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Abstract

Studying the galaxies responsible for reionization is often conducted through local reionization-era analogs;
however, many of these local analogs are too massive to be representative of the low-mass star-forming galaxies
that are thought to play a dominant role in reionization. The local, low-mass dwarf starburst galaxy Pox 186 is one
such system with physical conditions representative of a reionization-era starburst galaxy. We present deep
ultraviolet (UV) spectroscopy of Pox 186 to study its stellar population and ionization conditions and to compare
these conditions to other local starburst galaxies. The new Cosmic Origins Spectrograph data are combined with
archival observations to cover ∼1150–2000Å and allow for an assessment of Pox 186ʼs stellar population, the
relative enrichment of C and O, and the escape of ionizing photons. We detect significant Lyα and low-ionization
state absorption features, indicative of previously undetected neutral gas in Pox 186. The C/O relative abundance,
log(C/O) = −0.62± 0.02, is consistent with other low-metallicity dwarf galaxies and suggests a comparable star
formation history in these systems. We compare UV line ratios in Pox 186 to those of dwarf galaxies and
photoionization models, and we find excellent agreement for the ratios utilizing the intense C III], O III], and
double-peaked C IV lines. However, the UV and optical He II emission is faint and distinguishes Pox 186 from
other local starburst dwarf galaxies. We explore mechanisms that could produce faint He II, which have
implications for the low-mass reionization-era galaxies that may have similar ionization conditions.

Unified Astronomy Thesaurus concepts: Dwarf galaxies (416); Chemical abundances (224); Starburst galaxies
(1570); Ultraviolet spectroscopy (2284)

1. Introduction

Reionization represents the last great phase change of the
Universe, where the H0-dominated Universe transitions back to
being predominantly ionized. One contributor to reionization is
the production of ultraviolet (UV) photons from early star-
forming galaxies. These galaxies, with low stellar mass and
significant escape fractions of ionizing radiation, are thought to
be a primary mechanism for the reionization of the Universe
(e.g., Livermore et al. 2017; Weisz & Boylan-Kolchin 2017;
Steidel et al. 2018). However, the study of these high-z galaxies
is hampered by intervening neutral gas, and broad wavelength
coverage is necessary to observe the emission lines that reliably
trace gas-phase properties. With the successful launch of the
James Webb Space Telescope, it is now possible to observe
some of these extreme galaxies and constrain the gas-phase
physics and chemical enrichment in reionization-era systems
(e.g., Arellano-Córdova et al. 2022a; Schaerer et al. 2022).
However, low-z analogs to reionization-era galaxies present the
best opportunity to reliably measure these properties in a
significant number of sources and on small spatial scales that
are inaccessible at high-z. To understand the conditions that led
to reionization, it is vital to obtain panchromatic information on
local reionization-era analogs.

Perhaps the most notable sample of reionization-era analogs
is the Green Pea (GP) galaxies, so named for their extreme

emission from the optical [O III] lines and compact structure
(Cardamone et al. 2009). Other properties that characterize
these galaxies are highly ionized gas (as determined via
O32= [O III]λ5007/[O II]λ3727) and low oxygen abundances
(e.g., Izotov et al. 2011; Hawley 2012; Jaskot et al. 2019). The
original sample of GPs was composed of galaxies at
0.1 z 0.35, a redshift range where the strong [O III] lines
are redshifted into the Sloan Digital Sky Survey (SDSS) r
band; galaxies at z 0.3 are particularly useful for studying the
escape of ionizing radiation, as it is possible to directly measure
their Lyman continuum (LyC) photons with instruments on the
Hubble Space Telescope (HST). Indeed, the GPs and other
compact, highly star-forming (SF) galaxies have been observed
to have relatively high escape fractions between 2% and 79%
(Izotov et al. 2018a, 2018b). Furthermore, nine of the original
GPs have nebular emission from He 2+ (Hawley 2012),
implying the significant production of photons with energies
>54.4 eV. Jaskot & Oey (2013) explored the high-ionization
emission in the six GPs with the largest O32 ratios, finding that
five of these extreme GPs show significant optical He II
emission. Modeling these spectra requires a young stellar
population of 3–5 Myr, and a single burst of star formation can
result in intense He II emission if the optical depth is high or if
the filling factor is less than unity (Jaskot & Oey 2013). Many
of these conditions are expected in the galaxies responsible for
reionization, but the GPs have masses that are significantly
larger than expected for these early galaxies. Low-mass objects
with similar conditions at high-z are challenging to observe;
while still rare, low-mass local analogs to reionization-era

The Astrophysical Journal, 955:112 (18pp), 2023 October 1 https://doi.org/10.3847/1538-4357/acf294
© 2023. The Author(s). Published by the American Astronomical Society.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1

https://orcid.org/0000-0002-0361-8223
https://orcid.org/0000-0002-0361-8223
https://orcid.org/0000-0002-0361-8223
https://orcid.org/0000-0002-9136-8876
https://orcid.org/0000-0002-9136-8876
https://orcid.org/0000-0002-9136-8876
https://orcid.org/0000-0003-0605-8732
https://orcid.org/0000-0003-0605-8732
https://orcid.org/0000-0003-0605-8732
https://orcid.org/0000-0002-6790-5125
https://orcid.org/0000-0002-6790-5125
https://orcid.org/0000-0002-6790-5125
https://orcid.org/0000-0001-7166-6035
https://orcid.org/0000-0001-7166-6035
https://orcid.org/0000-0001-7166-6035
https://orcid.org/0000-0002-1821-7019
https://orcid.org/0000-0002-1821-7019
https://orcid.org/0000-0002-1821-7019
mailto:roge0291@umn.edu
http://astrothesaurus.org/uat/416
http://astrothesaurus.org/uat/224
http://astrothesaurus.org/uat/1570
http://astrothesaurus.org/uat/1570
http://astrothesaurus.org/uat/2284
https://doi.org/10.3847/1538-4357/acf294
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/acf294&domain=pdf&date_stamp=2023-09-25
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/acf294&domain=pdf&date_stamp=2023-09-25
http://creativecommons.org/licenses/by/4.0/


galaxies provide the same utility as the GPs and permit a
thorough investigation of galaxy evolution at low mass.

One extreme example of a local, low-mass galaxy with
properties similar to those expected for reionization-era
systems is the dwarf starburst galaxy Pox 186. Kunth et al.
(1981) first noted this galaxy’s compact nature and intense
[O III] emission, but Pox 186 has been undetected in H I 21 cm
observations despite numerous attempts (Kunth et al. 1988;
Begum & Chengalur 2005). While recent MeerKAT H I 21cm
observations indicate a detection of neutral gas (J. Cannon et al.
2023, in preparation), the low H I mass might suggest a
density-bounded ionization structure, which could permit a
large escape of ionizing radiation. Following these early works,
Corbin & Vacca (2002) obtained HST Planetary Camera 2
photometry and Space Telescope Imaging Spectrograph (STIS)
UV spectroscopy of Pox 186, and complemented these data
with optical spectroscopy from the Bok 90″ telescope. The
optical spectroscopy and photometry indicate a low-metallicity,
highly ionized environment that is ionized by a young (4-

+
1.6
1

Myr) stellar population with a low total stellar mass of
log(M*/Me) ∼ 5. While Corbin & Vacca (2002) reported
tentative detections of Lyα and C III]λλ 1906,1909 emission,
the STIS spectrum is too noisy and at insufficient resolution to
resolve and robustly fit these emission lines.

Guseva et al. (2004) obtained additional optical spectroscopy
of Pox 186 using MMT’s blue channel spectrograph
(3650–7500Å, spectral resolution ∼7Å) and the 3.6 m ESO
telescope’s grism #11 (3400–7400Å, spectral resolution
∼13Å). These spectra extend to lower wavelengths and
include the [O II]λλ 3726,3729 doublet necessary for
accurate O/H abundance determinations. Guseva et al.
(2004) found that the gas-phase oxygen abundance of Pox
186 is 12+log(O/H)= 7.74–7.76 dex, O32 > 18, the S/O
abundance is enhanced, and the spectra contain emission from
high-ionization species such as Ne2+, Ar3+, and He2+. The
large O32 and enhanced S/O abundance are both expected in a
density-bounded environment where the amount of gas
containing the low-ionization ions is less than the high-
ionization gas, producing low [O II] emission and resulting in
an erroneous S ionization correction factor (ICF). Furthermore,
the detection of significant, nebular He IIλ4686 is only possible
if there is production of very-high-energy photons from a hard
ionizing continuum. Finally, Eggen et al. (2021) presented
recent Gemini Multi-Object Spectrograph (GMOS) Integral
Field Unit (IFU) spectroscopy of Pox 186 and uncovered a
significant outflow component in the warm gas, another
potential mechanism for the escape of ionizing radiation and
further support of the claim that Pox 186 is a local reionization-
era analog.

While the optical and radio observations have provided hints
concerning the chemical abundances and ionizing structure in
the interstellar medium (ISM) of Pox 186, there is much to be
gained from UV observations of this unique object. First, the
FUV contains Lyα at 1216Å, which provides another probe of
the escape of ionizing radiation. Prior studies of other
reionization-era analogs have observed double-peaked Lyα
indicative of the escape of resonantly scattered Lyα emission
and low column densities of neutral H (Izotov et al.
2016a, 2016b; Jaskot et al. 2019). The Lyα profile and the
presence of absorption lines from low-ionization metal ions
reveal aspects of the neutral medium through which LyC
photons would have to escape to ionize the surrounding gas.

