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A B S T R A C T 

Carbon spectral features are ubiquitous in the ultra violet (UV) and far -infrared (FIR) spectra of the reionization-era galaxies. 
We probe the ionized carbon content of a dwarf galaxy Pox 186 using the UV, optical, mid-infrared, and FIR data taken with 

Hubble , Gemini, Spitzer , and Herschel , respectively. This local ( z ∼ 0.0040705) galaxy is likely an analogue of reionization-era 
galaxies, as revealed by its extreme FIR emission line ratio, [O III ] 88 μm/[C II ] 157 μm ( > 10). The UV spectra reveal extreme 
C III ] λλ1907, 1909 emission with the strongest equi v alent width (EW) = 35.85 ± 0.73 Å detected so far in the local ( z ∼ 0) 
Uni verse, a relati vely strong C IV λλ1548, 1550 emission with EW = 7.95 ± 0.45 Å, but no He II λ1640 detection. Several 
scenarios are explored to explain the high EW of carbon lines, including high ef fecti ve temperature, high carbon-to-oxygen 

ratio, slope, and upper mass of top-heavy initial mass function, hard ionizing radiation, and in-homogeneous dust distribution. 
Both C III ] and C IV line profiles are broadened with respect to the O III ] λ1666 emission line. Each emission line of C IV λλ1548, 
1550 shows the most distinct double-peak structure ever detected, which we model via two scenarios, firstly a double-peaked 

profile that might emerge from resonant scattering and secondly, a single nebular emission line along with a weaker interstellar 
absorption. The study demonstrates that galaxies with extreme FIR properties may also show extreme UV properties, hence 
paving a promising avenue of using FIR + UV in the local (via Hubble + Herschel /SOFIA) and distant (via JWST + ALMA) 
Universe for unveiling the mysteries of the reionization-era. 

Key words: galaxies: abundances – galaxies: dwarf – galaxies: high-redshift. 
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 I N T RO D U C T I O N  

nderstanding the reionization of the Universe is one of the frontier
oals of modern astronomy. Several theoretical and observational 
fforts have been made to answer the related pressing questions, 
uch as when and how first galaxies formed (e.g. Stark 2016 ) and
hether these first galaxies reionized the intergalactic medium (IGM; 

.g. Robertson et al. 2010 ). A first step to answer these questions is
o search for the early galaxies in the epoch of reionization (EoR)
nd characterize their properties. 

Deep imaging campaigns have been quite successful in searching 
or such sources. For example, the Hubble Space Telescope ( HST )
llowed us to compile large samples of early galaxies via deep near-
nfrared (NIR) imaging programs such as the Great Observatories 
rigins Deep Surv e y (GOODS; Giavalisco et al. 2004 ), Extreme
eep Field (XDF; Illingworth et al. 2013 ), and Cosmic Assembly 
 E-mail: kumari@stsci.edu 
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ear-Infrared Deep Extragalactic Le gac y Surv e y (CANDELS; Gro-
in et al. 2011 ; Koekemoer et al. 2011 ). Ho we ver, spectroscopy is
ssential to characterize the properties of these sources. Until the 
aunch of the JWST , the rest-frame ultraviolet (UV) spectroscopy 
as available for only a few EoR galaxies (e.g. Sobral et al. 2015 ;
tark et al. 2017 ; Hutchison et al. 2019 ; Topping et al. 2021 ).
he JWST observations are significantly improving the dearth of 
V spectroscopy for the EoR galaxies via the planned follow-up 

pectroscopic surv e ys of the Hubble deep fields (Robertson 2022 ;
urtis-Lak e et al. 2023 ; Bunk er et al. 2023 ). Similarly, the exquisite

ensitivity of the Atacama Large Millimeter Array (ALMA) has 
ade it possible to obtain the f ar-infrared (FIR) spectroscop y of
oR galaxies (e.g. Maiolino et al. 2015 ; Carniani et al. 2017 ; Smit
t al. 2018 ; Bouwens et al. 2022 ; Witstok et al. 2022 ). The com-
ined JWST + ALMA spectroscopic observations will significantly 
nhance our understanding of the EoR. 

An indirect approach to probe the nature of reionization sources 
hile efficiently using the two simultaneously-operating state-of-the- 

rt facilities, JWST and ALMA, is to perform detailed studies of the
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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M

Figure 1. [O III ] 88 μm/[C II ] 157 μm line ratio versus IR luminosity for Pox 
186 (red point), galaxies at z = 7 (blue points, Hashimoto et al. 2019 ; Witstok 
et al. 2022 ; Ren et al. 2023 ), and local dwarf galaxies (grey points, Cormier 
et al. 2015 ). 
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Figure 2. HST /WFPC2 image of Pox 186 taken in F 555 W filter (Prog id: 
8333) on which we o v erlay FOVs of all primary observations used in this 
work. The red circle denotes the HST /COS aperture of 1.25 arcsec radius 
(PIDs: 16445, 16071). The yellow and cyan rectangles of size 3.5 × 5 arcsec 
denote the FOVs of GMOS-N IFU programs GN-2020A-FT-105 and GN- 
2021A-FT-111, respectively. 
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1 In the rest of the paper, we will refer the two carbon emission lines [C III ] 
λ1907 and C III ] λ1909 as C III ] λλ1907, 1909, which is a popular notation in 
literature. 
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hysical processes operating in local galaxies which might resemble
oR galaxies. Se veral dif ferent criteria have been de vised so far to

dentify the local analogues of high-redshift galaxies, including gas-
hase metallicity, star-formation rate, compactness, stellar mass, UV
uminosity, dust attenuation, Ly α emission, colour, and ionization
tate, among many others. Some established classes of local ana-
ogues of high-redshift galaxies are blue compact dwarf galaxies
BCD, Searle & Sargent 1972 ), green peas (GP, Cardamone et al.
009 ), blueberries (Yang et al. 2017 ), [O III ] emitters (Lumbreras-
alle et al. 2022 ), and extreme metal-poor galaxies (Senchyna &
tark 2019 ), though it is not clear whether these galaxy populations
lso resemble the EoR galaxies, mainly because of the dearth of data
vailable on EoR galaxies so far. 

One of the goals of this paper is to demonstrate the use of
IR line ratio [O III ] 88 μm/[C II ] 157 μm for identifying the local
nalogues of the EoR galaxies. Recent observations and simulations
av e e xplored the variation of [O III ] 88 μm/[C II ] 157 μm line ratio
ith respect to properties such as Ly continuum escape fraction,

onization parameter, interstellar medium (ISM) gas density, cosmic
icrowave background, carbon-to-oxygen abundances, gas-phase
etallicity, co v ering-fraction of photodissociation region, burstiness

f star-formation, and gas depletion times (Harikane et al. 2020 ;
allini et al. 2021 ; Katz et al. 2022 ). In essence, [O III ] 88 μm
riginates from the ionized gas, [C II ] 157 μm may originate from
oth the ionized as well as neutral ISM, and their relative strengths
i.e. [O III ] 88 μm/[C II ] 157 μm line ratio) can potentially tell us
bout the porosity of ISM (Che v ance et al. 2016 ; Polles et al. 2019 ;
arikane et al. 2020 ). The ALMA observations of EoR galaxies (Fig.
 , blue points) reveal that [O III ] 88 μm/[C II ] 157 μm line ratio may
ary in the range 1–10, indicating a highly porous ISM, which will
acilitate the leakage of ionizing photons required for reionization
f the neutral IGM. The Herschel Dwarf Galaxies Surv e y (Madden
t al. 2013 ; Cormier et al. 2015 ) reveals a large population of local
warf galaxies with [O III ] 88 μm/[C II ] 157 μm > 1 (Fig. 1 , grey
oints), which are potentially the local analogues of EoR galaxies. 
In an attempt to explore and establish using [O III ] 88 μm/[C II ]

57 μm as a criterion for identifying the EoR local analogues, we
btained HST UV and spatially-resolved optical spectroscopy of Pox
NRAS 529, 781–801 (2024) 
86, a unique dwarf galaxy showing the highest [O III ] 88 μm/[C II ]
57 μm ever detected in the local Universe (Fig. 1 , red point).
oreo v er, Ramambason et al. ( 2022 ) shows that this galaxy has an

onizing photon escape fraction of ∼40 per cent, thus making it ideal
or this study. Pox 186 was originally disco v ered in K unth, Sargent &
owal ( 1981 ), and was thought to be a protogalaxy. Corbin & Vacca
 2002 ) later shows that Pox186 is an ultra-compact galaxy still in the
rocess of formation with a majority of star-formation concentrated
n the central star cluster of mass 10 5 M �. Fig. 2 shows a wide-band
ptical image of Pox 186 taken with Wide Field Planetary Camera2
nboard HST , along with the field-of-view (FOV) of instruments of
rimary observations used in this work. Table 1 lists some of the
ain physical properties of Pox 186, along with information about

he UV and optical observing strategy. A typical UV spectrum of
tar-forming galaxies is known to show prominent spectral features
uch as Ly α λ1215, C IV λλ1548, 1550, He II λ1640, O III ] λλ1660,
666, [C III ] λ1907, and C III ] λ1909, 1 which have been used to
nfer information regarding hardness of radiation fields, ionization
onditions, metal-content, wind properties within galaxies at all
edshifts (e.g. Shapley et al. 2003 ; Senchyna et al. 2017 ; Nakajima
t al. 2018 ; Cullen et al. 2020 ; Schmidt et al. 2021 ; Llerena et al.
022 ). In this paper, we mainly focus on the ionized carbon spectral
eatures, C IV λλ1548, 1550 and C III ] λλ1907, 1909, ho we ver, we
omplement the UV analysis with the spatially-resolved optical, mid-
nfrared (MIR), and FIR data. 

The paper is organized as follows: Section 2 presents an o v erview
f the data used in this work, including UV, optical, MIR, and FIR.
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Table 1. Basic data and HST /COS exposure times for Pox 186. 

