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A B S T R A C T 

We describe the observations of the low metallicity nearby galaxy AGC 198691 (Leoncino Dwarf) obtained with the Integral Field 

Unit of the instrument MEGARA at the Gran Telescopio Canarias. The observations co v er the wavelength ranges 4304–5198 Å
and 6098–7306 Å with a resolving power R ≈ 6000. We present 2D maps of the ionized gas, deriving the extension of the H II 

region and gas kinematics from the observed emission lines. We have not found any evidence of recent gas infall or loss of metals 
by means of outflows. This result is supported by the closed-box model predictions, consistent with the oxygen abundance found 

by other authors in this galaxy and points towards Leoncino being a genuine XMD galaxy. We present for the first time spatially 

resolved spectroscopy allowing the detailed study of a star-forming region. We use POPSTAR + CLOUDY models to simulate the 
emission-line spectrum. We find that the central emission-line spectrum can be explained by a single young ionizing cluster with 

an age of ≈ 3.5 ± 0.5 Myr and a stellar mass of ≈ 2 × 10 

3 M �. Ho we ver, the radial profiles of [ O III ] λ 5007 Å and the Balmer 
lines in emission demand photoionization by clusters of different ages between 3.5 and 6.5 Myr that might respond either to the 
evolution of a single cluster evolving along the cooling time of the nebula ( ≈ 3 Myr at the metallicity of Leoncino, Z ≈ 0.0004) 
or to mass se gre gation of the cluster, being both scenarios consistent with the observed equi v alent widths of the Balmer lines. 

K ey words: galaxies: indi vidual (AGC 198691); galaxies: dwarf – galaxies: evolution – galaxies: ISM – galaxies: star formation. 
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 I N T RO D U C T I O N  

he properties of eXtremely Metal-Deficient (XMD) galaxies such 
s gas and stellar kinematics and their relationship with the envi- 
onment, along with the mechanisms in place that preserve their 
ow abundance until today, have been a matter of scrutiny for the
ast few decades. Based on these properties, XMD galaxies have 
een proposed as the natural laboratories for testing the processes 
f chemical enrichment right after the primordial nucleosynthesis in 
onditions similar to those of the early Universe. 

Thus, nearby low metallicity galaxies are considered the local 
ounterparts of the high-redshift prime v al star-forming galaxies. 
his astrophysical subject has been boosted in the last 5 yr due

o new observational facilities and techniques pushing the limits 
f currently operating telescopes, both in the local Universe and at 
ntermediate redshift. The two main contributors to this progress have 
een recent large-scale surv e ys such as the Sloan Digital Sky Survey,
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SDSS; Abazajian et al. 2005 ) and new but still scarce detailed
pectroscopic observations with medium or large aperture ( ≥ 6.5m) 
elescopes. 

Local XMD galaxies hav e pro v en hard to find. Under the assump-
ion that all normal galaxies follow the Luminosity (L)–Metallicity 
Z) correlation, where the luminosity is usually measured from the B -
and absolute magnitude, o v er the whole abundance range, the L–Z
elationship would predict a low luminosity for the most metal-poor 
alaxies (Skillman, Kennicutt & Hodge 1989 ), so XMD galaxies 
ould be intrinsically weak, and therefore difficult to be detected, 
nless a burst of star formation boosted the luminosity producing a
trong emission-line spectra. For this reason, most of the searches of
hese galaxies have been focused on finding objects with episodes of
tar formation, selecting the candidates for their blue excess or for the
igh values of [ O III ] λ 5007/H β , e.g. Izotov & Thuan ( 2007 ), Guse v a
t al. ( 2017 ), Hirschauer et al. ( 2018 ), Izotov et al. ( 2018 ), and Izotov,
huan & Guse v a ( 2019 ). Moreo v er, [ O III ] lines are the result of the

