble Space Telescope
(HST) for a sample of galaxies with existing optical SDSS

1 Blue compact dwarf is used here instead of blue compact galaxy to avoid
acronym confusion with brightest cluster galaxies.

13

spectra and direct-method oxygen abundances. The UV
spectra have ~0.6 A resolution at 1600 A, which is sufficient
for the emission line ratios considered in this paper. We
include 13 additional galaxies from the upcoming D. Berg
et al. (2018, in preparation, private communication) paper.

The galaxies in Berg et al. (2016) are nearby (0.003 <
z < 0.040), UV-bright (mgyy < 19.5 AB), compact (D < 5"),
low-metallicity (7.2 < 12 + log(O/H) < 8.0) dwarf galaxies.
These galaxies have relatively low masses (~10"Mg) and high
sSFRs (~10®yr~'). All of the galaxies in the sample have
auroral line detections in the optical for direct-method calcula-
tions of the nebular temperature, density, and metallicity.

Emission lines of C11] 1907,1909 A and [O111] 1666 A are
detected in all 20 galaxies, while the SillI] A1883,1893 A
emission doublet is only detected in 13/20 galaxies. The
nondetection is not surprising since these galaxies are reason-
ably metal-poor and the Silll] A\1893 A emission feature is
strongest around 12 + log(O/H) ~ 8.3 and gets weaker with
decreasing metallicity. Only four galaxies had detected [OII]
AA3726,9 emission; for the remaining objects, we infer the total
emission from the A3726 and A3729 line strengths using the
AAN7320,7330 lines.

In Figures 13-15, we show measured emission line ratios
from the Berg et al. (2016) sample on various UV diagnostic
diagrams. The diagnostic diagrams shown here are only a
subset of those from Section 3.6, since we are limited to those
diagrams where all four emission lines were measurable in the
observed galaxies. To better compare our diagnostics with
observations where emission line doublets are not resolved, we
use the sum of CIV A\1548,51, [O 1] A1661,6, C1II] A1907,9,
and [O1I] A3726,9 doublets in the remaining figures, as noted
on the axis labels.

Figure 13 shows [O1I] A1661,6/C1] A1906,9 (03C3)
versus [SiIl] A1883/C 1] A1906,9 (Si3C3) for both a 1 Myr
burst and a 10 Myr constant SFR model. The model grid is able
to reproduce the full range of observed line ratios. The data
points cover a region of the model grid with low metallicities
(logyZ/Zo ~ —1.25 to —0.5, or log(O/H) + 12 ~ 7.5 to
—8.0) and high ionization parameters (between log;, Uy ~ —2
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to the optical N202 emission line ratio.

and —1), both of which are consistent with estimates from the
optical spectroscopy.

Figure 14 shows O3C3 versus [Nelll] A3869/[0O1]
A3726,9 (Ne302) for stellar populations assuming a 1 Myr
burst and a 10 Myr constant SFR. The young burst and the
constant SFR models are very similar, and both grids are able
to reproduce the observed line ratios. The O3C3 and Ne302
line ratios are sensitive to ionization parameter, and the
combination of them provides the most leverage for discrimi-
nating among models of constant ionization parameter. The
BCDs in the O3C3 versus Ne302 diagram have line ratios
consistent with ionization parameters around log,,ly = —2.0.
For the galaxies that appear in both Figures 13 and 14, the UV
model grids predict ionization parameters that are consistent
with one another and with the optically derived ionization
parameters.

Figure 15 shows O3C3 versus CIV A1548,51/[0 1]
A1661,6 (C403; bottom row) and C403 versus Si3C3 (top
row) for a 1 Myr burst and 10 Myr constant SFR. In the bottom

14

row of Figure 15, we include the sample of nearby dwarf
galaxies presented in Senchyna et al. (2017), which agree well
with the Berg et al. (2016) sample. This comparison is only
possible for Figure 15, since the Senchyna et al. (2017) sample
only includes emission line measurements for CIII] A1906,9
(as a blend), [O1II] A1661,6, and CIV A1548,51.