Pox 186 

Morphological type – BCD 

RA (J2000) – 13 25 48.641 
Dec (J2000) – −11 36 37.94 
Redshift a – 0.0040705 
Distance (Mpc) a – 17.5 
V (mag) b – 17.43 ± 0.03 
B (mag) b – 17.93 ± 0.53 
M HI (M �) c – < 16.1 × 10 5 

COS Setting Central wavelength ( Å) Exposure time (s) 

G130M 

d 1291 5123.36 
G160M 

e 1623 4528.064 
G185M 

e 1913 13428.864 
Mirror A – 7 × 3 f 

GMOS gratings Central wavelength ( Å) Exposure time (s) 

B600 + G5307 g 4650 870 × 3 
B600 + G5307 g 4700 870 × 3 
R831 + G5302 g 6900 950 × 2 
R831 + G5302 g 6950 950 × 3 
R831 + G5302 h 8800 1000 × 3 
R831 + G5302 h 8900 1000 × 4 

Note. a This work; b Guse v a et al. ( 2004 ); c Begum & Chengalur ( 2005 ); 
d HST /COS PID 16445; e HST /COS PID 16071; f Target acquisition was done 
thrice using Mirror A, every time before taking COS/FUV and COS/NUV 

spectra; g GMOS PID:GN-2020A-FT-105; h GMOS PID: GN-2021A-FT-111. 
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2 IRAF is distributed by the National Optical Astronomy Observatory, which 
is operated by the Association of Universities for Research in Astronomy 
(AURA) under a cooperative agreement with the National Science Founda- 
tion. 
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or UV and optical data, we explain the initial data reduction and
rocessing. The MIR and FIR data are archi v al. In Section 3 , we
resent the results of the multi-wavelength data analysis, which 
ncludes the estimates of redshift, distance, flux, and equi v alent 
idths of detected emission lines and reddening. We also determine 

everal physical properties of the ionized gas and the ionizing 
tellar population, such as electron temperature and density, gas- 
hase metallicity, ionization parameters, ef fecti ve temperature, and 
oftness parameters. Section 4 presents a discussion focusing on UV 

arbon features, including their large equi v alent widths, line profiles,
nd relative chemical abundance. We also discuss the implication 
f this study on future JWST + ALMA studies of reionization-era 
alaxies. Section 5 summarizes our main results. 

In the rest of the paper, we assume a flat � CDM cosmology with
 0 = 70 km s −1 Mpc −1 , �m 

= 0.3. The gas-phase solar metallicity
s assumed to be 12 + log(O/H) � = 8.69 (Asplund et al. 2009 ). 

 OBSERVATIONS  

.1 HST /UV spectroscopy 

he HST /COS observations were taken as part of the General 
bserving programs in HST Cycles 27 and 28 (GO: 16071 and 
6445, PI: N Kumari) at lifetime adjustment position 4 (LP = 4).
efore taking each UV spectrum, the NUV target acquisition image 

s taken using Mirror A. The FUV and NUV spectra were taken with
he 2.5 arcsec diameter Primary Science Aperture (PSA) using the 

edium resolution gratings, G130M, G160M, and G185M centred at 
291, 1623, and 1913 Å, respectively. We used all FP-POS positions
or better spectral sampling and increased signal-to-noise (S/N). 
able 1 lists the exposure times for gratings and Mirror A used
ithin the two HST programs. All HST /COS data were processed 
ith the standard data reduction pipeline CALCOS version 3.4.0. 
Fig. A1 shows the HST /COS NUV target acquisition image, where
he red circle denotes the 2.5 arcsec COS spectroscopic aperture. 
he wavelength settings allow us to cover several spectral features 
onsisting of ISM (red), photospheric (purple), wind (yellow), and 
ebular (brown) lines as shown in Figs 3a and 3b . 

.2 GMOS-N optical spectroscopy 

e obtained the spatially-resolved optical spectroscopy of Pox 186 
sing the GMOS (Hook et al. 2004 ) and IFU (GMOS-N IFU;
llington-Smith et al. 2002 ) at Gemini-North telescope in Hawaii, as
art of two separate programs (PID: GN-2020A-FT-105, GN-2021A- 
T-111, PI: N Kumari). The first program focussed on covering 

he optical wavelength range of ∼3500–8000 Å, while the second 
rogram allowed us to co v er the near-infrared (NIR) wavelength 
ange of ∼8000–10000 Å. The observations were taken in one-slit 
ueue mode providing FOV of 3.5 × 5 arcsec, large enough to co v er
he entire galaxy (Fig. 2 ). Along with the science exposures, standard
alibration observations were obtained, including GCAL flats, CuAr 
amp for wavelength calibration and standard star HZ44 for flux 
alibration. 

We performed the basic steps of data reduction using the stan-
ard GEMINI reduction pipeline (version v1.15) written in Image 
eduction and Analysis Facility (IRAF, version v2.16). 2 These basic 

teps included bias subtraction, flat field correction, wavelength 
alibration, sky subtraction, and differential atmospheric correction 
nally producing the 3D data cubes, and have been described in
etail in Kumari ( 2018 ). New GMOS-N detectors were installed in
017, which further required the quantum efficiency correction for 
ll flats. We also used the L. A. Cosmic (van Dokkum 2001 ) to
emo v e the cosmic rays from the science exposures. We chose a
patial sampling of 0.25 arcsec for the final three-dimensional data 
ubes. We thus obtain three three-dimensional data cubes. We scale 
he flux of each of the three cubes using the methodology described
n Appendix B . 

.3 Ancillary mid-infrared and far-infrared spectroscopy 

IR: Pox 186 was observed with the Spitzer telescope in the low-
esolution ( R ≈ 60–127) mode using long-slits of the InfraRed 
pectrograph (IRS; Houck et al. 2004 ). The width of long slit is
3.6 arcsec, and its point-spread function (PSF) may extend beyond 

he slit width. Cormier et al. ( 2015 ) reports the MIR emission line
uxes after taking into account PSF. 
FIR: Pox 186 was also observed with Herschel using the Pho-

odetector Array Camera and Spectrometer (PACS; Poglitsch et al. 
010 ), which co v ers a total FOV of 47 × 47 arcsec and has a
eam size of 9 and 12 arcsec at 60 and 160 μm, respectively.
ormier et al. ( 2015 ) finds that the Pox 186 is well-centred on the
rightest spaxel of their FIR maps and hence reports FIR emission
ine fluxes by applying a point-source correction to the brightest 
paxel. 

For completeness, in Table 2 , we tabulate the line fluxes of Pox
86 in the MIR and FIR wavelength regime taken from Cormier et al.
 2015 ). 
MNRAS 529, 781–801 (2024) 
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Figure 3. a . HST /COS FUV spectra of Pox 186 were taken with G130M/1291 (upper two panels) and G160M/1623 (lower two panels). These fluxes are 
smoothed by a boxcar filter of 6 pixels for better visualization. These spectra show several spectral features consisting of ISM (red), photospheric (purple), wind 
(yellow), and nebular (brown) lines. The Milky Way lines are marked in green. Note that not all marked lines are detected, and are provided here for reference. 
The geocoronal Ly α emission is marked by a grey-shaded region in the first panel. The O I triplet emission at λλλ1302, 05, 06 is also geocoronal in origin. 
The N V P-Cygni feature is highlighted within the inset in the upper-left corner of the uppermost panel. b . HST /COS FUV spectra of Pox 186 are taken with 
G185M/1913. These fluxes are smoothed by a boxcar filter of 2 pixels for better visualization. Note that the shown spectrum only represents the middle segment 
of the G185M/1913 grating, and the other two segments do not show any spectral feature. 
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Figure 3 – continued. 

Table 2. IR emission line fluxes of Pox 186 from Cormier et al. ( 2015 ). 

Emission lines Observ ed flux es 

[S IV ] 10 . 5 μm 36.29 ± 3.66 
[Ne II ] 12 . 8 μm 0.95 ± 0.25 
[Ne III ] 15 . 6 μm 13.81 ± 3.33 
[S III ] 18 . 7 μm 7.37 ± 1.25 
[O III ] 88 μm 33.70 ± 3.33 
[C II ] 157 μm 3.14 ± 0.81 

Note . Fluxes are in 10 −18 Wm 

−2 . 

Table 3. Emission line redshift determinations. 

Emission lines λRest ( Å) λObs ( Å) z 

O III ] λ1660 1660.81 1667.6 0.004086 
O III ] λ1666 1666.15 1672.95 0.004079 
C III ] λ1907 1906.68 1914.43 0.004066 
C III ] λ1909 1908.73 1916.46 0.004051 

z (Mean ± Std) a – – 0.0040705 ± 0.000013 

Note . a Mean and Std denote the mean and standard deviations of the redshifts 
estimated from the emission lines. 
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Table 4. Equi v alent widths and emission line flux es (observ ed F λ and 
intrinsic I λ) of the UV emission lines. 

Emission lines EW ( Å) F λ I λ

C IV λ1548 5.21 ± 0.22 0.50 ± 0.02 0.99 ± 0.09 
C IV λ1550 2.54 ± 0.18 0.27 ± 0.02 0.53 ± 0.06 
He II λ1640 – < 0.08 a < 0.16 a 

O III ] λ1660 2.21 ± 0.29 0.23 ± 0.03 0.43 ± 0.06 
O III ] λ1666 5.74 ± 0.38 0.58 ± 0.04 1.08 ± 0.11 
C III ] λλ1907 , 1909 35.85 ± 0.73 2.56 ± 0.05 4.4 ± 0.3 

Notes . Fluxes are in units of ×10 −14 erg s −1 cm 

−2 . 
a 2 σ upper-limit. 
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3 The broad components of H α and [O III ] contribute only 2–7 per cent to the 
total flux of these lines. 
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 RESULTS  

.1 Sour ce r edshift and distance 

e determine the source redshift by measuring the observed wave- 
ength of four strong UV emission lines O III ] and C III ] as shown
n Table 3 . We do not use the strong C IV emission line because it
s double-peaked (Section 4.2 ). We do not use the optical emission
ines because the zero-point of the wavelength calibration of GMOS- 
 data is not very well-constrained (Kumari 2018 ). The redshift of
ox 186 is 0.0040705 ± 0.000013 from the presented HST /COS data 
nd agrees with that of Guse v a et al. ( 2004 ) and Eggen et al. ( 2021 )
ithin uncertainties. At H o = 70 km s −1 and �m 

= 0.3, the observed
edshift corresponds to a luminosity distance of 17.5 Mpc, and an 
ngular scale of 84.1 pc per arcsec. Ho we ver, we deri ve a value of
2.6 Mpc if we use Cosmicflows-3 (Kourkchi et al. 2020 ). 
.2 Line fluxes and equi v alent widths 

.2.1 UV 

able 4 presents the fluxes and equi v alent widths (EW) of the UV
mission lines O III ], C III ], and C IV . We estimate fluxes by summing
he fluxes in the spectral line after subtracting a local linear continuum
tted to either side of the three doublets. The continuum level at the
entral wavelength of each emission line is used to estimate their
qui v alent widths. We correct the UV emission line fluxes using the
 ( B − V ) value determined from optical Balmer decrement, which

s described later in Section 3.3 . 