Second, emission lines from multiple ionization states of
C are observable in the UV and permit a calculation of the
C/O relative abundance. A measure of the C abundance from
an optical spectrum is only possible via the detection of C II
recombination lines; these lines are particularly faint (of the
order of 0.1% the intensity of Hβ) and are difficult to observe
in low-metallicity objects due to the linear dependence on
metal abundance. The semiforbidden lines C III]λλ 1906,1909
are intense near-UV (NUV) emission lines that provide an
electron density estimate and the C2+/O2+ relative abundance
when compared to the strong O III]λλ 1660,1666 lines. The
C/O abundance is dependent on aspects of the star formation
history of a galaxy, including the number of bursts, burst
timescale, and metal retention in the ISM (see discussion in
Berg et al. 2019b). Constraining this relative abundance can
reveal if the star formation history and C enrichment in Pox
186 are consistent with other low-metallicity, highly SF
galaxies. Additionally, the UV C IV lines can assess the
average ionization within the galaxy and the escape of
resonantly scattered photons from the high-ionization gas.
Finally, the expected intensity of the He IIλ1640 emission

line is many times larger than that of the optical He IIλ4686
line. This emission line can both constrain the observed optical
He II emission and can distinguish between SF and active
galactic nuclei (AGN) ionizing sources (e.g., Feltre et al. 2016).
While local extreme emission-line galaxies (EELGs) have
significant optical and UV He II emission (Berg et al. 2021), it
is unclear if the physical conditions in these systems are
directly comparable to low-mass reionization-era galaxies.
Expanding the sample of UV He II emitters to include low-
mass systems permits a critical analysis of the ionizing sources
and the production of such high-energy photons in a variety of
astrophysical systems.
We present new HST Cosmic Origins Spectrograph (COS)

UV spectroscopy of Pox 186 to understand the chemical
evolution and ionization conditions in this extreme starburst
galaxy and to gain insight into the potential properties of
reionization-era systems. In Section 2 we describe the COS
observations and reductions, the stellar population synthesis
modeling to fit the UV continuum, and the emission-line fits.
Section 3 highlights the physical conditions in Pox 186 as
measured from the UV emission lines, and we assess the He II
intensity measured in the COS spectrum. We compare the
emission in Pox 186 to that of other literature SF galaxies and
photoionization models, and we discuss the possible production
mechanism of faint He II emission in Section 4. We summarize
our findings in Section 5. In this work, we adopt a distance to
Pox 186 of 15.3 Mpc (Kourkchi et al. 2020) and redshift of
0.0041 (Eggen et al. 2021).

2. COS Observations and Analysis

2.1. UV Spectroscopy

As part of HST-GO PID 16294 (PI: N. Eggen), we obtained
COS G160M observations of Pox 186. These observations
cover a wavelength range from 1340–1700Å (central wave-
length 1533Å). The newly acquired G160M observations are
combined with archival G130M and G185M data to cover the
rest-frame wavelength range between ∼1150 and 2000Å. The
total exposure times were 5120s for G130M (PI: N. Kumari,
PID: 16445), 10,460s for G160M (this work), and 13,430s for
G185M (PI: N. Kumari, PID: 16071). All data were
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downloaded from the MAST archive and reprocessed using the
CALCOS pipeline v3.4.0 and the most recent calibration files.

Figure 1 shows the NUV acquisition image in the left panel,
together with the 1 25 radius COS nominal aperture (thick
circle) and the un-vignetted 0 5 radius aperture. Pox 186 is
centered in the acquisition image and is clearly compact in the
NUV, with ≈98% of the flux included within the un-vignetted
aperture. Therefore, we deemed that the default value for the
size of the extraction aperture (i.e., a size in the cross dispersion
direction of 1 34) was appropriate. We tested using larger
extraction apertures and found that the profiles of Lyα and
metal lines such as C IV λλ 1548, 1551 and O III]λλ 1660,
1666 were robust to these changes. Even though the galaxy is
compact, it is not a point source, and it is resolved in the COS
NUV image. Consequently, the effective spectral resolution of
the extracted spectrum is determined by the galaxy’s spatial
profile in the dispersion direction, rather than the nominal line
spread function (LSF), which characterizes the width of
spectral features for point sources. In order to estimate the
effective spectral resolution, we used the NUV acquisition
image and extracted the galaxy’s profile summing all of the
pixels along the cross dispersion direction. The resulting
normalized profile is shown in the right panel of Figure 1 (blue
line). For comparison, we also show in green the LSF
associated with a point source. The galaxy’s spatial profile is
resolved and well described by a Cauchy distribution with an
FWHM of 0 24 (17.8 pc at Pox 186ʼs distance of 15.3Mpc
from Kourkchi et al. 2020). The need for using a Cauchy
distribution arises because the spatial profile presents broad,
low surface brightness wings that cannot be reproduced with a
simple Gaussian profile. In velocity space, the profile’s width
corresponds to an FWHM of 65 km s−1.

We bin the G130M and G160M spectra by six COS pixels
and the G185M spectra by three pixels using the PYTHON
SPECTRES package (Carnall 2017), which preserves the flux
while resampling the flux/error array onto a new wavelength
array. Figure 2 plots portions of the full UV spectrum, where
the different colors represent the different filters/PIDs, which
obtained the spectra and the shaded regions indicate the
uncertainty in the flux measurements. Both the G130M
+G160M and G160M+G185M spectra align well at the

overlap regions; therefore, we do not scale any spectra. The
vertical dotted and dashed lines denote key spectral features,
while vertical gray shaded areas indicate Galactic absorption
lines.
Starting with the G130M spectrum in top-left panel, there is

Lyα absorption and a broad N V P Cygni profile at 1240Å.
These two features are not only blended with each other but are
affected by Galactic Lyα absorption and geocoronal Lyα
emission. We discuss how these components are fit in
Section 2.2. Radiative transfer models predict that the line
profile of Lyα emission is double-peaked with a small velocity
offset between the peaks when the neutral gas column density
is low (e.g., Verhamme et al. 2015), but Lyα absorption is
indicative of neutral gas along the line of sight to absorb the
resonantly scattered photons. While Pox 186 has previously
been undetected in H I 21 cm observations, the presence of
neutral gas would be in agreement with recent MeerKAT
detections of H I 21 cm (J. Cannon et al. 2023, in preparation).
Further evidence of neutral gas is found in the presence of

low-ionization state absorption features in the UV spectrum: in
the top-left panel of Figure 2, we denote the resonant
absorption features of Si II at 1190, 1193, and 1260Å with
black dotted lines and nonresonant Si II* 1265Å with a black
dashed line. Other low-ionization state absorption features
present in the composite COS spectrum include C II 1334 and
C II* 1335, which are shown in the top-right panel. These
absorption lines are present in both the G130M spectrum and
the newly acquired G160M spectrum, although the C II 1334
profile in the new G160M spectrum is affected by the filter
edge. The ionization potentials of Si and C are such that an
amount of Si+ and C+ is present in the neutral gas surrounding
Pox 186; deep Si II and C II absorption features, therefore, are
indicative of high H I column densities or neutral gas covering
fractions (Heckman et al. 2001, 2011; Leitet et al. 2013; Jaskot
et al. 2019). We highlight the Si II 1260 and C II 1334Å
profiles in Figure 3. The Si II, C II, and Lyα profiles in Pox 186
do not saturate, which could indicate a covering fraction less
than unity through which this radiation can escape. However, a
low column density of neutral gas combined with low gas-
phase metallicity could produce the same observed LIS
absorption trends. Assuming the depth of the absorption
profiles is related to the covering fraction of neutral gas, the
covering fractions measured from the Si II and C II features are
0.75± 0.07 and 0.59± 0.08, respectively.
Absorption by Si II* and C II* in the top two panels of

Figure 2 reveals that the temperature of the primarily neutral
medium is sufficient to excite Si+ and C+ ions to the first
excited, fine-structure level such that absorption from this
energy level can take place. In their analysis of high-ionization
GP galaxies, Jaskot et al. (2019) found that two GPs with O32
> 7 and significant Lyα absorption (J1335+0801 and J1448
−0110) have strong Si II and C II absorption features. While the
covering fractions we estimate for Pox 186 are smaller than
those measured in J1335+ 0801 and J1448−0110 (0.97± 0.04
and 0.94± 0.03, respectively; McKinney et al. 2019), the
presence of low-ionization state and Lyα absorption features
are indicative of a nonnegligible column density of neutral gas
along the line of sight.
The second row of Figure 2 reveals that the new G160M

spectrum shows evidence of S IV λλ 1406,1417 emission (left)
and faint [N IV]λ1483 emission (right). The ratio of [N IV]
λ1483 to N IV]λ1486 is sensitive to the electron density, but

Figure 1. Left: NUV acquisition image of Pox 186. Right: normalized light
profile in the cross dispersion direction. Pox 186 is not described by a point
source (green) but is slightly extended and well described by a Cauchy
distribution (gray).
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the latter is not detected. While this pair is sensitive to very
high densities, the observation that [N IV]λ1483 is more intense
than N IV]λ1486 in Pox 186 is consistent with a low-density
system. Furthermore, Si IV λ1403 is detected in absorption, but
the Si IV λ1394 profile is affected by noise in the continuum.

The third row plots two very-high ionization emission
features observed in the G160M observations: double-peaked
C IV λλ 1548,1551 (left panel), and faint He II λ1640 (right
panel). The presence of He II and double-peaked C IV indicates
that at least a portion of the gas can be described by a very-high

ionization zone (Berg et al. 2021) containing ions such as He2+

and C3+. The C IV emission lines, like Lyα, are resonant
transitions; for Lyα, a small velocity separation between the
two peaks is indicative of low scattering and the escape of the
resonantly scattered emission through low column densities of
neutral gas (e.g., Verhamme et al. 2015). While the emission
from C IV is dependent on the abundance of C and the radiative
transfer in the ionized gas, the small peak separation suggests
that there is likely a nonzero escape of resonantly scattered
radiation from the very-high ionization gas.

Figure 2. Composite UV spectrum of Pox 186 from multiple HST COS observations. Each panel plots a portion of the composite spectrum corrected for the systemic
velocity of Pox 186 and is color-coded by the PID and filter of the observation. The G130M and G160M spectra are binned in 6 pixels, and the G185M spectrum is
binned in 3 pixels. Galactic absorption features are denoted by gray shaded areas and geocoronal Lyα is grayed out. Significant emission/absorption features are
shown with dotted lines, fine-structure absorption lines with dashed lines.
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Finally, the bottom row plots the high signal-to-noise ratio
(S/N) O III]λλ 1660,1666 doublet observed in the new G160M
spectrum (left) and the intense C III]λλ 1906,1909 emission
measured in the archival G185M spectrum (right). The C III]
doublet can be used as a density diagnostic for the high-
ionization zone and to determine the C/O relative abundance
(see Section 3.1). The Si III]λ1892 emission line is also
observed and could be used as a density diagnostic with Si III]
λ1883, but the latter falls in the G185M filter gap.