In contrast to Figures 13 and 14, these diagnostics are not
able to fully reproduce the range of observed line ratios. In
particular, the majority of the C403 ratios lie beyond the
highest ionization parameters in the model grid, which could
indicate that the models do not reach high enough ionization
states or do not have hard enough ionizing spectra. However,
the consistency of the other grids with log,,Uy = —2 suggests
that instead this behavior is primarily driven by larger-than-
predicted contributions from stellar wind emission to the
C1v A1548,51 flux. The grids in Figure 15 only include the
nebular contribution, and the C403 ratio should thus be
considered a lower limit when compared to the observed C403
ratios. We note that the C 1V A1548,51 lines in the Berg et al.
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(2016) spectra are in fact broader than the other nebular
emission lines, which is consistent with wind contamination.
Contribution from both nebular emission and stellar wind
emission is a known issue for other UV emission lines as well
(e.g., [He1I] A1640). In theory, with sufficient resolution and
signal-to-noise ratio, one could distinguish the two components
by their different line profiles, as the nebular emission
component should be narrow while the stellar wind emission
component should be fairly broad. However, this measurement
is difficult in the more common low-to-mid-resolution spectra.
For this reason, we recommend limiting diagnostic diagrams to
line ratios that include no more than one emission line with a
well-known stellar emission contribution. For example, the
commonly used [HeII] A1640/C 1V A\1548,51 line ratio (e.g.,
Feltre et al. 2016; Nakajima et al. 2018) may be difficult to
interpret due to the unknown contribution from stellar and
nebular emission in both the numerator and denominator.

15

4.1.2. Stellar and Nebular C IV Emission

The model grids in Figure 15 show the behavior expected for
pure nebular emission. However, actual spectra will include
both stellar and nebular components, along with strong features
from stellar winds. These effects are particularly important for
C1v, where the stellar CIV emission is shaped by the line-
driven winds in massive stars, and will thus change strength
with metallicity and time. Its line profile is also complex and
has a P Cygni profile with a redshifted emission component and
a blueshifted absorption component.

To estimate the total flux in the wind emission that would
likely “contaminate” the nebular emission measurement at low
spectral resolution, we fit a Gaussian profile to the emission
component of the P Cygni profile in our model spectra. We
then add this flux to the total flux of the CIV A1548 and
C 1V A1551 nebular emission lines to quantify the change in the
C1v A1548/[0 1] A1661,6 ratio. The fluxes are calculated
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assuming a total stellar mass of 10’ Mg and a distance of
10 Mpc. The choice is ultimately unimportant, however, since
we are primarily interested in comparing ratios of emission
lines.

In Figure 16 we show the flux in the stellar C IV A1551 wind
emission as a fraction of the total nebular and stellar C IV flux
as a function of time at different metallicities. The top panel
shows instantaneous-burst models, while the bottom panel
shows constant SFR models. At all metallicities, the nebular
CIV emission decreases with time as the massive stars
providing the ionizing radiation die. Nebular CIV emission is

16

5 o5k Ay=3 L Ay=3

g Calzetti Calzetti

S SMC SMC

o 00} ] 1t — :

~

(o)

& 0.5

M Ul 17T i

,(

—

=

g -1.0F 4 F g

=

a0

S -15} 1 Myr burst{ t 10 Myr CSFR -
-2.5 -2.0 -1.5 -1.0 -0.5 0.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

logyo( OIII A1661,6 / CIII A1906,9 )

strongest at lower metallicities (log,Z/Zs < —0.5) and is
relatively weak in solar-metallicity populations.