.2.2 Optical 

e want to compare the UV, optical, MIR, and FIR properties
f Pox186 together, for which we need to take into account the
arying aperture sizes or FOVs of the different instruments with 
hich these four different data sets are acquired. The GMOS-IFU 

ata allow us to probe the optical properties for different apertures
nd sizes. We chose to extract two sets of integrated spectra. The first
ne is obtained by integrating all GMOS spectra within a circular
perture of 1.25 arcsec radius centred on the brightest knot of Pox186,
ence coinciding with the HST /COS aperture, and is referred to as
COS-matched integrated’ spectra. While the second set of spectra 
s obtained by integrating all spectra within the GMOS-IFU FOV 

nd is referred to as ‘Gemini-FOV integrated’ spectra. The main 
ifference between the two sets of spectra is that the COS-matched
ntegrated spectra only include the compact core of Pox 186, and
xclude its plume, unlike the Gemini-FOV integrated spectra, which 
nclude both. Fig. 4 shows the COS-matched integrated spectra along 
ith several optical and NIR emission lines. 
We measure the emission line fluxes for the recombination and 

ollisionally excited emission lines (except H α and [O III ] λ5007)
ithin the integrated spectra by fitting single Gaussian profiles after 

ubtracting a linear continuum in the spectral region of interest via
ustom-written PYTHON codes using LMFIT package (Newville et al. 
014 ). Equal weight is given to flux in each spectral pixel while fitting
aussians and the fitting uncertainties on the Gaussian parameters are 
ropagated to calculate the flux uncertainty. We also create emission 
ine flux maps for all lines (including H α and [O III ] λ5007) of the
ntire GMOS FOVs in the same way, which are shown in Appendix C
Figs C1 and C3 ). 

The strong emission lines H α and [O III ] λ5007 show a weak
road component 3 in the integrated spectra matching COS aperture. 
e estimate the H α line flux by summing the fluxes under the
MNRAS 529, 781–801 (2024) 
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Figure 4. GMOS-N IFU integrated spectra of Pox 186 obtained by summing the spatially resolved spectra within a circular aperture of radius 1.25 arcsec 
o v erlapping with the COS aperture co v ering a rest-frame wav elength range of ∼3800–9900 Å. The important optical emission lines are marked in blue. We 
have also marked the location of He II 4686, which remains undetected in the optical spectrum. 
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ine within the continuum-subtracted spectrum and removing the
ux contribution from the [N II ] lines in the wings of H α broad
omponent. The wing of [O III ] λ5007 also shows the He I 5015
ine, which we remo v e by modelling it with a Gaussian from
he continuum-subtracted spectrum. This spectrum is then used
o estimate [O III ] λ5007 line flux by summing o v er the flux es
NRAS 529, 781–801 (2024) 
nder the line. Table 5 presents the measured observed line fluxes
or the emission lines measured in the two sets of the integrated
MOS spectra: the COS-matched integrated spectra ( F λ(COS))

nd the Gemini-FOV integrated spectra ( F λ (Gemini FOV)). The
ncertainties on the emission line fluxes presented in the table are
he random measurement uncertainties. Ho we ver, we also include
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Table 5. Optical emission line flux measurements (relative to H β = 100) obtained from the two sets of integrated Gemini/IFU spectra: (i) the one overlapping 
with the COS aperture, (ii) the other from the entire Gemini FOV. Observed line fluxes ( F λ) are extinction-corrected using E ( B − V ) to calculate the intrinsic 
line fluxes ( I λ). 

Line λair F λ (COS) I λ (COS) F λ (Gemini FOV) I λ (Gemini FOV) 

H γ 4340.47 45.18 ± 1.27 46.59 ± 2.28 42.54 ± 3.06 44.40 ± 2.90 
[O III ] 4363.21 14.38 ± 0.77 14.81 ± 0.89 12.93 ± 1.84 13.47 ± 2.17 
He II 4685.7 < 0.30 a < 0.36 a < 0.68 a < 0.88 a 

H β 4861.33 100.00 ± 0.59 100.00 ± 2.87 100.00 ± 1.12 100.00 ± 2.26 
[O III ] 4958.92 212.80 ± 1.50 211.71 ± 7.74 216.59 ± 2.82 215.04 ± 8.85 
[O III ] 5006.84 637.53 ± 3.98 632.70 ± 20.53 645.74 ± 7.81 638.95 ± 23.62 
He I 5875.67 12.29 ± 0.14 11.78 ± 0.39 12.12 ± 0.22 11.43 ± 0.30 
[O I ] 6300.3 1.01 ± 0.09 0.96 ± 0.08 1.09 ± 0.23 1.01 ± 0.19 
[S III ] 6312.1 1.46 ± 0.11 1.38 ± 0.12 1.49 ± 0.27 1.38 ± 0.26 
[N II ] 6548.03 0.71 ± 0.15 0.67 ± 0.11 0.80 ± 0.16 0.74 ± 0.13 
H αc 6562.8 303.97 ± 1.84 286.00 ± 9.24 311.30 ± 3.74 286.00 ± 8.27 
[N II ] 6583.41 2.14 ± 0.44 2.01 ± 0.34 2.41 ± 0.47 2.21 ± 0.40 
He I 6678.152 2.78 ± 0.06 2.61 ± 0.10 2.67 ± 0.13 2.44 ± 0.11 
[S II ] 6716.47 3.67 ± 0.07 3.44 ± 0.11 3.99 ± 0.16 3.64 ± 0.17 
[S II ] 6730.85 2.81 ± 0.07 2.64 ± 0.09 3.15 ± 0.16 2.88 ± 0.19 
[Ar III ] 7135.8 6.81 ± 0.09 6.32 ± 0.20 7.20 ± 0.20 6.49 ± 0.22 
[O II ] 7318.92 0.97 ± 0.08 0.89 ± 0.07 ... ... 
[O II ] 7329.66 0.85 ± 0.07 0.79 ± 0.05 ... ... 
H I P10 9017.4 2.09 ± 0.06 1.88 ± 0.06 — —
[S III ] 9068.6 11.45 ± 0.11 10.25 ± 0.12 — —
[S III ] 9530.6 26.64 ± 0.23 23.7 ± 0.2 — —
E ( B − V ) – 0.059 ± 0.007 – 0.083 ± 0.009 –
F (H β) – 40.76 ± 0.23 – 48.12 ± 0.54 –

Notes . F (H β) in units of ×10 −15 erg cm 

−2 s −1 . 
a : 2 σ upper limits. 
...: These lines are affected by the cosmic rays in the Gemini FOV but not within the COS aperture. 
—: For these lines, the covered Gemini FOV is different than for the rest of the emission lines, hence we do not report their values. 
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 systematic flux uncertainty of 50 per cent (see Appendix B ) and
ropagate it in the inferred properties whenever it becomes rele v ant
n the analysis, and is explicitly mentioned in the paper. 

.3 Reddening correction 

e estimate the colour excess E ( B − V ) by using the attenuation
urve of the Small Magellanic Cloud (SMC; Gordon et al. 2003 )
long with the observed Balmer decrement (H α/H β) 4 assuming a 
ase B recombination and an electron temperature and density of 
0 4 K and 100 cm 

−3 , respectively. We estimate E ( B − V ) for both
ets of integrated optical spectra, the one o v erlapping with COS and
he other one corresponding to the entire GMOS FOV. The E ( B −
 ) for the COS-matched integrated spectra is 0.059 ± 0.007, which 

s close to the E ( B − V ) of the Milky Way in the line-of-sight of
ox 186, i.e. 0.0385 ± 0.0016 (Schlafly & Finkbeiner 2011 ), hence 

ndicating a very low amount of dust in the central region of Pox 186.
The intrinsic fluxes for the UV and optical lines are estimated 

y correcting the observed line fluxes using the E ( B − V ). No
eddening correction is done for the MIR or FIR emission line 
uxes. Table 4 presents the intrinsic fluxes of the emission lines of

he UV COS spectra, while Table 5 shows the intrinsic fluxes for the
OS-matched and Gemini-FOV integrated spectra. The uncertainties 
n the intrinsic fluxes are derived from propagating the random 

ncertainties on fluxes measured while fitting the emission lines. 
 Since the broad component is not visible in H β, we deem it necessary to 
se the total flux otherwise, we risk not taking consistent flux components 
or reddening calculation. 

n  

t  

o  

t  
.4 Physical properties of ionized gas and ionizing stellar 
opulation 

.4.1 Electron temperature and density 

he UV, optical, and IR spectra have emission lines sensitive to the
lectron temperature ( T e ) and density ( N e ). For example, the UV line
 III ] λλ1660, 1666 is temperature-sensitive and, when combined 
ith the optical [O III ] λ5007 line, probes T e . Similarly, the optical

ine ratio of [O III ] λ4363 and [O III ] λλ4959, 5007 is also sensitive to
 e . Similarly, the optical to IR line ratio, [O III ] λ5007/[O III ] λ88 μm

s sensitive to T e , but also to N e (Dinerstein, Lester & Werner 1985 ).
ll line ratios mentioned abo v e are sensitiv e to dust extinction, but
e correct all UV and optical emission lines before estimating the
 e and N e . 
Fig. 5 shows the optical [O III ] lines flux ratio ([O III ] λ4363/[O III ]