2.2. Lyα and SPS Fitting

We use stellar population synthesis (SPS) to fit the COS UV
spectrum and obtain the stellar properties in Pox 186. We
follow the fitting methodology of Chisholm et al. (2019): the
model stellar continuum is assumed to be a combination of 50

STARBURST99 single-star models (Leitherer et al.
1999, 2010, 2014) sampling 10 ages (1–40 Myr) and five
metallicities (0.05–2× Ze), with their intensities reddened by a
stellar attenuation component. Each of the 50 models is
assigned a weight in the fitting routine such that the best-fit
spectrum is a weighted sum of all of the models, and the
attenuation component is calculated assuming a Reddy et al.
(2016) UV attenuation law. We can determine the light-
weighted age and metallicity of the inferred population of Pox
186 from the weight assigned to each model spectrum. We
verify that the resolution of the STARBURST99 models, 0.4Å, is
similar to that of the COS UV spectrum, which we measure to
be 0.22Å from the Galactic absorption lines. Therefore, we do
not smooth the COS spectrum before fitting.
Certain spectral features are sensitive to the metallicity and

age of the stellar population, requiring that these features be
uncontaminated for SPS modeling. One such feature is the N V
λ1240 P Cygni profile, the presence of which indicates young
(Age < 10 Myr) populations (see Figure 1 in Chisholm et al.
2019). The N V λ1240 P Cygni profile is blended with both
Galactic and Pox 186 Lyα absorption, requiring that we
deblend all three components before fitting the continuum.
First, we use the PYTHON DUSTMAPS program (Green 2018) to
determine the foreground reddening from the Schlegel et al.
(1998) dust maps. The magnitude of Galactic extinction,
E(B−V)= 0.046, is used with the Cardelli et al. (1989)
reddening law and an RV of 3.1 to correct the UV spectrum for
foreground extinction. Next, we model the Galactic Lyα
absorption assuming a covering fraction of unity and a Doppler
parameter of 30 km s−1. We determine Galactic N(H I), the
column density of neutral H, using the relation from Bohlin
et al. (1978) and the foreground E(B−V).
For the Pox 186 Lyα profile, we fit for both N(H I) and the

covering fraction assuming a Doppler parameter of 30 km s−1

(consistent with previous analyses; Prochaska et al. 2015; Hu
et al. 2023). In doing this fit, we take precaution to avoid the
wings of geocoronal Lyα, any narrow absorption lines, and the
N V P Cygni profile. The top panel of Figure 4 plots the G130M
spectrum (black), the areas we use for Lyα fitting (red), and the
resulting Lyα profiles: Galactic in blue, Pox 186 in green, and
the net Lyα profile in orange. From the Lyα fit, we estimate an
H I column density of N(H I) 2.2×1021 cm−2 in Pox 186 and a
neutral gas covering fraction of ∼0.63, in good agreement with
the covering fraction estimated from C II 1334 absorption profile
(see Figure 3). We repeat this analysis using the foreground
extinction from Schlafly & Finkbeiner (2011), E(B−V)= 0.039,
and find that N(H I) and neutral gas covering fraction are robust
to the lower extinction.
The final G130M spectrum after Galactic and Pox 186 Lyα

removal is provided in the bottom panel of Figure 4. We
combine this spectrum with the new G160M spectrum at
1337Å to perform the SPS analysis. The G130M+G160M
spectrum provides the wavelength coverage to fit key spectral
components and constrain the reddening, and we take care to
mask any MW or ISM absorption features before fitting. We
also normalize the G130M+G160M and model spectra by the
median flux between 1256 and 1268Å before fitting. The top
panel of Figure 5 plots the normalized UV spectrum without
Lyα absorption (black), the areas used for fitting (green), and
the best-fit SPS continuum (cyan). As shown in the middle
panels, the models can fit the observed N V profile, and there is
evidence of a faint O V P Cygni profile. The O V wind feature

Figure 3. Low-ionization state absorption features present in Pox 186. Top:
Si II 1260 Å (green). The flux is normalized based on the continuum
neighboring the absorption line. The fit to the absorption profile is provided
in orange. Bottom: the C II 1334 Å absorption profile and fit.
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has been observed in the stacked spectra of extreme GPs
(Jaskot et al. 2019) and is indicative of young, very massive
stars with large ionizing photon production (e.g., Smith et al.
2016).

The fits using the full range of models and the provided
portions of the UV spectrum result in a light-weighted age,
metallicity, and stellar attenuation of 〈Age〉= 3.49Myr,
〈Z*〉= 0.21× Ze, and E(B−V)= 0.129, respectively, as
exhibited in the bottom panel of Figure 5. The composite
spectrum comprises 90% young (Age � 4 Myr), 0.05× Ze
models. The inclusion of the 2× Ze models is likely required
to match the depth of the N V P Cygni profile, which increases
with metallicity at fixed age. The depth of the N V P Cygni
profile is sensitive to the removal of Lyα absorption; as such,
deviation from the true Lyα profile in Pox 186 could produce
larger N V absorption/a slightly larger 〈Z*〉. We obtain
uncertainties on the light-weighted properties using a bootstrap
approach: the input UV spectrum (i.e., the green portions of the
spectrum in the top panel of Figure 5) is resampled a number of
times equal to the number of elements in the original spectrum,
then the new spectrum is fit with the stellar models to generate
the light-weighted properties. We repeat this 100 times and
determine the average and standard deviation of each
distribution. The average properties measured from these
distributions are Agedist = 3.35± 1.06 Myr, Z*,dist =
(0.21± 0.03)× Ze, and E(B−V)dist = 0.129± 0.004, all of
which are in good agreement with the SPS parameters
determined from the fit to the original input spectrum. We
assume that the standard deviations of the bootstrap resampled
distributions are good approximations of the uncertainties on
each property, such that we determine the light-weighted SPS
properties of Pox 186 to be 〈Age〉= 3.49± 1.06Myr,
〈Z*〉= (0.21± 0.03)× Ze, and E(B−V)= 0.129± 0.004.

The small contribution of the 40 Myr models (∼5%) does
produce both a larger light-weighted age and uncertainty on the
age estimates, and the high equivalent width (EW) of
Hβ (> 330Å, Guseva et al. 2004) would suggest a young
ionizing population in Pox 186. We repeat this analysis using
only models with Age � 10 Myr, and we find that the light-
weighted metallicity and reddening remain unchanged while the
light-weighted age is 〈Age<10〉= 2.33± 0.11Myr. Both 〈Age〉
and 〈Age<10〉 are consistent with the age estimate of -

+4 1.6
1 Myr

and 3 Myr that Corbin & Vacca (2002) determined from a fit to
Pox 186ʼs optical continuum and EW of Hβ, respectively.
We also fit the UV continuum using the Binary Population

And Spectral Synthesis (BPASS; Eldridge et al. 2017; Stanway
& Eldridge 2018) v2.2.1 model continua, which account for the
presence of binary populations. We use models with the same
ages and metallicities as the STARBURST99 models, and we fit
the same portions of the UV continuum highlighted in Figure 5.
The resulting best-fit metallicity and reddening are in good
agreement with the previous results: 〈ZBPASS〉= (0.25±
0.04)× Ze, and E(B−V)BPASS= 0.115± 0.007. However,
the best-fit age (〈AgeBPASS〉= 11.7± 1.4 Myr) is biased high
because the continuum including Lyα is not provided when
performing the fitting: this area of the continuum is relatively
uncertain owing to the mixed geocoronal, Galactic, and Pox
186 Lyα profiles. The BPASS model spectra show significant
Lyα absorption for older populations, and we do not observe
this in the G130M+G160M spectrum (see Figure 4). Limiting
the models to those with age <10 Myr produces a light-
weighted age of 2.9± 0.2 Myr with no change to the average
metallicity or E(B−V), consistent with the STARBURST99
modeling results. In summary, our SPS results indicate that a
significant fraction of the stars responsible for producing the
highly ionized ISM in Pox 186 has formed recently and, like
the gas in this galaxy, is metal-poor.

Figure 4. Portions of the G130M spectrum containing the Galactic, geocoronal, and Pox 186 Lyα profiles. Top: spectrum (black), the Galactic Lyα absorption profile
determined from Galactic extinction (blue), and the Pox 186 Lyα profile (green) determined from the areas of the spectrum free from other spectral features (red). The
combination of Galactic and Pox 186 Lyα absorption is shown in orange. Geocoronal Lyα is grayed out. Bottom: the spectrum with the composite Lyα profile
removed.
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2.3. Emission-line Fits

We fit the UV emission lines assuming a Gaussian profile
with a local linear continuum. We assume that emission lines of
the same ion in close proximity have the same Gaussian
FWHM and offset from vacuum wavelength. The notable
exception to this general fitting schematic is the profile for C IV.
To obtain an estimate of the C IV λλ 1548,1551 fluxes, we fit
the double-peaked emission lines in two ways. The first method
is identical to that described in Berg et al. (2019a): we fit C IV
λ1548, the stronger of the two lines, with two narrow
Gaussians to describe the emission toward the blue and red
side of the line center. We then use these Gaussian fits and the
emissivity ratio of C IV λ1548 and C IV λ1551 (j1548/j1551
= 1.97 from the atomic transition probabilities of Wiese et al.
1996) to infer the fits to C IV λ1551. For the second method,
we fit both C IV λ1548 and C IV λ1551 with the two Gaussian
components. We compare both methods and find that the

second method produces slightly larger fluxes for C IV λ1551.
This is similar to what Berg et al. (2019a) found for the EELG
J141851 (see their Figure 3). We use the double Gaussian fits
for both C IVλ1548 and C IVλ1551 in this work since both
lines are detected at high S/N, and we can accurately fit
C IVλ1551. We model the P Cygni C IV profiles in a separate
analysis (C. Scarlata et al. 2023, in preparation).
He IIλ1640 is detected at an S/N of 2.8 in the new G160M

observations that we present, and the emission is very faint (see
Figure 2). In fitting He II λ1640, we note that the FWHM of the
single Gaussian fit is broader than the other nebular UV
emission lines (including the neighboring O III] lines), which
Corbin & Vacca (2002) also observed in the STIS spectrum of
Pox 186. Broad He II emission is usually associated with a
stellar origin from Wolf–Rayet (WR) stars, but stellar He II
emission is typically observed in higher-metallicity sources
(Senchyna et al. 2017). Nanayakkara et al. (2019) examined a

Figure 5. SPS results for Pox 186. Top row: full spectrum after correction for Galactic and Pox 186 Lyα absorption. The spectrum is normalized between 1256 and
1268 Å, the regions used for fitting are highlighted in green, and the best-fit model continuum is provided in cyan. Middle row: two stellar wind features, N V (left) and
O V (right), are highlighted. These are sensitive to the age of the stellar population. Bottom row: the fraction of each model in the best-fit continuum, where model ages
are plotted on the x-axis and model metallicities are provided in different colors. The best-fit age, metallicity, and E(B−V) are given in this panel.
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sample of z∼ 2–4 galaxies that have nebular He II emission
and found that the average FWHM of He II λ1640 is also
broader than the other UV lines. Guseva et al. (2004) detected
He II λ4686 in the MMT and 3.6 m ESO telescope optical
spectra of Pox 186, but they do not mention any evidence of
significant stellar He II. Additionally, GMOS IFU data obtained
by Eggen et al. (2021) confirmed the presence of narrow,
nebular He II λ 4686 with no stellar contribution. As such, we
constrain the width of He II λ1640 using the neighboring O III]
strong lines to avoid overestimating the flux of this faint line.
We assess the validity of this fit in Section 3.2.