It is clear from Figure 16 that stellar wind contamination will
be strongest at solar-like metallicity, where line-driven winds
are strong and nebular CIV emission is relatively weak. In
models at solar metallicity and higher, stellar wind emission
contributes 60% or more of the total CIV emission. While
stellar wind emission also decreases with time, it decreases
over slightly longer timescales than the nebular emission. The
peak stellar wind emission changes with metallicity, with
stellar emission peaking at later times in lower metallicity
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populations. Even at log,,Z/Zs = —1, stellar CIV emission
can contribute as much as 30% of the total C IV emission.

We show the resultant model grids in Figure 17, where we
show the same O3C3 versus C IV A\1548,51 /[0 111] A1661,6
diagnostic diagram from Figure 15 for 1 Myr instantaneous
burst and 10 Myr CSFR populations. We show the original
“nebular-only” C IV A1548,51/[O 1] A1661,6 grid in gray
and the same observed CIV A1548,51/[011] A1661,6
ratios from Figure 15 for visual reference. The new model
grid includes C 1V A1548,1551 and the stellar CIV A1551
wind emission, which we label as CIv \1548,51,w for
clarity.

17
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The model grids with winds show improved agreement with
the data, due to the ~0.2-0.5 dex shift to higher C403 ratios.
As expected, the C403 ratio changes dramatically at solar
metallicity, where the wind emission contributes significantly
and changes the C403 ratio by 0.3-2.0 dex. For populations
with metallicities —1 < log,Z/Zgs < —0.5, the line ratio
changes are more modest, typically 0.2-0.5 dex. At the lowest
metallicities where wind emission is unimportant, the line ratio
increases by at most 0.2 dex, driven by the CIv A1551 nebular
emission.

There are slight differences between the instantaneous burst
and constant SFR grids, but both do a good job at reproducing
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most of the observed data points. The differences between the
model grids and data are not concerning, because these wind-
corrected grids are essentially measuring uncertainties, due to
the difficulty of wind models. It is likely that the few off-grid
points could be explained with modest perturbations to the
wind model.

4.1.3. Absorption Indices

To evaluate the absorption line indices identified in
Section 3.4, we compare our models to measurements of 14
nearby (0.003 < z < 0.03) BCDs presented in Zetterlund et al.
(2015), observed using the HST COS spectrograph. This
sample has metallicities derived from optical emission line
ratios from KKO04 based on the R,; diagnostic, giving an
estimated accuracy of ~0.15 dex (Zetterlund et al. 2015). The
accuracy of the R,; metallicity diagnostic is worse near
12 + log(O/H) ~ 8.4, where the value of R, rolls over, and
may be biased high compared to stellar metallicities (e.g.,
Kudritzki et al. 2012).

There were no nebular emission features detected in this
sample, due to sample selection effects and low signal-to-noise
ratio (S/N ~ 1-5). However, Zetterlund et al. (2015) did
provide measurements of A1TI_1670 and CIV_1550, two of
the L11 absorption indices.

18
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The Zetterlund et al. (2015) BCD spectra have not been
corrected for the presence of an underlying old stellar
population. For a typical dwarf galaxy with a burst of star
formation in the last 300 Myr, most of the total stellar mass lies
in old populations (3 Gyr or older), which contribute very little
to the total UV flux, less than a percent. The assumption of
continuous SFR over 4 Myr ultimately dominates the uncer-
tainty in the stellar continuum, while SFR fluctuations over
10-100 Myr can produce continuum fluctuations at the 10%
level.

In Figure 18 we show EWs of A1TT_1670 and CIV_1550
as a function of galaxy metallicity. In general, the CIV_1550
index EWs are large and positive, as expected at high
metallicities where stellar absorption dominates the index.
The A1II_1670 index covers much weaker features, and the
index measurements are quite noisy due to the low-S/N
observations. The A1II_1670 takes both positive and
negative values, potentially reflecting the influence of filling
from emission lines (negative EWSs), which is particularly
problematic for this index, as discussed in Section 3.4.

