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ABSTRACT

Context. Stellar feedback in high-redshift galaxies plays an important, if not dominant, role in the re-ionisation epoch of the Universe.
Because of their extreme star formation (SF), the relatively closer green pea (GP) galaxies are postulated as favorite local laboratories,
and analogues to those high-redshift galaxies. However, at their typical redshift of z ∼ 0.2, the most intimate interaction between
stars and the surrounding interstellar medium cannot be disentangled. Detailed studies of blue compact dwarf (BCD) galaxies sharing
properties with GP galaxies are necessary to anchor our investigations on them.
Aims. We want to study in detail UM 462, which is a BCD with emission line ratios and equivalent widths, stellar mass, and metallic-
ity similar to those observed in GP galaxies, and thus it is ideally suited as a corner stone and reference galaxy.
Methods. We use high-quality optical integral field spectroscopy data obtained with MUSE on the ESO Very Large Telescope.
Results. The electron density (ne) and temperature (Te) were mapped. Median Te decreases according to the sequence
[S iii]→ [N ii]→He i. Furthermore, Te([S iii]) values are ∼13 000 K, and uniform within the uncertainties over an area of ∼20′′ × 8′′
(∼1.4 kpc× 0.6 kpc). The total oxygen abundance by means of the direct method is 12 + log(O/H)∼ 8.02 and homogenous all over
the galaxy within the uncertainties, which is in stark contrast with the metallicities derived from several strong line methods. This
result calls for a systematic study to identify the best strategy to determine reliable metallicities at any location within a galaxy. The
strong line ratios used in the BPT diagrams and other ratios tracing the ionisation structure were mapped. They are compatible with
plasma ionised by massive hot stars. However, there is a systematic excess in the [O i]/Hα ratio, suggesting an additional mechanism
or a complex relative configuration of gas and stars. The velocity field for the ionised gas presents receding velocities in the east and
approaching velocities in the west and south-west with velocity differences of ∆v ∼ 40 km s−1, but it is not compatible with simple
rotation. The most striking feature is a velocity stratification in the area towards the north with redder velocities in the high ionisation
lines and bluer velocities in the low ionisation lines. This is the only area with velocity dispersions clearly above the MUSE instru-
mental width, and it is surrounded by two ∼1 kpc-long structures nicknamed ‘the horns’. We interpret the observational evidence in
that area as a fragmented super-bubble fruit of the stellar feedback and it may constitute a preferred channel through which Lyman
continuum photons from the youngest generation of stars can escape. The galaxy luminosity is dominated by a young (i.e. ∼6 Myr)
stellar population that contributes only 10% to the stellar mass, as derived from the modelling of the stellar continuum. The most
recent SF seems to propagate from the outer to the inner parts of the galaxy, and then from east to west. We identified a supernova
remnant and Wolf-Rayet stars – as traced by the red bump – that support this picture. The direction of the propagation implies the
presence of younger Wolf-Rayet stars at the maximum in Hα. These may be detected by deep observations of the blue bump (not
covered here).
Conclusions. The ensemble of results exemplifies the potential of 2D detailed spectroscopic studies of dwarf star-forming galaxies at
high spatial resolution as a key reference for similar studies on primeval galaxies.

Key words. galaxies: starburst – galaxies: dwarf – galaxies: individual: UM 462 – galaxies: ISM – galaxies: abundances –
galaxies: kinematics and dynamics

1. Introduction
The Galaxy Zoo project (Lintott et al. 2008) revealed a group
of compact, extremely star-forming galaxies at low redshift
(z ∼ 0.2), named ‘green peas’ (GPs) due to their point-like appear-
ance and green colours in the Sloan Digital Sky Survey (SDSS)
plates. Their greenish aspect is due to extremely strong emis-
sion lines in the optical, in particular [O iii]λ5007, with equiv-
alent widths (EWs) of typically several hundreds to ∼1000 Å.
Their mass is relatively low (M ∼ 108.5−1010.0 M�) and they have
? The reduced cube is only available at the CDS via anonymous

ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/674/A210

one of the highest star formation (SF) rates in the local Universe,
reaching values of up to ∼10 M� yr−1 (Cardamone et al. 2009).
Amorín et al. (2010)demonstrated that thesewere low-metallicity
galaxies (Z̄ ∼ 0.2 Z�). Later on, Izotov et al. (2011) showed that
the original 80 GPs were part of a more general population extend-
ing over a larger redshift range. They identified∼800 of these such
objects in the SDSS and named them luminous compact galaxies.

Because of their characteristics, GP galaxies constitute a
group of galaxies similar to high-redshift galaxies. Thus, they
can act as nearby (by comparison) laboratories where one can
study the role of the SF in environments as extreme as those
occurring in the early Universe. This SF crucially influences the
subsequent evolution of the host galaxy at different levels, in
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a far from obvious manner. Specifically, massive stars release
huge amounts of momentum, energy, ionising photons, and pro-
cessed material during their short lives (via stellar winds) and
early deaths (via supernova explosions), which has an impact
in the neighbouring interstellar medium (ISM). Depending on
the geometry of the system, this may extend to the whole
host galaxy, its circumgalactic medium, or even beyond, cre-
ating outflows of processed material that may escape from
the galaxy (i.e. superwinds) or fall back as recycled mate-
rial ready to form new stars (i.e. fountains). This feedback,
which is complex by construction (Tumlinson et al. 2017;
Sánchez Almeida et al. 2014), regulates further SF in the galaxy
and modulates its chemical evolution. In addition, low-mass star-
forming galaxies are one of the favorite candidates as sources
of the Lyman continuum (LyC) radiation, responsible for the
re-ionisation of the Universe after the cosmic ‘Dark Ages’
(e.g. Duncan & Conselice 2015; Bouwens et al. 2015, 2016).
At low redshift, systems with a large escape fraction of ion-
ising flux are scarce (e.g. Borthakur et al. 2014) with Haro 11
being perhaps the most famous example of a local LyC leaker
(Bergvall et al. 2006). In contrast, the GP galaxies (or luminous
compact galaxies) display a particularly high LyC detection rate
(e.g. Izotov et al. 2016, 2021; Flury et al. 2022a,b).

High-dispersion spectroscopy shows that GP galaxies
present complex emission line profiles with distinct kinemat-
ics components with different physical and chemical proper-
ties (e.g. Amorín et al. 2012; Hogarth et al. 2020). Integral field
spectroscopy (IFS) observations have also revealed different
kinematic components in these systems (e.g. Bosch et al. 2019).
They also suggest that some of these galaxies, but not all, may
have gone through a minor merger or interaction event. Thus
minor mergers are a possible but not the necessary cause of the
strong burst of SF (Lofthouse et al. 2017).

The above results suggest that GP galaxies possess a com-
plex internal structure where several mechanisms shaping the
further evolution of the galaxy and its milieu may live together.
In addition to the heavy SF, these may include metal-poor gas
inflows, processed material outflows, and channels of low H i
column density through which LyC photons could leak. How-
ever, at the typical distances at which GP galaxies are found,
the angular scale (∼3 kpc arcsec−1) is not enough to resolve their
inner structure and the most intimate interaction between the
sites of extreme SF and the surrounding ISM. This is neverthe-
less very much needed to get an adequate understanding on the
impact of this interaction. Spectroscopic studies at higher spatial
resolution, allowing for a proper mapping of the physical and
chemical properties of the gas and stars, as well as the kinemat-
ics, are necessary to put an anchor on our findings on GP galax-
ies. High-quality IFS observations of nearby systems similar to
GP galaxies are thus instrumental for that.

Local GP analogues can be found among nearby blue com-
pact dwarf (BCD) galaxies (see e.g. Kunth & Östlin 2000;
Annibali & Tosi 2022; Henkel et al. 2022, for reviews on these
galaxies). These are nearby low-metallicity gas-rich galaxies,
undergoing an episode of intense SF. They have low (MB & −18)
total luminosity and typically large (∼108−109 M�) amounts of
neutral hydrogen (Thuan & Martin 1981). Once it was thought
that they could be genuinely young galaxies forming their first
generation of stars. However, deep imaging observations have
shown that they contain an extended underlying host popula-
tion (see e.g. Amorín et al. 2009, and references therein). As
a consequence of their massive and on-going SF, all of them
present spectra with strong emission lines, similar to those of
H ii regions, many of them with EW(λ5007) comparable to those

of GP galaxies. Even, if they may be fainter than original GP
galaxies, their proximity allows us to see the inner workings of a
GP(-like) galaxy with an unattainable level of detail in the orig-
inal GP sample.

IFS has been widely used to study nearby BCDs in the
last ∼15 years (e.g. García-Lorenzo et al. 2008; Bordalo et al.
2009), allowing us, for instance, to map the physical proper-
ties and chemical content of the ionised gas in these systems
(e.g. Monreal-Ibero et al. 2012; James et al. 2013; Kumari et al.
2017), to identify outflows (e.g. Monreal-Ibero et al. 2010a;
Micheva et al. 2019), or to evaluate the content and distribu-
tion of massive stars in a relatively exotic evolutive phase,
such as the Wolf–Rayet (WR) phase (e.g. Westmoquette et al.
2013; Monreal-Ibero et al. 2017). In view of the characteristics
of the IFS-based instruments to date, works so far have mostly
focussed on the innermost regions of the galaxy, more specifi-
cally the main sites of SF. Thanks to the advent of the Multi-
Unit Spectroscopic Explorer (MUSE; Bacon et al. 2010), with
a field of view comparable to the angular size of many BCDs,
we can now study these archetypical objects with unprecedented
detail, in a more comprehensive manner, and paying attention to
the phenomena at play beyond these main sites of SF, including
its outermost part and the CGM. This allowed the community,
for instance, to identify possible channels for Lyman contin-
uum escape in the halo of SBS 0335−52E (Herenz et al. 2017)
or highly ionised outflow cones in ESO 338−IG04 (Bik et al.
2015), sometimes reaching scales of ∼15 kpc, which is well
beyond the size of the galaxy, as in SBS 0335−52E (Herenz et al.
2023). Likewise, spatially resolved line diagnostics together
with emission morphology gave hints that more than one ion-
isation mechanism is exciting the outer regions in Haro 14
(Cairós et al. 2022). Here, we present one step forward in this
direction, by analysing MUSE data of one of these prototypical
BCDs.

With an EW([O iii]λ5007) ∼250 Å (Moustakas & Kennicutt
2006), UM 462 constitutes an example of these BCDs with
tremendous EWs, similar to GP galaxies. Its basic characteristics
are compiled in Table 1. From the morphological point of view,
this low-metallicity galaxy was classified as iE by Cairós et al.
(2001), meaning that it displays a complex inner structure with
several star-forming regions superposed on an external regu-
lar envelope. While the galaxy looks pretty compact (effective
radius, re,B ∼ 0.5 kpc, Amorín et al. 2009), it actually presents a
very low surface brightness structure that extends up to ∼8 kpc in
the north-south direction and up to ∼4 kpc in the east-west direc-
tion, for the adopted distance here (Micheva et al. 2013). Spec-
troscopically, this galaxy has been classified as a WR galaxy,
with the detection of the so-called blue bump in its spectrum
(Izotov & Thuan 1998). This classification has been disputed by
James et al. (2010), who did not detect WR features in the inte-
grated spectrum of the galaxy.

Telles & Terlevich (1995) suggested that, together with
UM 461 at a projected distance of ∼17′ (∼70 kpc at the assumed
distance), they form an interacting pair of galaxies. However,
this was not supported by later radio observations (van Zee et al.
1998). Besides, even if some kind of interaction with UM 461
occurred, the estimated crossing time (700 Myr) was well longer
than the age estimated for the starburst. Another possible cause
of the massive SF could be a merger event. Mezcua et al. (2014)
show that UM 462 contains two nuclei separated by .600 pc, and
that the host galaxy can be fitted well by two components, sug-
gestive of being in the coalescence stage of a (major) merger.

So far, UM 462 has been the subject of two studies based
on IFS data. Nicholls et al. (2014) used the spectra of the two
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Table 1. Basic data for UM 462.

Parameter Value Ref.

Name UM 462 (a)
Other designations UGC 06850; Mrk 1307; (a)

SDSS 115237−022806
RA (J2000.0) 11h52m37.2s (a)
Dec (J2000.0) −02d28m09.9s (a)
z 0.003527 (b)
D (Mpc) 14.4 (b)
Scale (pc/′′) 70 (b)
E(B − V)Gal 0.017 (c)
Morphology Irr (d)
c(Hβ) 0.19±0.04 (b)
12 + log(O/H) 8.03±0.04

0.07 (b)
Z/Z� ∼0.22 (∗) (b)
log(N/O) −1.85±0.14

0.15 (b)
MB −16.36 (e)
g − r 0.08 (e)
MHI (M�) 3.3 × 108 (e)
M? (M�) 2.1 × 108 (e)
SFR (M� yr−1) 0.11 (e)
U − B −0.66 ± 0.15 (f)
B − V 0.36 ± 0.05 (f)
V − R 0.08 ± 0.25 (f)
V − I 0.07 ± 0.19 (f)
V − K 1.77 ± 0.07 (f)
H − K 0.39 ± 0.07 (f)

Notes. (∗)We assumed 12 + log(O/H)� = 8.69 (Asplund et al. 2021).
References. (a)NASA/IPAC Extragalactic Database (NED). (b)James
et al. (2010). (c)Schlafly & Finkbeiner (2011). (d)Ann et al. (2015).
(e)Paudel et al. (2018). ( f )Micheva et al. (2013).

main sites of SF (together with the spectra of other galaxies) to
asses the validity of the strong line methods and the so-called
direct method to derive oxygen and nitrogen abundances. In a
more dedicated study, James et al. (2010) presented detailed 2D
spectroscopic mapping of its central region (∼13′′ × 13′′). They
identified at least four star-bursting regions, where they derived
the electron temperature and densities as well as several ionic
and total abundances, and presented a highly disturbed veloc-
ity field for the ionised gas. None of these spectroscopic studies
covered the galaxy beyond the main sites of SF.

Here, we present the analysis of deep optical MUSE data
covering the whole main body of the galaxy. The underlying
question driving this research is: How would a GP(-like) galaxy
look if we could resolve it at scales .100 pc? The high qual-
ity of this unique dataset allows us to obtain spatially resolved
information of the physical (i.e. extinction, electron densities
and temperatures, degree of ionisation), and chemical properties
(ionic and atomic abundances) as well as kinematics of the ISM
well beyond the main site of SF. Likewise, we are able to get
a basic overview of the characteristics of the underlying stellar
population. All together this allows us to gain insight into the
impact of the SF on the host galaxy and beyond.

The paper is organised as follows. Section 2 describes the
observations and technical details about the data reduction that
led to the creation of the datacube. In Sect. 3, we present the
general data processing necessary to extract the required infor-
mation for the analysis. Section 4 contains our results regarding
the extinction structure in the system, the physical and chemi-

cal properties, ionisation structure, and kinematics of the ionised
gas, as well as an overview of the underlying stellar population.
Section 5 includes a discussion on the validity of different strong
line methods to derive metallicities locally within a galaxy, the
presence of specific stellar populations, namely, a possible super-
nova remnant (SNR) and WR stars, and a discussion on the ori-
gin of the ionised gas structures observed in the outer part of the
galaxy. Finally, Sect. 6 sumarises our main findings.

2. The data

UM 462 was observed with MUSE (Bacon et al. 2010) as a
backup target for the Guaranteed Time Observations (GTO) pro-
gramme on the 17 April 2018, in four 90◦ rotated exposures of
500 s each, between 02:15 and 03:01 UTC. The wide-field nom-
inal mode of MUSE without AO support (WFM-NOAO-N) was
used for the exposures and relevant calibration. An illumination
flat-field exposure was taken right before the first exposure. The
seeing reported by the DIMM monitor varied between 1′′.3 and
2′′.2. The sky conditions were clear without any clouds reported
more than 20◦ above the horizon. The standard star LTT 3218
was observed at the start of the night. Standard daytime calibra-
tions were otherwise used.

The data were reduced with the standard MUSE pipeline
(v2.4, Weilbacher et al. 2020), called from within the MuseWise
framework (Vriend 2015). Both CCD-level reduction – bias sub-
traction, flat-fielding, tracing, wavelength calibration, and geo-
metric calibration, and application of these calibrations to the
science data – and processing of on-sky calibrations – twilight
skyflats, standard stars, and astrometric calibration – used default
parameters. The standard star was used for both computation
of the response curve and the telluric correction. We employed
the default sky subtraction assuming 40% sky within the science
field of view. The four exposures were aligned relative to the first
exposure, and combined into a single datacube that is corrected
for atmospheric refraction and shifted to barycentric velocity.

The final cube is sampled 0′′.2 × 0′′.2 × 1.25 Å, has a wave-
length range of 4749.79−9349.79 Å, covers approximately 60′′×
60′′ and has an image quality FWHMR ≈ 1′′.44 (∼100 pc, at
the distance of UM 462), as judged by a Moffat (1969) fit to
an image integrated over the R band. The absolute astrome-
try was adjusted using two stars in the Gaia DR2 catalogue
(Lindegren et al. 2018). The relative astrometry is correct to bet-
ter than 0′′.1. Before any further analysis, the final cube was
corrected for Galactic extinction (see Table 1) and assuming a
total-to-selective extinction ratio RV = 3.1, and the Cardelli et al.
(1989) extinction curve.