onization by a relatively hard spectrum only present in very young
tar clusters of age ≤ 5.5 Myr, as shown by Garc ́ıa-Vargas, Bressan,
 ́ıaz ( 1995a , b ) and later confirmed with the evolutionary synthesis
odels POPSTAR (Moll ́a, Garc ́ıa-Vargas, Bressan 2009 ). 
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Galaxy luminosity is strongly linked to recent star formation
ctivity, and all the galaxies catalogued as XMD so far have been
bserved while experiencing a strong burst of star formation. The gas
s ionized by a very young cluster, only a few Myr in age, making
hese XMD galaxies detectable in optical [O III ] lines. Ho we ver,
OPSTAR models predict, for a single burst of star formation and
 similar cluster’s mass and H α luminosity, that the lower the
etallicity the larger the age range in which the emission line

pectrum can be detected, so the low abundance by itself cannot
ustify the detection difficulty. The origin behind the bias of XMD
n mid-aperture telescope surv e ys seems to be a lower probability
f capturing the episodes of star formation, due to an intrinsic low
uminosity or/and a slow and quiet evolution. 

A crucial point for XMD classification is the assignment of
etallicity, usually done through the gas-phase oxygen abundance

n the optical emission-line spectrum of the ionized gas. The
etailed description of how the oxygen abundance is obtained from
bservations in the optical range can be found in Osterbrock &
erland ( 2006 ) and, more recently, in P ́erez-Montero ( 2014 ). Briefly,

he method consists in the determination of the average electron
ensity, n e , of the gas from density-sensitive lines like [ S II ] or [ O II ],
ollowed by the determination of the electronic temperature, T e , of
he ionized nebula. In particular, T e ([ O III ]) is obtained from the
atio R O3 = ( I 4959 + I 5007 ) / I 4363 . The lines [ O III ] λ 4959, 5007 Å
re very bright, especially in the low metallicity regions, while the
ine [ O III ] λ 4363 Å is very weak, of the order of 1–2 per cent of the
ntensity of [ O III ] λ 5007. Thus, the measurement of the [ O III ] λ 4363
mission line is challenging, and imposes a bias in the low metal-
icity value depending on the telescope aperture, spatial resolution,
pectroscopic field-of-view, and affordable exposure times. When
o detection of [ O III ] λ 4363 line is available, the oxygen abundance
ould be inferred from other emission lines. Ho we ver, these methods
ave led to important discrepancies on the metallicity values (and
eferences therein Andrews and Martini 2013 ; Marino et al. 2013 ) in
he lowest range, which is the case for XMD galaxies. 

The metallicity could also be estimated from diagnostic diagrams
hen different emission line ratios are used simultaneously. Mart ́ın-
anj ́on et al. ( 2010 ) used Spectral Energy Distributions (SEDs)

ynthesis + photoionization code CLOUDY to predict the emission
ine spectrum produced by an ionizing Single Stellar Population,
SP, under certain hypotheses on the Initial Mass Function, IMF, the
hemical composition of the ionizing star clusters, Z, surrounding
as abundance and electron density, n e , and geometry (ionization
ounded). They reached metallicities as low as Z = 0.0004 (0.023
 � equi v alent to 12 + log (O/H) = 7.05) and Z = 0.0001 (0.0058
 �, equi v alent to 12 + log (O/H) = 6.45). These authors presented

our diagnostic diagrams (see their figs 9, 10, 11, and 12) at
ifferent metallicities for the ionizing cluster and the surrounding
as. In particular, for values as low as those needed for reaching
he lowest metallicity H II regions when plotting models for a wide
ange of ionizing cluster ages and masses. This low-metallicity H II

egion locus in the diagnostic diagrams might be representative of
MD observ ations. The lo west metallicity models have intrinsic

imitations, such as the uncertainty in both evolutionary tracks and
tmosphere models of low metallicity stars and the cooling time
n the ionized nebula. This cooling time is comparable to the age
f the ionizing cluster itself. Nevertheless, there are still very few
bservations for XMD with reliable metallicity and good values
f all these lines to test the goodness of these diagrams as XMD
bundance estimators. 