Although one A1II_1670 measurement lies above our
model predictions, we note that our models do not include the
effects of interstellar absorption. This was considered in detail
in Vidal-Garcia et al. (2017), who found that interstellar line
absorption near AITI A1670 can be significant, especially at
high metallicity.

4.2. UV Spectra of High-redshift Galaxies

Rest-frame UV spectra of distant galaxies are a powerful tool
to study the star formation environment of young galaxies, and
will become higher quality and increasingly commonplace with
future optical and IR instruments on the next generation of
telescopes. In this section, we compare the UV diagnostic
diagrams presented in Section 3.6 to the rest-frame UV spectra
of galaxies at intermediate and high redshift obtained with
ground-based optical and IR instruments.

Before proceeding, we note that estimates of metallicity for
these distant galaxies, when used, are determined from rest-
frame optical emission line diagnostics observed in the IR.
These diagnostics are calibrated against local galaxies, where
the star-forming environment could be drastically different
from the star-forming environment typical of distant galaxies,
and for which the application of local metallicity diagnostics
may not be appropriate. It is still interesting, however, to
understand where and why the emission line models succeed
or fail.

In Figure 19, we show several diagnostic diagrams with a
sample of intermediate- and high-redshift galaxies compiled
from Stark et al. (2014; black circles) and Christensen et al.
(2012; white diamond). The CIV A1548,51, [SilI] 1883,
[Om] A1661,6, and CIa] A1906,9 emission lines are
measured in both the local galaxy sample from Berg et al.
(2016) and the lensed z ~ 3 galaxy sample from Stark et al.
(2014). We include the local galaxy observations in Figure 19
as gray circles. Stark et al. (2015) provides lower limits on the
[Sim] A1883 emission line in cases where it was not detected
based on observational limits.

In the Si3C3 versus O3C3 diagram in Figure 19 (upper left),
all of the high-redshift galaxies have emission line ratios
consistent with the model predictions. Overall, the line ratios
for the high-redshift galaxies tend toward higher ionization
parameters and slightly higher metallicities than the local
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sample. This trend is likely driven entirely by the strength of
the C1I] line, which is notably large in many of the high-
redshift galaxies (Stark et al. 2014), but variations in [Si III]
A1883 (an « element) could also play a role. Again, the shift
toward higher ionization parameters and higher metallicities in
the high-redshift sample compared to local BCDs is not
unexpected, given the bias toward more massive, high-SFR
galaxies in the former.

We show the [Hell] A1640/C 1] A1906,9 ratio (He2C3)
versus the [O 1] A1661,6/C111] A1906,9 ratio (O3C3) in the
upper right panel of Figure 19. All of the high-redshift galaxies
have emission line ratios consistent with the model predictions.
The high-redshift galaxies and the local galaxies occupy similar
regions of the diagram, with no clear offset in metallicity or
ionization parameter. However, all of the observations lie near

19
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log1o( CIV A1548,51,w / OIII A1666 )

models with higher metallicities than in previous diagnostic
diagrams. The He2C3 ratio uses emission lines more widely
spaced in wavelength than the other ratios in Figure 19, which
could indicate that reddening corrections are responsible for the
shift.

In the C403 versus O3C3 diagram in Figure 19 (lower left),
the high-redshift galaxies occupy a region entirely beyond the
model grid with large values of C403. The range of observed
C403 and O3C3 values in the high-redshift galaxies is
consistent with values observed in the local galaxy sample
from Berg et al. (2016) and Senchyna et al. (2017), though the
local sample extends to lower values of C403 and has a wider
range in O3C3. These differences are not entirely unexpected,
since the high-redshift sample is smaller and necessarily probes
the brightest observable targets. The high C403 ratios observed
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in the high-redshift sample may support the idea that high-
redshift galaxies have on average “harder” ionizing spectra,
though we again note the important contribution stellar winds
make to the C403 ratio, as noted by the blue arrow and
discussed in Section 4.1.2 (Figure 17).