Here, we analyse a portion of 52′′.8 × 63′′.2, corresponding
to 3.7 kpc× 4.4 kpc. That area is presented in Fig. 1, that con-
tains a reconstructed image of the galaxy in the V band with
contours tracing the emission in Hα. The figure displays a com-
plex morphology for both stars and gas in the galaxy. Besides,
Fig. 2 heralds in a synthetic manner the complexity inherent to
this galaxy and serves as a preview of what we shall present and
discuss in this work. The first panel shows how most of the stars
are located in a series of partially resolved clusters in the north-
east to south-west direction, but the extended stellar population
is clearly visible. Besides, it signals changes on its properties
within the galaxy, with bluer colours in the centre and more red-
dish colours in the outer parts. The data recover well the structure
presented by Micheva et al. (2013), although here with a more
limited spatial resolution. The red circle on the northern part of
the galaxy is a foreground star, masked in the study presented
here.
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Fig. 1. Reconstructed image of UM 462 made by simulating the action
of a broad filter in the V band (see main text for details). A map in
Hα flux made by line fitting on a spaxel-by-spaxel basis is overplot-
ted with ten evenly spaced contours (in logarithmic scale) ranging from
1.26× 10−18 erg cm−2 s−1 spaxel−1 to 1.26× 10−15 erg cm−2 s−1 spaxel−1.

The other three panels illustrate the ionisation stratification
within the galaxy, with a dominance of high ionisation lines
(e.g. [O iii]λ5007) in the centre and of low ionisation lines (e.g.
[O i]λ6300) in the outer parts. Subtle differences between these
three maps exist, however. The second and third maps were made
with lines from ions with relatively different ionisation potential.
They present a richer structure with the easternmost and west-
ernmost knots in the central structure of the galaxy having lower
ionisation degree than the rest of the central structure (lighter
versus darker blue in the second map, pink versus violet in the
third map). Besides, there is a bright point-like source towards
the north dominated by strong low-ionisation lines (red because
of the [S ii] lines in the second map, green because of the [O i]
line in the third map). These subtleties are much more difficult
to identify in the last map since two of ions used here (S++ and
Ar++) have pretty similar ionisation potential.

3. General post-reduction data processing

We followed two approaches in this study. On the one hand, we
did a very detailed spectroscopic analysis of a small subset of
regions. On the other hand, we took the most of the 2D spa-
tial information at the expense of sacrificing some diagnostics
based on extremely faint spectral features. In order to extract
the required information, both of them relied on common post-
reduction data processing. This is described here. In the first sub-
section, we describe how we selected the small subset of regions.

3.1. Definition of the regions and spectral extraction

Ideally, one would like to map as many diagnostic lines as pos-
sible to have a complete 2D view of the physical and chemi-
cal properties of the gas in the galaxy. For doing so, we applied
the Voronoi binning technique (Cappellari & Copin 2003). This
algorithm divides the datacube in tiles of different shape and size
so that the integrated spectrum within a given tile has always a
signal-to-noise ratio (S/N) for a given spectral feature of inter-
est comparable or larger than a given threshold. This guarantees
a relatively homogeneous quality of the data. In our particular
case, we used the Hα flux map to tesselate the cube, since this

8000
6100
5350

1 kpc

[SII] 6717,6731
H
[OIII] 5007

1 kpc

[OII] 7320,7331
[OI] 6300
[OIII] 5007

1 kpc

[SIII] 9069
[ArIII] 7136
[SII] 6716,6731

1 kpc

Fig. 2. Set of four RGB images. Individual images were allocated in
the corresponding channel ordered by wavelength (i.e. reddest filter in
the R channel, central filter in the G channel and bluest filter in the B
channel). The first panel was made with three images extracted from
the MUSE data in 100 Å-wide line-free spectral ranges. Central wave-
lengths are listed. The other three panels are RGB images made with
different sets of emission line fluxes derived by means of Gaussian line
fitting, and after having tessellated the MUSE field of view to increase
the S/N of the data. The second panel contains, together with Hα, two
of the strongest CELs, usually used for ionisation parameter mapping
(Pellegrini et al. 2012). For the third panel, we used emission lines cor-
responding to three different ionisation degrees for oxygen: neutral, sin-
gle ionised and two times ionised. The last one has maps for lines trac-
ing the two ionisation states available for sulphur, and a line for two
times ionised argon, the ion with the highest ionisation potential after
the two times ionised oxygen with an available map. All four panels
together summarise in a synthetic manner the structural information for
the stars and the ionised gas. North is up and east towards the left.

traces the morphology of the ionised gas better than any broad
band image. We looked for a compromise between having as
much spatially resolved information as possible and good detec-
tion of the strongest lines, over most of the covered area. The
resulting spectra had a mean and median S/N ∼ 8 in the contin-
uum, measured as the ration between the mean and the standard
deviation in 100 Å window centred at 6050 Å. With this tesse-
lation, we recovered maps for the 15 brightest lines, some pro-
viding redundant information, like [N ii]λ6584 and [N ii]λ6548,
[O i]λ6300 and [O i]λ6363, or [O iii]λ4959 and [O iii]λ5007. We
used a selection of them to create the three-colour images pre-
sented in Fig. 2.

Alternatively, one could extract spectra of larger areas, to
obtain as much spectral information as possible at the expense
of some lost of spatial information. For doing so, we used
the astrodendro1 package that allows us to attach a physical

1 http://dendrograms.org
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Fig. 3. Reconstructed image of UM 462 made by simulating the action
of a broad filter in the I band with contours showing the ‘leaves’
and ‘branches’ according to the hierarchical clustering provided by
astrodendro. Besides, several polygons in dashed lines mark the loca-
tion of structures within the galaxy of particular interest in terms of
ionisation or kinematics. A map in Hα flux made by line fitting on a
spaxel-by-spaxel basis is overplotted with ten evenly spaced contours
(in logarithmic scale) ranging from 1.26× 10−18 erg cm−2 s−1 spaxel−1 to
1.26× 10−15 erg cm−2 s−1 spaxel−1.

meaning to the extracted regions, at least to a certain extent. This
package finds structures in a set of data and groups them hierar-
chically. The outcome is a set of structures that can be classified
as ‘leaves’, that is to say structures without any sub-structure,
and ‘branches’, i.e. structures with sub-structures within. We use
an image in Hα made after fitting the spectrum in each spaxel as
input for astrodendro. In this way, leaves can be assimilated to
the H ii regions in the galaxy (up to the spatial resolution of the
data), while branches sample areas surrounding the H ii regions
corresponding to the diffuse component of the ionised gas, at dif-
ferent levels of surface brightness. Given the seeing, we did not
apply any Gaussian filtering to the input image, and requested
that a given structure should be larger than eight spaxels. In
total, we identified four ‘leaves’ (named H ii-i with i = 1, . . . , 4, i
increasing from west to east) and three ‘branches’ (named DIG-i
with i = 1, . . . , 3, with i increasing from the outer to the inner
parts). The identified regions are displayed in Fig. 3 on top of a
reconstructed image in the I band for the galaxy while the corre-
sponding extracted spectra are presented in Fig. 4. There, besides
the usual strong emission lines, we see multiple He i lines, at
least two iron lines, two faint nitrogen features tracing differ-
ent ionisation states, [N i]λ5199, and [N ii]λ5755. This last line
can be used together with [N ii]λ6584 to estimate the electron
temperature. Besides, the [Cl iii]λλ5518,5538 doublet, useful to
estimate the electron density in high-ionisation regions, is also
detected. Finally, the blue stellar continuum, as well as some
stellar features (most notably Hβ in absorption) are clearly visi-
ble.

3.2. Subtracting the emission of the stellar population

The spectrum of (a portion of) a galaxy is made of the added
contribution of a stellar (+nebular) continuum, a set of emission
lines tracing the ionised gas, and other atomic and molecular
absorption features associated to the ISM. To adequately mea-
sure the emission line fluxes, these should be separated from

their underlying continuum. This is particularly important for
features like Hβ, existing both in emission (gas) and absorp-
tion (stars). For doing so, we used FADO2 (Gomes & Papaderos
2017). The code reproduces a given observed spectrum by
selecting a linear combination of a subset of N? spectral compo-
nents from a pre-defined set of base spectra. Besides, it includes
the contribution expected for nebular continuum. Given the low
metallicity of UM 462 (see Table 1), this is particularly important
here. FADO allows the user to adjust certain input parameters, and
constrains some of the output parameters, and provides default
values for both. In the following, we describe the specific choices
that we took that depart from those default values. Regarding
the base spectra, we used a selection of single star popula-
tions from the set provided by Bruzual & Charlot (2003). These
are based on the Padova 2000 evolutionary tracks (Girardi et al.
2000) and assume a Salpeter initial mass function between 0.1
and 100 M�. In view of the stellar metallicity already estimated
for this galaxy (Micheva et al. 2013) we restricted to those with
metallicity Z = 0.008, 0.004, making a total of 40 base spectra,
with ages ranging from 1 Myr to 15 Gyr. The low stellar mass
(see Table 1), also supports our choice of restricting to sub-solar
metallicity base spectra. A dwarf galaxy could have high, mean-
ing about solar, metallicity if, for instance, it were the by-product
of a major merger of two spiral galaxies, a so-called tidal dwarf
galaxy (e.g. Monreal-Ibero et al. 2007; Weilbacher et al. 2003).
So far, there is no literature supporting this scenario for UM 462.
The spectral range used for the modelling with FADO was from
4700 Å to 9275 Å, and included strong stellar features, as Hβ
in absorption in the blue and the calcium triplet in the red. We
changed the normalisation to 5500 Å, since the value provided
by default with FADO falls outside of the MUSE spectral range.
Besides, key spectral regions containing spectral features not
considered by FADO (to our knowledge) were masked since they
may taint the modelling. In particular, the spectral range from
5770 Å to 5920 Å, was not used since targets with large amount
of ISM may display the Diffuse Interstellar Bands at λ5780
and λ5797 (Monreal-Ibero et al. 2018) and/or an excess in the
Sodium doublet (Poznanski et al. 2012). The stellar velocity was
allowed to vary between −400 km s−1 and +400 km s−1 around
the systemic velocity, which was a good compromise between
the expected velocity gradients in dwarf galaxies, and leaving
room for eventual discovery of high-velocity locations in the
galaxy (even if this turned out unnecessary in our case). Finally,
we assumed a single extinction law for all the base spectra that
was modelled as a uniform dust screen with the extinction law
by Cardelli et al. (1989), and allowed for a stellar attenuation
up to AV? = 0.9, since leaving the upper limit as AV? = 6.0
(the default in FADO) predicted unrealistically highly attenuated
areas in the outer parts of the galaxy. The best-fit spectra were
resampled and subtracted from the original MUSE data. We used
these last spectra to measure the emission line parameters, as
explained next.

3.3. Line emission measurements

We fitted the different spectral features needed for our anal-
ysis by Gaussian functions plus a 1-degree polynomial to
take into account local residuals in the continuum substrac-
tion using the Python package LMFIT3. Since we basically fol-
lowed the same methodology as that throughly described by
Monreal-Ibero & Walsh (2020a), we refer to that publication

2 http://spectralsynthesis.org/fado.html
3 https://lmfit.github.io/lmfit-py/
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Fig. 4. Integrated spectra for the regions defined by astrodendro. Fluxes are presented in logarithmic stretch to optimally visualise at the same
time bright and faint features. Spectra have been offset by a factor ×(1 + 2 N) with N the spectrum number, as indicated by the alphabetically
ordering of the labels, to avoid an overlap of the spectra. Small vertical limegreen lines indicate the expected position of the relevant emission
lines. The vertical grey bands mark the position of the brightest skylines, the stronger the line is, the more opaque the band appears.

for further details on the line fitting. A set of lines not
described in that work is the complex He iλλ4922,5016 +
[O iii]λλ4959,5007 + [Fe iii]λ4987. Here, the fitting was rather
challenging since there are ∼2 orders of magnitude of differ-
ence between the relative fluxes of the [O iii] lines and the
other lines in the complex. Besides, some of them are strongly
blended (e.g. [O iii]λ5007+He iλ5016). Thus, we measure the
parameters for the faint lines in the complex only in the selected
regions presented in Sect. 3.1. For that we imposed, one and the
same line width for the two [O iii] lines, and one and the same
line width for the other three lines, we fixed the difference in

wavelength between the five lines to the expected one accord-
ing to their rest-frame wavelength and redshift of the galaxy,
and we added an offset to the continuum of ×1/1000 the peak
in [O iii]λ5007 (that was taken into account in the fit). A close
inspection of this spectral range for the astrodendro spectra
revealed a broad component at the base of the [O iii] lines at
the level of .1/500 the peak in [O iii]λ5007. These components
cannot directly be attributed to the target since they are at a level
where the line spread function (LSF) for MUSE is not very well
defined. These wings can clearly be seen in other publicly avail-
able MUSE data cubes with strong emission lines at high S/N
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Table 2. Relative emission line fluxes with respect to 100× f (Hβ) for summed spectra in the regions defined by astrodendro.

Line ID DIG-1 DIG-2 DIG-3 H ii-1 H ii-2 H ii-3 H ii-4

4861 Hβ 100.000±0.157 100.000±0.061 100.000±0.051 100.000±0.037 100.000±0.161 100.000±0.046 100.000±0.170
4922 Hei 0.894±0.014 0.766±0.034 0.825±0.024 1.221±0.027 0.972±0.124 0.891±0.030 1.032±0.114
4959 [Oiii] 106.747±0.024 135.933±0.067 150.878±0.048 186.449±0.057 167.988±0.251 158.417±0.060 122.935±0.189
4987 [Feiii] 2.330±0.014 1.901±0.035 1.565±0.024 1.020±0.027 1.554±0.125 1.444±0.031 1.300±0.095
5007 [Oiii] 308.500±0.058 392.848±0.173 436.038±0.124 538.836±0.151 485.484±0.658 457.825±0.157 355.283±0.478
5016 Hei 2.187±0.014 2.193±0.036 2.278±0.025 2.839±0.029 2.572±0.131 2.373±0.032 2.456±0.118
5267 [Feiii] 0.868±0.008 0.690±0.014 0.574±0.007 0.393±0.006 0.478±0.034 0.584±0.009 0.392±0.044
5518 [Cliii] 0.249±0.006 0.295±0.010 0.318±0.005 0.328±0.004 0.323±0.025 0.306±0.007 0.380±0.040
5538 [Cliii] 0.191±0.006 0.182±0.010 0.216±0.005 0.222±0.003 0.180±0.024 0.202±0.006 0.154±0.038
5755 [Nii] 0.194±0.004 0.130±0.008 0.174±0.004 0.143±0.003 0.171±0.022 0.113±0.005 0.129±0.033
5876 Hei 10.541±0.017 10.295±0.017 10.488±0.021 11.467±0.008 11.243±0.045 10.389±0.013 10.909±0.056
6300 [Oi] 8.043±0.013 5.028±0.014 4.679±0.008 3.457±0.011 4.063±0.034 3.431±0.009 3.754±0.042
6312 [Siii] 1.505±0.009 1.730±0.012 1.822±0.007 1.751±0.009 1.986±0.030 1.796±0.008 1.758±0.038
6364 [Oi] 2.681±0.006 1.676±0.008 1.560±0.005 1.152±0.006 1.354±0.019 1.144±0.005 1.251±0.024
6548 [Nii] 3.483±0.010 2.915±0.019 2.912±0.013 2.344±0.013 2.705±0.056 2.100±0.015 2.372±0.050
6563 Hα 300.000±0.334 299.305±0.145 310.423±0.122 326.461±0.096 317.341±0.415 306.060±0.114 317.428±0.424
6584 [Nii] 10.449±0.019 8.746±0.033 8.737±0.023 7.033±0.022 8.115±0.097 6.301±0.026 7.116±0.087
6678 Hei 3.095±0.006 3.009±0.010 3.182±0.005 3.466±0.004 3.296±0.025 3.096±0.007 3.329±0.036
6716 [Sii] 32.340±0.037 23.380±0.019 21.420±0.017 15.821±0.009 19.293±0.049 17.185±0.013 19.739±0.056
6731 [Sii] 22.694±0.026 16.511±0.017 15.318±0.016 11.684±0.008 13.876±0.044 12.209±0.012 14.072±0.050
7065 Hei 2.221±0.006 2.194±0.009 2.524±0.005 3.676±0.004 2.466±0.024 2.258±0.006 2.379±0.034
7136 [Ariii] 5.952±0.009 6.631±0.011 7.350±0.008 8.511±0.007 8.058±0.033 7.108±0.009 6.822±0.035
7281 Hei 0.460±0.009 0.497±0.008 0.538±0.005 0.647±0.004 0.558±0.021 0.531±0.007 0.574±0.033
7320 [Oii] 3.731±0.011 3.230±0.017 3.181±0.011 2.812±0.010 2.885±0.039 2.701±0.013 3.610±0.055
7331 [Oii] 3.135±0.012 2.779±0.018 2.688±0.012 2.392±0.010 2.464±0.041 2.289±0.014 3.000±0.059
8752 Pa 12 0.824±0.012 1.107±0.012 1.201±0.006 1.394±0.005 1.297±0.033 1.140±0.009 1.247±0.038
8865 Pa 11 2.338±0.020 1.433±0.010 1.576±0.006 1.782±0.004 1.553±0.026 1.512±0.008 1.643±0.040
9017 Pa 10 2.603±0.014 2.038±0.017 2.112±0.010 2.420±0.007 2.264±0.046 2.039±0.012 2.185±0.061
9069 [Siii] 13.802±0.019 15.269±0.023 17.032±0.015 19.402±0.013 18.839±0.061 16.642±0.018 17.503±0.061
9231 Pa 9 2.773±0.009 2.618±0.014 2.819±0.008 3.226±0.006 2.962±0.036 2.760±0.010 3.066±0.044
F(Hβ) (a) 147.24±26.58 28.90±0.15 66.67±0.58 79.05±0.42 4.62±0.03 44.11±0.21 3.50±0.02

Notes. (a)In units of 10−15 erg s−1 cm−2.