To correct the spectrum for dust extinction, we use the
Reddy et al. (2016) UV extinction law with E(B−V)=
0.129± 0.004 (as determined from the SPS model fits; see
Section 2.2); the SPS E(B−V) is in agreement with the
attenuation inferred from the optical Balmer line decrements,
although we note that prior works have found a large range for
the nebular E(B−V) in Pox 186 (from ∼0–0.3; see discussion
in Eggen et al. 2021). The emission-line intensities are reported
relative to the intensity of O III]λ1666 in Table 1. Table 1 also
reports the EW of the emission lines, which reveals the large
EWs of the O III], C III], and C IV lines. Particularly, we
measure a combined EW of C III]λλ 1906,1909 > 33Å,
significantly larger than the EW(C III]) observed in GPs
(< 10Å; Ravindranath et al. 2020), z > 6 galaxies (up to
22Å; Stark et al. 2017), and comparable to the largest
EW(C III]) measured in SF dwarf galaxies in the local Universe
(>30Å; Mingozzi et al. 2022).

3. Physical Conditions

We now highlight the physical conditions in the extreme
ISM of Pox 186 that we can measure from the composite COS
UV spectrum. When necessary, we use O32= 18.3± 0.1 and
12+log(O/H) = 7.74± 0.01 dex from Guseva et al. (2004)
and Te[O III] = 16,920± 450 K from Eggen et al. (2021).

3.1. ne(C III]), C2+/O2+, and C/O Abundance

The C III]λλ 1907,1909 doublet is sensitive to the electron
density, ne, in the high-ionization gas containing C2+, O2+, and
other species. The traditional density diagnostic in the optical is
the [S II]λλ 6717,6731 doublet, but this ion is present in the
low-ionization zone of the ISM, which only describes a small
fraction of the gas in Pox 186 as indicated by the very large
O32. Guseva et al. (2004) measured an ne([S II]) of -

+70 70
110 cm−3

from the MMT spectrum, which resolves both lines in the
doublet; the two [S II] lines are blended in the 3.6 m ESO
telescope optical spectrum and produce a larger density of
ne([S II])= 350± 60 cm−3.
We calculate the electron density in Pox 186 using the

PYTHON PYNEB package (Luridiana et al. 2012, 2015). The
GETTEMDEN function is used with Te[O III] and the C2+ atomic
data from Nussbaumer & Storey (1978), Glass (1983), and
Wiese et al. (1996) and collision strengths from Berrington
et al. (1985). We determine that the electron density in Pox 186
as measured from the C III] lines is in the low-density limit. The
C III]λ1907/C III]λ1909 ratio is 1.53± 0.08, consistent with
the line emissivity ratio for a gas at the provided Te[O III] and
ne∼ 1 cm−3: j1907/j1909= 1.53. The problem with constraining
ne(C III]) is that the critical densities of C III]λ1907 and C III]
λ1909 are such that the emissivity ratio is most sensitive to
electron densities between 104 and 105 cm−3. Using the
minimum observed line ratio, we constrain the ne(C III]) upper
limit to be ne(C III]) < 2300 cm−3 such that the density in Pox
186 is ne(C III])= 1 -

+
1
2300 cm−3. Since ne([S II]) and ne(C III])

both suggest that the electron densities in Pox 186 are in the
low-density limit, we use ne(C III])= 1 cm−3 for all abundance
calculations. We have repeated the following abundance
calculations at ne = 70, 350, and 2300 cm−3 but find that all
densities produce the same ionic abundances.
Using the intensity of the strong C III], C IV, and O III] UV

lines and the emissivity of the transitions, we calculate the
relative C2+/O2+ and C3+/O2+ ionic abundances. The
uncertainty on each ionic abundance is determined through a
propagation of uncertainties in the emission-line fluxes and on
Te[O III]. We measure the ionic abundances as C2+/O2+

= 0.220± 0.008 and C3+/O2+ = 0.039± 0.001. Despite the
high-ionization environment in Pox 186, it cannot be assumed
that all C is in the doubly and triply ionized states or that all O
is in the doubly ionized state. There are no easily observed C+

emission lines in the UV or optical, so we must employ an ICF
to account for the unobservable C in the ISM. We use the ICF
(C) of Berg et al. (2019b), which was developed using
CLOUDY photoionization models (Ferland et al. 2013) with
varying input 12+log(O/H), log(C/O), and stellar ages and
metallicities. This ICF is parameterized as a third-order
polynomial function in log(O32) to determine log(U), the
ionization-parameter. The inferred log(U) is then used in a
fourth-order polynomial to determine ICF(C) such that C/O =
ICF(C)×(C2+/O2+). The polynomial fits are dependent on the
metallicity of the ISM; we utilize the 10% solar metallicity
ICFs to match the gas-phase metallicity of Pox 186 (11% Ze).
Using the Berg et al. (2019b) ICF, we measure log

(U) = −1.93 and log(C/O)ICF = −0.62± 0.02. This is slightly
different from the log(C/O) abundance measured using only the
UV C and O lines: log(C/O)Sum ≈ log(C2+/O2+ + C3+/O2+)
= −0.59± 0.01. However, if we use the optical O+/O2+ ratio
from Guseva et al. (2004) to account for the missing O+ we find:
log(C/O)Otot= log((C2++C3+)/(O2+× (1+O+/O2+)))

Table 1
Pox 186 COS Emission-line Intensities

Ion Obs. λ Filter
l( )

( ])
I

I O III EW (Å)

S IV 1406.03 G160M 0.048 ± 0.009 0.19 ± 0.03
S IV 1416.90 G160M 0.025 ± 0.009 0.10 ± 0.03
N IV 1483.32 G160M 0.041 ± 0.008 0.17 ± 0.04
C IV 1548.18 G160M 0.905 ± 0.027 4.15 ± 0.10
C IV 1550.77 G160M 0.508 ± 0.023 2.34 ± 0.10
He II 1640.41 G160M 0.047 ± 0.017 0.24 ± 0.09
O III] 1660.80 G160M 0.339 ± 0.015 1.76 ± 0.07
O III] 1666.14 G160M 1.000 ± 0.022 5.23 ± 0.08
Si III] 1892.02 G185M 0.376 ± 0.060 3.42 ± 0.55
C III] 1906.62 G185M 2.470 ± 0.079 20.16 ± 0.57
C III] 1908.67 G185M 1.610 ± 0.077 13.15 ± 0.59

E(B−V) 0.129 ± 0.004
F(O III]) 5.36 ± 0.08

Note. Line intensities measured from the COS spectrum of Pox 186. The
columns are as follows: (1) The ion that produces the emission line; (2)
Observed line center (Å); (3) COS filter the emission line is observed in; (4)
Line intensity relative to O III] λ1666; (5) The equivalent width (EW) in
angstroms of the emission line. The line intensities are determined by
correcting the line fluxes with the E(B−V) obtained from the SPS fitting. This
E(B−V) is reported in the line second from the bottom, and the flux of O III]
λ1666 (in units of 10−15 erg s−1 cm−2) before reddening correction is reported
in the last line.
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= −0.61± 0.01 when using the MMT and 3.6 m abundance
ratio. Provided that log(C/O)Otot is consistent with log(C/O)ICF,
we adopt the latter when discussing the C/O abundance in Pox
186. This comparison would imply that most of the C in the gas-
phase of Pox 186 is in the C2+ or C3+ states, but that there is
significant O+ to be accounted for when determining the C/O
abundance.

The C/O abundance in Pox 186 is in good agreement with
C/O measured in local low-metallicity dwarf starburst
galaxies, which span a range of −1.05 < log(C/O) < −0.38
(Berg et al. 2019b). It is difficult to compare to C/O
abundances in more distant, similarly high ionization galaxies
owing to a lack of UV O III] and C III] emission-line detections.
Ravindranath et al. (2020) reported on the UV observations of
10 GP galaxies; they detected C III] emission in seven galaxies
and used the blended emission lines to determine C/O using
UV O III] and optical [O III] lines. While the C/O abundance in
Pox 186 does agree with the range of abundances determined in
the GPs (−1.329 to −0.580 when using the upper limits on
O III]), the latter are uncertain due to low-S/N detections of the
C III] and O III] lines and lack of sufficient spectral resolution to
deblend the individual emission-line components. The scatter
in C/O abundance, particularly at low metallicities, is related to
the star formation history of a galaxy, including starburst
duration, retention of oxygen in the ISM, and the number of
starbursts that have taken place. Berg et al. (2019b) showed
that the C/O abundances measured in local dwarf starburst
galaxies can be reproduced by chemical evolution models
dependent on these initial conditions. We do not try to model
these in Pox 186; regardless, despite the extreme ionization
conditions and UV emission-line EWs, the gas-phase C/O
abundance in Pox 186 suggests a star formation history that is
consistent with other starburst dwarf galaxies in the local
Universe.

3.2. UV He II Emission

The He IIλ1640 emission line indicates the production of
very-high-energy photons that are able to doubly ionize He.
The UV He II emission in Pox 186 is significantly fainter than
the emission observed in other EELGs; therefore, it is
imperative to assess the validity of this fit given this line’s
utility in UV emission-line diagnostics (e.g., Feltre et al. 2016).
This is possible with the intensity and emissivity of the optical
He II and [O III] lines.