5007) versus the optical-IR [O III ] lines flux ratio [O III ]
5007/[O III ] λ88 μm, where the grids are generated using the
missivities of the respective [O III ] lines from the PYNEB code for a
et of T e and N e values. The grid lines are not orthogonal as [O III ]
5007/[O III ] λ88 μm is sensitive to both T e and N e . We also show

he optical [O III ] lines flux ratio and optical-IR [O III ] lines flux
atio of Pox 186, obtained from Gemini-FOV integrated spectra. We 
eem the use of Gemini-FOV integrated spectra for this comparison 
nstead of the COS-matched integrated spectra because of the large 
OV and PSF of the Herschel data (see Section 2.3 ), which includes
ot only the compact core of Pox 186 but also its plume. Note that
he COS-matched integrated spectra miss the plume of Pox 186. The
bserved lines ratio lies on the PYNEB grids and is in agreement to
hat found by Chen et al. ( 2023 ). The optical [O III ] emission line
MNRAS 529, 781–801 (2024) 
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Figure 5. PYNEB grids of [O III ] λ4363/[O III ] λ5007 versus [O III ] 
λ5007/[O III ] 88 μm for T e = 8–20 kK and N e = 1–10 000 cm 

−3 . The red 
point denotes the emission line flux ratios of Pox 186, where the optical 
[O III ] emission line fluxes correspond to the entire Gemini-FOV, and the FIR 

[O III ] line flux is taken from Cormier et al. ( 2015 ); hence, both optical and 
FIR data sets shown here co v er the entire galaxy. The uncertainties on the 
line ratio include the systematic uncertainties on the optical line fluxes (see 
Section B ). 
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Table 6. Summary of physical properties obtained from the Gemini optical 
integrated spectra and the COS UV spectra (value ±uncertainty). 

Parameter Value 

log([O III ] λ5007/H β) 0.805 ± 0.003 
log([N II ] λ6584/H α) −2.15 ± 0.09 
log([S II ] λλ6717, 6731/H α) −1.671 ± 0.007 

EW([O III ] λλ4959, 5007 + H β) ( Å) 1800 ± 800 
EW(H α) ( Å) 820 ± 20 
β-slope −0.36 ± 0.02 

T e ([O III ]) ( ×10 4 K) 1.63 ± 0.05 
T e ([O II ]) ( ×10 4 K) 1.39 ± 0.08 
N e ([S II ]) (cm 

−3 ) 110 ± 30 

12 + log(O 

+ /H 

+ ) 7.22 ± 0.12 
12 + log(O 

2 + /H 

+ ) 7.76 ± 0.04 
12 + log(O/H) 7.87 ± 0.04 

C 

2 + /O 

2 + 0.21 ± 0.03 
C 

3 + /O 

2 + 0.041 ± 0.004 
log(C/O) direct −0.59 ± 0.04 
log(C/O) empirical −0.60 ± 0.03 

log(N/O) direct −1.93 ± 0.14 
T eff ∗ (kK) 60 ± 18 
log U∗ −2.4 ± 0.4 
log (q/cm s −1 ∗) 8.1 ± 0.4 

log U† −2.661 ± 0.014 

Notes . ∗: Output from HCM-TEFF (v5.3, P ́erez-Montero, Garc ́ıa-Benito & 

V ́ılchez 2019 ) assuming spherical geometry. † : Ionization parameter using 
[S III ]/[S II ] calibration from K e wley, Nicholls & Sutherland ( 2019a ). 
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ux ratio for the Gemini-FOV integrated spectra corresponds to T e 

 15 000 ± 1300 K. 
From the COS-matched optical spectra, we estimate T e ([O III ])
 16300 ± 500 K by using the emission line flux ratio of the

uroral line [O III ] λ4363 and [O III ] λλ4959, 5007. Since UV line
 III ] λλ1660, 1666 is also temperature-sensitive, we also estimate
 e ([O III ]) by using the emission line flux ratio of [O III ] λ5007/O III ]
λ1660, 1666, which is in agreement with that obtained from optical
mission line ratios. The electron temperatures derived from the
OS-matched and Gemini-FOV integrated spectra agree with each
ther and are typical of the H II regions within the star-forming
alaxies (Kumari, James & Irwin 2017 ; Kumari et al. 2018 , 2019 ). 

We measure electron density using the density-sensitive line
atio [S II ] λλ6717, 6731 line ratio, and T e ([O III ]) determined
bo v e for the COS-matched as well as the Gemini-FOV integrated
pectra. For both data sets, the electron density indicates a low-
ensity regime. We note that the density-sensitive line doublets [O II ]
λ3727, 3729 could not be used for determining density, as the
ensitivity of GMOS-IFU in the blue end has degraded over time,
nd hence the blue-end data are unusable. We do not estimate N e 

rom the density-sensitive UV doublet C III ] λλ1907, 1909 available
rom the COS spectra as the doublet is blended and asymmetric.

oreo v er, C III ] λλ1907, 1909 line ratio is sensitive to uniformly
ense nebulae with densities N e > 10 3.5 cm 

−3 , and it is not a useful
ensity indicator in the low-density regime (Kewley et al. 2019b ),
here Pox 186 is shown to lie. Using [S II ] or [O II ] doublets is
ore appropriate as they are sensitive to both low and high-density

egimes. 

.4.2 Chemical abundances 

he chemical abundances of Pox 186 are only determined for the
OS-o v erlapping central region, because of the non-detection of the
ecessary emission lines in the Gemini-FOV integrated spectra. 
NRAS 529, 781–801 (2024) 
Gas-phase metallicity: The gas-phase metallicity (12 + log(O/H))
an be robustly estimated from the T e -based direct method, where
he abundances of the dominant ionic states of oxygen (O 

+ and
 

2 + ) are first determined from the temperatures of their respective
onization zones and then combined to estimate the total oxygen
bundance. The temperature of the high-ionization zone T e ([O III ])
s determined as derived in Section 3.4.1 and is combined with
 e ([S II ]) to estimate the temperature of the low-ionization zone
y using the density-dependent calibration given in P ́erez-Montero
 2017 ). Like Kumari et al. ( 2019 ), where [O II ] λλ3727, 3729 remain
ndetected, we measure O 

+ /H 

+ using [O II ] λλ7320, 7330 and
he low-ionization temperature T e ([O II ]) by employing the formula
i ven in Kniaze v et al. ( 2003 ). We measure O 

2 + /H 

+ using [O III ]
λ4959, 5007 and T e ([O III ]) in the formula given in P ́erez-Montero
 2017 ). The oxygen ionic abundances are combined to calculate
he oxygen elemental abundance, 12 + log(O/H) = 7.87 ± 0.04,
or the region of Pox 186 probed by COS, and agrees within 3 σ
ith that derived by Guseva et al. ( 2004 ) for a larger region of this
alaxy. 

Carbon-to-oxygen ratio: We follow the relations between T e 

[O III ]) and dereddened line ratios C III ]/O III ] and C IV /O III ] pro-
ided in P ́erez-Montero ( 2017 ), we estimate C 

2 + /O 

2 + and C 

3 + /O 

2 + .
e estimate direct method C/O by combining C 

2 + /O 

2 + and
 

3 + /O 

2 + , assuming C 
O = 

C 2 + + C 3 + 
O 2 + . We also estimate C/O using the

mpirical method given in (P ́erez-Montero 2017 ). The estimates of
/O from the direct and empirical methods are in excellent agreement
ith each other (Table 6 ). 
Nitrogen-to-oxygen ratio: We use the direct T e -method as de-

cribed in Kumari et al. ( 2019 ) to estimate the nitrogen-to-oxygen
atio log(N/O) = −1.93 ± 0.14, which agrees with that derived by
obulnicky & Skillman ( 1996 ) within 1 σ uncertainty. 
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Figure 6. EW(C III ]) versus EW([O III ] + H β) for Pox 186 (red dot) 
compared with galaxies at z ∼ 0–4, taken from Stark et al. ( 2014 ); Maseda 
et al. ( 2017 ); Senchyna et al. ( 2017 ); Mainali et al. ( 2020 ); Tang et al. ( 2021 ). 
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.4.3 Ionization parameter and effective temperature 

or estimating the ionization parameter (log U) and ef fecti ve temper-
ture ( T eff ) of the central region matching COS-aperture, we use the
ublicly available code HCM-TEFF (v5.3 P ́erez-Montero et al. 2019 ), 
here we assume a blackbody model and use reddening-corrected 
ptical emission line fluxes ([O III ] λλ4959, 5007, [S II ] λλ6717,
731, He I λ6678, Ar I λ7135, [S III ] λλ9069, 9532) from the COS-
atched integrated and the gas-phase metallicity (12 + log(O/H) 
 7.87 ± 0.04, Section 3.4.2 ), and run the code for plane-parallel and

pherical geometry separately. We find that the choice of geometry 
as no effect on either log U or T eff for the central region of Pox186.
hese results are also consistent when we ran HCM-TEFF excluding 

he [S II ] lines, which might be affected by the contribution of diffuse
as. We also estimate log U = −2.661 ± 0.014 using the calibration
nvolving [S III ] λλ9069, 9532/[S II ] 6717, 6731 gi ven by K e wley et
l. ( 2019a ), which agrees with that derived from HCM-TEFF . 

For determining log U for the entire Pox186 galaxy, we use 
alibrations from K e wley et al. ( 2019a ) including the MIR line ratios
Table 2 ), [Ne III ]/[Ne II ], which gives log U = −2.55 ± 0.22. Note
hat we do not use optical line ratio [S III ]/[S II ] mainly because [S III ]
λ9069, 9530 lines co v er a slightly different FOV than the rest of the
ptical emission lines, including [S II ]. It is for the same reason that
e could not use HCM-TEFF to estimate these two parameters for the
emini FOV. 