The NII] A1750,1752 emission doublet was not detected in
any of the Stark et al. (2014) sample, but lower limits were
provided based on observational constraints. Despite the
current nondetection with more sensitive facilities, the
N11] A1750/011] A1661,6 line ratio (N203) could become a
promising diagnostic when paired with Si3C3, which we show
in the bottom right panel of Figure 19.

5. Feasibility Estimates

In this section, we discuss the feasibility of measuring
important UV lines with existing and planned observatories.
We quantify the utility of the diagnostics from Section 4 with
the launch of the James Webb Space Telescope (JWST), which
will provide rest-frame UV spectra of galaxies at z > 4, and we
identify potential diagnostics for the redshift ranges probed by
the JWST spectrograph.

In Figure 20, we show observable UV emission lines as a
function of the desired redshift range to be probed with JWST.
Each emission line is color coded by its strength relative to H3
for a fiducial model assuming a 10Myr constant SFR,
log,,Uy = —2.5, and log,Z/Zs = —0.5, so users can deter-
mine the brightest emission lines in their desired redshift range.
We also highlight the range of redshifts where each of the
emission line ratios presented in Table 4 are observable.
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For the highest redshift galaxies expected to be discovered with
JWST, 7 < z < 10, low-resolution spectroscopy (R ~ 10-100)
can be obtained with NIRSpec (Levesque 2015), allowing for the
detection of the brightest emission lines like C 1] A 1906,1909
and [OTI] A 1661,1666. In this regime, the O3C3 emission line
ratio and the slope of the UV continuum are likely to be the most
useful probes of the ISM properties. At these resolutions, the
C 1] lines at 1906 and 1909 A will be blended and likely include
the blended contribution from the SiIll line at 1883 A.

For galaxies in the range 5 < z < 7, NIRSpec will provide
midresolution (R ~ 1000) spectroscopy for reasonable expo-
sure times. With sufficient S/N, the O3C3, Si3C3, and Ne302
diagnostics can provide constraints on the ionization state and
metallicity of the gas to better understand the properties of
galaxies during the epoch of their formation. Other emission
line ratios presented in this work (e.g., N303, C403, He2C3,
Si2C2, 0302) can be used in this regime, but the use of weak
lines in these ratios is likely to prevent their application in all
but the most extreme environments.

For a smaller subset of galaxies, high-resolution (R ~ 2700)
spectra can be obtained. These spectra will be able to resolve
stellar absorption features, enabling the simultaneous study of
the nebular emission and the stellar population. With sufficient
S/N to detect some of the weaker emission features, the
diagnostics combining emission and absorption features will
provide insight into the conversion of gas into stars, stellar
feedback, and chemical enrichment.

6. Conclusions

We build upon the nebular model framework established in
Byler et al. (2017), extending the self-consistent predictions for
nebular line and continuum emission from stellar populations
into the UV regime. With increasing sensitivity to high-redshift
galaxies, better tools to interpret rest-frame UV spectra will be
increasingly important. Our conclusions are as follows:

1. We have identified UV emission lines that correlate with
the gas-phase metallicity and the hardness of the ionizing
spectrum. We provide predicted UV emission line fluxes
as a function of metallicity and ionization parameter in a
machine-readable format. These will be fully integrated
into FSPS and included in future releases.

2. We have identified combinations of emission lines that
will be useful diagnostics for bulk properties like
metallicity and ionization parameter. The combinations
presented in this work are relatively bright and insensitive
to reddening and correlate with metallicity and ionization
parameter.

3. We present a joint analysis of stellar and nebular features
in the UV. We determine which of the absorption line
indices presented by Leitherer et al. (2011) are the most
useful metallicity diagnostics and quantify the contrib-
ution from nebular emission to each absorption index. We
identify combinations of stellar absorption features and
nebular emission lines that can be used as metallicity and
ionization parameter diagnostics. We also quantify the
contribution from stellar wind emission to nebular
emission line ratios.