A few years ago, a new technique based on selecting galaxies
ith low H I mass and bright optical emission line counterpart had
NRAS 509, 6183–6204 (2022) 
llowed the disco v eries of few more XMD as Leoncino (Hirschauer
t al. 2016 ). Ho we ver, these XMD galaxies studies are still based
n emission-line spectra, biased to the time when these galaxies
re undergoing a burst of star formation. This, in turn, biases the
amples as most quiet low-metallicity old galaxies without recent star
ormation are missing, pointing towards these galaxies being not less
umerous but less detectable as we need to go deeper in luminosity.
oreo v er, these galaxies would have low-gas mass content and/or a

ow Star Formation Rate, SFR, at least for genuine XMDs, making
he detection less likely. 

The maximum oxygen abundance value to classify a galaxy as
MD differs among different authors and works (Kunth & Östlin
000 ; Izotov & Thuan 2007 ; Izotov, Thuan & Guse v a 2012 ; Guse v a
t al. 2015 ; S ́anchez-Almeida et al. 2016 ; Kojima et al. 2020 ) and, for
ears, was modulated by the value of the solar abundance itself. Just
0 yr ago, the value of 12 + log(O/H) ≤ 7.65 was set up as the limit to
e an XMD galaxy by Kunth & Östlin ( 2000 ). Ho we ver, the number
f the disco v eries of XMD galaxies has increased so much in the last
ew years that the abundance of 12 + log(O/H) ≤ 7.35, equivalent to
.046 Z �, roughly a 12th of the current value of the solar metallicity,
s now considered to be the upper limit; see e.g. Guse v a et al. ( 2017 )
nd McQuinn et al. ( 2020 ). Some authors even point to a value of
2 + log(O/H) ≤ 7.15, as minimum oxygen abundance to be XMD
Hirschauer et al. 2016 ). The competition for finding these objects is
pen and, until now, the lowest metallicity galaxies are J1631 + 4426
Kojima et al. 2020 ), J0811 + 4730 (Izotov et al. 2018 ), Leoncino
alaxy (Hirschauer et al. 2016 ), and J1234 + 3901 (Izotov et al. 2019 ),
ith 12 + log(O/H) equal to 6.90 ± 0.03, 6.98 ± 0.02, 7.02 ± 0.03,

ecently reported as 7.12 ± 0.04 (unpublished) by McQuinn et al.
 2020 ) and 7.035 ± 0.026, respectively. 

There are other two fundamental aspects related to these galaxies.
he first one is how the gas abundance is linked to the stellar
etallicity of the galaxy, while the second one is what is the origin

f the low metallicity, being both associated to the history of star
ormation in the galaxy and the interaction with the surrounding gas.
ssuming a sole old stellar population in the galaxy, its metallicity
ould map the gas metal content when stars formed, while the gas

bundance would fit the current metallicity. Ho we ver, the underlying
tellar population is the combination of the different generations of
tars created at different epochs tuned by the SFR of the galaxy and
nriched according to its chemical evolution. F or e xample, if the
FR was high in the past, we would expect to observe an enriched
as, so an explanation of the observed low metallicity would be the
ilution by infall gas or the loss of metals by means of outflows. In
ontrast, if the star formation history was slow, due to an inefficient
tar formation or a small amount of gas available to fuel the star
ormation, the gas and old star population might have similar (low)
etallicity. The latter scenario reinforces the scarcity of these XMD

alaxies due to the low probability of capturing the star formation
urst episode. 

There have been many papers focused on disentangling the star
nd gas abundances in the XMD galaxies. One of the most used
ools have been the relationship between the mass in stars, M ∗, and
he metallicity, Z (Berg et al. 2012 ; Guse v a et al. 2017 ). The stellar

ass has to be indirectly inferred by comparison of an observable,
.g. spectra or colours, with galaxy evolution models, each one with
ts own hypotheses and limitations, leading to different conclusions
n terms of the dominant stellar populations in the galaxy and its
otal stellar mass. In the first published works on this topic, a
niversal M ∗–Z relation was put forward. Ho we ver, with the advent
f more observations and models, this relation became a matter of
ntense debate. On the one hand, for massive spiral galaxies ( M ∗ ≥
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0 10.5 M �) the M ∗–Z relation starts to flatten (Tremonti et al. 2004 ;
irschauer et al. 2018 ), while for XMD galaxies ( M ∗ ≤ 10 9 M �)

arge discrepancies were found resulting in significant disagreements 
mong different works (and references therein Hirschauer et al. 
018 ). Berg et al. ( 2012 ) obtained a strong correlation between M ∗
nd Z, with measured oxygen abundance higher for higher galaxy 
ass. They used observed values of the luminosity at 4.5 μm and the