(e.g. Monreal-Ibero & Walsh 2020b) and also in the LSF
measured for the sky subtraction during the data reduction. As
illustration, Fig. 5 displays those used for slice 20 (top) and 23
(bottom) in all 24 IFUs, in logarithmic stretch. It is clear from
the figure that the LSF changes quite a bit on rather small scales
(the slices are adjacent on the sky), especially in the wings.
Elucidating whether there is information in these broad compo-
nents beyond the LSF and attributable to the target is a delicate
exercise that will not be discussed in this contribution. However
it suggests a nice avenue for future research. Finally, derived
line widths were corrected by the MUSE LSF for all the lines.
This was estimated assuming a Gaussian shape – thus not includ-
ing the wings mentioned above – and using a polynomial origi-
nally derived using the MUSE pipeline and convolved with the
1.25 Å pix−1 binning of the cube and had a value of σ ∼ 1.18 Å
around [O iii]λ5007 and σ ∼ 1.06 Å around Hα.

Fluxes for detected emission lines relative to Hβ in the areas
extracted with astrodendro are presented in Table 2. They
were used to derive the physical and chemical properties pre-
sented in Sect. 4.2.

4. Results

4.1. Extinction structure

Extinction for the gas was derived from the Hα and Hβ emis-
sion lines and the RedCorr() class in PyNeb. We assumed
an intrinsic Balmer emission line ratio of Hα/Hβ= 2.89
(Osterbrock & Ferland 2006), and the extinction law provided

by Cardelli et al. (1989) with RV = 3.1. The derived c(Hβ) map
is presented in the upper panel of Fig. 6. Uncertainties, estimated
by means of Monte Carlo simulations with 100 realisations,
were ∼0.02−0.04. The map is consistent with no extinction
over most of the galaxy. The most outstanding exception is an
area with a size comparable to that of the seeing disc associ-
ated with the peak of emission in Hα, and within H ii-1, where
c(Hβ)∼ 0.4−0.5. The extinction map suggests other locations
with a more moderate amount of extinction (c(Hβ)∼ 0.2) coin-
ciding with other secondary peaks of SF (e.g. H ii-4 and part
of H ii-3), unresolved at the spatial resolution of these data.
For comparison, James et al. (2010) report c(Hβ) = 0.19 while
Nicholls et al. (2014) reports c(Hβ) = 0.128, 0.021 for the two
locations analysed in there, roughly corresponding to our H ii-1
and H ii-3.

Among many other physical quantities, FADO also estimates
the stellar attenuation needed to reproduce, together with the age
and metallicity of the stars, the observed stellar continuum. The
corresponding c(Hβ) is presented in the lower panel of Fig. 6.
The extinction for the stars is overall smaller than for the gas, as
expected.

4.2. The ionised gas

4.2.1. Electron temperatures and densities

Thanks to the high S/N of the extracted spectra, we
could derive electron density and temperatures for the seven
defined areas based from the extinction corrected fluxes of
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Fig. 5. LSF derived from arc lines for two slices (top: slice 20, bottom:
slice 23) in all 24 MUSE spectrographs. Each of the 24 panels shows the
profile for the given slice in one IFU, with the line wavelength increas-
ing vertically from 4650 to 9300 Å. The normalised line profile at each
wavelength is distributed horizontally, ±7.5 Å from the line centre.

the collisionally excited lines (CEL) ratios [N ii] 5755/6584,
[S ii] 6731/6716 (lower ionisation plasma), [S iii] 6312/9069,
and [Cl iii] 5538/5518 (higher ionisation plasma). We used
the Atom.getTemDen() method in the PyNeb package
(Luridiana et al. 2015), version 1.1.13 with the default set of
atomic data (transition probabilities and collision cross sections).
We assumed Te = 12 000 K for the ne and ne = 100 cm−3 for the
Te. Uncertainties were estimated by means of Monte Carlo sim-
ulations with 100 realisations. The reported uncertainties were
calculated as half the difference between the 14 and 86 percentile
of the distribution of a given outcome of the MC simulation.

Results for the seven selected regions are presented in
Table 3. Densities for low ionisation plasma are always in the
low density regime. The only exception is H ii-1, were they reach
values of ∼100 cm−3. Densities for high ionisation plasma seem
somewhat higher (∼200 cm−3), although again in the low den-
sity regime for that diagnostic. Uncertainties are large for this
diagnostic due to the faintness of the chlorine lines.

A widely used description of the thermal structure in a
ionised nebula is the three-zone model (Garnett 1992). Here,
an ionised area is divided in three zones corresponding to three
ranges of ionisation degree. The high-ionisation zone corre-
sponds to ions such as O++, or Ar++, while the intermediate
zone to ions such as Ar++ or S++, and the low-ionisation zone to
species such as O+ or N+. The usual approximation is that tem-
perature in each zone is represented by the temperature derived
from emission lines of species in that zone. We could estimate
the temperatures for the intermediate zone (by means of the
[S iii] lines) and the low-ionisation zone (by means of the [N ii]
lines). These, Te([N ii]) and Te([S iii]) are displayed in Fig. 7

11
h
52

m
39

s
38

s
37

s
36

s

-2
°2

7'
45

"
28

'0
0"

15
"

30
"

Right Ascension (J2000)

D
ec

lin
at

io
n 

(J
20

00
)

c(H ) (gas)

0.0

0.1

0.2

0.3

0.4

11
h
52

m
39

s
38

s
37

s
36

s

-2
°2

7'
45

"
28

'0
0"

15
"

30
"

Right Ascension (J2000)

D
ec

lin
at

io
n 

(J
20

00
)

c(H ) (stars, FADO)

0.0

0.1

0.2

0.3

0.4

Fig. 6. Mapping the extinction in UM 462. Top: log extinction at Hβ,
c(Hβ), assuming Hα/Hβ= 2.89, and the Cardelli et al. (1989) extinction
law. The median c(Hβ) is 0.04. The estimated median uncertainty for
the presented map was ∼0.03, with 90% of the uncertainties ranging
between 0.02 and 0.04. Bottom: similar information for the stellar pop-
ulations as derived from FADO.

with filled circles. Derived Te([S iii]) values are consistent with a
uniform temperature of ∼13 000 K all over the galaxy. Te([N ii])
is comparable or systematically lower than Te([S iii]) by up to
∼1200 K. Uncertainties are large, specially in the Te([N ii]) since
the flux of the [N ii]λ5755 was especially difficult to measure
and is subject to large uncertainties but Fig. 7 suggests a rel-
atively homogeneous electron temperature all over the galaxy
(i.e. with temperature differences, ∆ Te . 1000 K) by means of
both diagnostics. We could not measure a diagnostic for the Te in
the high-ionisation zone since the commonly used [O iii]λ4363
auroral line is not covered with MUSE. Instead, we used an
expression provided by Garnett (1992), that relates Te([O iii])
with Te([S iii]). The derived values in relation with Te([S iii])
are displayed with with stars in Fig. 7). Te([O iii]) are some-
what larger than Te([S iii]) but never beyond 14 000 K. For com-
parison, Guseva et al. (2007) report a Te([O iii]) = 16 600 K and
13 900 K for two locations in the galaxy that roughly corre-
sponds to our H ii 1 + H ii 2 and H ii 3.

The expressions provided by Garnett (1992) also allow us
to put in context our derived Te([N ii]) values. In principle, they
should be equivalent to Te([O ii]), since both ions belong to the
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Table 3. Physical properties derived from the line fluxes presented in Table 2.

Property DIG-1 DIG-2 DIG-3 H ii-1 H ii-2 H ii-3 H ii-4

E(B − V) 0.01±0.01
0.01 0.02±0.01

0.01 0.06±0.01
0.01 0.12±0.01

0.01 0.10±0.01
0.01 0.06±0.01

0.01 0.10±0.01
0.01

ne([S ii]) (cm−3) 50±60
40 70±80

50 70±120
50 110±110

70 60±10
10 70±80

50 40±10
10

ne([Cl iii]) (cm−3) 1530±1480
1130 280±490

230 330±360
270 210±190

160 280±290
170 250±320

180 500±140
140

Te([N ii]) (K) 12 550±1650
1500 12 900±1000

1000 11 850±650
400 11 850±550

400 11 650±1200
950 12 200±850

900 11 750±2200
1650

Te([S iii]) (K) 12 650±550
450 13 200±200

200 13 000±150
150 13 150±100

100 13 200±200
150 13 100±150

150 12 950±300
250

Te(He i) (K) . . . 7650±700
650 7800±600

500 9150±400
350 7800±900

800 7750±750
750 7650±850

800

Te([O iii]) (a) (K) 13 200±650
550 13 800±250

250 13 600±150
200 13 750±100

100 13 850±250
150 13 750±200

200 13 550±350
300

Te([O ii]) (a) (K) 12 250±450
400 12 650±200

150 12 550±100
150 12 650±50

50 12 700±150
100 12 600±150

150 12 450±250
200

Notes. (a)Using relations provided by Garnett (1992).
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Fig. 7. Comparison of the different derived Te values. The grey diago-
nal signals the locus of equal temperatures. Data points with error bars
represent our measurements for Te([N ii]) (solid circles) and Te(He i)
(open squares) vs Te([S iii]). Lighter smaller data points without error
bars represent the predicted Te([O iii]) (stars) and Te([O ii]) (crosses) as
a function of Te([S iii]) according to the relations proposed by Garnett
(1992).

same ionisation zone. The crosses in Fig. 7 display Te([O ii]) as
derived using those expressions. Te([N ii]) and Te([O ii]) differ
by an amount that can range between ∼−1000 K and ∼300 K.
This difference can perfectly be understood simply by taking
into account the uncertainty intrinsic to the adopted relation
between Te([O ii]) and Te([S iii]), actually a two-step relation,
since Garnett (1992) relates Te([O ii]) and Te([S iii]) through
Te([O iii]). In a recent paper, Arellano-Córdova & Rodríguez
(2020) made a detailed comparison of the different Te([N ii])–
Te([O iii]) temperature relation in H ii regions published so far,
and concluded that, together with the relation provided in their
work, the one provided by Garnett (1992) was among the most
reliable ones. To our knowledge, there is not a similar work dis-
cussing relations involving the Te([S iii]). For the range in tem-
peratures covered here, the uncertainty in the relation for each
of the steps would be ∼500 K. Considering additional sources of

uncertainties, in particular, that associated to the measurement
of the flux for the [N ii]λ5755 emission line, an absolute differ-
ence between the measured Te([N ii]) and derived Te([O ii]) of
∼500 K seems reasonable and consistent with both temperatures
being in agreement. Anyway, the comparison above stresses
the difficulty of deriving reliable temperatures for each ionisa-
tion zone in extragalactic (and not particularly distant) objects.
For the remaining of the study, when a temperature for a low-
ionisation zone was needed, we used Te([N ii]).

The temperature diagnostics discussed so far rely on mea-
surements of CELs. But to prove the physical properties of the
optical recombination lines (ORL) emitting regions, line ratios
of certain recombination lines can be used. In particular, the
He iλ7281 and He iλ6678 recombination line ratio constitutes a
suitable diagnostic for the ORL temperature (Zhang et al. 2005).
We used these lines together with the analytic fits presented
by Benjamin et al. (1999) and the most recent emissivities for
these lines (Porter et al. 2013) to get an estimation of this tem-
perature, Te(He i). This ratio does not depend very much on
electron density (Zhang et al. 2005). Thus, we simply assumed
ne = 100 cm−3. The derived temperatures are in the range of
∼7600−9500 K, in all the cases but DIG-1, where we could
not derive a reliable Te(He i). A comparison of these tempera-
tures with Te([S iii]) is presented in Fig. 7 with open squares.
Te(He i) is systematically lower than any CEL-based tempera-
ture by a factor ∼0.6. As a comparison, López-Sánchez et al.
(2007) found in NGC 5253, a BCD galaxy with similar metal-
licity as UM 462 that Te(He i) was lower than Te([S iii]) by a
factor ∼0.8.

Finally, now we shall look to the 2D distribution of the elec-
tron density and temperature. The [Cl iii] doublet, [N ii]λ5755
auroral line, and He iλ7281 recombination line were too faint
to be detected over a substantial area of the galaxy in individ-
ual tiles. Thus, we obtained 2D maps for ne only as derived
from the [S ii] lines and Te as derived from the [S iii] lines.
The electron density map is presented on the left panel of
Fig. 8. As suggested by the values derived on selected aper-
tures, UM 462 has values in the low density regime almost every-
where but in the peak of SF, and coincident with the location
with the highest reddening. It is already about a decade since
pioneer works provided the community with the first ne den-
sity maps in BCDs derived using IFUs (e.g. Monreal-Ibero et al.
2010a, 2012; Telles et al. 2014). In the meantime, the pool of
examples has been slowly but steadily increasing. Nowadays,
thanks to MUSE, maps covering an important area of the galaxy
under study are routinely derived (e.g. Menacho et al. 2021;
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Fig. 8. Mapping the physical properties of the ionised gas in UM 462. Left: map of ne determined from the [S ii] emission lines and assuming a
Te = 12 000 K. Right: map of Te determined from the [S iii] emission line and assuming a ne = 100 cm−3.

Fernández et al. 2023). A recurrent finding in these examples, it
is the presence of (more or less) central, and extremely young
knots of star formation with larger extinction, and high ne.
These could be interpreted as the observational footprint of
star clusters so young that the feedback has not yet not kicked
in and the environment around has not yet been fully cleared
out.

The electron temperature map is displayed on the right
panel. It includes only those spaxels with estimated uncer-
tainties of .2000 K (median ∼900 K) and covers an area of
∼20′′ × 8′′ (∼1.4 kpc× 0.6 kpc). The 2D electron temperature
map does not reveal any particular Te gradient and simply
supports the result for the extracted apertures on the brightest
part of the galaxy. This is one of the few Te maps in BCDs.
Monreal-Ibero et al. (2012) discussed maps for Te([O iii]) and
Te([S ii]) for NGC 5253, a BCD with metallicity compara-
ble to UM 462, but covering a smaller area (∼8′′ × 4′′
or ∼140 pc× 70 pc). Te([O iii]) ranged between 10 000 K and
12 500 K. Besides, Kumari et al. (2018) map Te([O iii]) in a
∼3′′×5′′ (∼60 pc× 100 pc) area in NGC 4670. They found values
comparable to those found in the inner regions of UM 462. Like-
wise, Menacho et al. (2021) presented a Te([S iii]) map over an
area of ∼10 kpc× 10 kpc in Haro 11. As it happens here, Te was
relatively uniform over most of the covered area, with the excep-
tion of an area of about ∼7 kpc× 3 kpc in the halo with relatively
higher temperatures, where fast shocks have been detected.

The measured electron temperatures are compara-
ble to available electron temperature for GP galaxies.
For example, Amorín et al. (2012) report Te([S iii]) and
Te([N ii])∼ 12 000−14 000 K for three GP galaxies. This sim-
ilarity strengthens the role of UM 462 as local GP analogue.
Moreover, obtaining spatially resolved information of the elec-
tron temperature in GP galaxies is clearly a challenge (because
of the faintness of the auroral line). The relative homogeneous
Te([S iii]) found here – including the map in Fig. 8 but also the
value measured for DIG-1 – supports the idea that a single value
representative of the GP galaxy would be enough to characterise
a galaxy where such a high spatially resolution as here is not
attainable. This would need to be backed up with similar maps
from additional GP analogues.