.4.4 Radiation hardness 

he hardness of the radiation field can be measured by the softness
arameter log η. It was initially defined in terms of optical ionic
atios η = (O 

+ / O 

2 + ) / (S 

+ / S 

2 + ) (Vilchez & Pagel 1988 ), and can be
stimated from the calibration provided in Kumari et al. ( 2021 ), i.e.
og η = log η′ + 0 . 16 / t + 0 . 22, where t = T e /10 4 and log η′ can be
etermined from the optical emission line ratios (log η′ = 

[O II ] / [O III ] 
[S II ] / [S III ] )

r the MIR infrared line ratios (log η′ = 

[Ne II ] / [Ne III ] 
[S III ] / [S IV ] ) as mentioned in

 ́erez-Montero & V ́ılchez ( 2009 ). 
We estimate log η′ = −0.47 ± 0.23 using MIR emission line 

uxes (Table 2 ). We estimate log η = −0.14 ± 0.23 using T e 

rom the Gemini-FOV integrated spectra and log η′ estimated earlier. 
e chose to use T e from the Gemini-FOV integrated spectra rather 

han COS-matched integrated spectra as the former co v ers the entire
alaxy like MIR data. We do not use the optical emission line fluxes
o determine log η′ as [O II ] λλ3729, 3729 are not detected because
f the decreased sensitivity of GMOS-N IFU in the blue wavelength 
nd. Lower log η and log η′ indicate a hard radiation field. Pox 186
xhibits lo wer v alues of log η′ and log η compared to the average
alues exhibited by star-forming regions or galaxies in the local 
niv erse (K umari et al. 2021 ), thus indicating that the radiation field

n Pox 186 is harder than average. 
Table 6 summarizes all the physical properties derived in this 

ection. The uncertainties on the derived quantities are estimated 
rom the random uncertainties on the flux measured while fitting 
mission lines, and excluding the systematic flux uncertainty. 

 DISCUSSION  

.1 Lar ge equi v alent widths of nebular carbon lines 

e find EW(C III ] λλ1906, 1909) = 35.85 ± 0.73 Å for Pox 186. Fig.
 shows a comparison of EW(C III ] λλ1906, 1909) versus EW([O III ]
λ4959, 5007 + H β) for Pox 186 with galaxies at z ∼ 0–4. We
nd that Pox 186 exhibits the highest EW(C III ]) among all the star-
orming galaxies in the local Universe ( z ∼ 0, Leitherer et al. 2011 ;
enchyna et al. 2017 , 2019 , Fig. 6 ), and the majority of the star-
orming galaxies at intermediate redshift ( z ∼ 2–4, Erb et al. 2010 ;
tark et al. 2014 ; Vanzella et al. 2016 ; Maseda et al. 2017 ; Vanzella
t al. 2017 ; Tang et al. 2021 ). Ho we ver, EW(C III ]) is also reported
o lie within 20–40 Å for a small fraction ( ∼1.2 per cent) of star-
orming galaxies at the intermediate ( z ∼ 2–4, Le F ̀evre et al. 2019 )
nd a few EoR galaxies ( z � 6, Stark et al. 2017 ; Hutchison et al.
019 ; Jiang et al. 2021 ; Topping et al. 2021 ). 
We also measure the EW(C IV λλ1548, 1550) = 7.75 ± 0.28 Å for

ox 186, which is comparable to those found for local metal-poor
alaxies with very young stellar populations (Berg et al. 2016 , 2019 ;
enchyna et al. 2019 ). 
We explore the cause for the extreme EW of carbon lines in the

ollowing. 

.1.1 High effective temperature 

akajima et al. ( 2018 ) states that EW(C III ]) > 30 Å can be caused
y blackbody with extremely high ef fecti ve temperature ( T eff ), i.e.
 6 × 10 4 K. We estimate T eff = 60 ± 18 kK assuming blackbody

sing the HCM-TEFF code (Section 3.4.3 ), thus indicating that the
igh ef fecti ve temperature may be responsible for high EWs of C III ]
nd C IV observed for Pox 186. Ho we ver, such temperatures are still
nconsistent with the absent He II in Pox 186. 

.1.2 High carbon-to-oxygen ratio 

iang et al. ( 2021 ) suggests that the high EW(C III ]) and EW(C IV )
ould be due to a higher carbon abundance. 

We explore this via Fig. 7 , which shows that the C/O abundance of
ox 186 (red point) is higher than the average for galaxies found in

he same metallicity range at z ∼ 0 (horizontal blue line) and z ∼ 2
horizontal green line) from Arellano-C ́ordova et al. ( 2022 ). It is also
igher than that predicted by the best-fit line to C/O versus O/H for
easurements of stars derived by Nicholls et al. ( 2017 , solid purple

urve) and for measurements of irregular dwarf galaxies derived 
MNRAS 529, 781–801 (2024) 



790 N. Kumari et al. 

M

Figure 7. C/O versus O/H for Pox 186, along with average C/O for z ∼ 0 
(horizontal blue line) and 2 (horizontal green line) from Arellano-C ́ordova 
et al. ( 2022 ) and for Damped Lyman Alpha systems (DLAs) from Cooke et al. 
( 2011 ). The solid and dashed purple lines indicate the C/O–O/H relation given 
in Nicholls et al. ( 2017 ) and Garnett et al. ( 1995 ), respectively. 
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rom Garnett et al. ( 1995 , dashed solid line). Thus, the higher C/O
or Pox 186 supports the argument from Jiang et al. ( 2021 ) about
igher carbon abundance causing the higher EW of carbon lines. 
We note that the optical spectrum of Pox186 does not show any

ignature of the carbon-rich Wolf–Rayet (WR) stars either as red
r blue WR bump, which could lead to a direct enhancement of
arbon. Schaerer, Contini & Pindao ( 1999 ) lists Pox 186 as a WR
alaxy on the basis of a broad He II λ4686 at 0.8 σ abo v e background
eported in Kunth & Joubert ( 1985 ). The high-quality HST /COS and
MOS-IFU data allow us to exclude Pox 186 as a WR candidate. 

.1.3 Slope and upper mass of top-heavy initial mass function 

o understand the origin of the extreme EW(C III ]) measured in
ox186, we consider CLOUDY models broadly similar to those in
itstok et al. ( 2022 ); here, we give a brief summary and highlight

he differences with the models presented in Witstok et al. ( 2022 ).
he incident radiation field of a single burst of star formation with
arying ages (1 to 100 Myr , consistent with Doublier et al. ( 2000 )
nd Corbin & Vacca ( 2002 ) 5 ) is generated by BPASS v2.1 stellar
opulation synthesis models including binary stars under a top-heavy
nitial mass function (IMF; with slope −2; Eldridge et al. 2017 ),
anging in stellar mass from 1 to 300 M �. We emphasize that only a
op-heavy IMF can result in a spectrum that is hard (/hot) enough to
roduce strong C III ] emission, but weak C IV and He II , as opposed
o a harder spectrum due to, e.g. interacting binaries/rotation stars.
nlike in Witstok et al. ( 2022 ), calculations stop when a molecular

raction of 10 −6 is reached, such that the model does not extend into
 photodissociation region (PDR) beyond the central H II region. The
eason for this stopping criterion is that doubly-ionized carbon is
redominantly present in the innermost region of the H II region, and
ts number density drops when the cloud becomes molecular (fraction
NRAS 529, 781–801 (2024) 

 The R-I versus ef fecti ve radius sho w that the old G stars appear at radii 
arger than an ef fecti ve radius of 2 arcsec, and the central region of the galaxy 
re dominated by young stellar population, which justify our assumption of 
tars with age ranging from 1–100 Myr in the photoionization models. 

o  

6

m
E

f carbon less than ∼10 −6 around A V ∼ 1 where the molecular
raction becomes 10 −6 and the simulation stops), such that extending
hem into a PDR will not affect the strength of the C III ] lines. 

We considered models with a wide range of base (stellar) metallic-
ties, tuning the gas-phase metallicity to match the observed values
f Pox186. We introduce an additional nebular α/Fe enhancement,
hich is accomplished by increasing the nebular abundances of

ndividual α elements (for details, we refer to Witstok et al. 2022 ).
he nebular elemental abundances of the main α elements (C, O, Ne,
g, Si, S) are scaled up by 4 ×, except for carbon, which is increased

y a factor of 2, so that the C/O ratio is approximately half the solar
alue as appropriate for Pox186 (see Section 4.1.2 ). Moreo v er, this
mplies our fiducial model with stellar metallicity Z ∗ = 0 . 025 Z �
as a nebular oxygen abundance of approximately 10 per cent solar,
s directly measured for Pox186 (see Section 4.1.2 ). We vary the
onization parameter and hydrogen density between −4 < log 10 U <

1 and 10 −1 cm 

−3 < n H < 10 4 cm 

−3 (as measured at the illuminated
ace of the cloud), respectively. 

An o v erview of the models generated in CLOUDY is shown in
ig. 8 . For simplicity, we only show models with a fixed density of
 H = 10 2 cm 

−3 and stellar metallicities of 0.001, 0.025, and 0 . 2 Z �.
e find that the slope and upper mass of the IMF are particularly

estrictive in reproducing the extreme EWs of C III ], as models with
n upper mass of 100 M � only reach EWs of approximately 20 Å. 6 

o we ver, none of these models could simultaneously reproduce
he observed EW of C III ] and H α emission lines, denoted by
ashed horizontal and v ertical lines, respectiv ely, in Fig. 8 . Note
hat Doublier et al. ( 2000 ) and Corbin & Vacca ( 2002 ) find evidence
or an underlying older stellar population, which might be affecting
he EW(Ha), without affecting the EW(C III ]), potentially explaining
he offset of the models from the observations. 

To explore this further, we considered the dust distribution,
hich might affect the nebular C III ] and the underlying stellar

ontinuum differently. We estimate the UV continuum slope β

 −0.36 ± 0.02 using the spectral windows from Calzetti, Kinney &
torchi-Bergmann ( 1994 ) in the wavelength region of ∼1250–1850,
hich indicates a red continuum. If we use this β value to deredden

he continuum using the SMC law from Reddy et al. ( 2018 ) and use
 ( B − V ) derived from the optical data to deredden the emission line
gain using the SMC law, the EW(C III ]) may decrease by a factor
f 3. The reddening-corrected values are shown by dotted vertical
nd horizontal lines, which cannot be reproduced by the models
ither. 