B–K) colour and compared them with the values predicted by the 
odels of Bruzual & Charlot ( 2003 ), assuming a Salpeter IMF and

nder the hypothesis that the 4.5 μm luminosity is mostly dominated 
y low-mass main-sequence and Red Giant Branch (RGB) stars. 
o we ver, Guse v a et al. ( 2017 ) presented a different M ∗–Z relation for
MD galaxies, finding a flatter relation of abundance when the stellar
ass is derived from SEDs including nebular continuum emission, 

ot present in the Bruzual & Charlot ( 2003 ) models. Guse v a et al.
 2017 ) w ork ed under the hypothesis that the star formation history of
MD galaxies can be represented by a short burst with age ≤ 10 Myr
lus an old population formed in a rather continuous way. By fitting
he model to their observations, they find values of the SFR between
.1 and 1.0 M � yr −1 and a specific SFR, defined as SFR/ M ∗, of about
0 Gyr −1 , similar to the one found by these same authors in previous
orks for star-forming galaxies at redshifts 2 < z < 4. 
Finally, the answer to the question on the origin of the lack of
etals in XMD galaxies is also a matter of debate. Ekta & Chengalur

 2010 ) summarized the following three possibilities: 1) a genuine low
etallicity, 2) a dilution of the metals by pristine gas falling, and 3)
 preferential loss of metals. 

The first scenario assumes that the low metal content is genuine so
hat there is and al w ays w as a small amount of metals, implying that
he galaxy has held a very low rate of star formation over a long period
f time. This might occur if the galaxy is isolated enough, although
here is some contro v ersy in the interpretation of data supporting this
rgument (K e wley & Dopita 2002 ). Alternati vely, the cause can be
 slow and different chemical evolution, lower than usual SFR o v er
he galaxy age, inferring an inefficient triggering of star formation 
Gavil ́an et al. 2013 ). Under this assumption, the low metal content of
hese galaxies has been studied to put an upper limit to the primordial
elium abundance (and references therein Cyburt et al. 2016 ), to 
onstrain simulations of the formation of very low mass galaxies and 
o test evolutionary models of massive stars out of pristine gas (and
eferences therein Sz ́ecsi 2016 ). 

The second scenario assumes a dilution of the metals by pristine
as falling into the galaxy from the outer disc, if existent, or from
he local environment, like a consequence of an interaction with a 
eighbour galaxy. In the latter case, the infalling gas would trigger 
 quick mix of the galaxy material, producing a lower abundance 
Ekta & Chengalur 2010 ; McQuinn et al. 2020 ). Ho we ver, Dalcanton
 2007 ) showed that for such galaxies, the ef fecti ve yield tends
symptotically to a constant value independent of the gas mass, 
mplying that the inflow of metal-poor gas cannot substantially lower 
he ef fecti v e yield of e xtremely g as-rich g alaxies. This mechanism
herefore does not seem to be the one responsible of the low
etallicity in very gas rich galaxies, as the XMD found in H I surv e ys.
The two scenarios described abo v e are very different as they

ointed to distinct causes of the low abundance. In the first one, the
etals are not created in the XMD galaxy because the SFR is very