4.2.2. Chemical properties

We derived several ionic and total abundances using the set
of lines presented in Table 2. In all the cases, we assumed an
ne([S ii]) = 50 cm−3 but H ii-1, where we used the value reported
in Table 3. We did not consider ne([Cl iii]) because of the
large uncertainty. Ionic abundances from recombination lines
– here only for helium – were calculated using the method
RecAtom.getEmissivity() in PyNeb. Ionic abundances from
CELs were determined using the Atom.getIonAbundance()
method in PyNeb. To derive total abundances, we used the ICF
class. Uncertainties were determined by means of Monte Carlo
simulations with 100 realisations, and assuming a normal dis-
tribution for the errors of the involved lines. For a given ion,
we used as many emission lines as possible to asses the consis-
tency of the results in the apertures defined by astrodendro.
Besides, for helium, oxygen and nitrogen we derived 2D abun-
dance maps using the strongest lines for their ions. Derived ionic
and total abundances as well as used ionisation correction fac-
tors (ICFs) for the selected apertures are listed in Table 4. There,
rows shaded in grey mark the adopted total abundance for a given
element. The reported uncertainties were calculated as half the
difference between the 14 and 86 percentile of the distribution of
a given outcome of the MC simulation.

Helium. There are several singlet and triplet recombination
He+ lines within the MUSE spectral coverage. Here, we mea-
sured fluxes for three singlet (λ4922, λ5016, and λ6678), and
two triplet (λ5876, and λ7065) lines. While lines in the sin-
glet cascade are insensitive to radiative transfer effects, these
can have an impact in lines belonging to the triplet cascade,
and in particular, in λ7065 (see Monreal-Ibero et al. 2013 and
references therein for a discussion on these effects). A choice
should be made also about the assumed temperature to calcu-
late the helium abundance. Many works in the literature use
Te([O iii]). However, in our case, this was not directly measured
from our data, but an estimate that relies on other Te measure-
ments. Abundances reported were derived using Te([S iii]). To
assess the robustness of the derived values, we also calculated
the helium abundances using the helium emissivities at the mea-
sured Te(He i). Differences were .0.1%, much smaller than the
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Table 4. Ionic and total abundances for helium, oxygen, nitrogen, sulphur, argon and chlorine in selected apertures.

Property DIG 1 DIG 2 DIG 3 H ii 1 H ii 2 H ii 3 H ii 4

He+/H+ (λ4922)×102 7.20±2.27 6.11±2.78 6.10±3.27 9.15±4.53 7.10±5.78 7.03±3.37 7.93±3.62
He+/H+ (λ5016)×102 7.29±1.58 6.72±2.18 7.61±2.61 9.30±3.24 8.35±4.14 7.51±2.31 8.08±2.40
He+/H+ (λ5876)×102 7.80±1.31 7.82±11.47 7.81±1.18 8.13±1.20 8.17±2.01 7.74±1.12 7.85±1.18
He+/H+ (λ6678)×102 7.95±0.92 7.90±7.71 7.90±0.99 8.17±0.79 8.15±1.35 7.81±1.01 7.96±1.02
He+/H+ (λ7065)×102 7.95±0.74 7.82±5.39 7.97±1.00 8.34±2.14 8.13±0.94 7.82±0.87 7.91±0.77
He+/H+ ×102 7.86±0.50 7.84±4.25 7.86±0.49 8.18±0.58 8.16±0.74 7.77±0.47 7.89±0.48
O0/H+ (λ6300)×105 0.67±0.25 0.39±0.11 0.44±0.07 0.32±0.04 0.40±0.11 0.36±0.11 0.40±0.26
O0/H+ (λ6364)×105 0.67±0.28 0.40±0.10 0.49±0.07 0.32±0.03 0.46±0.14 0.38±0.11 0.36±0.17
O+/H+ (λ7320)×105 3.56±2.17 3.02±1.17 4.47±1.05 3.16±0.63 4.15±2.14 3.90±1.65 4.92±2.93
O+/H+ (λ7331)×105 4.12±3.14 3.12±1.12 4.32±1.03 3.40±0.76 4.19±1.57 3.99±1.25 5.16±4.49
O++/H+ (λ4959)×105 5.25±0.69 6.21±0.26 6.97±0.22 8.39±0.19 7.26±0.25 7.14±0.20 5.80±0.33
O++/H+ (λ5007)×105 5.16±0.61 5.97±0.22 6.81±0.22 8.11±0.18 7.02±0.25 6.84±0.23 5.57±0.31
O/H×105 9.18±2.44 9.57±0.98 11.92±0.84 11.72±0.61 11.25±1.48 10.50±0.90 11.99±6.96
12 + log(O/H) 7.96±0.10

0.13 7.98±0.04
0.05 8.08±0.03

0.03 8.07±0.02
0.02 8.05±0.05

0.06 8.02±0.04
0.04 8.08±0.20

0.38

N0/H+ (λ5199)×106 0.35±0.16 0.22±0.05 0.27±0.04 0.18±0.02 0.26±0.08 0.18±0.04 0.19±0.10
N+/H+ (λ6584)×106 1.15±0.26 0.96±0.17 1.09±0.11 0.85±0.09 1.05±0.20 0.83±0.16 0.88±0.35
ICF(N)I06

(a) 2.06±1.05 2.83±1.05 2.34±0.44 3.22±0.56 2.45±1.65 2.46±1.08 1.96±1.08
N/H×106

I06
(a) 1.49±0.42 1.17±0.22 1.36±0.16 1.03±0.11 1.32±0.28 1.01±0.21 1.07±0.44

12 + log(N/H) (a) 6.37±0.22
0.49 6.43±0.20

0.37 6.39±0.12
0.17 6.44±0.10

0.13 6.39±0.26
0.72 6.29±0.21

0.44 6.24±0.32
1.15

log(N/O) (a) –1.48±0.27
0.83 –1.51±0.16

0.25 –1.68±0.09
0.11 –1.66±0.08

0.10 –1.67±0.17
0.28 –1.67±0.12

0.17 –1.97±0.34
0.40

S+/H+ (λ6716)×106 0.79±0.15 0.49±0.08 0.54±0.06 0.38±0.04 0.52±0.09 0.41±0.05 0.57±0.20
S+/H+ (λ6731)×106 0.75±0.19 0.49±0.11 0.51±0.06 0.37±0.04 0.52±0.10 0.41±0.07 0.55±0.18
S++/H+ (λ9069)×106 1.25±0.11 1.32±0.04 1.40±0.03 1.40±0.02 1.40±0.03 1.36±0.03 1.35±0.04
S++/H+ (λ6312)×106 1.31±0.25 1.32±0.07 1.41±0.05 1.38±0.05 1.41±0.07 1.35±0.05 1.35±0.10
ICF(S)I06

(a) 1.06±0.04 1.08±0.04 1.06±0.02 1.09±0.03 1.08±0.07 1.07±0.04 1.05±0.08
S/H×106

I06
(a) 2.17±0.55 1.95±0.22 2.03±0.15 1.94±0.11 2.09±0.34 1.90±0.16 2.04±0.60

12 + log(S/H) 6.34±0.10
0.13 6.29±0.05

0.05 6.31±0.03
0.03 6.29±0.02

0.02 6.32±0.07
0.08 6.28±0.03

0.04 6.31±0.11
0.15

log(S/O) –1.61±0.13
0.19 –1.69±0.07

0.08 –1.76±0.04
0.05 –1.77±0.04

0.04 –1.73±0.07
0.09 –1.73±0.05

0.06 –1.77±0.23
0.49

Ar++/H+ (λ7136)×107 2.77±0.25 2.90±0.09 3.16±0.07 3.35±0.07 3.23±0.07 3.03±0.07 2.85±0.09
ICF(Ar)I06

(a) 1.08±0.02 1.08±0.03 1.07±0.00 1.08±0.01 1.08±0.04 1.08±0.02 1.08±0.04
Ar/H×107

I06
(a) 3.01±0.55 3.14±0.22 3.41±0.16 3.63±0.15 3.51±0.21 3.27±0.17 3.09±0.26

12 + log(Ar/H) 5.48±0.07
0.09 5.50±0.03

0.03 5.53±0.02
0.02 5.56±0.02

0.02 5.54±0.03
0.03 5.51±0.02

0.02 5.49±0.04
0.04

log(Ar/O) –2.48±0.14
0.20 –2.48±0.05

0.06 –2.54±0.04
0.04 –2.50±0.03

0.03 –2.51±0.06
0.07 –2.50±0.04

0.05 –2.58±0.20
0.39

Cl++/H+ (λ5518)×108 1.33±0.37 1.46±0.15 1.56±0.10 1.55±0.05 1.55±0.16 1.52±0.11 1.77±0.29
Cl++/H+ (λ5538)×108 1.35±0.50 1.22±0.21 1.48±0.12 1.46±0.07 1.15±0.22 1.40±0.14 1.06±0.40
ICF(Cl)I06

(a) 1.27±0.04 1.27±0.05 1.27±0.01 1.28±0.03 1.27±0.03 1.27±0.02 1.31±0.11
Cl/H× 108

I06
(a) 1.70±0.96 1.71±0.33 1.93±0.18 1.93±0.13 1.72±0.35 1.86±0.26 1.93±0.71

12 + log(Cl/H) 4.23±0.19
0.36 4.23±0.08

0.09 4.29±0.04
0.04 4.29±0.03

0.03 4.24±0.08
0.10 4.27±0.06

0.07 4.29±0.14
0.20

log(Cl/O) –3.73±0.20
0.39 –3.74±0.09

0.12 –3.79±0.06
0.06 –3.78±0.04

0.04 –3.82±0.09
0.12 –3.75±0.07

0.09 –3.78±0.37
0.43

Notes. (a)ICFs in Eqs. (18)b, and (20)b, (21)b, and (22)b by Izotov et al. (2006).

estimated uncertainty. We used the ratio between the λ6678 and
λ7065 lines to evaluate the relative importance of radiative trans-
fer effects. We found these basically non-existent in every aper-
ture but in H ii-1 which were negligible (τ(λ3889) ∼ 0.020, for
a ratio between radial and thermal velocity of ω ∼ 3). This is
within the expectation given the derived low electron density.

Abundances by means of the different helium lines are
reported in Table 4. For a given aperture, all the lines give con-

sistent results. Since the measurement of the fluxes for the faint
and (and heavily blended) lines λ4922 and λ5016 were of con-
siderably lower quality, we used the abundances derived from
lines λ5876:λ6678:λ7065, with a weight 3:1:1 to derive the single
ionised helium abundance. We also derived a 2D map of He+/H+,
this time only using the strongest line (see Fig. 9). He+/H+ is the
highest at H ii-1 and the lowest in DIG-1, suggesting a larger con-
tribution of neutral helium when going towards the outer parts
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Fig. 9. Map for the He+/H+ abundance derived from the He iλ5876
emission line. North is up and east towards the left.

of the galaxy. As for comparison, James et al. (2010) report an
He/H = 8.73 ± 0.72 × 10−2. This is comparable within the uncer-
tainties but somewhat higher with the values measured here.

Regarding He++, MUSE in normal mode do not cover
the strongest optical line (He iiλ4686), and we did not detect
the much fainter He ii line at λ5411 in any or our apertures.
James et al. (2010) report that, if He ii were present, then it
presents an abundance .1/50th that of He i. Thus, we consider
its contribution here as to be negligible.

Oxygen. The MUSE spectral range covers optical lines
tracing neutral, singly ionised and doubly ionised oxygen. For
this last ion, we used both the [O iii]λ4959 and [O iii]λ5007
lines together with the values derived for Te([O iii]). For singly
ionised and neutral oxygen, we adopted a temperature of
Te = 12 100 K, the average of the Te([N ii]) values. Regarding
singly ionised oxygen, the [O ii]λ7320 and [O ii]λ7331 lines
(actually, four lines seen as a doublet at the MUSE spectral res-
olution) may be affected by a certain O++ recombination contri-
bution. Following the correction scheme proposed by Liu et al.
(2000), we estimated a negligible contribution here. Finally, neu-
tral oxygen abundance was derived using the [O i]λ6300 and
[O i]λ6363 lines. Total abundances were calculated by addi-
tion of ionic abundances. For the selected apertures, the two
[O ii] lines were equally weighted, and the two [O iii] lines were
weighted 3:1, as the two [O i] lines. Results for the selected aper-
tures are presented in Sect. 4.2.2, while maps for the ionic and
total abundances appear in Fig. 10.

The comparison with the results by James et al. (2010), when
possible (our regions H ii-1– their regions 1+3, H ii-2[+ DIG3]
– approximately, their region 2, and H ii 3 – approximately, their
region 4), shows an agreement within the uncertainties. The rel-
ative abundances of neutral, single and double ionised oxygen in
the different apertures already delineate the variation in ionisa-
tion conditions from higher ionisation degree (in H ii-1, where
the proportion of O++ is the highest and that of O0 is the low-
est) to lower ionisation degree (DIG-1, where the situation is
reversed). This is much better seen in the 2D abundance maps
(see Fig. 10) where all the ions are presented with the same
scale to make the comparison of the relative ionic abundances
easier. Regarding total oxygen abundance, within the reported
uncertainties, this is uniform all over the galaxy, and indicates
a metallicity for the galaxy of Z ∼ 0.25 Z�, well within the

range of metallicities derived for GP galaxies (Izotov et al. 2011;
Amorín et al. 2010).

The direct method is considered the gold standard in terms of
determining element abundances in extragalactic astronomy. In
that sense, the map presented in Fig. 10 is, probably, among the
largest oxygen abundance maps, in terms of covered area, deter-
mined by means of this method (see also Menacho et al. 2021 for
a similar map in Haro 11). However, given the difficulty to mea-
sure the auroral line(s), strong line methods are more routinely
used instead. Because of the importance of identifying metallic-
ity gradients or inhomogeneities in dwarf galaxies, we discuss in
Sect. 5.1 how the map derived here compares to the results by
some of the most widely used strong line methods.

Nitrogen. We used the [N i]λ5199 emission line (actually
a blended doublet at the MUSE spectral resolution) to deter-
mine the abundance in neutral nitrogen, and the [N ii]λ6584
line for the single ionised nitrogen. For both, N+ and N0, we
employed the Te([N ii]) values. Derived ionic abundances are
listed in Table 4. To our knowledge, this is the first time that
neutral nitrogen abundances are reported for UM 462. Regard-
ing ionised nitrogen, we find an abundance about ×2 larger than
those reported by James et al. (2010).

The sum of these two ionic abundances is clearly higher in
the areas far from the main sites of star formation (e.g. DIG-1,
DIG-2) than in the brightest H ii regions (e.g. H ii-1). The results
of the ionic abundances for oxygen suggests unseen further (i.e.
two times or more) ionised nitrogen in the main sites of SF but does
not reject an inhomogeneity in nitrogen abundance with lower
total nitrogen at those locations. When the abundance of one or
several ions of a given element is not available, it is customary
the use of different ionisation correction factor (ICF) schemes
that rely on the available abundances of ions of other elements
with comparable ionisation potentials to those of the ionic species
of the element of interest. Here, we adopted those presented by
Izotov et al. (2006) for intermediate oxygen abundances, derived
using emission-line galaxies observed in the frame of the SDSS.
The derived total nitrogen abundance and relative to oxygen abun-
dances are displayed in Table 4. Results using the ICF provided
by Torres-Peimbert & Peimbert (1977, not shown) were the same
within the uncertainties. The map in Fig. 11 suggests a mild
(.0.20 gradient of log(N/O) crossing the galaxy in the north-east
to south-west direction (i.e. H ii-4 with log(N/O)∼−1.8→H ii-
1 with log(N/O)∼−1.6). This is of the order of the estimated
uncertainty and thus, compatible with an homogeneity in relative
nitrogen-to-oxygen abundance within the galaxy. For the metal-
licity derived here, GP galaxies have a relative nitrogen-to-oxygen
abundance of −1.6 < log (N/O)∼−0.9 (Amorín et al. 2010).
The value found for UM 462 puts this galaxy just at the lower
limit of the typical nitrogen-to-oxygen abundance measured
in GP galaxies.

Sulphur, argon and chlorine. We could derive also ionic and
total abundances in the selected apertures for some additional
elements with somewhat more uncertain ICFs. They are all pre-
sented here.

Regarding sulphur, the MUSE spectral range offers informa-
tion to derive ionic abundances for S+ and S++. We used either
Te([N ii]) or Te([S iii]), depending on whether we wanted to
determine single or double ionised sulphur abundance. As with
nitrogen, the sum of these two ionic abundances is lower in the
main sites of SF than in the diffuse component of the ionised
gas, suggesting the presence of three times ionised sulphur in
there. Total abundances using the ICF provided by Izotov et al.
(2006) are also listed in Table 4. Values are compatible with a

A210, page 12 of 29



Monreal-Ibero, A., et al.: A&A 674, A210 (2023)

11
h
52

m
39

s
38

s
37

s
36

s

-2
°2

7'
45

"
28

'0
0"

15
"

30
"

Right Ascension (J2000)

D
ec

lin
at

io
n 

(J
20

00
)

 105 x O0 / H +  ( 6300)

0

2

4

6

8

10

11
h
52

m
39

s
38

s
37

s
36

s

-2
°2

7'
45

"
28

'0
0"

15
"

30
"

Right Ascension (J2000)

D
ec

lin
at

io
n 

(J
20

00
)

 105 x O+ / H +  ( 7320,7331)

0

2

4

6

8

10

11
h
52

m
39

s
38

s
37

s
36

s

-2
°2

7'
45

"
28

'0
0"

15
"

30
"

Right Ascension (J2000)

D
ec

lin
at

io
n 

(J
20

00
)

 105 x O+ +  / H +  ( 5007)

0

2

4

6

8

10

11
h
52

m
39

s
38

s
37

s
36

s

-2
°2

7'
45

"
28

'0
0"

15
"

30
"

Right Ascension (J2000)

D
ec

lin
at

io
n 

(J
20

00
)

 12+log(O/H) (direct)

7.7

7.8

7.9

8.0

8.1

8.2

Fig. 10. Maps for the O++ (top left), O+, (top right), and O0 (bottom left) ionic abundances, derived using the direct method as described in the
text. All the three maps display the same range in abundance in order to emphasise the relative contribution of each ion in the different parts of the
galaxy. The last map in this figure (bottom right) contains the total oxygen abundance map, 12 + log(O/H). North is up and east towards the left.

uniform abundance in sulphur. They are systematically higher
than those reported by James et al. (2010), although in some
apertures they are compatible within the uncertainties. Differ-
ences may be attributed to the different Te values used in both
works.