To verify our fit to He IIλ1640, we employ the optical
GMOS IFU spectrum of Pox 186 obtained by Eggen et al.
(2021). For the GMOS IFU observations, we extract the optical
spectra using a circular aperture with a 2 5 diameter to match
the nominal COS aperture and a 1 25 diameter to simulate a
narrow, un-vignetted COS aperture. Figure 6 plots the
distribution of the continuum-subtracted [O III]λ5007 and
He IIλ4686 emission. While the [O III] emission fills the 1 25
aperture and extends into the 2 5 aperture, the He II emission is
compact. This is confirmed when examining the spatial profiles
of both [O III]λ5007 and He IIλ4686: the FWHM of the [O III]
and He II emission from the GMOS spaxels are 1 06 and 0 83,
respectively. Provided that He II emission traces very-high
ionization gas, this indicates that the ionization structure in Pox
186 follows the traditional H IIregion structure where the very-
high-energy photons photoionize the gas in close proximity to
the ionizing source. We note that the only significant structure
in the right panel is the peak He II emission at the center of the

1 25 aperture, and the faint emission off center is dominated
by noise in the continuum.
We extract the total spectrum within each circular aperture of

Figure 6 and measure the flux of He IIλ4686 with a single
Gaussian. For [O III]λ5007, we fit a Gaussian plus Lorentzian
profile to account for the broad wings produced by the outflow
in Pox 186 (Eggen et al. 2021). We then measure the He II/
[O III] ratio using only the narrow component of [O III]λ5007,
and multiply this by the emissivity ratio ´

´
j j

j j
5007 1640

4686 1666
to infer the

UV He II/O III] ratio. In fitting the emission lines we note that,
for both apertures, the FWHM of He IIλ4686 is less than the
FWHM of [O III]λ5007; this would favor narrow, nebular He II
emission as opposed to the broad emission that WR stars
produce. Provided that these lines are in close proximity, we do
not apply a reddening correction to the optical spectra before
measuring the line ratios. We measure F(4686)/F(5007) =
(3.3± 0.7)×10−5 and (3.9± 0.5)×10−5 for the 2 5 and 1 25
diameter apertures, respectively. These produce expected UV
intensity ratios of I(1640)/I(1666) = 0.049± 0.010 and
0.059± 0.007, respectively; both are consistent with the
intensity ratio reported in Table 1 of I(He II)/I(O III])=
0.047± 0.017, indicating that the He IIλ1640 measured in the
COS G160M spectrum is similar to what is expected from the
optical He II and [O III] lines. If we allow for a broad Gaussian
fit to He IIλ1640, the I(He II)/I(O III]) ratio we measure
(0.074± 0.022) is still in agreement with the expected ratios
from the optical. Provided that we do not observe broad
He IIλ4686, we proceed with the narrow fit to He IIλ1640 and
note that the interpretations of the emission-line ratios in
Section 4 are robust to the lower UV emission-line intensity.
We apply the above procedure to the Guseva et al. (2004)

optical emission-line intensities from the MMT and 3.6 m ESO
spectra to explore the ionization structure of Pox 186 as probed
by IFUs/larger beams and single-object longslits. We find that
the expected UV line ratios are 0.12± 0.05 and 0.27± 0.02 for
the MMT and 3.6 m spectrum, respectively. These ratios are
larger than the I(He II)/I(O III]) measured in the COS G160M
spectrum and inferred from the GMOS IFU data. One potential
issue is that these apertures are not directly comparable to the
COS aperture: the Guseva et al. (2004) MMT longslit spectrum
is extracted in a 2″×6″ area while the 3.6 m spectrum is
extracted in a 1″×3 6 area but oriented at a position angle of
−68°. For the MMT spectrum, the large extraction area will
include much of the significant [O III]λ5007 emission but can
introduce more noise to the continuum, which can affect the fits
of particularly faint lines like He IIλ4686. As for the 3.6 m
spectrum, the extraction area is between that of the full and un-
vignetted COS aperture but is focused on the peak emission in
Pox 186. A slit with width 1″ is smaller than the spatial FWHM
of the [O III]λ5007 emission in Pox 186 but is larger than the
spatial FWHM of He IIλ4686. Such an aperture may omit a
significant portion of the [O III]λ5007 flux while including the
majority of the He II emission, thereby producing an enhanced
He II/[O III] ratio and implying a much larger production of
very-high-energy photons capable of He+ ionization.
Local objects are most susceptible to significant differences

introduced by aperture size. Recently, Arellano-Córdova et al.
(2022b) investigated SF galaxies with multiple observations
from longslits, IFUs, and circular apertures (including COS)
and found that physical properties such as Te, ne, and
metallicity are relatively insensitive to the choice of aperture.
However, physical parameters from the very-high ionization
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zone containing He II emission are not considered in the
analysis. Most of the physical conditions examined are
predominantly determined from ratios of emission lines
originating in the same ionization zone (such as Te and ne) or
that are relative to the ubiquitous H+ emission in the H IIregion
(like O2+/H+ and E(B−V)). As long as these line ratios remain
relatively constant within the given ionization zone, then there
should be little variation in the physical conditions as measured
from different apertures. This is not the case when comparing
emission lines from different ionization zones, such as
He IIλ4686 and [O III]λ5007. If the ionization structure of
other SF dwarf galaxies is similar to that of Pox 186, then the
He II emission will be included in all apertures centered on the
peak emission. Emission from the high-ionization zone
containing O2+ could vary depending on the aperture selected
(like the 3.6 m spectrum discussed above), which will most
notably change the I(He II)/I([O III]) ratio since the He II
emission does not extend significantly into this ionization zone
(see Figure 6). Given these aperture differences, we do not
believe that the optical He II/[O III] line ratios from Guseva
et al. (2004) are directly comparable to the COS G160M line
ratios and maintain the earlier conclusion that the COS G160M
He II/O III] ratio is appropriate for emission-line diagnostics in
Pox 186.

The low He II/[O III] ratios are not purely a product of
intense [O III] emission in Pox 186, but are related to faint He II
emission: the optical He II/Hβ ratio is (2.0± 0.4) × 10−3 and
(2.5± 0.3) × 10−3 for the 2 5 and 1 25 aperture GMOS IFU
extractions, respectively. The He II/Hβ ratio is measured
between (8 and 26) × 10−3 for GP galaxies (Jaskot &
Oey 2013; Fernández et al. 2022) and LyC leakers (Guseva
et al. 2020), and the lowest ratios in the SDSS SF galaxies are
∼3.5 × 10−3 (Shirazi & Brinchmann 2012). While the source
of intense He II emission is still up for debate, the faint

emission measured in Pox 186 is consistent with the trends of
photoionization models for regions ionized predominantly by
stellar populations and with little contribution from other more
energetic sources like high-mass X-ray binaries (HMXBs; see
models from Senchyna et al. 2020) or AGNs (ruled out from
UV line ratios; see Section 4). The ability to detect faint optical
and UV He II in Pox 186 is likely due to its proximity, which is
supported by the larger Hβ fluxes measured in the GMOS data
relative to the extreme GPs or other EELGs. Only nine of the
original 80 SF GPs from Cardamone et al. (2009) have
significant He II detections (Hawley 2012), but a higher fraction
of SF galaxies could have faint He II that is undetected due to
the combination of lower fluxes/larger noise in the continuum.
While many studies have focused on the intense He II emission
in SF systems (e.g., Kehrig et al. 2015; Berg et al. 2021), it is
equally important to understand the limits of He II emission and
how the production of very-high-energy photons evolves in SF
galaxies.

4. Emission-line Diagnostics

4.1. UV Line Ratios and Photoionization Models

We now focus on the UV emission-line ratios observed in
Pox 186 to understand the ionization conditions of this extreme
starburst galaxy. Many have proposed various line diagnostics
in the UV, but we only analyze the ratios with the detected
lines of C III], C IV, O III], and He II. For comparison, we draw
upon a sample of galaxies from the literature with significant
UV emission-line measurements. This sample includes the
compact dwarf galaxies used to study carbon and oxygen
abundances from Berg et al. (2016), nearby SF regions selected
for optical He II emission in the SDSS from Senchyna et al.
(2017), metal-poor dwarf galaxies from Berg et al. (2019b),
and the galaxies comprising the COS Legacy Archival

Figure 6. The Pox 186 [O III]λ5007 (left) and He IIλ4686 (right) spatial distributions obtained from the GMOS IFU data. The magenta extraction profile matches the
2 5 diameter of the COS beam, while the cyan profile mirrors the narrower, un-vignetted 1 25 diameter beam. The [O III]λ5007 emission fills the narrow beam and
extends into the full 2 5 aperture while the He II emission is compact.
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Spectroscopic SurveY (CLASSY; Berg et al. 2022) with the
UV emission-line intensities for each galaxy reported by
Mingozzi et al. (2022). When there is overlap between these
samples, we default to the CLASSY line intensities.

Figure 7 plots the line ratios for the literature sources
(various colored circles) and for Pox 186 (blue star). Lower and
upper limits on the literature line ratios are represented by black
points with colored arrows (colored to match the literature
sample the limits are taken from). In this figure, O III]= I(O III]
λ1660) + I(O III]λ1666), C III]= I(C III]λ1906) + I(C III]
λ1909), C IV= I(C IVλ1548) + I(C IVλ1551), and He II= I
(He IIλ1640). We utilize photoionization models to assess the
position of Pox 186 and the SF galaxies in this figure. We start
with the Bayesian Oxygen and Nitrogen abundance Determi-
nation (BOND; Vale Asari et al. 2016) models available from
the Mexican Million Models Database (3MdB; Morisset et al.
2015). These models span a large range in physical conditions,
namely 2.8 dex in 12+log(O/H), 4 dex in input log(U),
different geometries, and radiation- and density-bounded
systems. We focus on a subset of models selected for their
ability to reproduce H IIregion and blue-compact galaxy (BCG)
emission-line spectra. These criteria are discussed in Amayo
et al. (2021) and specifically focus on a range in 12+log(O/H),
log(N/O), log(U), and the area of the [O III]/Hβ versus[N II]/
Hα diagram (proposed by Baldwin et al. 1981, or BPT) where
the H II region and BCGs are observed. However, we do not
apply any limits on the starburst ages, and we consider all
radiation- and density-bounded models because there is
evidence that Pox 186 may be a density-bounded system
(Guseva et al. 2004; Eggen et al. 2021). We further restrict the
models by only considering those with metallicity and log(U)
similar to those measured in Pox 186; this limits the models to
those with 7.6� 12+ log(O/H) � 7.8 and −2.15 � log
(U) < −1.65. The UV line ratios obtained from the resulting
BOND models are plotted as light green (12+log(O/H)= 7.6)
and pink (12+log(O/H)= 7.8) squares in Figure 7.