ow and, consequently, the mass created in ne w stars will be very lo w
oo. In the second scenario, metals are created and they are present in
he gas, but an infall of primordial (or less enriched) gas would dilute
he proportion of them in the total gas mass, with the corresponding
b undance decrease. Ga vil ́an et al. ( 2013 ) developed self-consistent
hemical evolution and spectrophotometric models of the formation 
nd evolution of gas-rich dwarf galaxies, with recent star formation 
ut not bursting (i.e. dIrr), considering infall of primordial external 
as but excluding outflow or galactic winds. They compare their 
redictions with observational data and conclude that such galaxies 
ith moderate to low SFRs may be able to preserve the vast majority
f their gas and metals. 
The third scenario assumes that there was a more metallic content,

ut a significant part of these metals have been lost by violent phe-
omena, e.g. supernov a (SN) e vents or outflo ws like enriched galactic 
inds. In the last years, this metal loss scenario has been the preferred
ne to explain the low abundance, as in the case of the LeoP galaxy,
here, with an abundance of 12 + log(O/H) = 7.17 ± 0.04 (Skillman

t al. 2013 ; McQuinn et al. 2020 ), it seems that 95 ± 2 per cent of
ts oxygen would have been lost through galactic winds (McQuinn 
t al. 2015a , b ). 

The XMD galaxies study demands to mo v e to the next step: 2D
pectroscopy in the optical range to derive, on the one hand, the age
nd metallicity of the stellar populations and, on the other hand, the
as metallicity and kinematics along the extension of the galaxy. To
ccomplish this goal, we need a large aperture telescope, to reach
he low luminosity objects, with a spectral resolution high enough 
o decouple the emission-line fluxes and kinematics of different 
hysical components, and good spatial resolution to minimize the 
perture effects and to place the different burst of star formation.
hese observations in the visible are more useful if the galaxies
ave HST high-spatial resolution images or UV spectroscopy that 
nveil the young stellar clusters, hidden by the ionized gas in
he ground-based optical spectra. Last but not least, the use of
volutionary synthesis and chemical evolution models is crucial to 
nfer the physical properties of the stellar populations (mass, age, 
nd metallicity) and the star formation history. 

MEGARA (Multi-Espectr ́ografo en GTC de Alta Resoluci ́on para 
stronom ́ıa) offers all the required capabilities in the world’s largest
ptical telescope, the 10.4 m Gran Telescopio Canarias (GTC), at 
he Observatorio del Roque de los Muchachos located in La Palma,
pain. MEGARA observ ations allo w us to deri ve maps of the gas
roperties at different galactocentric distances that can provide clues 
n the origin of the low metal content and the confinement (or not)
f the ionized gas around the young clusters. 
This paper is dedicated to present and discuss the results taken

ith MEGARA IFU on Leoncino galaxy. The spectra have resolving 
ower of R ≈ 6000, in two different configurations corresponding 
o the spectral regions around H β and [ O III ] λ 5007, and H α,
espectively. Section 2 summarizes the published results on Leoncino 
alaxy. Section 3 presents our observations, data reduction, and 
nalysis. The results are detailed in Section 4 with the discussion
n Section 5, finishing with the conclusions in Section 6. 

 L E O N C I N O  G A L A X Y  DATA  F RO M  

I T E R AT U R E  

he galaxy AGC 198691 (also known as the little lion and nicknamed
eoncino) was disco v ered and catalogued as the most metal-poor
 as-rich g alaxy known at the time (Hirschauer et al. 2016 ). This
alaxy formed part of the the Arecibo Le gac y F ast ALFA blind
 H I ] surv e y, ALF ALF A (Giovanelli et al. 2005 , 2013 ; Haynes et al.
011 , 2018 ), and has an estimated gas mass M H I ≤ 10 7 M �. It was
ncluded for following up in the Surv e y of H I in Extremely Low-

ass Dwarfs, SHIELD (Cannon et al. 2011 ) for ALF ALF A galaxies
ith 10 6 M � ≤ M H I ≤ 10 7 . 2 M � and optical counterparts in the
DSS (Abazajian et al. 2005 ). Hirschauer et al. (2016 ) obtained R -
and and H α images with the WIYN 0.9 m telescope and optical
MNRAS 509, 6183–6204 (2022) 
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Figure 1. Image of the galaxy Leoncino based on HST /WFC3-UVIS data. 
The F606W image is used as blue channel, while the F814W image is used 
for both the green and red channels. The plate scale of these HST images 
is 0.04 arcsec pixel −1 . This image shows a region of 14 × 14 arcsec 2 around 
the target coordinates, slightly larger than the field-of-view co v ered by our 
MEGARA observations, 12 . 5 × 11 . 3 arcsec 2 . 