Finally, we could derive ionic abundances for two times
ionised argon and chlorine (Ar++ and Cl++). In both cases, we
used Te([S iii]). These are both ions with relatively high ioni-
sation potentials (27.63 eV and 23.81 eV, respectively), compa-
rable to that of S++ (23.34 eV). As a consequence, higher ionic
abundances are seen in the main site of SF, in particular H ii-1,
than in the rest of apertures under consideration. Again, total
abundances were estimated by means of the ICF schemes pro-
vided by Izotov et al. (2006) and are consistent with uniform
abundance over the galaxy.

4.2.3. Emission line ratio in the BPT diagnostic diagrams

A widely used tool to gain insight into the ionisation mecha-
nisms playing a role in the ISM is the use of diagnostic dia-

grams, where different areas of a given diagram are occupied by
gas excited via different mechanisms. Probably, the most pop-
ular ones are those proposed by Baldwin et al. (1981) and later
reviewed by Veilleux & Osterbrock (1987): the so called BPT
diagrams. In their origin, the different areas in the diagrams
were defined using the nuclear or integrated information of a
set of astrophysical objects, including H ii regions (and starburst
galaxies), planetary nebulae, and different types of active galac-
tic nuclei. Then, the different areas in the diagrams were named
after the kind of objects that could be found in there, and when
information for a new object was obtained, the position in those
diagrams was used to identify the main ionisation mechanism at
play. Nowadays, the same information is routinely derived for
portions (in an ample variety of scales) of astrophysical objects,
including anything from a planetary nebulae to high redshift
galaxies, and the one-to-one association between the position of
a given set of data in the diagram and the original label asso-
ciated with the objects used to define these diagrams is not so
straightforward any more. Ionisation mechanisms not considered
originally like shocks (e.g. Monreal-Ibero et al. 2006, 2010b),
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Fig. 11. Map for the relative nitrogen-to-oxygen abundance derived
using the direct method as described in the text. North is up and east
towards the left.

AGB stars (e.g. Flores-Fajardo et al. 2011; Kehrig et al. 2012;
Zhang et al. 2017), or leaking photons from an H ii region (e.g.
Della Bruna et al. 2021; Weilbacher et al. 2018; Papaderos et al.
2013) produce spectra with line ratios falling in areas in the
BPT diagrams that overlap those originally defined. However,
as long as one has this in mind, these diagrams are still a use-
ful tool to explore the ionisation structure within, for example,
a given galaxy and learn about the causes of the observed line
ratios.

Maps for the line ratios involved in the three BPT diagrams
are presented in Fig. 12 and the positions of each individual tile
in the diagrams themselves are presented in Fig. 13. Clearly, the
ionisation structure is quite complex and the joint information of
the maps and the diagrams allow us to identify some well defined
substructures within the system.

The [N ii]/Hα4 map displays the most regular distribution of
the four. Ratios are the lowest in the main sites of SF, in par-
ticular H ii-1 and H ii-3, and increase in a relatively smooth and
unstructured manner when going towards the external parts of
the galaxy. Overall, [S ii]/Hα and [O i]/Hα present a similar dis-
tribution as [N ii]/Hα (i.e lowest values in H ii-1 and H ii-3, then
increasing outwards). However, both maps are more structured
and more closely following the Hα flux maps (contours in all the
presented maps). On first order, [O iii]/Hβ has a reversed distri-
bution (i.e a structure following the Hα flux maps but with higher
values in H ii-1 and H ii-3, then decreasing outwards). There are
further subtle differences between these maps and the one for
[N ii]/Hα. First, there are two horn-like structures in the north-
ern part of the galaxy, hereafter called ‘the horns’. Their bor-
ders are marked in Fig. 3 with two green dashed polygons. The
eastern one roots at H ii-3 and while the western at H ii-1. Both
extend towards the north for ∼1 kpc. Their typical ratios in the
BPT diagrams are represented with green polygons in Fig. 13.
Excluding the main sites of SF, they are the locations with the
highest [O iii]/Hβ line ratios, with somewhat larger ratios in the
eastern horn. Both present moderate and basically indistinguish-

4 We use the following nomenclature: [N ii]/Hα for [N ii]λ6584/Hα,
[S ii]/Hα for [S ii]λλ6716,6731/Hα, [O i]/Hα for [O i]λ6300/Hα,
[O iii]/Hβ for [O iii]λ5007/Hβ. When other lines are used, these will
be explicitly mentioned.

able [S ii]/Hα and [O i]/Hα line ratios but eastern one has lower
[N ii]/Hα ratios by ∼0.15 dex.

The southern half of the galaxy presents at least one structure
in Hα, reminiscent of the northern horns (and actually brighter).
It roots at the complex H ii-1/H ii-2/DIG-3, extending towards
the south first, then bending towards the east. However, all the
southern half is much less structured in terms of line ratios.
These simply increase (or decrease for [O iii]/Hβ) with distance
from the main site of SF. This structure is easier to identify in
the equivalent width maps (see Sect. 4.2.6).

There is an additional resolved structure that stands out in
the maps: an ear-like region towards the east, hereafter called
‘the ear’, marked in Fig. 3 with a purple dashed polygon. It has
relatively high [S ii]/Hα and [O i]/Hα even if not the highest, and
covers a relatively large range in [O iii]/Hβ, including the lowest
values measured within the galaxy. As we shall see in Sect. 4.2.7,
it is the region with the bluest velocities in Hα and [O iii]λ5007.

Finally, at coordinates RA (J2000) = 11:52:37.8 and Dec
(J2000) =−02:28:03.0, there is a local maximum in the [S ii]/Hα
and [O i]/Hα maps with line ratios barely distinguishable from
their surroundings in the [O iii]/Hβ line map, and completely
undistinguishable in the [N ii]/Hα map. This location is unre-
solved at our seeing, and it does not seem clearly associated
with any knot of SF, according to the our continuum images,
or the broad band images provided by Micheva et al. (2013), at
higher spatial resolution. We discuss the nature of this source in
Sect. 5.2.

When looking at the position of each tile in the BPT dia-
gram, the data points mostly fall below the theoretical borders
proposed by Kewley et al. (2001), even if in the diagram involv-
ing the [O i]/Hα, data points are just at the border. This would
suggest that this plasma is primarily photoionised by massive
stars. However, this maximum theoretical borders were defined
based on models covering up to much larger metallicites than the
one of UM 462. Theoretical borders based only on models at the
metallicity, Z = 0.004 (dotted-dashed lines in Fig. 13), closer
to that of UM 462 would be more suitable. These are marked in
the diagrams with indigo lines. They were derived using mod-
els that take into account the impact of the binary star popula-
tion, that produces more Wolf-Rayet and hot stars at older ages
(Xiao et al. 2018). While data points are clearly consistent with
photoionisation by massive stars in the [N ii]/Hα and [S ii]/Hα
diagrams, it seems that the [O i]/Hα diagram requires an addi-
tional mechanism (e.g. shocks) or a specific configuration of the
relative distribution of gas and stars (e.g. a patchy distribution
of the ISM as in the picked-fence scenario Heckman et al. 2001;
Bergvall et al. 2006; Ramambason et al. 2020). Either way, this
is more important in DIG-1 than in the main sites of SF, spe-
cially in the part between the horns which, as we shall see in
Sect. 4.2.7, presents high velocity dispersion and different veloc-
ities depending on the ionic species.

4.2.4. Emission line ratios mapping the ionisation structure

Beyond the line ratios involved in the BPT diagrams, some
additional diagnostics have been proposed in the literature as
proves of the ionisation structure. For example, Pellegrini et al.
(2012) used maps of the [O iii]λ5007/[S ii]λλ6716,6731 line
ratio to assess the optical depth of the ionising radiation in
individual H ii regions. In a way, this is a compact manner of
jointly looking at the two axes of the [O iii]/Hβ versus [S ii]/Hα
diagram. Besides, to avoid (or at least minimise) dependen-
cies on elemental abundances, one could use ratios involving
lines coming from different ionisation stages of a given element
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Fig. 12. Maps for the line ratio involved in the so-called BPT diagrams (Baldwin et al. 1981). North is up and east towards the left.
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Fig. 13. Position of the individual tiles (small translucent stars) and the regions defined by astrodendro (large solid stars) in the so called BPT
diagnostic diagrams (Baldwin et al. 1981). Black continuous lines show the theoretical borders proposed by Kewley et al. (2001) to delimit the area
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at RA (J2000) = 11:52:37.8 and Dec (J2000) =−02:28:03.0, once fluxes have been decontaminated by the diffuse gas emission of the galaxy. The
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Fig. 14. Maps for the line ratios tracing the ionisation parameter. [O iii]/[S ii] was introduced by Pellegrini et al. (2012), while the other ratios were
used in the diagnostic diagrams presented by Ramambason et al. (2020). North is up and east towards the left.

(e.g. Izotov et al. 2016; Weilbacher et al. 2018; Micheva et al.
2019). Three of those ratios are available within the
MUSE spectral range, namely: [S iii]λ9069/[S ii]λλ6716,6731,
[O iii]λ5007/[O i]λ6300, and [O iii]λ5007/[O ii]λλ7320,7331.
The first two have been already used to explore the pos-
sibility of ionising photons escaping from the galaxy (e.g.
Ramambason et al. 2020). Regarding a ratio involving [O iii]
and [O ii] emission lines, the most commonly used is the one
based on the much brighter [O ii]λλ3726,3728 doublet (unavail-
able here). Nonetheless, we were able to derive a line ratio map
with the [O ii]λλ7320,7331 in a reasonable portion of the galaxy.
The extinction corrected maps for all the four observed ratios are
presented in Fig. 14. All the four maps basically replicate the
structure described for the [O iii]/Hβ.

The upper row in Fig. 15 presents the relations between
those ratios involving ions of the same element. The
[O ii]λλ7320,7331 doublet is a relatively faint feature, detectable
here because of the superb MUSE sensitivity. As mentioned
above, these lines are not typically used in the literature. Thus,
to make the comparison with other works easier, we did not
use the direct [O iii]λ5007/[O ii]λλ7320,7331 ratio. Instead, we

estimated the flux in the [O ii]λλ3726,3728 doublet by scal-
ing the [O ii]λλ7320,7331 with a factor of ×48. This factor
was determined by calculating the ionic abundance for O+

from [O ii]λλ3726,3728 for varying fluxes that were compared
iteratively with abundances from [O ii]λλ7320,7331 until con-
vergence. Because this ratio contains a derived quantity rely-
ing on two faint lines and an assumption in the relation with
the [O ii]λλ3726,3728 lines, we also included in the lower
row of Fig. 15 equivalent diagrams, this time involving the
[O iii]λ5007/[S ii]λλ6716,6731. This way, we use a ratio that can
be directly derived from strong measured lines, in this case at
price of mixing species.

The trend in all the four diagrams is similar. Data points
are organised along a (more or less) tight sequence and
ordered according to the ionisation degree, with H ii-1, being
the highest end, and the ear being the lowest end. The
[O iii]λ5007/[O ii]λλ3726,3728 ratio reaches values of up to
∼4.0. These large ratios are comparable to those measured in
GP galaxies, Lyman break galaxies at z ∼ 2−3 and Lyman con-
tinuum leakers and ∼1−2 orders of magnitude larger than typical
star-forming galaxies (Nakajima & Ouchi 2014). A galaxy with
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Fig. 15. Position of the individual tiles (small translucent stars) and
the regions defined by astrodendro (large solid stars) in some addi-
tional diagnostic diagrams. Upper row: the so called O32−O13 and
O32−S23 diagnostic diagrams presented by Ramambason et al. (2020).
The [O ii]λλ3726,3229 doublet is not covered by MUSE. Instead, we
scaled the fluxes for [O ii]λλ7320,7321 by ×48. The scaling factor was
obtained by estimating the needed [O ii]λλ3726,3229 fluxes to obtain
the same ionic O+/H+ abundances as those reported in the apertures
defined in Sect. 3.1. Lower row: similar to the upper row but the y-
axis has been replaced by the [O iii][O iii]λ5007/[S ii]λλ6761,6731 line
ratio. Colour code is the same as in Fig. 13.

such large [O iii]λ5007/[O ii]λλ3726,3728 is a good candidate
to have a high escape fraction, fesc, even if not all the galax-
ies with these ratios are necessarily LyC leakers. The ratio for
the integrated spectrum of DIG-1 is comparable to those mea-
sured in the individual tiles for the horns, and still relatively high
([O iii]λ5007/[O ii]λλ3726,3728∼ 1), with the area between the
horns and the ear having [O iii]λ5007/[O ii]λλ3726,3728 of
∼0.50 and ∼0.15, respectively.

4.2.5. Line ratios at local maximum in [S ii]/Hα and [O i]/Hα

In Sect. 4.2.3, we mentioned a location in the galaxy with a local
maximum in the [S ii]/Hα and [O i]/Hα line ratios but barely
distinguishable from their surroundings in the [O iii]/Hβ line
map, and completely undistinguishable in the [N ii]/Hαmap (see
Fig. 12). We discuss its origin in Sect. 5.2. Before that, the emis-
sion from this source, which is blended with the overall DIG
emission in the galaxy needs to be isolated. We approached this
challenge from two fronts, imaging and spectroscopy, making
good use of the dual character of IFS data.

For the first approach, we used the reddening corrected flux
images to create stamps around the location of interest, and
masked that location with a circular mask. Then we created
‘DIG stamps’, where the emission in the masked area was esti-
mated by 2D interpolation, and we recovered the emission of
the source of interest by subtracting the interpolated stamp to
the original one. We tried three interpolation methods: linear,
nearest, and cubic. The outcome covers a range in satisfaction,
depending on the emission line and the interpolation method.
In general, it worked better for lines created by ions with low
ionisation potential. Regarding the used method, cubic interpo-
lation was the most prone to artefacts. The size of the stamp

(3′′.8 × 3′′.8) and the mask radius (r = 1′′.0) were chosen by
trial and error looking for a combination minimising the num-
ber of spaxel with negative fluxes in the recovered stamps. A
particularly challenging line was [O iii]λ5007, very bright, but
created by an ion with high ionisation potential. The maps for
the most relevant lines are presented in Fig. 16 and they con-
firm the flux excess in an unresolved source in all the lines,
especially when looking at low-ionisation ones. We used these
images to derive its ‘DIG-cleaned’ line ratios. The mean values
of all the three interpolation methods are displayed in Figs. 13
and 15 with a green solid circle in each graphic. The error
bars represent the standard deviation. The large error bar in the
[O iii]/Hβ (Fig. 13) and [O iii]/[S ii] and [O i]/[O iii] line ratios
(Fig. 15) reflect the difficulty of recovering a clean artefact-free
map for the [O iii]λ5007 line. Values clearly move away from
the H ii-like zone, and, when looking at the x-axes of the BPT
diagrams, the lower the ionisation potential associated with the
numerator is, the larger this displacement becomes. Likewise,
Fig. 15 shows that low ionisation lines are enhanced over high
ionisation lines.

Besides, we recovered the whole spectra associated with the
unresolved source. This is even more challenging, since one
needs to deblend the information of the unresolved source and
the overall DIG emission per wavelength bin. However, it can
provide an independent way of estimating the line ratios, and
potentially could reveal particularities in the line profiles that
help to understand the nature of the unresolved source. As in
the previous approach, we chose a stamp around the source of
interest and extracted the spectrum in the same circular aperture
defined above. Then, we estimated the spectrum of the under-
lying DIG emission as the median of the spectra in the remain-
ing spaxels, scaled to the size of the circular aperture. Again,
the specific size of the working stamp (4′′.2 × 4′′.2) was cho-
sen by trial and error. Selected portions of the recovered spec-
trum (and those for the circular aperture and background DIG)
are presented in Fig. 17. All the strong emission lines are well
recovered, as well as some of the faint lines like the [O ii] lines
at ∼7325 Å (rest frame). Again, low ionisation lines ([S ii] lines,
and specially the two [O i] lines) are much stronger than in the
underlying DIG emission. Line ratios, as measured from this
spectrum, agree with those plotted on the diagnostic diagrams
in Figs. 13 and 15 within ∼0.03 dex. Besides, while velocity dis-
persion in the surrounding DIG is below the MUSE resolving
power, we detect marginally broader lines in the recovered spec-
trum, at least in the reddest lines, where MUSE resolution is
larger. We measured a σHα = 1.70 Å that, once corrected from
instrumental width (σins = 1.06 Å in Hα), implies a linewidth of
σ ∼ 50 km s−1.