Eggen et al. (2021) found that there is high-velocity gas in
Pox 186 indicative of outflows. The temperature structure in
high-velocity winds can deviate from adiabatic assumptions,
which can result in different cooling functions in the wind (e.g.,
Silich et al. 2004). This “catastrophic cooling” has been used to
explain the observed optical emission-line ratios of extreme SF
galaxies, including the GPs (Jaskot et al. 2019). Recently,
Danehkar et al. (2022) studied the effects of radiative cooling
in nonequilibrium ionization states and produced photoioniza-
tion model UV emission-line intensities for different systems
characterized by strong galactic outflows. These models are
parameterized as a function of metallicity, mass loading rate,
wind velocity, and ambient density. We include the UV
emission-line ratios from the lowest metallicity
(Z= 0.125× Ze, or 12+log(O/H)∼7.8), radiation-bounded
models from Danehkar et al. (2022) as gray triangles in
Figure 7 and labeled as “CC RB.”
Panel (a) plots log(C IV/O III]) against log(C IV/C III]),

ratios that are sensitive to the C/O abundance and the
ionization structure in the gas, respectively. We find that the
ratios measured in Pox 186 are in good agreement with the SF
galaxies from the literature, particularly the Berg et al. (2019b)
metal-poor dwarf galaxies (yellow circles). The metallicity and
C/O relative abundance measured in Pox 186 is consistent with
the C/O abundances measured in these galaxies, which
explains the similar log(C IV/O III]) ratios. The consistent log
(C IV/C III]) ratios also indicate that the ionization structures in
Pox 186 and the metal-poor dwarf galaxies are similar, but this
is slightly dependent on how the C IV lines are fit in Pox 186.
As noted in Section 2.3, we use the double Gaussian fit to the
C IV lines despite the presence of a P Cygni profile. In the
absence of self-absorption, the C IV λλ 1548,1551 intensity in
Pox 186 would increase to larger log(C IV/O III]) and log
(C IV/C III]), and place Pox 186 in a similar area of the diagram
as the CLASSY galaxies (purple circles).
The C IV/O III] and C IV/C III] line ratios measured in Pox

186 and the literature SF galaxies are consistent with the

Figure 7. The UV emission-line ratios measured in Pox 186 (blue star), literature SF galaxies (circles, various colors with limits indicated by black dots with arrows of
the same color), and photoionization models from BOND (lightly colored squares) and nonequilibrium models (gray triangles). The photoionization models are
selected to have metallicity and log(U) similar to that of Pox 186. Panel (a): log(C IV/O III]) vs. log(C IV/C III]); panel (b): log(O III]/He II) vs. log(C III]/He II). Panel
(b) can distinguish between stellar ionizing sources (ratios in the area noted by blue arrows) and AGNs (noted by green arrows). Two SF galaxies discussed in
Section 4.2.2 are highlighted with cyan borders.
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BOND low-metallicity photoionization models. Furthermore,
the literature upper limits all suggest line ratios that occupy the
same area of parameter space covered by the models. We note
that the range of metallicity and log(U) chosen is likely not
applicable for all of the literature galaxies and that extending
the limits on either variable can produce agreement between the
literature and BOND model ratios. The CC RB model ratios
involving the C IV lines are offset to higher values relative to
both the BOND model ratios and to most of the SF galaxies in
the literature sample. This is consistent with the findings in
Danehkar et al. (2022): generally, the predominant spectro-
scopic changes in the nonequilibrium ionization state models
are in the very high-ionization species of O VI and C IV and the
emission lines from O2+ and C2+ show little change from
standard photoionization models. While the C IV line ratios
measured in Pox 186 are different from the Danehkar et al.
(2022) model ratios, the environment in Pox 186 might be
distinct from those assumed in the models (e.g., lower
metallicity or lower stellar mass).

Panel (b) plots log(O III]/He II) against log(C III]/He II),
which has been shown to separate SF systems and AGNs:
photoionization models with AGN spectral energy distributions
(SEDs) have log(C III]/He II) and log(O III]/He II)  0 while
the same ratios in SF systems are typically  0 (Feltre et al.
2016). This can be understood in terms of the hardness of an
AGN ionizing spectrum, which will produce more emission
from highly ionized species (like He II) relative to SF systems.
As can be seen, the literature galaxies and Pox 186 clearly fall
in the SF area of the diagnostic diagram and agree with the
BOND photoionization model line ratios. The photoionization
models span a broad range of log(O III]/He II) and log(C III]/
He II), extending to values >2.5 in each ratio.

The He II emission-line ratios measured in Pox 186 are
obviously distinct from those of the literature SF galaxies. This
difference is partially a selection effect, as some of the literature
galaxies were selected for UV observations based on their
optical He II emission. Other samples, such as CLASSY, more

generally target compact SF galaxies spanning a broad range of
parameter space, yet none of the robustly measured log(O III]/
He II) or log(C III]/He II) line ratios are observed at >1.2. The
intrinsically low He II flux in Pox 186 produces the only
robustly measured log(O III]/He II) and log(C III]/He II) ratios
in this area of the diagnostic diagram, requiring both faint He II
and intense O III] and C III] emission. While there is a dearth of
measured ratios 1.2, the literature lower limits indicate that
faint He II emitters would occupy the same area of the line ratio
diagram.

4.2. Exploring the UV Trends in Pox 186

What, then, could produce the faint He II and large O III]/
He II or C III]/He II ratios observed in Pox 186? We explore
two potential explanations for a low output of He+ ionizing
photons in this otherwise very-high ionization galaxy: age of
the stellar population and total stellar mass.

4.2.1. Age of the Population

The production of very-high-energy photons from a low-
metallicity ionizing stellar population decreases with age as the
most massive stars exit the main sequence. At higher
metallicities, older stellar populations enter a WR phase that
can increase the hardness of the ionizing spectrum and produce
intense emission from high-ionization species. While SPS
fitting indicates that the population in Pox 186 is both metal-
poor and young, a larger contribution of older stars could
explain the faint He II emission measured in both the optical
and UV. The BOND models are constructed using the PopStar
SEDs (Mollá et al. 2009) sampled in 1 Myr steps from 1–6
Myr. We now explore the evolution of the UV emission-line
ratios/the hardness of the ionizing continuum in the photo-
ionization models at different ages.
In Figure 8, we replot the log(O III]/He II) versus log(C III]/

He II) ratios of Pox 186, the literature SF galaxies, and the
BOND models, color-coding by SED age. We maintain the

Figure 8. log(O III]/He II) vs. log(C III]/He II) with the same data as panel (b) of Figure 7, except the BOND photoionization model line ratios are color-coded by
SED age. The model line ratios cover age ranges from 1–3 Myr (left panel) and 4–6 Myr (right panel).
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same 12+log(O/H) and log(U) ranges from Figure 7. The left
panel focuses on the SEDs with age �3 Myr while the right
panel examines the SEDs with age �4 Myr. We have increased
the plot range to study the evolution of He II emission as a
function of age. We find that log(O III]/He II) and log(C III]/
He II) are both sensitive to the age of the ionizing population.
Within this metallicity range, the ionizing spectra of 1–2 Myr
stars produce log(O III]/He II) and log(C III]/He II) between
∼0.5 and 1.25, consistent with the ratios and limits of the
literature SF galaxies. As age increases, the He II emission
decreases: the 3 Myr models predict line ratios that agree with
those measured in Pox 186 and extend to He II emission that is
<1% of the strong UV O III] and C III] lines. The hardness of
the ionizing spectrum decreases further at 5 and 6 Myr, where
the latter models produce line ratios that extend beyond the
upper plot limits in the right panel of Figure 8.

The only deviation from the trend of increasing population
age and log(O III]/He II) or log(C III]/He II) is found in the 4
Myr models. At metallicities 7.6� 12+log(O/H) � 7.8, the
PopStar SEDs enter a brief WR phase at ∼4 Myr that results in
a hard ionizing spectrum. This increases the He II emission and
yields UV line ratios that are roughly equivalent or less than the
1–2 Myr model ratios. The enhanced He II emission from the
onset of the WR phase is the reason why there is a large gap in
parameter space in the right panel of Figure 8. The increased
He II emission can be sufficient to match the low log(O III]/
He II) observed in some of the literature SF galaxies.

To summarize, nebular UV He II emission is sensitive to the
age of the ionizing population: intense (5% O III] or C III]
intensity) He II is driven by young (1–2 Myr) stellar
populations with hard ionizing spectra, while faint (�5% O III]
or C III] intensity) He II emission indicates an older (Age � 3
Myr) population with a softer ionizing spectrum. The onset of
the WR phase can enhance He II relative to the other high-
ionization UV emission lines, but this can be assessed by the
width of He IIλ1640 and other spectral features such as the
broad optical blue and red WR features from C III, C IV, and
He II (López-Sánchez & Esteban 2010). However, the utility of
He II emission as an age indicator is predicated on the
assumption that the He II emission is nebular in origin. Other
ionizing sources that can power He II emission in SF galaxies
include shocks, HMXBs, and the soft X-ray emission from
superbubbles, the last of which can produce He+ ionizing
photons for clusters up to an age of 20 Myr (see discussion in
Oskinova & Schaerer 2022).

These other sources of ionization are often invoked to
explain the discrepancy between measured and modeled
He IIλ4686 emission in the optical. To see this, we plot the
He IIλ4686/Hβ and [O III]λ5007/Hβ ratios for the literature
SF galaxies and Pox 186 in Figure 9. We note that Berg et al.
(2016) did not report the intensity of He IIλ4686, and the
optical spectra of the CLASSY galaxies are currently not
reported in a homogeneous manner. The different observations
of Pox 186 are noted as the various colored stars. We also plot
the BOND line ratios for models with SED Age 1–4 Myr,
excluding the 5 and 6 Myr models because they have
significantly lower He II/Hβ ratios and cannot reproduce the
UV emission-line ratios from the literature. From the top panel,
it is clear that the optical ratios from the literature and in Pox
186, even those measured from the GMOS IFU spectrum,
occupy an area of the diagram that the photoionization models
do not predict. The models in this panel are selected using the

same metallicity and log(U) ranges as Figure 7, which do not
reflect the physical conditions in some of the literature SF
galaxies but should be characteristic of those in Pox 186.
In an attempt to match the observed line ratios in the sample

of SF galaxies, we extend the BOND model parameter space to
7.6� 12+log(O/H) � 8.0 and place no limits on log(U). The
results are plotted in the bottom panel of Figure 9. To achieve
log(He II/Hβ) > −2.5 requires 4 Myr models/the WR phase,
and none of the 1–2 Myr model SEDs can reach the intense
optical He II emission observed in the literature SF galaxies.
While the 1–2 Myr SEDs predict He II/Hβ ratios consistent
with the GMOS IFU observations of Pox 186, these models
simultaneously fail to reproduce [O III]/Hβ.
Taken together, the UV and optical emission-line diagrams

may indicate that the photoionization models assume a
simplified picture of the stellar population in these SF galaxies.