Figure 2. CMD of a region of 6 arcsec (150 pixels) in radius around the 
central coordinates of the galaxy. The figure shows, colour-coded, the sources 
detected as a function of the distance to the galaxy center, as derived by 
McQuinn et al. ( 2020 ) from HST images, darker shades indicate smaller 
galactocentric distances. The stars with values of F814W lower than 26.5 
mag are basically outside the central 2 arcsec (50 pixels). The magnitudes are 
given in STMAG system. 
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ong-slit (1.2 × 10 arcsec 2 ) spectroscopic data on the 4 m Mayall
elescope at the Kitt Peak National Observatory (KPNO), under
eeing conditions of 1.4 arcsec FWHM using the Kitt Peak Ohio
tate Multi-Object Spectrograph, KOSMOS, in both its blue and
ed arms with reciprocal dispersion of 0.66 and 0.99 Å pixel −1 ,
espectiv ely. The y also presented 0.8 arcsec seeing observations
sing the Blue Channel Spectrograph at the 6.5 m Multi-Mirror
elescope (MMT) with slits of 1 and 1.5 arcsec in width and a linear
ispersion of 1.19 Å pixel −1 . All observations were flux calibrated
nd taken along the parallactic angle. The extraction slit lengths
ere of 3.21 and 2.70 arcsec for the KPNO and the MMT obser-
 ations, respecti vely. These authors reported a complete emission-
ine analysis for that central spectrum with MMT composite data
btaining values of T e = 19130 ± 800 K, n e = 270 ± 200 cm 

−3 ,
nd 12 + log(O/H) = 7.02 ± 0.03. They estimated a distance to the
alaxy, obtained using the velocity flow model employed by the
LF ALF A team, of 7.7 Mpc. 
Recently, McQuinn et al. ( 2020 ) published a comprehensive work

n Leoncino imaging data obtained with HST . The galaxy was ob-
erved by the HST /WFC3-UVIS instrument (date: 2018-04-24, PID:
5243, PI: McQuinn) using the F606W and F814W UVIS2 filters for
 total of 15018 and 18618 s, respectively. These authors presented a
etailed photometric analysis using the DOLPHOT package (Dolphin
000 ) and built a final single-star Colour–Magnitude Diagram, CMD,
ncluding 147 stars, with a mix of young and old populations
omposed by Red Super Giants (RSG), red HeB, and Asympthotic
iant Branch (AGB) stars to which they assigned ages of 25, 50, and
00 Myr, respectively, using the PARSEC isochrones (Bressan et al.
012 ). McQuinn et al. ( 2020 ) derived a minimum mass for the cluster
osting RSG stars of 3 × 10 5 M �. On the other hand, based on the in-
egrated flux at the 3.6 μm IRAC band of (1.50 ± 0.07) × 10 −5 Jy and
ssuming a mass-to-luminosity ratio of 0.47 (McGaugh & Schombert
014 ), they report a total stellar mass, M ∗, of 7.3 + 2 . 2 

−4 . 3 × 10 5 M �.
sing the brightness of the Tip of the Red Giant Branch (TRGB)

n their CMD as a distance indicator, McQuinn et al. ( 2020 )
btained a distance modulus of 30.40 + 0 . 31 