4.2.6. Equivalent width maps

An additional piece of the puzzle is the equivalent width (EW)
for the strongest emission lines. In particular, hydrogen recom-
bination lines can be used to get a rough estimate of the age of
the youngest burst of SF. This will be discussed in Sect. 4.3.2.
In our case, both, Hα and Hβ could be used to this end. Since
nebular Hα is &3 times stronger than nebular Hβ and stellar
Hα can be ∼2.0−2.5 times fainter than stellar Hβ, the precise
value depending on the metallicity and age of the stellar pop-
ulation (see e.g. González Delgado et al. 2005), we opted here
for using EW(Hα) for that purpose. Additionally, the EW can
be used to pin-point those locations where there is an excess of
ionised gas emission with respect to that of the underlying stellar
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Fig. 16. Stamps with the line emission mapping recovered for the point source, by means of the three interpolation methods (from top to bottom:
linear, nearest, cubic). The intensity stretch is in logarithmic scale, covers four orders of magnitude and it is the same in every stamp. Spaxels in
white have negative fluxes and are artefacts created by the interpolation.
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Fig. 17. Selected windows for the spectrum of the SNR candidate. The recovered spectrum is displayed with a dark green thick continuum
line. Besides, the total spectrum at the location point source under study (‘Inside’, black continuous thin line) and the spectrum used to subtract
the background emission (‘Outside’, grey dashed thin line) are also displayed. To better see all the three spectra, the recovered spectrum was
scaled by a factor ×4, and the ‘Inside’ and ‘Outside’ spectra are offset by ×0.1 and ×0.2 the peak value of ‘Inside’ in the displayed spectral
window.

population. In this manner, one can better delineate ionised
gas structures like bubbles, cones, filaments, superwinds and
others.

We present the map for the EW(Hα) in the top panel of
Fig. 18. Unsurprisingly, the highest values are found in the
H ii-1 to H ii-4 regions, in particular in H ii-1, with values of
up to ∼1500 Å, and H ii-4, with values of ∼800 Å. These val-
ues, in particular that for region H ii-4, will be discussed in
Sect. 4.3.2, together with the ionisation structure as traced by
the ratios introduced in Sect. 4.2.4. Here we put the focus on
the external parts (i.e. the substructure delineated in the DIG-1
region).

The EW(Hα) in DIG-1 is still high, ranging from ∼10−30 Å
in the region between the horns, to values of ∼300−600 Å in two
structures relatively symmetric to the horns with respect to the
main body of the galaxy, and that bend towards each other and
join at the most south-eastern edge of the galaxy. Hereafter, we
refer to this set of two structures as ‘the beard’. Finally, the so-
called horns and ear, present somewhat intermediate values of
∼100−200 Å.

For completeness, we have also included EW([O iii]) map
(bottom panel of Fig. 18). The galaxy presents a structure pretty
similar to the one for EW(Hα), ranging from ∼10 Å between
the horns to ∼1400 Å, in H ii-1, just modulated by the ion-
isation structure. De facto, the joint use of these two maps
would be almost equivalent to the [O iii]/Hβ map presented in
Sect. 4.2.4.

When comparing the ionisation structure and the EW maps
in here, a noteworthy finding is that both the horns and the beard
present similar line ratios, yet while the horns define an open
structure and have relatively low EW(Hα) values, the beard is a
closed structure with relatively much higher EW(Hα). We dis-

cuss these differences in Sect. 5.4, once the kinematic of the
system has been introduced, and together with the rest of the
observational evidence in these areas.

4.2.7. Ionised gas kinematics

We recovered kinematic information for the overall ionised gas
(by means of e.g. Hα and Hβ). Moreover, since we fit individu-
ally most of the strong emission lines, we were able to recover
independent kinematic information for ions corresponding to
high ionisation regions (by means of the [O iii] lines) and low
ionisation regions (by means of the [O i], [N ii], or [S ii] lines).
The velocity fields for a representative subset of lines is pre-
sented in Fig. 19. Besides, the figure also contains the velocity
dispersion map once corrected from instrumental resolution, as
derived from Hα. The overall stellar velocity field (not shown)
was provided by FADO, and we used as a reference to which we
can compare the velocities of ionised gas. It was completely
unstructured, not showing any sign of rotation, any gradient,
or any other coherent pattern. To reject the suspicion that this
might have to do with the code used to model the stellar popu-
lation, we derived the stellar velocity field also using two addi-
tional codes with similar purpose, ppxf (Cappellari 2017) and
PLATEFIT (Brinchmann et al. 2004), with comparable outcome.
Thus, we concluded that the stellar velocity field was simply a
consequence of seeing the galaxy (almost) face-on.

The ionised gas presents a different situation. All the veloc-
ity maps in Fig. 19 present some structure, with higher (red-
der) velocities in the east side of the galaxy and lower (bluer)
velocities in the west, with a ∆v ∼ 40 km s−1. In that sense these
maps are reminiscent of the velocity field for H i (van Zee et al.
1998) that, at a spatial resolution of ∼5′′, was interpreted as com-
patible with solid-body rotation with receding velocities in the
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Fig. 18. Maps with equivalent width for the two strongest lines used
here, Hα (top) and [O iii]λ5007 (bottom). For reference, the map in
Hα flux made by line fitting on a spaxel-by-spaxel basis is overplot-
ted with ten evenly spaced contours (in logarithmic scale) ranging from
1.26× 10−18 erg cm−2 s−1 spaxel−1 to 1.26× 10−15 erg cm−2 s−1 spaxel−1.

east and approaching velocities in the west/south-west. How-
ever, the structure in all these maps is much more complex than
simple rotation. In the Hα map, the highest (reddest) veloci-
ties are not in the east-west direction, as one would expect if
the ionised gas were rotating in a similar manner as the neu-
tral gas, but towards the south/south-east. Besides, the north-
ern half of the galaxy presents a clear velocity stratification:
the two horns have similar velocities in all the maps, while the
space between the horns present redder velocities in the high
ionisation lines (here [O iii]λ5007, v[O iii] − vHα ∼ 20−50 km s−1)
and bluer velocities in the low ionisation lines (here [S ii]λ6716
with vHα − v[S ii] . 25 km s−1 – not shown –, and [O i]λ6300
with vHα − v[O i] . 45 km s−1). This area with velocity stratifica-
tion presents velocity dispersions well above the MUSE instru-
mental width. Moreover, the level of stratification (i.e. difference
between the velocities of several species) seems correlated with
the velocity dispersion. A similar situation but far less dramatic
is also visible in the southern half of the galaxy. There, the region
marked with a dashed yellow polygon in the velocity disper-
sion map has v[O iii] − vHα ∼ 10 km s−1, vHα − v[S ii] . 10 km s−1

– not shown –, and [O i]λ6300 with vHα − v[O i] . 20 km s−1,
and velocity dispersions marginally above what one can resolve

at the MUSE spectral resolution. Both regions in the northern
and southern half marked with the yellow polygons have large
[O i]/Hα line ratios, well beyond the theoretical border proposed
by Xiao et al. (2018).

Examples of velocity stratification in the literature are scarce.
Velocities differences between the same lines under consider-
ation have been identified in Orion (García-Díaz et al. 2008;
Weilbacher et al. 2015). However, this samples areas within an
H ii region itself and at the sub-pc level, much smaller scales
than what we see in UM 462. Monreal-Ibero et al. (2010a) also
detected a velocity stratification in NGC 5253, this time at scales
of ∼50−100 pc, more comparable to (but still smaller than) the
scales sampled here. In that case, the velocity stratification could
be explained by a symmetric outflow centred at the main and
youngest super star clusters. This does not seem a plausible
explanation here since the apex of the northern area with veloc-
ity stratification and high velocity dispersion seems located, not
at H ii-1, the peak of Hα emission and youngest star cluster (see
Sect. 4.3) but in between H ii-3 and H ii-2, where the youngest
stars look slightly older. Moreover, the observational evidence
is different in the northern and the southern parts of the galaxy.
However, the high [O i]/Hα line ratios together with the high
velocity dispersion suggest that shocks are having an impact on
the ISM in this area. In Sect. 5.4, we discuss a possible scenario
able to explain the observed kinematics, together with the rest of
observational evidence.

4.3. The stellar populations

4.3.1. General overview

Along with the information for the ionised gas, the MUSE spec-
tra also contain valuable information about the stars. Getting a
finely tuned composition of the underlying stellar population,
meaning a reliable and detailed 2D star formation history, is
a complex task and beyond the goals of the work presented
here. Instead, we present here a general overview of the mod-
elling by FADO to just get an overall idea of the stellar pop-
ulations in the galaxy. They are based on the outcome of the
modelling described in Sect. 3.2 but were stable against a selec-
tion of a slightly different (i.e. more reduced or extended) set
of base spectra. The most relevant information is summarised in
Fig. 20, that contains maps of the average age weighted by light
and mass, and Fig. 21, that contains the light and mass frac-
tions per stellar population for each of the seven areas defined
by astrodendro. Several pieces of information can be inferred
from these figures.

Firstly, there is no need for a stellar population older than
∼1.2 Gyr to model the observed spectra anywhere but H ii-3,
where FADO sees a significant contribution in mass of a ∼4 Gyr
stellar population. Micheva et al. (2013) reported broad band
colours consistent with an age of the stars in the underlying host
galaxy of ∼3−4 Gyr and very low metallicity (Z ∼ 0.001). This
component extended well beyond the area covered by MUSE
and it is likely included in the sky emission and thus, subtracted
out in most of the apertures. The fact that this is still detected
in H ii-3 suggests that this old population was more significant
there but, given the degeneracies intrinsic to the modelling of the
emission of the underlying population, this is a result that should
be taken with caution. Nevertheless, relatively old (i.e. ∼1 Gyr)
stars are found in any other aperture. This &1 Gyr stellar popula-
tion account for most (i.e. ∼60−70%) of the mass over the whole
galaxy.

Secondly, Fig. 21 suggests a significant (∼10−30%) contri-
bution to the stellar mass of an intermediate age (∼40−400 Myr)
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Fig. 19. Representative maps related with the kinematics of the galaxy. From top to bottom and from left to right, they are: Hα velocity field, a veloc-
ity field for a line tracing the high-ionisation zone ([O iii]λ5007), Hα velocity dispersion map corrected for instrumental resolution, velocity field
for a line tracing the low-ionisation zone ([O i]λ6300). Values for the velocities are presented as relative to the systemic velocity vsys = 1056 km s−1

as derived from the redshift reported in Table 1. For reference, the map in Hα flux made by line fitting on a spaxel-by-spaxel basis is overplotted
with ten evenly spaced contours (in logarithmic scale) ranging from 1.26× 10−18 erg cm−2 s−1 spaxel−1 to 1.26× 10−15 erg cm−2 s−1 spaxel−1. North
is up and east towards the left.

stellar population in apertures H ii-1, H ii-2, and their envelopes
(DIG-3, but also DIG-2). This intermediate-to-young stellar pop-
ulation extends well in time in H ii-2.

Thirdly, FADO also recovers the very young stellar popula-
tion responsible for the ionising photons. The luminosity of the
galaxy in all the apertures is dominated by ∼6 Myr old stars,
even if only contributes with .10% of the stellar mass. Besides,
most of the apertures but DIG-1 contain even younger stars up
to the youngest population included in the modelling by FADO
(i.e. 1 Myr, here assimilated to on-going SF). The contribution
of this on-going SF is particularly important in H ii-1, and to
certain extent in its neighbouring apertures (DIG-3 mostly, but
also H ii-2), and is clearly seen in the luminosity-weighted age
map. Finally, this suggests that the most recent SF propagates
from the outer to the inner parts of the galaxy (i.e. from DIG-1 to
inner apertures), then from east to west, following a path roughly
like H ii-3→H ii-2→H ii-1. Region H ii-4 would be out of this
sequence. It also did not formed stars older than ∼1 Gyr. How-

ever, it seems to follow an independent story, having formed stars
at practically every age, including now, in a relatively continuous
manner.

4.3.2. Starburst ages and star formation rates

The emission lines, and in particular Hα, can also be used to
characterise the most recent SF. We derived the star formation
rates (SFR) for all the seven apertures using the Hα luminosity
and the expression:

SFR(M� yr−1) = 10−41.27 × L(Hα) (erg s−1) (1)

provided by Kennicutt & Evans (2012). They are presented in
Table 5. As suggested by the results in Sect. 4.3.1, the SFR is the
highest in H ii-1. Then, it decreases from west to east and from
the inner to the outer parts of the galaxy. We note that DIG-1, the
aperture associated to the emission in the outermost parts of the
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Fig. 20. Maps with the mean age of the stellar population weighted
by light (top) and mass (bottom). For reference, the map in Hα
flux made by line fitting on a spaxel-by-spaxel basis is overplotted
with ten evenly spaced contours (in logarithmic scale) ranging from
1.26× 10−18 erg cm−2 s−1 spaxel−1 to 1.26× 10−15 erg cm−2 s−1 spaxel−1.
North is up and east towards the left.

galaxy, contributes with a far from negligible fraction (∼35%) to
the total luminosity in Hα.

An alternative path to estimate the youth of the most recent
burst of SF, beyond FADO, is using the Hα equivalent widths
jointly with the STARBURST99 models5 (Leitherer et al. 1999).
Here, we used the original models for an instantaneous burst of
SF, an initial mass function with α = 2.35 and upper limit for
the star mass of Mup = 100 M� as a baseline. We looked for the
estimated age for metallicities Z = 0.004 and Z = 0.008. The
average of both values is presented with diamonds in Fig. 21 and
listed in Table 5. Again, the extreme youth of the burst in H ii-1
stands out, and even if the burst is young in every aperture, the
direction outlined above (increasing age from west to east, from
inside to outside) is again outlined.

A comparison of the ages of the youngest bursts of SF at
each location and the line ratios tracing the ionisation structure
(Sect. 4.2.4) shows how ratios compatible with lower ionisa-
tion parameter are found in those locations with older stars, as
expected. Not for the first time in this contribution, H ii-4 departs

5 https://www.stsci.edu/science/starburst99/docs/
default.htm
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Fig. 21. Light (top) and mass (bottom) fractions per stellar population
as provided by the FADO modelling for the seven areas considered here
(small stars). For a given age, the contributions of the two metallici-
ties (Z = 0.004 and Z = 0.008) have been added. Likewise, to bet-
ter visualise the light (or mass) fractions for all the seven areas, data
have been offset by +10N with N the spectrum number, as indicated by
the alphabetically ordering of the labels. Three characteristic values are
shown on top of each function: Mean stellar age logarithmic weighted
by mass (circles) and by light (stars) together with the estimated age for
an instantaneous burst of SF (diamonds), derived from the equivalent
width in Hα, and the original STARBURST99 models (Leitherer et al.
1999).

from this sequence. It is the location with the second youngest
burst and yet, it presents line ratios compatible with lower ioni-
sation parameter than H ii-2 and H ii-3. We posit here stochas-
ticity as a possible cause of this observational evidence (e.g.
Paalvast & Brinchmann 2017; Krumholz et al. 2015). Determin-
ing an accurate stellar mass for the young burst at each of the
astrodendro locations is beyond the scope of this paper. For
Sect. 4.3.1, we simply embraced those provided by FADO, which
were enough to get an overview of the global characteristics
of the stellar populations. Nonetheless, we can use an approx-
imate estimate of the masses of the youngest stellar popula-
tions using the SFR and age provided in Table 5 to explain
H ii-4’s rogue behaviour, assuming that the reported SFRs were
constant over the age of the young bursts. Such estimates are
largely uncertain but still reliable enough for a discussion in
terms of orders of magnitude. In that sense, while the stellar mass
in H ii-1 and H ii-3 is of the order ∼106 M�, that in H ii-2 is of
∼105 M� and the one in H ii-4 is even less (∼5×104 M�). At that
range of masses the initial mass function is not adequately sam-
pled in the high-mass end. Thus, it may well happen that the star
massive enough to provide the more energetic photons at that
location simply did not manage to be born.

Adding up the contribution of all the apertures, the total
SFR is 0.17 M� yr−1, larger but comparable with the value
reported by Paudel et al. (2018). GP galaxies typically have
SFRs ∼3−30 M� yr−1 (Cardamone et al. 2009), which is 1−2
orders of magnitude larger than the SFR here. In every other
aspect considered so far (e.g. gas metallicity, electron density
and temperature and emission line ratios), UM 462 is similar
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Table 5. Basic properties of the recent SF in the regions defined by astrodendro.