4. We evaluate the emission and absorption diagnostics by
comparing them with observed galaxies. We confirm that
the diagnostics can reproduce observed emission and
absorption from a sample of local BCDs. For line ratios
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where the contribution from stellar wind emission plays a
role in one of the emission lines (e.g., C IV or [He 11]), the
model predictions are unable to fully reproduce observa-
tions. We advise caution when interpreting line ratios
where both emission lines could include a significant
contribution from stellar winds, like C 1V /[He I1].

5. We verify that the diagnostics hold across redshift by
comparing them with observations of high-redshift
galaxies. In general, the model grids are consistent within
errors of high-redshift observations.

6. We recommend diagnostics for the redshift ranges
probed by the JWST spectrograph. The midresolution
(R ~ 1000) spectroscopy that NIRSpec will provide for
galaxies in 5 < z <7 is ideal for the use of the
emission line diagnostics presented here, including
03C3, Si3C3, S3C3, Si3N3, S303, and N303.
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The analysis of both stellar and nebular features in the UV is
a promising method to study the ISM in galaxies both locally
and at high redshift. Future work fully considering the
implications of variable star-formation histories and gas-phase
abundances will anchor these diagnostics to physical conditions
that may be more representative of those found in the early
universe. We hope that these models can help guide future
assessments of the UV spectra from star-forming galaxies.

It is a pleasure to thank Grace Telford and Claus Leitherer
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v3.0 (Conroy et al. 2009; Conroy & Gunn 2010),
cloudyFSPSv1.0 (Byler 2018), python-fspsv0.1.1
(Foreman-Mackey et al. 2014).

Appendix A
Emission Line List

In Table 5 we provide a list of the emission lines included in
the CLOUDYFSPS nebular model. The list of emission lines
used in this work contains a total of 381 emission lines,
expanded from the original Byler et al. (2017) list of 128
emission lines. For each emission line, Table 5 provides the
element name and ionization state, the wavelength in vacuum,
and the name used to track the emission line within CLOUDY.
Only a portion of the list is given in Table 5. The table is
available online in a machine-readable format and is available
for download at the CLOUDYFSPS project website (http://nell-
byler.github.io/cloudyfsps/).

Appendix B
Sensitivity to C/O Prescription

Photoionization models must make various assumptions
about the relative gas-phase abundances of different elements.
In general, nebular models assume that the abundances of all
elements increase linearly with increasing metallicity. Specific
choices are usually motivated by the desire to match the
observed properties of samples of H1I regions. Most emission
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Table 5
Emission Lines Included in the FSPS Nebular Model

Vacuum wavelength A) Line ID CLOUDY ID
917.473 O 1917.473A 01917.473A
917.726 O 1917.726A 01917.726A
917.97 O 1917.970A 01917.970A
918.147 P 11 918.147A P 3918.147A
918.493 Ar 1918.493A Ar 1 918.493A
918.704 O 1918.704A 01 918.704A
919.912 O 1919.912A 01919.912A
920.243 O 1920.243A 01 920.243A
920.969 H 1920.969A H1 920.969A
922.509 Ar 1922.509A Ar 1 922.509A
922.969 O 1922.969A 01 922.969A
923.148 Ly-8 923 H1923.156A
923.438 O 1923.438A 01 923.438A
924.009 Cr 11 924.009A Cr 3 924.0092
926.249 Ly-7 926 H1926.231A
927.472 O 1927.472A 01 927.472A
928.186 O 1928.186A 01928.186A
929.014 Al 11 929.014A Al 2 929.014A
930.751 Ly-6 930 H1 930.754A
934.501 O 1934.501A 01 934.501A
935.672 O 1935.672A 01 935.672A
937.814 Ly-5 937 H1937.809A
942.258 N 1942.258A N 1 942.258A
943.939 C 1943.939A C1943.939A

Note. The line list is also available for download at the CLOUDYFSPS project
website: http://nell-byler.github.io/cloudyfsps/.