Figure 9. The optical line ratios log(He IIλ4686/Hβ) vs. log([O III]λ5007/
Hβ). For Pox 186, the black and pink star represent the Guseva et al. (2004)
MMT and 3.6 m ESO spectra, respectively, while the blue star indicates the
ratios measured from the GMOS IFU spectrum. The optical ratios from
literature SF galaxies appear as colored circles and limits. Top panel: the same
BOND photoionization models used in Figure 7, excluding the 5 and 6 Myr
models. Bottom panel: the metallicity range of the photoionization models is
increased and no limits are placed on log(U).

13

The Astrophysical Journal, 955:112 (18pp), 2023 October 1 Rogers et al.



One assumption of the PopStar models is that the ionizing
population is composed of stars at a fixed age/metallicity and
only considers single-star models. For Pox 186, the SPS
approach in Section 2.2 uses a linear combination of stellar
spectra and finds that a mixture of stars with ages � 4 Myr best
match the stellar features in the UV continuum. This mixture of
stellar ages could explain the need for both 1–2 Myr and 4 Myr
stars to simultaneously match the UV and optical emission-line
ratios, respectively, of the literature dwarf galaxies. Further-
more, binary stars can produce harder ionizing spectra than
single-star models at larger ages as they extend the lifetime of
the WR and other later phases of evolution (Stanway et al.
2016). Binary populations may better explain the lowest log
(O III]/He II) ratios in the literature sample; for example, the
CLASSY observations of J0337−0502 find that log(O III]/
He II) and log(C III]/He II) are ∼0, which require metal-rich 4
Myr PopStar models that have entered the WR phase.
However, the spectrum of this object shows intense, narrow
He II that would argue against a significant WR component to
the He II emission and for a harder ionizing spectrum from a
different source. Taken together, a significant population of
stars with age �3 Myr could be responsible for faint He II
emission in SF galaxies, but a lack of systems with faint He II
limits the comparison to photoionization model line ratios.

4.2.2. Low Stellar Mass

Another potential explanation for the faint He II emission in
Pox 186 is a sparsely sampled initial mass function (IMF) due
to a low total stellar mass. To see this, we focus on the line
ratios of dwarf galaxies observed by Berg et al. (2019b) with
O/H, C/O, z, log(C IV/O III]), and log(C IV/C III]) similar to
those measured in Pox 186 and with significantly detected
He IIλ1640 emission. This limits the comparison to two dwarf
galaxies: J095430 and J141851. The latter of these galaxies is
included in the CLASSY sample and is identified therein as
J1418+2102; for this galaxy, we use the emission-line ratios
and physical conditions reported by Mingozzi et al. (2022) for
the comparison to Pox 186. The UV morphologies of both
J095430 and J141851 (see Figure 1 of Berg et al. 2019b) are
similar to Pox 186 in that they are resolved but still fit within
the COS beam. The line ratios measured in these two dwarf
galaxies are highlighted with bold cyan borders in Figures 7
and 8.

Table 2 compares the galactic properties and physical
conditions measured in each of these galaxies and in Pox
186. The properties of J095430 include zJ0954= 0.005,
12+log(O/H)J0954= 7.70± 0.02, and log(C/O)J0954= −0.60±
0.11, all of which are in very good agreement with those of Pox

186 and explains the consistent line ratios in panel (a) of Figure 7.
For J141851: zJ1418= 0.009, 12+log(O/H)J1418= 7.75± 0.02,
and log(C/O)J1418=−0.89± 0.07 using the CLASSY UV
emission-line fits and the Berg et al. (2019b) ICF. The
significantly lower log(C/O) produces the difference in log
(C IV/O III]) in Figure 7 (panel (a)), but the ionization structure as
traced by log(C IV/C III]) is comparable to that of Pox 186. We
also provide O32 for each galaxy, where O32 for J095430 is
approximated from the [O III] strong lines and [O II] auroral lines;
the O32 for J141851 is reported in Berg et al. (2021). While O32 in
Pox 186 is larger than the two comparison galaxies, the agreement
between the log(C IV/C III]) ratios would suggest a similar ratio of
very-high to high-ionization gas in these systems. Despite the
agreement between the general properties and gas-phase condi-
tions in all three dwarf galaxies, the O III]/He II and C III]/He II
ratios measured in Pox 186 are significantly larger than those of
J095430 or J141851 (panel (b) of Figure 7).
The most notable difference between Pox 186, J095430, and

J141851 is the stellar mass of each system: log(M*,Pox186/Me)
∼5 (Corbin & Vacca 2002), log(M*,J0954/Me)= 6.53-

+
0.08
0.09 as

reported by the MPA-JHU database of stellar masses from
SDSS data, and log(M*,J1418/Me)= 6.22-

+
0.35
0.49, which Berg

et al. (2022) determined through the application of the
Bayesian Analysis of Galaxy SED (Chevallard & Charlot 2016)
code. Given the significantly lower stellar mass of Pox 186, the
potential explanation for the weak He II emission is that Pox
186 has not produced a sufficient number of high-mass, high-
temperature stars to doubly ionize a significant fraction of He.
This is supported by the luminosity density at 1500Å, L1500,
determined from the COS UV spectrum of each galaxy. The
intensity at 1500Å is free of emission-line features and is set
by the continuum of the massive stars within the galaxy. We
determine the L1500 as (F1500× 15002/c) × 4πD2 where F1500
is the flux at 1500Å (erg s−1 cm−2 Å−1), c is the speed of light
angstroms per second), and D is the distance to the galaxy
(centimeters). As reported in Table 2, L1500 measured from the
new HST spectrum of Pox 186 is almost an order of magnitude
lower than L1500 measured in the two comparison SF galaxies,
consistent with Pox 186 having fewer high-mass stars to
produce a strong UV continuum/the hard ionizing spectrum
necessary for strong He II emission.
To see the effects of a stochastically sampled IMF in a low-

mass system, we also include the extremely metal-poor galaxy
Leo P in Table 2 for comparison. First discovered in H I 21 cm
emission by Giovanelli et al. (2013), this galaxy is isolated,
nearby (D= 1.6± 0.15Mpc), has a low stellar mass of
log(M*,LeoP/Me)= 5.75 -

+
0.18
0.02, and hosts one bright H II region

ionized by a single O star (McQuinn et al. 2015). Skillman

Table 2
Physical Conditions of Specific SF Galaxies

Name z 12+log(O/H) log(C/O) O32 log(M*/Me) log(L1500) log(L(Hα))

Pox 186 0.0041 7.74 ± 0.01 −0.62 ± 0.02 18.3 ± 0.1 ∼5 25.4 39.501 ± 0.007
J095430 0.0050 7.70 ± 0.02 −0.60 ± 0.11 7.6 ± 0.7 -

+6.53 0.08
0.09 26.2 39.821 ± 0.006

J141851 0.0086 7.75 ± 0.02 −0.89 ± 0.07 4.7 ± 0.1 -
+6.22 0.35

0.49 26.2 40.086 ± 0.006
Leo P 0.0009 7.17 ± 0.04 L 3.1 ± 0.1 -

+5.75 0.18
0.02 23.1 36.466 ± 0.015

Note. Comparison of the properties measured in Pox 186, two literature SF galaxies, and the extremely metal-poor galaxy Leo P. For each galaxy, the columns are as
follows: (1) Galaxy name; (2) Redshift; (3) Gas-phase metallicity (dex); (4) log(C/O) relative abundance (dex) measured from the UV lines, where J141851ʼs
abundance is calculated from the Mingozzi et al. (2022) line ratios; (5) O32 (inferred from [O II] auroral lines for J095430); (6) Stellar mass; (7) The luminosity density
at 1500 Å (erg s−1 Hz−1); (8) Hα luminosity (erg s−1). The metallicity of Pox 186 is taken from the measurements of Guseva et al. (2004), while log(M*) is reported
by Corbin & Vacca (2002).
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et al. (2013) obtained optical spectroscopy of this region
and determined a gas-phase abundance of 12+log(O/H)=
7.17± 0.04 and O32= 3.1± 0.1, yet optical He II was not
detected. The lack of He IIλ4686 was confirmed by recent Keck
Cosmic Web Imager IFU spectroscopy obtained by Telford
et al. (2023), who complemented this optical IFU data with
existing HST/COS UV spectroscopy of the O star and
surrounding H II region (Telford et al. 2021). Supporting the
findings in the optical, the UV spectrum of the single H II
region revealed O III] in emission but no significant C IV or
He II emission lines. Without significant He II or archival C III]
λλ 1906,1909 emission, the UV emission-line ratios of Leo P
cannot be included in Figure 7. L1500 measured from this
spectrum is log(L1500)= 23.14 (Telford et al. 2023), signifi-
cantly lower than J095430 and J141851 and reflective of the
single star that is producing the bulk of the emission at 1500Å.

The physical conditions in Pox 186 and Leo P are not
exactly the same, with the most notable differences being the
lower gas-phase metallicity and Hα luminosity of Leo P, and
the significant, albeit faint, He II emission observed in Pox 186.
Furthermore, Leo P is not a compact source: while the O star is
a point source in the COS beam (Telford et al. 2021), the [O III]
emission fills the COS aperture and there are Hα structures that
extend well beyond the dominant H II region (Evans et al.
2019). Nevertheless, Pox 186 and Leo P reveal certain aspects
about the ISM in very low-mass systems: (i) Although fewer in
number, the stars in these objects are capable of ionizing the
gas to a point where it is dominated by high-ionization species;
(ii) Their optical and UV spectra can be described by intense,
large-EW emission lines comparable to those observed in more
massive dwarf galaxies; (iii) The production of very-high-
energy photons necessitates the presence of very massive stars,
but a sufficient number of these stars may not be formed in the
latest burst of star formation if the IMF is stochastically
sampled (see discussions in Lee et al. 2009; Cerviño et al.
2013). Dwarf starburst galaxies with larger stellar masses can
more reliably produce these stars given that they can fully
sample the IMF, but low-mass systems may produce fewer of
these stars (a potential explanation for Pox 186) or none at all
(like Leo P).

A stochastically sampled IMF could reduce the number of
He+ ionizing photons and result in the faint He II emission
observed in Pox 186, similar to an aging population of stars.
While a range of ages is examined in the BOND photoioniza-
tion models and the age required for low log(O III]/He II)
emission is consistent with SPS modeling, the PopStar models
do not consider the effects of stochastic sampling when
generating the SEDs. As Stanway & Eldridge (2019) noted, the
total mass of the starburst has a significant impact on the
production of very-high-energy photons, where the lack of a
single very-massive star can greatly reduce the He+ ionizing
photon output. They estimate that a total starburst mass >106

Me is required to fully realize the IMF, while others have
estimated that starburst masses below 104 Me may not reliably
produce any stars with mass >100 Me (e.g., Elmegreen 2000;
da Silva et al. 2012).