−0 . 60 mag, which corresponds
o a distance of 12.1 + 1 . 7 

−3 . 4 Mpc. This value places Leoncino in an
nderdense galaxy environment at the position of void number 12
f the Pustilnik catalogue (Pustilnik, Tepliakova & Makarov 2019 ).
ikewise, using the TRGB method on single-star photometry with
ST data Tikhonov & Galazutdinova ( 2019 ) calculated the distances

o 18 dwarf galaxies from the Arecibo surv e y, including Leoncino,
hich was found to be located at 8.8 Mpc, marginally consistent,
ith the McQuinn et al. ( 2020 ) determinations. 
Fig. 1 shows an image of the galaxy that we obtained from HST

rchive (program 15243; PI McQuinn) using the F606W image as
lue channel and the F814W image for both the green and red chan-
els. This image shows a region of 14 × 14 arcsec 2 around the target
enter coordinates, α (J2000.0 FK5) = 09 h 43 m 32.40 s and δ (J2000.0
K5) = + 33 ◦26 

′ 
57.9 

′′ 
, with a plate scale of 0.04 arcsec pixel −1 . We

ad re-done the single-star photometry analysis using the drizzle
mages available through MAST and running the DAOFIND and PHOT

RAF tasks to obtain V (F606W) and I (F814W) magnitudes for all
ources detected abo v e 5 σ (4 σ ) in the combined F606W (F814W)
mage. Fig. 2 shows the resulting CMD of a 6 arcsec (150 pixels)
adius region around the center of the galaxy (we have taken the one
erived by McQuinn et al. ( 2020 ) from HST images). The diagram
hows in grey-scale the sources detected as a function of the distance
o the galaxy center, where points of darker shade correspond to stars
laced closer to the galaxy center. The stars with values of F814W
ower than 26.5 mag are basically outside the central 2 arcsec (50
ixels). The magnitudes are given in STMAG system. A bright and
NRAS 509, 6183–6204 (2022) 
lue main sequence is clearly visible along with some RSG stars.
utside the central 2 arcsec, equi v alent to 110 pc at the distance
erived by McQuinn et al. ( 2020 ), less massive red stars are detected.
his could be indicative of the presence of an intermediate-aged
tellar population in the outskirts of this system. These results are
ully in agreement with the ones derived by McQuinn et al. ( 2020 ). 

Leoncino is located at a projected distance of 46 kpc from
GC 5186 galaxy, and with an offset of only 35 km s −1 , which led
cQuinn et al. ( 2020 ) to suggest a possible interaction between

oth galaxies, further supported by the detection of H I between
hem. Based on this fact and the positioning of Leoncino in the M–
 relation, they proposed that Leoncino has been experimenting an

nefficient star formation history o v erall, dominated by individual
pisodic bursts whose associated galactic winds would be the cause
f its low metal abundance. The most recent star formation bursts
ould have been triggered as the result of a minor interaction
ith its neighbour UGC 5186. Regarding its gas mass content, at
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he distance determined by McQuinn et al. ( 2020 ), M H I results
n 1.83 × 10 7 M �. As mentioned, these authors report a value of
2 + log(O/H) = 7.12 ± 0.04 from an observation with the Large
inocular Telescope (LBT). Recently, Aver et al. ( 2021 ) revised this
alue to 12 + log(O/H) = 7.06 ± 0.03, obtained from the same LBT
bservation. 
We used the results from McQuinn et al. ( 2020 ) for the gas
ass of 1.83 × 10 7 M � and stellar mass ranging between 6.5 and

.3 × 10 5 M � to calculate the predicted oxygen mass abundance, 
 O , in a closed-box chemical evolutionary model. Z O is determined 

hrough the equation Z O = p O × ln μ−1 , where p O is the oxygen
ntegrated yield and μ is the ratio between the gas and the total
stellar and gas) mass. By using the integrated stellar yields from

oll ́a et al. ( 2 015 ), we obtain a value of Z O between 2.3 × 10 −5 

nd 8.4 × 10 −4 , which would correspond to 12 + log(O/H) between
.28 and 7.85 depending on the combination IMF + stellar yields 
sed for the integrated yield, p O . The average predicted oxygen 
bundance using the whole set of 144 integrated yields from Moll ́a
t al. ( 2015 ) is 12 + log(O/H) = 7.17, which corresponds to the mode
f the distribution obtained for all of them, being 6.28 and 7.85 the
inimum and the maximum, respectively. Therefore, any oxygen 

bundance between the two is possible, with a higher probability in 
he range between 6.80 and 7.40, and being the most likely value 7.17
7.15 when using the IMF of Kroupa (Kroupa 2001 ) and Z = 0.0004,
or which the integrated yield varies between 0.001 and 0.007], 
lose to the reported abundances. These closed-box model results 
re consistent with a genuine low metallicity in Leoncino. 