The inability of the models to reproduce the observed or reddening-
orrected properties of Pox 186 could be due to the simplistic
ssumptions on the geometry and relative distribution of different
ged stellar populations, dust, and gas within the photoionization
odels. In summary, it indicates the need to impro v e the existing

opulation synthesis and photoionization models. 

.1.4 Hard ionizing radiation 

igh EW(C III ]) is also proposed to be caused by the hard ionizing
adiation from extreme stellar populations or AGN (Nakajima
t al. 2018 ; Jiang et al. 2021 ) or shocks from the radio jets
Best, R ̈ottgering & Longair 2000 ). We rule out the possibility
f AGN/shocks causing the high EW(C III ]) as Fig. 9 shows that
 For comparison, in Appendix D , we present the models using an upper 
ass of 300 M � and slope −2.3 and no α/Fe enhancement, which reproduce 
W(C IV ) and not the EW(C III ]). 
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Figure 8. EW(C III ]) plotted against EW(H α) (left-hand panel), C III ]/He II 1640 line ratio (middle panel), and C IV /C III ] (right-hand panel) using the CLOUDY 

models described in Section 4.1.3 . In the abo v e figure, we e xplore the effect of stellar metallicity ( Z � ), ionization parameter (log U) and stellar age, at n H 
= 10 2 cm 

−3 (moti v ated by n e ([S II ]) = 100 cm 

−3 ). Variation in density is not shown as it does not produce a significant effect on EW(C III ]). The horizontal 
dashed line indicates the observed EW (C III ]), while the horizontal dotted line indicates the reddening-corrected EW(C III ]), where line flux is corrected using 
nebular E ( B − V ), while continuum is corrected using the stellar E ( B − V ). Similarly, the vertical dashed and dotted lines indicate the observed and reddening- 
corrected quantities, respectively. The reddening-corrected EW is obtained by using nebular E ( B − V ) for line fluxes and stellar E ( B − V ) for continuum, while 
the reddening-corrected emission line ratios are obtained by using nebular E ( B − V ) for both emission lines in the ratio. The right-ward pointing arrows in the 
middle panel indicate the lower limit on the C III ]/He II where a 2 σ -upper limit on He II line is considered. 

Figure 9. Classical optical emission line ratio diagrams: [O III ]/H β versus [N II ]/H α (left-hand panel) and [O III ]/H β versus [S II ]/H α (right-hand panel). Black 
solid curve and dashed curve represent the maximum starburst line from K e wley et al. ( 2001 , theoretical) and Kauffmann et al. ( 2003 , empirical), respectively, 
distinguishing between the photoionized and non-photoionized regions. The blue dot denotes the corresponding emission line ratios obtained from the optical 
spectra integrated over the COS aperture, while the grey dots indicate the spatially-resolved emission line ratios. 
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he optical emission line ratios obtained from the integrated spec- 
rum, [O III ]/H β versus [N II ]/H α (left-hand panel) and [O III ]/H β

ersus [S II ]/H α (right-hand panel) do not occupy the AGN/shock 
egion of the classical emission-line diagnostic diagrams (Baldwin, 
hillips & Terlevich 1981 ; Veilleux & Osterbrock 1987 ). These 

ntegrated optical line ratios take into account both the narrow 

nd broad components of [O III ] and H α and are presented in
able 6 . These ratios lie within the photoionization region of
he BPT diagrams if only narrow components are considered. 
ig. 9 also shows a few spaxel-based line ratios lying beyond

he photoionization region on the BPT diagrams; ho we ver, they
re too few ( ∼2.5 and ∼3 per cent for [N II ]-BPT and [S II ]-
PT diagrams, respectively) to be a conclusive indicator of hard 
GN radiation. Hard ionizing radiation is also expected to pro- 
uce He II lines, so emission line ratio diagnostic diagrams, in-
luding optical and UV He II lines, are also used to determine
MNRAS 529, 781–801 (2024) 
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he presence of AGN (Brinchmann, Kunth & Durret 2008 ; Fel-
re, Charlot & Gutkin 2016 ). Ho we ver, neither He II λ1640 nor
e II λ4686 lines are detected in the spectrum corresponding to

he COS pointing. The abo v e discussion shows that hard ion-
zing radiation from AGN is unlikely to be the cause of high
W(C III ]). 

.2 Line profiles of carbon lines 

ig. 10 (left-hand panel) shows that C IV line profile is broadened
ith respect to O III ] line profile, which appears to be caused by

ollisional excitation. Berg et al. ( 2019 ) observed similar behaviour
n a couple of local metal-poor galaxies and attributed this to the
esonant scattering nature of C IV . Ho we ver, for Pox 186, we find that
 III ] line is also broadened with respect to O III ] (Fig. 10 , right-hand
anel). Given that the C III ] is not reported to come from resonant
cattering, we rule out resonant scattering as the cause of broadening
n carbon lines. 

It is unlikely that outflows could cause broadening in carbon
mission lines because outflows would lead to broadening in all
mission lines in the same way, which would result in similar line
rofiles (i.e. including O III ]). Still, we explore the outflow signatures
n Fig. 11 , where we o v erplot the O III ] emission line (normalized by
ts peak flux) along with Si II λ1260 (normalized by the median flux
ithin the local spectral region). Both O III ] and Si II λ1260 lines are

entred at ∼0 km s −1 , showing no signatures of outflow. However, a
int of ionized gas suffering turbulence is present in the line profile of
 α shown in Fig. 12 , which shows the presence of a broad underlying

omponent of H α along with a narrow component. 
Fig. 13 shows the velocity profile of the resonantly scattered C IV

λ1548, 1550 doublet. The distinct blue and red peaks exhibited by
oth C IV emission lines are quite interesting, as no previous studies
av e ev er resolv ed the two peaks in both emission lines of the C IV

oublet, though the stronger C IV λ1548 has been reported to have
ouble peaks (Berg et al. 2019 ). The origin of double-peaked C IV is
ifficult to understand because C IV line profile will be impacted by
he relative fraction of the gas emitting the narrow nebular emission
nd the foreground ISM resulting in absorption. We address two
ossible scenarios here: (1) a pure nebular emission with no ISM
bsorption, and (2) nebular emission along with ISM absorption. 

For modelling a purely nebular C IV (Fig. 13 , left-hand panel), we
t two Gaussian components to each C IV emission line consisting of
 blue-shifted (dashed-blue fit) and a redshifted component (dashed-
ed fit). The peak separation between the blue and the red peak ( V sep )
s ∼132 ± 2 km s −1 for each C IV line, which is ∼25 km s −1 (on
verage) higher than those found by Berg et al. ( 2019 ) for two local
warf irregular galaxies. We note that the redshifted component is
roader than the blue-shifted component. 
For modelling the second scenario comprising of nebular emission

nd interstellar absorption (Fig. 13 , right-hand panel), we model
he emission in each C IV line with a Gaussian profile (dashed-blue
t) and interstellar absorption via the Voigt profile (dashed-red fit).
he Voigt profile corresponding to the ISM absorption is narrower
ompared to the broad Gaussian profile, pointing towards a lower
raction of foreground high-ionization gas along the line of sight. 

.3 Stellar winds 

tellar winds originate from hot and massive stars, i.e. with masses
 ∼40 M � and temperatures > 25 000 K, and lead to P Cygni-type
V line profiles, typically for the strongest lines, N V λ1240, Si IV
NRAS 529, 781–801 (2024) 

g  
1400, and C IV λ1550. The UV spectra of Pox 186 show a strong
-Cygni N V λ1240 feature (Fig. 3a , 1st row), no Si IV λ1400 and a
eak P-Cygni C IV λ1550 feature (Fig. 3a , 3rd row). The weaker C IV

1550 compared to N V λ1240 at lo wer metallicities, is indicati ve of
 lower wind density and velocity (Leitherer et al. 2001 , 2010 ). It is
ikely that the early O main-sequence stars are the main constituent of
ox 186, since these stars do not display wind effects in Si IV λ1400,
ut in N V λ1240 and C IV λ1550 as we find in Pox 186 spectra. 

Fig. 14 shows the BPASS models (v2.1, IMF slope = −2.35
nd upper stellar mass-limit = 300 M �) o v erlaid on C IV P-Cygni
rofile (normalized by the continuum at λ ∼1560–1570 Å) both for
he single stars (left-hand panel) and binary stars (right-hand panel)
opulation for stellar ages varying from 1–2.5 Myr and metallicity
f Z = 0.05 Z �. It appears that the stellar populations as young as
.6 Myr are sufficient to reproduce the weak C IV P-Cygni profile.
he inclusion of binary stars has no effect on the o v erall C IV profile,
s the binary stellar population becomes more important only at later
ges (3–5 Myr) (Eldridge, Beasor & Britavskiy 2020 ). 

The blue-ward absorption in the N V P-Cygni is blended with the
y α absorption from Pox 186, which is itself blended with the Ly α
bsorption from the MW. Before comparing the N V P-Cygni with the
tellar population synthesis models such as BPASS, it is necessary
o model and remo v e the Ly α absorption from Pox 186 and the MW,
hich requires careful modelling of the stellar continuum. We will
resent the detailed modelling of these components in a follow-up
aper. 