Property DIG 1 DIG 2 DIG 3 H ii 1 H ii 2 H ii 3 H ii 4

L(Hα) (a) 112.49±0.56 22.48±0.10 58.71±0.28 84.41±0.44 4.57±0.03 38.30±0.16 3.51±0.01
SFR (b) 60.41±0.30 12.07±0.05 31.53±0.15 45.33±0.23 2.45±0.01 20.57±0.08 1.88±0.01
ΣSFR

(c) 1.67±0.01 15.71±0.07 26.90±0.13 66.08±0.34 43.14±0.26 28.99±0.12 18.84±0.07
AgeSB99

(d) 5.21 4.86 4.71 3.26 4.66 4.83 4.11

Notes. (a)In units of 10−38 erg s−1; (b)In units of 10−3 M� yr−1; (c)In units of 10−2 M� yr−1 kpc−2; (d)In Myr.
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Fig. 22. Maps of total oxygen abundance derived by means of different
strong line methods. Upper row: calibrations by Marino et al. (2013) for
the N2 (left) and the O3N2 (right) methods. Middle row: calibrations
by Stasińska (2006) for the S3O3 (left) and Ar3O3 (right) methods.
Lower row: S calibration by Pilyugin & Grebel (2016) (left) and N2S2
calibration by Dopita et al. (2016) (right).

to the GP galaxies. This suggests that GP galaxies could be
the brightest and most vigorous end of a galaxy population at
z ∼ 0.1−0.2 where objects like UM 462 may be common. In
turn, UM 462 would be representative of the faint end of the GP
galaxies distribution and thus allows us to study the processes
taking place in faint GP galaxies. Up to now, at z ∼ 0.1−0.2,
studies similar to those existing for the brighter relatives were
not possible but they may be common with the advent of the
James Webb Space Telescope (JWST). Such studies will surely
benefit from the results found for this and similar galaxies in the
Local Universe.

5. Discussion

5.1. Strong line methods to derive oxygen abundance

Deriving abundances by means of the direct method in extra-
galactic sources is certainly challenging, since it needs a deter-
mination of Te which, in turns, depends on faint auroral lines
(e.g. here [N ii]λ5755 or [S iii]λ6312), specially in low surface
brightness diffuse component of the ionised gas. Instead, it is
more common to use certain combinations of strong emission
lines with more or less well established empirical and/or theo-
retical calibrations: the so-called strong line methods. Several of
the lines involved on these methods are observed all over the
galaxy. Thus, these data constitute a good opportunity to assess
their performance.

One of the most used indexes is N2 = log([N ii]λ6584/Hα),
first proposed by Storchi-Bergmann et al. (1994). It seems
handy for studies at high redshift, since it involves only
two lines that are very close in wavelength. However, it
should be handled with care since it is sensitive to relative
atomic (nitrogen) abundances, in particular at low metallic-
ity (Morales-Luis et al. 2014). Another common index is the
O3N2 = log(([O iii]λ5007/Hβ)/([N ii]λ6584/Hα)), proposed by
Alloin et al. (1979). At least in very nearby H ii regions, it
seems less sensitive to variations in the ionisation parameter
(e.g. Monreal-Ibero et al. 2011) but it involves a larger number
of lines spread over a wider spectral range. The oxygen abun-
dance maps for these indexes using the calibration proposed by
Marino et al. (2013) are presented in the upper row of Fig. 22.
Similar maps are obtained with other calibrations (e.g. Bian et al.
2018; Pérez-Montero et al. 2021).

Besides, Stasińska (2006) proposed two additional indexes
that behaved well when determining the overall metallic-
ity of the galaxy (Ar3O3 = log([Ar iii]λ7135/[O iii]λ5007) and
S3O3 = log([S iii]λ9069/[O iii]λ5007)), even if their uncertainty
is somewhat larger (∼0.3 dex). The oxygen abundance maps
using these indexes are presented in the central row of Fig. 22.
All the four maps are presented with a scale covering the same
range as the oxygen abundance map in Fig. 10, derived through
the direct method, to make easier the comparison between these
figures. Given the strength of the involved lines, uncertainties
for these calibrators are dominated by the calibration method at
play, not by the line measurements and are within the range of
∼0.05−0.30 dex, depending on the index.

Overall, the metallicity distribution in all these four maps
is radically different to the one presented in Fig. 10. While the
galaxy is seen as presenting an homogenous abundance in oxy-
gen when the direct method is used, it would have been inter-
preted as chemically inhomogeneous (to a different degree) if
any of these four strong line methods had been used.

Assuming the metallicity derived from the direct method as
the ‘true metallicity’, we can evaluate the accuracy of each of
these methods in the different parts of the galaxy by comparing
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Fig. 23. Histograms with the difference between the oxygen abundance,
12 + log(O/H), as derived from different strong line methods and the
direct method, in the different regions defined with astrodendro. Ver-
tical dashed lines denote the mean of a given distribution while the
length of thick horizontal bands is the standard deviation. The order
of the rows and columns is the same as in Fig. 22.

the metallicity as derived from a strong line method against
the one from the direct method. This is shown as histograms
in Fig. 23. In general, all the four methods tested here predict
reasonably well the metallicities in the H ii regions. This is not
surprising since they were calibrated using H ii regions (or at
the very least, whole galaxies dominated by the emission of
their H ii regions). However, there are nuances. The dispersion
is clearly lower for the N2 and O3N2 indexes than for the S3O3
and Ar3O3 ones. In particular, these two last indexes overes-
timate the metallicity in H ii-4 by &0.1 dex. This discrepancy
is even stronger when looking at the tiles corresponding to the
DIG apertures, in particular DIG-1, that traces the outermost
part of the galaxy. On average, all the ratios predict abundances
&0.1 dex larger in DIG-1, but the further from the main site of
SF one goes, the larger the difference becomes, reaching values
of &0.2 dex in the N2 and O3N2 methods, and &0.3 dex in the
S3O3 and Ar3O3 in a significant area of the galaxy.

The underlying cause of these discrepancies can be
explained by the same effect, even if the impact depends on the
ratio one is looking at. ISM in the DIG is expected to be domi-
nated by low excitation lines, thus it is not surprising that those
indexes involving only high excitation lines (i.e., the S3O3 and
Ar3O3, with ionisation potentials of 23.34 for S++ eV, 27.63 eV
for Ar++, and 35.12 eV for O++) do not adequately trace the
metallicity there. That metallicity is preferentially overestimated
can be understood by the fact that O++ has larger ionisation
potential than S++ or Ar++. Of course, when looking along the
line of sight of a spaxel in the DIG, contribution of the differ-
ent zones (using Garnett’s nomenclature) with the whole range
of ionisation degree is expected. However, the relative contribu-
tion of the high-ionisation (and better traced by O++ over S++ or
Ar++) zone is expected to be less important in the DIG, imply-

ing higher S3O3 or Ar3O3 indexes that would translate in higher
metallicities.

Something similar (but more subtle since also a low exci-
tation line is involved, [N ii]λ6584) seems at play in the other
two indexes. Here, the discrepancies between the direct and
the strong line methods, when looking at the DIG are smaller
(.0.1 dex). In the particular calibrations tested here the N2 index
provides metallicities in slightly better agreement than the O3N2
index.

The last rows in Figs. 22 and 23 contains the results for two
additional indexes using different set of lines. On the left col-
umn on that row, we present the results for the S calibration
as proposed by Pilyugin & Grebel (2016), that makes use of a
combination of oxygen, sulphur and nitrogen lines. This index
was conceived to take into account the ionisation parameter,
and it is, de facto, the one that finds the most uniform metal-
licity distribution of the indexes tested here, with differences
<0.2 dex between H ii-1 and H ii-4 and comparable metallicities
in the H ii region and the surrounding DIG. However, it seems
to globally underestimate the metallicity by ∼0.1 dex. This may
be attributed to the somewhat low relative nitrogen-to-oxygen
abundance, that is at the lower end of the log(N/O) values used
by Pilyugin & Grebel (2016) to calibrate this index.

Finally, on the right column on that row, we present the
results for an index proposed by Dopita et al. (2016), and that
makes use of a combination of the [N ii], [S ii], and Hα emis-
sion lines (here referred as N2S2 index). This was, in princi-
ple, a handy choice of lines for high redshift studies since they
fall within a short spectral range (<300 Å), thus being indepen-
dent of any extinction correction and relatively easy to observe
with a single observational set-up. However, this is the index
that clearly perform the worst of all those tested here, underes-
timating the metallicity by ∼0.4 dex. This index was calibrated
using photoionisation models. Large discrepancies between the
abundance values produced by empirical and theoretical calibra-
tions of strong line methods are well acknowledged in the liter-
ature (e.g. Kewley & Ellison 2008), and in general, an empiri-
cal metallicity scale is preferable (Pilyugin & Grebel 2016). The
experiment presented here with this one galaxy supports this
statement. A possible origin for this discrepancy can be the rel-
ative abundances assumed for the calibration of N2S2 index. At
the oxygen abundance for UM 462, a log(N/O) ∼ −1.4 was
assumed for the calibration, larger by ∼0.3 dex than the log(N/O)
measured here.

Having a reliable diagnostic to determine metallicities at
any point of a galaxy is essential to identify chemical inhomo-
geneities that can be associated with in and outflows of material.
The choice of the index, systematics of the specific calibration,
the characteristics of the target under study (i.e. H ii regions or
DIG, moderate star-forming galaxy or extreme starburst), and
the level of contrast one wants to achieve when detecting chem-
ical inhomogeneities, are all aspects that should be taken into
consideration. Ultimately, this has an impact on our understand-
ing of the mechanisms that regulate the processes of galaxy
enrichment and chemical evolution. The exercise presented here,
involving a single galaxy and a single metallicity, illustrates that
there is still some way to go. A comparison between the direct
method and the S calibration in Haro 11 points towards the same
direction (Menacho et al. 2021). In that sense, a similar exer-
cise on a sample of galaxies covering a range of metallicities
seems imperative. In parallel, new techniques that do not rely
on the detection of auroral lines to obtain an estimate of the
electronic temperature reveal themselves as promising alterna-
tive (e.g. Kreckel et al. 2022; Fernández et al. 2023).
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5.2. A supernova remnant candidate

In Sect. 4.2.5, we measured the intrinsic line ratios and line
width of a local maximum in the [S ii]/Hα and [O i]/Hα maps.
Here, we discuss the nature of the source causing this emis-
sion. There are several mechanisms that can produce line ratios
departing from the typical values expected from H ii regions,
and with enhanced forbidden line ratios. Because of its point-
like nature, we can reject those usually associated with extended
DIG emission like post-AGB stars (Binette et al. 1994). Like-
wise, we can also discard structures larger than ∼150 pc like
large bubbles and shells. Besides, an active galactic nucleus
can be rejected right away because of its non-nuclear nature.
Possible point-like causes for the observed line ratio are plan-
etary nebulae (PNe) and Supernova remnants (SNRs), both
of stellar origin or, being more specific, the corpse left after
the death of different kinds of stars. PNe have been detected
with MUSE in galaxies at distances similar to that of UM 462,
and even beyond (Kreckel et al. 2017; Roth et al. 2021), and
do have strong forbidden lines. However, this applies to both,
high and low ionisation lines. Looking at the original BPT
diagrams, PNe typically have log([N ii]/Hα)∼ 0.0−0.5 dex and
log([O i]/Hα)∼−0.5−0.0 dex, much larger than the values we
measured for our source, but admittedly in the same direc-
tion. However, the most prominent optical line in a PN is
usually [O iii]λ5007. In the original BPT diagrams, PNe typ-
ically occupied the locus with log([O iii]/Hβ)& 1, larger than
any ratio we measure at any place in UM 462. This is even
more true in the emission attributed to the source under
discussion.

A last possibility is that this emission could be caused by
a SNR. This, in principle, should be detectable with MUSE
data at these distances (Cid Fernandes et al. 2021). The expected
size of a SNR is ∼40 pc (Roth et al. 2018), thus compatible
with an unresolved source at the distance of UM 462. His-
torically, a log([S ii]λλ6716,6731/Hα) =−0.4 have been con-
sidered the canonical lower limit for a typical SNR spectrum
(Mathewson & Clarke 1973; Fesen et al. 1985). We measured
a log([S ii]λλ6716,6731/Hα)∼−0.49 dex. Thus, strictly speak-
ing, our line ratios do not comply with this criterion, although
they are quite close. However, this criterion is based on only
one ratio and seems too strict. As discussed by Kopsacheili et al.
(2020), it might miss SNRs with relatively low shock veloci-
ties, characteristic of older SNRs, for instance. These authors
derived additional criteria involving sets of two or three
line ratios by means of machine learning techniques. Our
pair of log([S ii]λλ6716,6731/Hα) and log([O i]λ6300/Hα) are
compatible with the criterion provided by these authors.
Besides, assuming a relation between the [O ii]λλ7320,7331
and [O ii]λλ3726,3729 as in Sect. 4.2.3, our line ratios also
comply with the criterion proposed by Fesen et al. (1985)
based on the Hβ, [O ii]λλ3726,3729, and [O i]λλ6300,6363
emission lines. Our [N ii]λλ6548,6584/Hα line ratio is some-
what lower than the values reported in these works. How-
ever, metallicity may play a role here. Payne et al. (2007,
2008) present [N ii]λλ6548,6584/Hα, [S ii]λλ6716,6731/Hα,
[O i]λλ6300,6363/Hα line ratios for a sample of SNR in the
Magellanic Clouds, the closest star-forming galaxies with metal-
licities similar to that of UM 462. Their ratios compare well
with those measured here. Besides, we measure a ratio of the
two sulphur lines of 1.35± 0.02, comparable to the line ratios
measured for SNR in the Magellanic Clouds (Payne et al. 2007,
2008). The corresponding density, as derived in Sect. 4.2.1 is
ne([S ii]) = 100±20

15 cm−3, smaller but comparable to the median

ne([S ii]) of 530 cm−3 reported by Payne et al. (2008). We could
also estimate an electron temperature from the sulphur lines of
Te = 11 000−3500

+2900 K, somewhat lower than the one determined for
the environmental ISM. All in all, the most plausible of all the
ionisation mechanism considered to explain the emission at RA
(J2000) = 11:52:37.8 and Dec (J2000) =−02:28:03.0 is a SNR.
Interestingly enough, such a SNR, just at the outskirts but not
in the regions H ii-1 – . . . – H ii-4 supports the scenario sug-
gested in Sect. 4.3.1 where the most recent SF propagates from
the outer to the inner parts of the galaxy (and then from east to
west).

5.3. The presence of Wolf-Rayet stars in UM 462

In Sect. 4.3, we presented an overview of the stellar popula-
tions and saw how the FADO modelling suggested that the most
recent SF propagates from east to west. An additional tracer of
the youngest stellar populations is the presence of spectral fea-
tures characteristics of Wolf-Rayet (WR) stars. These are mas-
sive (M & 25 M�) stars at certain short-duration stages after
abandoning the main sequence (see Crowther 2007, for a review)
and can be used as a precise clock to estimate the age of young
stellar population.

The taxonomy of WR stars is rather complex and relies on
the characteristics (presence, relative strength and shape) of cer-
tain emission features in the stellar spectra. When studying unre-
solved stellar populations, the classification is simplified to the
maximum, and usually only two main classes are considered:
nitrogen WR stars (WN stars), with strong helium and nitrogen
lines and where the star shows the products of the CNO burning,
and carbon (or oxygen) stars (WC and WO stars) with strong
helium, and carbon or oxygen lines, and where the star shows
the products of He burning. During its life, a given massive star
may or may not pass by some of the stages associated to the
different types of WR stars, depending on a variety of aspects
such as its initial mass, metallicity, amount of rotation or whether
it is an isolated star or in a binary system (Crowther 2007).
Both, binarity and rotation, favour the appearance of WR fea-
tures, lowering the lower mass limit for an star to go through the
WR phases and making them last longer (e.g. Meynet & Maeder
2005; Eldridge et al. 2008; Georgy et al. 2012).

Spectral features characteristics of WR stars are fainter at
lower metallicities (Hadfield & Crowther 2007) but by no means
inexistent. The most important WR features used in extragalactic
astronomy are a bump around 4650 Å, i.e. the blue bump, which
is mainly but not always characteristic of WN stars, and a fainter
bump around 5808 Å, i.e. the red bump, characteristic of WC
stars. There are plenty of examples for detection of these features
in BCDs or galaxies with metallicities similar to that of UM 462
(e.g. Guseva et al. 2000; López-Sánchez & Esteban 2010).

Given the youth of the most recent burst of SF, one would
expect the presence of such features in UM 462. However, this
has not firmly proven so far. On the one hand, based on the detec-
tion of a broad He iiλ4686 emission line, as well as the detec-
tion of the Si iiiλ4565 and the He i/N iiλ5047 spectral features,
Guseva et al. (2000) suspect the presence of WR in the galaxy.
On the other hand, James et al. (2010) did not find evidence of
those features in their data, even if they used several extraction
apertures in an attempt to minimise the dilution of the WR fea-
tures by the stellar continuum.