While much of the discussion has focused on reproducing
the faint He II emission, both of the above scenarios provide a
framework to understand two of the most notable features in
the UV spectrum of Pox 186: the high EW of C III] and the
intense C IV emission lines. Multiple studies have used
photoionization models to understand the behavior of

EW(C III]) in local and high-z galaxies (e.g., Nakajima et al.
2018; Ravindranath et al. 2020). These models fail to
reproduce objects with EW(C III]) > 20Å, which requires
intense C III] emission relative to the stellar continuum. While
Pox 186 does have intense C III] emission lines, the line
intensity ratios are in good agreement with the BOND
photoionization models (see Figure 7), including those ionized
by SEDs with age ∼3 Myr (Figure 8). This suggests that a low
stellar continuum is at least partially responsible for the large
EW(C III]), which is consistent with Pox 186ʼs low stellar
mass. Ravindranath et al. (2020) and Nakajima et al. (2018)
used PopStar and BPASS SEDs that assume a starburst that
fully samples the IMF with a mass of 106 Me, an order of
magnitude larger than Pox 186ʼs stellar mass. With a
stochastically sampled IMF and low total stellar mass, it may
be possible to produce a large EW(C III]) from intense emission
and low stellar continuum (i.e., changing the ratio of ionizing
stars to continuum-producing stars). While there are fewer stars
that contribute to the UV stellar continuum, there must be
massive stars in Pox 186 to produce the highly ionized gas. As
such, an aging stellar population and low stellar mass could
simultaneously produce the large EW(C III]) (and optical [O III]
EW; see Guseva et al. 2004) and faint He II emission.
As shown in Figure 2, the UV C IV emission lines measured

in Pox 186 are intense, while the He II emission is faint. Both
C3+ and He2+ exist in the very-high ionization zone, but an
amount of C3+ is expected in the ionization zone described by
O2+ emission: photons with energies between 47.8 and 54.4 eV
will produce O2+ and C3+ without producing He2+, but
photons with energies 55 eV will produce O3+, C3+, and
He2+. This energy separation likely leads to the observed
difference between the intensities of the UV C IV and He II
lines. The faint He II emission and lack of observed UV O IV
emission lines at 1401.1Å and 1407.4Å suggest that very few
photons with energy >54.5 eV are being produced by the
ionizing population in Pox 186, but the intense O2+ lines in the
optical and UV require a significant production of photons with
energy >35.1 eV. In either the aging population or sparsely
sampled IMF scenarios, if stars that can produce a small
amount of He+ ionizing photons are present, then they must
produce C2+ ionizing photons. The agreement between the
C IV line ratios (observed and photoionization model) in
Figure 7 indicates that the intense C IV is consistent with the
emission from other high-ionization ions, which could be
produced by an aging stellar population or a small population
of massive stars as a result of a stochastically sampled IMF.
If the He II is produced by the ionizing stars, then the true

source of the faint He II in Pox 186 and other low-mass SF
systems could be a combination of an aging stellar population
or a stochastically sampled IMF. Alternatively, the He II is
related to other physical mechanisms (such as shocks or
HMXBs) that are also sensitive to the age of the ionizing
population and sampling of the IMF. As discussed in previous
works (e.g., Garnett et al. 1991; Senchyna et al. 2020;
Oskinova & Schaerer 2022), these other sources of ionization
could produce the discrepancy observed in the optical He II
ratios plotted in Figure 9. Pox 186ʼs intense optical [O III] and
faint He II emission (both optical and UV) is comparable to the
nonextreme GPs and is indicative of recent star formation.
Similarly to two of the extreme GPs from Jaskot et al. (2019),
the COS UV spectrum reveals absorption from neutral H and
low-ionization species of Si II and C II despite intense [O III]
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and C III] emission; while this trend could be due to the
geometry/covering fraction of the neutral gas along the line of
sight, understanding the simultaneous presence of high-
ionization metal emission lines and low-ionization metal
absorption lines will grant insight into the escape of ionizing
radiation through the ISM. If Pox 186 is analogous to the low-
mass SF galaxies responsible for reionization, its UV spectrum
indicates that these early galaxies may lack very hard ionizing
spectra if the IMF is stochastically sampled.

5. Conclusions

We have presented new HST/COS G160M UV spectrosc-
opy of the extreme starburst dwarf galaxy Pox 186. This
spectrum is combined with archival COS spectra of Pox 186
from the G130M and G185M filters to give nearly continuous
coverage from ∼1150–2000Å. The full UV spectrum reveals
the presence of intense, high-EW O III] and C III] doublets,
double-peaked C IV and faint He II emission, and low-
ionization absorption features. The EW of the C III] lines is
comparable to the largest in any local starburst galaxy (>33Å).
These lines are used to estimate the density in the highly
ionized gas containing C2+, and we find that the density is in
the low-density limit (ne= 1-

+
1
2300 cm−3).

The composite UV spectrum reveals that there is Lyα
absorption in Pox 186, in tension with prior H I 21 cm
nondetections and indicative of neutral gas along the line of
sight to absorb the Lyα photons. This is supported by the low-
ionization state absorption features of Si II and C II, which have
also been observed in high-ionization GPs with Lyα absorp-
tion. We model the Galactic and Pox 186 Lyα profiles, then fit
the stellar continuum in Pox 186 with a linear combination of
STARBURST99 models to determine the average age and
metallicity of the stellar population. We estimate an age and
metallicity of 〈Age〉= 3.49± 1.06Myr and
〈Z*〉= 0.21± 0.03× Ze when considering the full range of
model ages. When limiting to those models with age � 10 Myr,
we determine a similar metallicity but a lower light-weighted
age of 〈Age<10〉= 2.33± 0.11Myr. The SPS results suggest a
recent burst of star formation that has produced predominantly
metal-poor stars.

The UV C and O emission lines are used to measure the gas-
phase C/O abundance via two methods. The first method
directly calculates the C2+/O2+ ionic abundance from the C III]
and O III] lines and the optical Te, then corrects this ionic
abundance to the total C/O using an ICF. The second method
assumes that the C in the ISM can be roughly described by C ≈
C2+ + C3+ and that the total O abundance can be accounted for
from the UV O III] and optical measurements of the O+/O2+

ionic fraction. Both methods produce the same C/O abun-
dance, log(C/O)=−0.62± 0.02, in good agreement with
other dwarf starburst galaxies of similar metallicity. While the
relative C/O abundance is dependent on the star formation
history, this agreement suggests that the star formation history
of Pox 186 is comparable to other local dwarf galaxies.

Given the utility of He IIλ1640 in UV emission-line
diagnostics, we assess the validity of our fit to the faint He II
line measured in the new HST/COS spectrum. We employ
existing Gemini/GMOS optical IFU spectra of Pox 186 and
extract the optical spectrum within a circular aperture of
diameter equal to that of COS. While the [O III] emission fills
the aperture, optical He II emission is compact and located near
the center of Pox 186. From the prominent [O III]λ5007 and

narrow He IIλ4686 lines, we infer the UV He II/O III] line ratio
and find good agreement with the intensity ratio measured from
the COS spectrum. The He II emission in Pox 186, both from
the optical and UV, is significantly fainter than that of local
EELGs and extreme GPs. We argue that the observation of
faint He II in Pox 186 is possible owing to its proximity and
that other highly SF galaxies, like those included in the more
general GP sample, may have similarly faint He II emission that
is undetected owing to the combination of lower line fluxes and
larger noise in the continuum. We also emphasize the potential
aperture biases that can be introduced when comparing the
emission from very high ionization (e.g., He II) and high-
ionization ions (e.g., [O III]): for galaxies with extended [O III]
emission, apertures may exclude a significant fraction of the
high-ionization zone while simultaneously including most
emission from the very-high ionization zone. This effect is
exacerbated for local objects that extend beyond the size of
most common apertures, potentially producing larger I(He II)/I
([O III]) ratios in high-ionization systems.
The UV emission lines place important constraints on the

ionizing sources in Pox 186. Using the UV emission lines, we
produce a series of line ratio diagrams that compare the ratios
measured in Pox 186 to those from literature SF galaxies and
photoionization models. The log(C IV/O III]) and log(C IV/
C III]) ratios in Pox 186 are in good agreement with the
literature sample, consistent with the similar C/O abundance
and ionization conditions measured in these sources. Pox 186 is
distinct from the literature galaxies when considering the
O III]/He II and C III]/He II ratios, although these ratios agree
relatively well with those from photoionization models selected
to reproduce giant H II region and BCG optical spectra. We
explore two potential explanations that could produce the faint
UV He II/a softer ionizing spectrum in Pox 186: an aging
stellar population and a sparsely sampled IMF due to a low
total stellar mass. The photoionization models that best
reproduce the faint UV He II emission do indicate a stellar
population with age � 3 Myr, while other SF galaxies with
intense He II can be reproduced by young stars (age � 2 Myr)
or stars that have entered the WR phase. However, the
photoionization models fail to reproduce the optical He II/Hβ
ratios without invoking higher-metallicity models with sig-
nificant WR phases. This tension could imply that the simple
assumptions of single-star, fixed age, and fixed metallicity
SEDs are inadequate to explain the emission-line trends in SF
dwarf galaxies, or that other sources of ionization are required
to match the intense optical He II emission.
The sparsely sampled IMF is an alternative explanation that

is more reasonable for Pox 186 than other local SF galaxies.
With such a low stellar mass, the recent star formation in Pox
186 may not have synthesized the high-mass, high-temperature
stars necessary to produce a hard ionizing spectrum required
for intense He II emission. In such a scenario, the emission-line
ratios in Pox 186 are not directly comparable to photoioniza-
tion models, which employ SEDs that assume a larger
synthesized stellar mass and a fully sampled IMF; dwarf
galaxies with significantly larger stellar masses, on the other
hand, can more reliably produce these massive stars, resulting
in harder ionizing spectra and emission-line ratios that are in
good agreement with the photoionization models. If the
stochastic sampling of the IMF has produced the faint He II,
it has simultaneously produced a highly ionized environment in
Pox 186 that is characterized by intense optical and UV
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emission from metal ions. Similarly low-mass, reionization-era
SF galaxies may be subject to the effects of a stochastically
sampled IMF and, therefore, lack the hard ionizing spectrum
that can produce a substantial flux of >54 eV photons.
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