.4 Implications for JWST + ALMA studies of early galaxies 

.4.1 Apparent absence of Ly α

he absence of resonantly-scattered Ly α emission in spite of strong
 III ] and C IV emissions is worth noting (Fig. 3a , upper-panel). A
ositive correlation is suggested/expected between EW(C III ]) and
W(Ly α) by a few studies (e.g. Stark et al. 2014 ), though Rigby et al.
 2015 ) suggest that a positive correlation exists for strong emitters
ith EW(C III ]) > 5 Å and EW(Ly α) > 50 Å, with correlation getting
eaker for weaker emitters. The apparent absence of Lyman-alpha

mission indicates a high gas density; ho we ver, Pox 186 is found to
e in a low-density re gime. Giv en that Pox 186 shows the highest
W(C III ]) detected in the local Universe so far, we expect at least
ome Ly α emission. Similarly, Berg et al. ( 2019 ) propose that the
ouble-peaked structure of resonantly-scattered C IV emission could
e associated with a double peak in Ly α as well. Moreo v er, Pox186
hows log U = −2.4 ± 0.4 or log (q/cm s −1 ) = 8.1 ± 0.4, which
ies in the range of z ∼ 2–3 Ly α emitters (Nakajima & Ouchi
014 ) further suggesting that Pox 186 could be a L y α emitter . To
nvestigate this further, we inspected the UV spectrum of Pox 186
aken with Space Telescope Imaging Spectrograph (STIS/ HST ) data
et (PI: Corbin, PID: 8333), which indeed shows Ly α emission (Fig.
1 ). We note that the STIS and our COS pointings are offset by
2 arcsec ( ∼168 pc), which indicates that the region emitting Ly α is

ot entirely o v erlapping with that emitting ionized carbon, and lies
t the outskirts of Pox 186 probably because of Ly α escaping due to
he concentrated feedback from the star formation (Heckman et al.
011 ). Only a deep spatial map of Ly α can help identify any potential
y α emission within Pox 186. Moreo v er, a statistically significant
ample of galaxies such as Pox 186 is required to establish any spatial
ffset between Ly α emission and carbon emission. Such spatial
ffsets ( ∼168 pc) between Ly α emission and C III ] or C IV emission
ay not be probeable/distinguishable within the reionization era

alaxies, simply because of the angular resolution of the existing
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Figure 10. Comparison of O III ] λ1666 line with respect to C III ] λ1907 (left-hand panel) and C IV λ1548 (right-hand panel). In both panels, all emission lines 
(C IV λ1548, O III ] λ1666 and C III ] λ1907) are normalized by their peak fluxes. 

Figure 11. Comparison of velocity profiles of O III ] λ1666 emission line 
(blue curve) and Si II λ1260 absorption line (purple curve), where O III ] λ1666 
is normalized by its peak flux, and Si II λ1260 is normalized by the median 
flux in the velocity range of −500 to 500 km s −1 . No signature of outflow is 
present. 
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Figure 12. A narrow (purple Gaussian) and a broad (red Gaussian) com- 
ponent is needed to reproduce the H α line profile, hinting towards the ISM 

turbulence within Pox 186. 
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7 Cormier et al. ( 2015 ) apply a point-source correction to the central spaxel 
for the well-centred source such as Pox 186 for flux e xtraction. Moreo v er, 
the re-gridded pixel resolution of Herschel /PACS data is 3.1 arcsec, which is 
larger than the COS aperture of 1.25 arcsec radius. The [C II ] 157 μm map 
shows some extended emission beyond the central pixel, but that is about 
three times fainter than the central emission, whereas [O III ] 88 μm map is 
about an order of magnitude brighter in those regions. These evidences ensure 
the high [O III ]/[C II ] in the central region of the galaxy. 
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nstruments. So, even if originating from different regions of galaxies, 
V carbon emission lines, particularly the stronger C III ] line, might

till be a good indicator of Ly α emission emerging from the ISM of
alaxies even when Ly α is unavailable at redshifts > 6 caused by a
ignificantly large IGM neutral fraction (e.g. Fan, Carilli & Keating 
006 ). 

.4.2 Lyman continuum escape fraction 

ig. 15 shows C IV /C III ] versus EW(C III ]) for Pox 186 (red point),
long with measurements for galaxies at different redshifts compiled 
n Schmidt et al. ( 2021 ). Schaerer et al. ( 2022 ) find that a C IV /C III ]
 0.75 (shaded orange region) is characteristic of strong Lyman 
ontinuum (LyC) leakers, i.e. galaxies with LyC escape fraction 
 esc (LyC) > 0.1. Pox 186 exhibits C IV /C III ] = 0.30 ± 0.04, which
s much smaller than that exhibited by the strong LyC leakers known
o far in the nearby Universe. 

Chisholm et al. ( 2022 ) suggest that strong LyC leakers have lower
alues of observed UV continuum slope ( β). We estimate f esc (LyC)

10 −4 from the β slope. 
A negligible f esc (LyC)in Pox 186 is consistent with the absence

f Ly α for the COS pointing; ho we ver, it is inconsistent with an
xtreme [O III ] 88 μm/[C II ] 157 μm shown by the central pixel in
he Herschel/PACS maps of Pox 186 (Cormier et al. 2015 ). 7 Katz
MNRAS 529, 781–801 (2024) 
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M

Figure 13. We model the resonantly scattered double-peaked C IV λλ1548, 1550 doublet according to two possible scenarios: (1) Purely emission without 
an y absorbing fore ground interstellar medium in the line of sight (left-hand panel), for which we model the C IV doublet via multicomponent Gaussian fits to 
identify the peaks of the blue-shifted (dashed blue curve) and the red-shifted (dashed red) components. (2) Nebular emission along with interstellar absorption 
(right-hand panel), where we model the C IV nebular emission via single Gaussian (dashed red curve) and the interstellar absorption via Voigt profile (dashed 
blue curve). On both panels, the overall best fit is given by the solid green line. 

Figure 14. Comparison of observed C IV P-Cygni feature (grey spectrum) within Pox 186 normalized by the continuum level between 1560–1570 Å with the 
BPASS models at Z = 0.05 Z � comprising single (left-hand panel) and binary stars (right-hand panel) at different ages, i.e. 1 (brown), 1.3 (magenta), 1.6 (blue), 
2 (olive), and 2.5 Myr (yellow). The location of C IV emission and absorption from Pox 186 are marked in red. The C IV absorption originating from MW is 
marked in green. 
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t al. ( 2023 ) demonstrate that [C II ] deficit (as in Pox 186) is a good
ndicator of LyC leakers. We note that the resolution of the PACS
ata is much worse ( � 9 arcsec 8 ) than that of our UV and optical data.
t is possible that there might be a spatial offset between the region
esulting in high [O III ] 88 μm/[C II ] 157 μm and region emitting
right UV lines. Another possibility is that if [C II ] 157 μm mainly
merges from ionized gas, where the critical density is 50 cm 

−3 ,
he high electron density could be at the origin of the high [O III ]
8 μm/[C II ] 157 μm ratio in this source. 
Izotov et al. ( 2018 ) report an increase in f esc (LyC) with an increase

n [O III ]/[O II ] though with a large scatter. We could not estimate
O III ]/[O II ] of Pox 186 either at the spatially-resolved data or using
NRAS 529, 781–801 (2024) 

 For reference, the beam size of PACS spectrometer is ∼9 and 12 arcsec at 
0 and 160 μm, respectively. 

S  

o  

w  
he integrated spectrum coinciding with the COS aperture as [O II ]
λ3727, 3729 doublet is undetected. Guse v a et al. ( 2004 ) present

he emission line fluxes of Pox 186 within slits of 1 × 3.2 and 2 ×
 arcsec. Using those line fluxes, we estimate [O III ]/[O II ] = 18–22
or Pox 186, indicating a high f esc (LyC). Moreo v er, Ramambason
t al. ( 2022 ) report a 40 per cent escape fraction of ionizing photons
or Pox 186 by using a suite of IR lines. 

Fig. 15 also shows a couple of reionization era galaxies that have
 IV /C III ] below the threshold proposed by Schaerer et al. ( 2022 ),
nd close to Pox 186. This raises two questions: (1) Is C IV /C III ] or β
lope a good enough predictor for LyC leakers? (2) Were there EoR
alaxies that did not contribute to the reionization of the Universe?
uch questions can be addressed by making the simultaneous use
f UV and FIR observations of large samples of EoR galaxies as
ell as their local analogues. It would be crucial to do follow-up
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Figure 15. C IV /C III ] versus EW(C III ]) for Pox 186 (red point) and for 
published data at different redshifts presented in Schmidt et al. ( 2021 ). The 
orange band represents the C IV /C III ] > 0.75, which is suggested by Schaerer 
et al. ( 2022 ) as strong continuum leakers. Error bars are simply not shown 
for clarity. 
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V + optical observations via JWST of EoR galaxies, which show 

xtreme FIR properties via ALMA, and vice versa. 

 SU M M A RY  

e investigate the ionized carbon within a local dwarf galaxy Pox 
86 using the HST /COS UV data complemented by the GMOS-IFU
ptical data and Herschel FIR data. Our main results are summarized 
s follows: 

(i) Using the HST /COS UV emission lines, we measure a redshift
 = 0.0040705 ± 0.000013 for Pox 186. This corresponds to a 
uminosity distance of 17.5 Mpc assuming a flat � CDM cosmology 
r 12.6 Mpc assuming Cosmicflows-3. 
(ii) The COS/UV data reveals very high EW of carbon emis- 

ion lines, i.e. EW(C III ]) = 35.85 ± 0.73 Å and EW(C IV )
 7.75 ± 0.28 Å. 
(iii) We e xplore sev eral scenarios to e xplore the high EW of

arbon lines, including a high ef fecti ve temperature, higher than 
verage carbon-to-oxygen ratio for a given gas-phase metallicity, 
hotoionization CLOUDY models including binary stars, top-heavy 
MF, and nebular α/Fe enhancement and in-homogeneous dust- 
istribution. The photoionization models could not simultaneously 
eproduce all the observables irrespective of dust-reddening, which 
ould be due to the simplistic assumptions of the model parameters. 

(iv) The C III ] and C IV lines also show broadening with respect to
he O III ] emission lines though the cause of this broadening remains
nknown. We rule out outflows causing broad carbon emission lines 
s no outflow signatures are found in the velocity profiles of O III ]
nd Si II lines. 

(v) Optical integrated spectrum coinciding with COS aperture 
hows a broad and faint underlying component in H α along with 
 narrow component. Ruling out outflows on the basis of UV data,
he H α velocity profile indicates a turbulent ISM. 