The strongest of the WR features, the blue bump, is not cov-
ered with the present data. Nonetheless, we can contribute to
clarify this issue by looking for the red bump. To do so, we
pinpointed the WR emission following a similar methodology

A210, page 24 of 29



Monreal-Ibero, A., et al.: A&A 674, A210 (2023)

11
h
52

m
39

s
38

s
37

s
36

s

-2
°2

7'
45

"
28

'0
0"

15
"

30
"

Right Ascension (J2000)

D
ec

lin
at

io
n 

(J
20

00
)

DIG-1

DIG-2

DIG-3

HII-1

HII-2

HII-3

HII-4

10 20xFRed Bump (cm 2 erg s 1 spaxel 1)

50

100

150

200

250

300

Fig. 24. Map showing the location with excess of emission at the
wavelengths corresponding to the red bump (5760−5860 Å, rest-frame).
For reference, the map in Hα flux made by line fitting on a spaxel-
by-spaxel basis is overplotted with ten evenly spaced contours (in
logarithmic scale) ranging from 1.26× 10−18 erg cm−2 s−1 spaxel−1 to
1.26× 10−15 erg cm−2 s−1 spaxel−1. Likewise, the different regions and
areas discussed along the work are marked with the same colour and
line code as in Fig. 3. North is up and east towards the left.

as that described by Monreal-Ibero et al. (2017). Basically,
we created a map for the red bump emission by simulat-
ing the action of narrow tunable filters at the bands proposed
by Brinchmann et al. (2008), corrected for the redshift of the
galaxy, and applied those to the Galactic extinction corrected
data cube. We did not convolve the resulting image with a
Gaussian filter since nothing was gained with that because of
the poor seeing of the data.

The resulting map is presented in Fig. 24. There is a clear flux
excess at the location of aperture H ii-3, as well as in some areas
of H ii-1, and DIG-3. Additionally, there might be some marginal
flux excess in the part of DIG-1 closest to the centre of the galaxy.
A zoom of the spectra presented in Fig. 4 in the spectral range
of the red bump is presented in Fig. 25. To guide the reader, we
added a 1-degree polynomial fit to the local continuum in each
spectrum. The bump is clearly seen in apertures H ii-3, H ii-1, and
DIG-3. Besides, there may be a marginal detection in DIG-2 and
DIG-1. Thus, these data support the presence of WR stars in the
galaxy. Because of the poor seeing and the inaccessibility of the
blue bump, we did not attempt to further isolate the WR emission
and estimate the number of WR stars.

A point worth mentioning is that most of the red bump
emission is not associated with the youngest burst of SF, H ii-
1, but to the somewhat older H ii-3. Differences in the distri-
bution of the blue and red bumps emission have been used in
the past to trace the propagation of the most recent SF within
a galaxy with the youngest stellar populations at those places
where only the blue bump is detected, then going towards some-
what older stellar populations in those places where both bumps
(or only the red bump) are detected (Westmoquette et al. 2013;
Monreal-Ibero et al. 2017; Gunawardhana et al. 2020). In that
sense, the red bump detection together with the results presented
in Sects. 4.3.1 and 4.3.2 motivate us to hypothesise the presence
of WR stars, and in particular WN stars, in H ii-1, and claim
loudly for 2D spectroscopic data at high spatial resolution to
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Fig. 25. Zoom of the same spectra displayed in Fig. 4 in the spectral
range corresponding to the red bump. To guide the eye, a linear fit to
the local continuum is also displayed with a black dashed line for each
spectrum.

confirm (or reject) that hypothesis. That is: mapping the blue
bump in the centre of UM 462, and carrying out a proper census
of the WR population in the galaxy would allow to strength (or
reject) the scenario of east-west propagation of the SF.

5.4. The horns, the beard and the story behind them

In Sect. 4.2.3, we introduced two ∼1 kpc-long structures towards
the north of the galaxy, clearly delineated in the maps with ratios
involved in the BPT diagram. We nicknamed them ‘the horns’.
Similarly, we identified a closed, almost loop-like structure in
Sect. 4.2.6. We named it ‘the beard’. Here, we discuss the ori-
gin of both structures based on the join observational evidence
collected through this work.

The horns. With an angle between them of ∼25◦, these two
structures frame the only area in the galaxy with velocity dis-
persions clearly high enough to be measured at the MUSE spec-
tral resolution and displaying velocity stratification. They have
relatively high EW(Hα), thus suggesting larger concentration
of ionised gas, and line ratios tracing relatively high ionisation
parameter (even if not as high as the main site of SF).

We posit here that this set of structures represents the effects
of the stellar feedback in the galaxy at a relatively advanced
stage, as the 2D projection (in the plane of the sky) of a frag-
mented super-bubble, where the galaxy has already lost part of
its ISM. The wall of such a fragmented super-bubble is seen
edge-on at the location of the horns, while in between the horns,
we see the integrated emission of the back and front side of the
wall, probably dominated by the emission of the front side.

This would be consistent with higher velocity dispersions
just in the middle point between the horns then decreasing
when moving in the E-W direction towards the horns, exactly
as observed. In this scheme, one would expect higher ionisation
species being preferentially found in the inner side of the wall,
while lower ionisation species would preferentially be located
in the outer side of the wall. Under the assumption that the
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emission in between the horns is dominated by the front side of
this wall, the kinematics, with redder velocities for [O iii]λ5007
and bluer velocities for [O i]λ6300, supports this picture.

The scenario presented here is only sketched but already
allows to make some predictions that can be used to plan spectro-
scopic observations at high spectral resolution, able to reinforce,
refine, or refute it. These would not need to map the whole area
but should sample, at least, the horns and the area in between
at one or two locations, and provide information for at least
one hydrogen recombination line, one line tracing high excita-
tion (e.g. [O iii]) and one line tracing low excitation (e.g. [N ii],
[O i], or [S ii]). For the scenario proposed here to be valid, such
observations should deliver line splitting, with larger split in the
middle point between the horns, and decreasing when moving
towards the horns, where there should be no splitting at all. Like-
wise, this splitting should be larger for the low ionisation lines
than for the high ionisation lines. Finally, for a given line the
blue component should be stronger than the red component.

Perhaps the closest example to the stratification found here
is presented by Menacho et al. (2021), who also found kpc-scale
areas in Haro 11 with velocity difference between the Hα and
[N ii] emission lines. These were also explained as perhaps rem-
nants of a kpc-scale superbubble whose break out might have
created a filamentary structure. The findings in this area of
UM 462 suggest a similar mechanism at play here, where the
system has managed to carve a passage through which, perhaps,
ionising photons from the youngest generation of stars could
escape from the galaxy.

The beard. This structure presents some similarities with the
horns (e.g. line ratios), but its interest lies precisely in the dif-
ferences: (i) it is a closed structure (as opposed to open); (ii) it
is somewhat smaller in size; (iii) it has EW(Hα) values larger
than the horns by a factor ∼2−3; (iv) the area encircled by the
structure have velocity dispersions just marginally above what it
is possible to resolve with MUSE; (v) it is at a location of the
galaxy with much more atomic gas (van Zee et al. 1998).

Here we propose that this could be a location where the
effects of the stellar feedback are at a somewhat earlier stage
than in the northern part of the galaxy. The ionised gas struc-
ture fruit of the stellar feedback is still (almost) unbroken and
the (ionised) gas is still retained within the galaxy. An observa-
tional experiment as the one designed above could also be set up
for this structure. However, reinforcing, refining of refuting this
proposal would be more difficult than the one for the northern
part of the galaxy since velocity differences between the compo-
nents are expected to be smaller, and thus a putative line splitting
more difficult to detect.

When comparing the observational evidence presented here
and found in GP galaxies, an outstanding difference is the lack
of clear broad emission line wings in UM 462 while these seem
common in the GP galaxies (Amorín et al. 2012). There are three
non-exclusive reasons that may explain this difference. On the
one hand, if UM 462 actually represents the faint end of the GP
distribution, it might well be that the effects of the stellar feed-
back, even if existing, are not as vigorous as in GP galaxies. On
the other hand, given the spatial resolution at which GP galaxies
have been observed so far, the observed emission lines in these
galaxies are integrated over considerable areas, and these broad
components may just be the sum of the complex large scale gas
motions within them. High fidelity spatially resolved observa-
tions at high-spatial resolution of GP galaxies, now possible with
the JWST, could shed light on the sort of (kinematic) substruc-
tures at place in GP galaxies. The third possibility is that these

broad components were actually present in UM 462, just chal-
lenging to be rescued. As we mentioned in Sect. 3.3, both [O iii]
emission lines display a broad component at their base in the
seven astrodendro spectra. However, this is at a level compara-
ble to the wings of the MUSE LSF, and thus not attributable with
certainty to the target. Delicate experiments as done with PMAS
data for Mrk 71/NGC 2366 (Micheva et al. 2017), or by propa-
gating the shape of the LSF (as measured from the arc lines) to
the apertures under study, could shed light into this issue and
constitute a nice avenue for future research.

6. Conclusions

We present here a unique detailed spectroscopic study on a
nearby BCD galaxy resembling the GP galaxies, UM 462. For
that, we made use of MUSE data mapping most of the galaxy
(i.e. an area of ∼55′′ × 40′′ or ∼3.8 kpc× 2.8 kpc) with deep
wavelength coverage from 4750 Å to 9300 Å. This allowed us to
characterise the physical and chemical properties of the ionised
gas, as well as get an overview on the properties of the stellar
population in the galaxy. Our main results are:
1. The Hα/Hβ line ratio is consistent with no extinction in

most of the galaxy. The only exceptions are the main site
of SF with c(Hβ)∼ 0.4 and some secondary sites of SF with
c(Hβ)∼ 0.2. As expected, the overall stellar population suf-
fers from less extinction than the ionised gas.

2. Electron densities as traced by the [S ii] emission line ratio
are below the low density limit all over the galaxy but in the
main site of SF, with ne([S ii])∼ 100 cm−3. Although uncer-
tainties are large, electron densities as traced by the [Cl iii]
line ratio seem higher but again below the low density limit
for this diagnostic.

3. Electron temperatures by means of the [S iii], [N ii], and
He i lines at specific apertures were derived. Median Te
decreases according to the sequence [S iii]→ [N ii]→He i.
Furthermore, Te([S iii]) values are ∼13 000 K, and uni-
form within the uncertainties over an area of ∼20′′ × 8′′
(∼1.4 kpc× 0.6 kpc). This is comparable to the Te’s mea-
sured in GP galaxies.

4. We derived several ionic and elemental abundances. Regard-
ing helium, ionic abundance, He+/H+, ranges from ∼7.7 ×
10−2 to ∼8.2×10−2, which is compatible with the values pre-
viously reported. Values become lower when going towards
the outermost part of the galaxy, suggesting a larger contri-
bution of neutral helium there.

5. Regarding light elements, we mapped oxygen ionic and ele-
mental abundances by means of the direct method. Total
oxygen abundances were 12 + log(O/H)∼ 8.02, in agreement
with the previous reported values. Within the uncertainties,
there is no O/H inhomogeneity in UM 462. We also derived
abundances for nitrogen, sulphur, argon, and chlorine in
selected apertures, which were compatible with values avail-
able in the literature. Regarding nitrogen, we mapped its rel-
ative to oxygen abundance, N/O. We found a mild (.−0.2
gradient of log(N/O) crossing the galaxy in the north-east to
south-west direction (i.e. H ii-4 with log(N/O)∼−1.8→H ii-
1 with log(N/O)∼−1.6. This is of the order of the uncertain-
ties, and thus still compatible with homogeneity in nitrogen.

6. Several strong line methods to derive metallicities were put
to test by comparing their predictions with those by the direct
method. In general, they performed well at the H ii regions
and not that well at the DIG. The N2, O3N2, S3O3, and
Ar3O3 indexes detected chemical inhomogeneities, to a dif-
ferent extent depending on the index, not present according
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to the direct method. The so-called S calibration provided a
somewhat more homogeneous oxygen abundance, but it was
lower by ∼0.1 dex than the one derived by the direct method.
The only tested index based on models, N2S2, largely under-
estimated the metallicity in the galaxy (i.e. by ∼0.4 dex). A
similar exercise on a sample of galaxies covering a range of
metallicities seems imperative to identify the best metallicity
diagnostic valid all over a given galaxy, since this ultimately
has implications on our ability to identify chemical inhomo-
geneities and to understand the galaxy chemical evolution.

7. We mapped several strong line ratios used for plasma diag-
nostic. Those involved in the BPT diagrams are mostly com-
patible with gas photoionised by massive stars. However,
a systematic excess in the [O i]/Hα ratio is found. This
suggests an additional mechanism or a specific configura-
tion of the relative distribution of gas and stars.We note
that [N ii]/Hα, [S ii]/Hα, and [O i]/Hα line ratios were the
lowest in the main sites of SF, and they increased when
going towards the external parts of the galaxy. Furthermore,
[O iii]/Hβ presented the reversed distribution. The galaxy
presented two structures, referred to as ‘the horns’ here,
towards the north with the highest [O iii]/Hβ ratios, with the
exception of the main SF sites.

8. We also mapped other strong line ratios routinely used
in the literature to map the ionisation structure, namely
[O iii]/[S ii], [O iii]/[O i], [O iii]/[O ii], and [S iii]/[S ii]. They
closely follow the [O iii]/Hβ map, with larger ratios at the
main site of SF and decreasing outwards. We note that
[O iii]/[O ii] in particular can reach values of up to ∼4.0,
which is well in the range of the Lyman break galaxies at
z ∼ 2−3 and the Lyman continuum leakers.

9. We present maps for EW(Hα) and EW([O iii]). Unsurpris-
ingly, both present very high values that can reach up to
∼1500 Å at the Hα peak. The maps allowed us to delineate
the ionised gas structure in the external part of the galaxy. In
particular, we identified two structures roughly symmetric to
the horns, with respect to the main body of the galaxy, that
bend towards each other and form a close structure, called
here ‘the beard’.

10. The velocity fields of the strongest lines present an over-
all structure similar to the velocity field for atomic hydro-
gen with receding velocities in the east and approaching
velocities in the west and south-west and a east-west veloc-
ity difference of ∆v∼ 40 km s−1. However, it is much more
complex than simple rotation. The area between the horns
presents a velocity stratification with redder velocities in the
high ionisation lines and bluer velocities in the low ionisa-
tion lines. In addition, it is the only area in the galaxy with
velocity dispersions clearly above the MUSE instrumental
width.

11. The modelling of the stellar continuum suggests that most
of the mass of the galaxy (∼60−70%) can be attributed to
a relatively old (&1 Gyr) stellar population. There is also a
significant (∼10−30% in mass) contribution of an interme-
diate age (∼40−400 Myr) stellar population in the inner part
of the galaxy. However, the luminosity of the galaxy is dom-
inated by a young (i.e. ∼6 Myr) stellar population, even if
it contributes only .10% to the stellar mass. The ages of
these young stars in the selected apertures suggest that the
most recent SF propagates from the outer to the inner parts
of the galaxy, and most importantly from east to west. The
Hα luminosity implies a total current SFR of 0.17 M� yr−1.

12. We identified a point source presenting a local maximum in
the [S ii]/Hα and [O i]/Hα maps. We isolated the emission at

the point source from the emission of the surrounding DIG.
Given the upper limit for the physical size, its line ratios, and
line widths (σ ∼ 50 km s−1), the most plausible point-like
source causing this emission is a SNR.

13. We confirm the presence of WR stars in the galaxy by means
of the red bump. Notably, the red bump emission does not
peak at the same location as the maximum in Hα and where
the most recent SF takes place, but towards the east, in what
we named here H ii-3. Given the suggested east-to-west SF
propagation, we postulate the presence of WN stars at the
maximum in Hα, which may be detected by deep and high
spatial resolution observations of the blue bump.

14. We discuss the horns and the beard structures and posit that
they represent two snapshots of the stellar feedback in action,
more advance in the case of the horns, and at somewhat ear-
lier stage for the beard. We suggest that the so-called horns
represent the walls of a fragmented super-bubble that cre-
ates a passage where, perhaps, ionising photons from the
youngest generation of stars could escape from the galaxy.

This ensemble of results exemplifies the potential of 2D detailed
spectroscopic studies of dwarf star-forming galaxies at high spa-
tial resolution to learn about the mechanisms at work in first
galaxies, as well as to understand the biases inherent to simi-
lar studies on those actual galaxies, where such a level of detail,
understood as the number of spectral features available as well
as spatial resolution, is unattainable. JWST is already obtaining
integrated spectra of primeval galaxies similar to the one studied
here (Schaerer et al. 2022; Arellano-Córdova et al. 2022). In the
not so distant future, thanks to its IFU mode, it will be able to
map the physical and chemical properties of those same galax-
ies. Likewise, the cohort of extremely large telescopes will be
equipped with IFS-based instruments in the near-infrared (i.e.
HARMONI at the ELT Thatte et al. 2020; IRIS at the TMT
Larkin et al. 2016; and GMTIFS at the GMT Sharp et al. 2016).
This implies that in the not so distant future, we will be able to
spectroscopically map the primeval galaxies at exquisite spatial
resolution for which the present and similar works will undoubt-
edly constitute a key referent.
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