(This table is available in its entirety in machine-readable form.)

line strengths will depend linearly on their elemental
abundances, to first order, but variations in important gas
coolants like C, N, and O have additional effects on the HII
region structure and temperature, which in turn complicate the
response of emission lines to changes in their abundances.
The treatment of relative elemental abundances is further
complicated by the likelihood that both C and N scale
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nonlinearly with metallicity. Nitrogen has known secondary
nucleosynthetic production at high metallicity, wherein nitro-
gen is dredged up during the bottleneck step of the CNO cycle,
which is directly dependent on metallicity. In the case of
carbon, the triple-a process is the only known production
process, but it does not depend on metallicity. Instead,
additional carbon is produced through metallicity-dependent
processes such as stellar winds, rather than a nucleosynthetic
process. Thus, carbon is said to have a “pseudosecondary”
production process.

Nitrogen abundances are relatively easy to determine for
local galaxies with optical spectra, and the relationship between
N/O with metallicity has been well studied (e.g., Garnett 1990;
van Zee et al. 1998; Berg et al. 2012). Based on existing data,
most photoionization models adopt a functional form for the
relationship between the oxygen abundance and the N/O ratio
that matches observations of local dwarf galaxies, massive
extragalactic H1I regions, and starburst nucleus galaxies.

The C/O relationship is particularly relevant to this work,
since C III] is one of the strongest emission lines in the UV and
is included in many of the emission line diagnostics presented
in this work. Historically, carbon has been a difficult element to
derive absolute abundances for, since few strong transitions
exist in the optical or IR, and the optical recombination lines
(RLs) become too faint to detect below 12 + log(O/H) = 8
(Esteban et al. 2014).

Recently, Berg et al. (2016) analyzed the relationship of C/
O with metallicity in low-metallicity galaxies using collision-
ally excited lines for C and O in the UV. Berg et al. (2016)
found that the C/O ratio was roughly constant across the
metallicity range of their sample (7 < 12 + log(O/H) < 8).
However, when combined with C/O measurements based on
optical recombination lines from galaxies at higher metalli-
cities, C/O appears to increase with metallicity above 12 + log
(O/H) = 8. These data are shown in the right panel of
Figure 21.

In Figure 21, we show the existing N/O (left) and C/O
(right) measurements along with the relationships between
N/O and C/O used here and in various other nebular models.
For both N/O and C/O, we have modified the Dopita et al.
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(2013) prescription such that it plateaus for 12 + log[O/
H] < 8 to better match observations. The exact functional form
is given in Equations (1) and (2) in Section 2.2 and is shown as
the blue line in Figure 21. As noted in Steidel et al. (2014), the
precise behavior of the N/O ratio with metallicity depends on
the calibration sample and the details of the methods used to
measure the abundances, and unsurprisingly there is a
substantial range in the N/O versus O/H relationships applied
in recent literature.

B.1. Effect on UV and Optical Emission Lines

The behaviors of the N/O and C/O ratios are important for
the UV emission line diagnostics presented in this work. In
Figure 22 we show how the C 11I] A1907 emission line changes
while varying C/O at constant oxygen abundance. The left
panel of Figure 22 demonstrates that at constant 12 +
log(O/H), while C11] A1907 emission depends strongly on
ionization parameter (varying from 10°% to 10*®ergs™"), the
strength of the line is essentially independent of the actual
carbon abundance.

While C11] A1907 is not a direct measure of the carbon
abundance on its own, when CIII] A1907 is paired with [O III]
A1666, it becomes much more sensitive to the relative
abundance of carbon. Figure 23 shows the [O1]/CIII]
emission line ratio as a function of ionization parameter and
carbon abundance at constant 12 + log;o (O/H). The decreas-
ing abundance of carbon ultimately inhibits cloud cooling,
which raises the temperature of the nebula slightly and
produces variations in oxygen line strength at constant
12 + logyo (O/H). The O3C3 line ratio is very sensitive to
ionization parameter and the C/O ratio while being relatively
insensitive to gas density.