(vi) The C IV doublet shows clearly distinct double peaks for each 
f the two emission lines, which can be explained via two scenarios,
uch as pure emission with no absorbing foreground ISM or nebular 
mission along with a little absorbing ISM in the foreground. 
(vii) The high EW(C III ]) and log U = −2.4 ± 0.4 suggests a
igh EW(Ly α) for Pox 186; ho we ver, COS spectra do not show any
ignature of Ly α though a spatially-offset STIS spectrum does show 

y α emission. 
(viii) We report an observed UV continuum slope β = –

.36 ± 0.04, which corresponds to f esc (LyC) ∼ 10 −4 , indicating that
ox 186 is not a L yC leaker . C IV /C III ] is also below the threshold
or LyC leakers suggested by Schaerer et al. ( 2022 ). This is in
ontrast with the extreme [O III ]/[C II ] FIR line ratio, 40 per cent
scape fraction (Ramambason et al. 2022 ) and the high [O III ]/[O II ]
alues from the literature. This raises questions on the potential use
f β or C IV /C III ] as tracers of LyC leakers. 

This work shows that the extreme FIR [O III ]/[C II ] emission line
atios could correspond to extreme UV properties such as high 
W of carbon lines (C III ] and C IV ), high carbon-to-oxygen ratio,
roadened emission carbon line profiles, and double-peak within the 
esonant carbon line doublet, C IV . Ho we ver, the apparent absence
f Ly α emission and negligible LyC escape fraction (as estimated 
rom the UV slope and C IV /C III ] ratio) within a dwarf galaxy with
uch extreme UV and IR properties are puzzling. This requires a
imilar investigation on a larger sample of similar galaxies with 
V + FIR data. The combination of HST and Herschel data for

he local Universe and JWST and ALMA for the reionization era
niverse are crucial in carrying out such studies and understanding 

he similarities and differences between the EoR galaxies and their 
ocal analogues. 
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PPEN D IX  A :  TA R G E T  AC QU SITION  IMAG E  

ig. A1 shows one of the two NUV target acquisition images taken
ith taking the spectroscopic COS observations. 

igur e A1. HST /COS NUV tar get acquisition image of Pox 186. The red
ircle denotes the 2.5 arcsec COS spectroscopic aperture and is centred at
RA, Dec): (132 548.641, −113 637.94). The compass on the bottom-right of
he figure shows North and East on the HST image. At the luminosity distance
f this galaxy (i.e. 17.5 Mpc), 1 arcsec corresponds to 84 pc. 
PPENDI X  B:  O P T I C A L  FLUX  SCALI NG  A N D  

YSTEMATIC  U N C E RTA I N T I E S  

ote that the flux calibration obtained from the spectrophotometric 
tandard star is relative and not absolute. To determine the optical
mission line fluxes accurately, we follow the procedure described 
elow. We first compare the ground-based Gemini/optical spectro- 
copic fluxes with the space-based archi v al HST imaging taken with
he F 658 N filter. To do so, we extract the flux within an aperture of
.25 arcsec radius (matching the COS aperture) on the WFC3/ F 658 N
mage, subtract a background, and apply the aperture correction. This 
alue is then multiplied with the inverse sensitivity and the FWHM
f the filter (estimated from synthetic photometry package SYNPHOT ) 
o get the total flux within the aperture in the cgs units. We note that
he width of an HST /WFC3 filter can be defined in several ways;
o we ver, we chose to use FWHM following the methodology of
aigle et al. ( 2016 ) for generating large photometric catalogues.
o get the WFC3/ F 658 N equi v alent from Gemini optical data, we
ultiply the COS-matched Gemini spectrum with the transmission 

urve of the WFC3/F658N filter available from the SVO Filter Profile
ervice (Rodrigo, Solano & Bayo 2012 ; Rodrigo & Solano 2020 ).
e integrate the resultant spectrum to get the HST equi v alent of
emini flux. This gives us a scaling factor of ∼2.7 for the Gemini

pectra taken with R831 grating at ∼6900 Å. 
Note that we have three sets of Gemini spectra taken B600 grating

t ∼4650 Å and R831 grating at 6900 and 8900 Å. The Gemini
pectra taken with B600/4650 and R831/8900 Å could in principle 
e scaled with respect to the scaled Gemini spectra taken with
831/6900 Å; ho we ver, the continuum is too faint to do such an
 x ercise. So, we estimate the E ( B − V ) from the unscaled H γ /H β

atio from the B600/4650 Å, and then use it with the scaled H α line
ux to estimate the scaling factor for H β and hence the corresponding
pectra. A similar procedure based on E ( B − V ) is followed, where
e predict the H I P10 line flux obtained from the R831/8900 Å

pectra, thus determining the scaling factor of these spectra. 
These scaling factors give us H β flux value in reasonable agree-
ent with that derived by Guseva et al. ( 2004 ) for different-sized

lits. 
To determine the systematic uncertainties on flux calibration, 

e compare the integrated Gemini/IFU spectra of the standard 
hotometric star (HZ44) with that available from CALSPEC, which 
ives us a systematic uncertainty of 50 per cent. 

PPENDI X  C :  O P T I C A L  EMI SSI ON  LI NE  FLUX  

APS  

igs C1 and C3 show the emission line flux maps obtained by fitting
 single Gaussian to each optical line. The orientation of the FOV
s different in the two figures because each set of figures here is
btained from different observing programs with different position 
ngles (see Fig. 2 ). A compass is shown in each figure to show the
rientation. Figs C2 show the maps of optical emission line ratios
sed in the classical emission line ratio diagrams (or the so-called
PT diagrams). 
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Figure C1. Optical emission line flux maps of Pox186 obtained from GMOS-N IFU taken as part of program GN-2020A-FT-105. The orientation of the maps 
is indicated by the compass on the H β flux map. The white pixels indicate the regions, where S/N < 3. The red circle indicates the location of COS aperture. 

Figure C2. Maps of the optical emission line ratios created from using the flux maps shown in Fig. C1 : [O III ]/H β (left-hand panel), [N II ]/H α (middle panel) 
and [S II ]/H α (right-hand panel). The white pixels indicate the regions, where S/N < 3. The red circle indicates the location of COS aperture. 
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Figure C3. [S III ] λ9069 emission line flux map obtained from GMOS-N 

IFU data taken as part of the program GN-2021-FT-111. The orientation 
of the map is indicated by the compass on the lower-right corner. The white 
pixels indicate the regions where S/N < 3. The red circle indicates the location 
of COS aperture. 
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Figure D1. BPASS models showing the variation of the equivalent width 
of C IV emission lines for single stars (upper panel) and binary stars (lower 
panel), and for a metallicity of 0.05 Z �. Note that we also produced similar 
plots for other metallicities but a metallicity of 0.05 Z � could only reproduce 
the EW(C IV ) as demonstrated in the lower panel. Five values of log U are 
considered i.e. −1.5 (purple), −2.0 (yellow), −2.5 (blue), −3.0 (green), −3.5 
(magenta). Similarly, we consider four values of hydrogen densities, log n H , 
i.e. 0 (solid curve), 1 (dotted curve), 2 (dash–dotted curve), 3 (dashed curve). 
The observed EW of C III ] and (upper panel) C IV (lower), and the associated 
uncertainties are represented by the solid horizontal black line and the shaded 
olive green region. Single star models with any n H , but high log U ( = –1.5) 
an low metallicity (0.05 Z �) can reproduce the observed EW(C IV ) at ages of 
log(Age yr −1 ) = 6–6.5. Ho we ver, when binary stars are considered, very high 
hydrogen density (log n H = 3), high ionization parameter (log U = −1.5) and 
low metallicity (0.05 Z �) are required to reproduce the observed EW(C IV ) at 
ages of log(Age yr −1 ) ∼6.25. 
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PPEN D IX  D :  BPASS  M O D E L S  RESULTS  WI TH  

MF  SLOPE  −2 . 3 5  A N D  W I T H O U T  α/FE  

N H A N C E M E N T  

e explore whether the extreme radiation field from the stellar 
opulation could cause the high EW of carbon lines by using the
PASS models without α/Fe enhancement. Fig. D1 shows BPASS 

odels (version 2.2.1, upper IMF slope of −2.35 and upper mass
imit of 300 M �) consisting of single stars at stellar metallicity of
.05 Z � and age of ∼1 Myr are able to reproduce observed EW(C IV )
or log U = −1.5 and any value of hydrogen density (n n H ). Ho we ver,
he same BPASS model consisting of binary stars is able to produce
he observed EW(C IV ) only for hydrogen density log n H cm 

−3 = 3. 
Since EW(C IV λλ1548, 1550) for Pox 186 is reproduced by the

PASS models with a particular set of physical parameters, we 
se the same BPASS models to explore whether stellar populations 
adiation field from the stellar population could produce the high 
W(C III ]). Ho we ver, neither single nor binary stars are sufficient to
chieve such a high value of EW(C III ]) exhibited by Pox 186 (Fig.
2 ). Hence, we discard the possibility that the extreme radiation field

rom the stellar population is responsible for the high EW of carbon
ines. 
MNRAS 529, 781–801 (2024) 
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Figure D2. BPASS models showing the variation of the equivalent width of 
the C III ] emission lines for single stars (upper panel) and binary stars (lower 
panel), and for a metallicity of 0.05 Z �. Five values of log U are considered 
i.e. −1.5 (purple), −2.0 (yellow), −2.5 (blue), −3.0 (green), −3.5 (magenta). 
Similarly, we consider four values of hydrogen densities, log n H , i.e. 0 (solid 
curv e), 1 (dotted curv e), 2 (dashdot curv e), 3 (dashed curv e). The observ ed 
EW of C III ] and the associated uncertainties are represented by the solid 
horizontal black line and the shaded olive green region. The models sufficient 
to produce high C IV are insufficient to reproduce the high C III ]. 
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PPENDI X  E:  LY  α EMISSION  WI THI N  

ST /STIS  SPECTRUM  

ig. E1 shows a noisy yet prominent Ly α emission in the UV spec-
rum of Pox 186 taken with Space Telescope Imaging Spectrograph
onboard HST ) using the G140L grating. The aperture used for taking
bservation was 52 × 0.5, which corresponds to a slit of 0.5 arcsecs,
nd was centred at RA and Dec of 13 25 48.50 and −11 36 37.70,
espectively. This translates into a spatial offset of 2 arcsecs between
he STIS and our COS pointings. 
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Figure E1. A noisy yet prominent Ly α emission amidst the damped Ly α absorption is detected within the STIS/FUV spectrum of Pox 186. The blue cross 
shows the location of geocoronal emission. 
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