Despite our modifications to previous abundance prescrip-
tions, our nebular model still produces BPT diagram line ratios
that are consistent with observations. In Figure 24 we show
model grids on several diagnostic diagrams assuming the three
different abundance prescriptions considered in Figure 21: the
abundance prescription used in this work, the Dopita et al.
(2013) prescription (“D13”), and the Dopita et al. (2000)
prescription (“D00”). The models are run for identical input
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parameters, and the only modification is the mixture of gas-
phase abundances specified in CLOUDY.

To show where observed galaxies lie in each of these
diagnostic diagrams, we include a 2D histogram showing the
number density of star-forming galaxies, as done in Byler et al.
(2017). The star-forming galaxy sample is derived from galaxy
spectra from the Sloan Digital Sky Survey Data Release 7
(SDSS DR7; York et al. 2000; Abazajian et al. 2009) and
emission line fluxes measured from the publicly available
SDSS DR7 MPA/JHU catalog (Kauffmann et al. 2003b;
Brinchmann et al. 2004; Salim et al. 2007). We use the
emission line sample presented in Telford et al. (2016), briefly
summarized here. The sample includes ~135,000 galaxies with
redshifts between 0.07 and 0.30. Galaxies are required to have
S/N of 25 in the Ha line, 5 in the HQ line, and 3 in the [S II]
lines. Emission line fluxes are corrected for dust extinction
using the Balmer decrement and the Cardelli et al. (1989)

24

extinction law, assuming Ry = 3.1 and an intrinsic Balmer
decrement of 2.86. AGNs are removed from the sample
according to the empirical BPT diagram classification of
Kauffmann et al. (2003a). We also show a random sample of
SDSS galaxies (i.e., including AGNs) with black circles.

The top panel in Figure 24 shows the standard BPT diagram.
The model grids shown are run using identical input
parameters, differing only in the mixture of gas-phase
abundances specified in CLOUDY. However, the resultant
model grids vary by 0.4 dex in [N 1] /Ha. The model presented
here is able to reproduce the star-forming sequence quite well,
while simultaneously producing UV emission line ratios
consistent with observed galaxies. The other abundance
prescriptions struggle with this: the Dopita et al. (2013)
nitrogen abundances are too low to correctly reproduce the
optical star-forming sequence, though they do well at
predicting the UV CIII] behavior. The Dopita et al. (2000)
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Figure 24. Model grids on the standard BPT diagram (top row) and optical diagnostic diagrams (middle and bottom rows). The gray-scale 2D histogram shows the
number density of SDSS star-forming galaxies from the Telford et al. (2016) sample, and the black points show a random sample of SDSS galaxies. The solid black
line is the extreme starburst classification line from Kewley et al. (2001), and the dashed line is the pure star-formation classification line from Kauffmann et al.
(2003b). All models assume a 1 Myr instantaneous burst and otherwise identical input parameters. Each panel represents a model run with a different abundance
prescription, as noted in the upper right corner of each plot, and as shown in Figure 21.

model is able to reproduce the optical star-forming sequence,
but does not include the additional pseudosecondary contrib-
ution for carbon needed to explain the UV observations.

We note that Figure 24 is only intended to highlight how
changes in the adopted relative elemental abundances can
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change emission line ratio predictions. The behavior displayed
in Figure 24 is not representative of the other models’ ability to
reproduce observed line ratios, as each of these models can and
does adequately reproduce the locus of star-forming galaxies
through adopting different physical parameters, compared to
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that used in CLOUDYFSPS. The grids shown in Figure 24 use
the elemental abundance prescriptions from the above models
but are all run using the specific combination of input
parameters chosen for the CLOUDYFSPS nebular model.
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