 M E G A R A  OBSERVATIONS  A N D  DATA  

NALYSIS  

e present and discuss IFU observations of Leoncino galaxy 
btained with MEGARA at GTC. MEGARA is an optical (3650–
750 Å) fiber-fed spectrograph. The instrument offers two modes: 
ntegral-field and multi-object spectroscopy. The IFU provides a 
eld of view (FoV) of 12.5 × 11.3 arcsec 2 , plus eight additional
ini-bundles, located at the edge of the FoV, for simultaneous sky

ubtraction. The spatial sampling is 0.62 arcsec per fiber, 1 thanks 
o the combination of a 100 μm core fibre coupled to a microlens
hat converts the f/17 entrance telescope beam to f/3, to minimize 
he fibers focal ratio degradation and to maximize the efficiency. 
he spaxel projection is oversized relative to the fiber core for a
recise fiber-to-fiber flux uniformity. A fiber link 44.5 m in length 
rives the light, coming from the folded Cassegrain focal plane into 
he spectrograph, which is placed at the GTC Nasmyth A platform. 
he spectrograph includes a set of 18 Volume Phase Holographic 

VPH) gratings, offering three spectral modes with resolving power 
f R FWHM 

≈ 6000, 12 000, and 20 000, for low, medium, and high
esolution, respectively. The scientific data are recorded by a deep- 
epleted Teledyne-e2V 4096 × 4096 pix detector with 15 μm-pixel 
itch. The instrument design and final performance on the GTC based 
n commissioning results can be found in Carrasco et al. ( 2018 ) and
il de Paz et al. ( 2018 ). 

.1 Obser v ations and data reduction 

e observed Leoncino using as target coordinates α (J2000.0 
K5) = 09 h 43 m 32 . s 36 and δ (J2000.0 FK5) = + 33 ◦26 

′ 
57 . ′′ 6. The
 This size corresponds to the diameter of the circle on which the hexagonal 
paxel is inscribed. 

a  

δ  

s

ata were taken in the dark clear night of 2019 February 2 nd . We
sed the spectrograph configurations given by the VPH gratings 
abelled as LR-B and LR-R. LR-B ranges from 4304 to 5198 Å with
 reciprocal linear dispersion δλ = 0.23 Å pixel −1 and a FWHM 

pectral resolution element �λ = 0.92 Å, while the LR-R set-up 
o v ers the interval from 6098 to 7306 Å with δλ = 0.32 Å pixel −1 

nd �λ = 1.24 Å. The average seeing was 0.8 and 0.6 arcsec for
he LR-B and LR-R observ ations, respecti vely. Six 1200 s images
7200 s) and three 900 s exposures (2700 s) were taken with the LR-
 and LR-R set-ups, respectively. 
The observations had their associated calibrations: bias, halogen, 

hAr (for LR-B), and ThNe (for LR-R) lamps, obtained for bias
ubtraction and modelling, tracing and flatfielding, and wavelength 
alibration, respectively. These auxiliary images were obtained in 
aytime and in each case three identical exposures were done to
acilitate the cosmic ray remov al. Observ ations of the spectropho-
ometric standard star HR3454 were made to generate the response 
unction for absolute flux calibration. The data were reduced with the

EGARA Data Reduction Pipeline, DRP, a PYTHON based software 
ool operating in command-line (Cardiel & Pascual 2018 ; Pascual 
t al. 2018 ). 

The resulting product of the DRP is a Row Stacked Spectra (RSS)
ITS file, which contains the individual flux-calibrated spectra for 
ll 623 fibers in the IFU. The MEGARA DRP also produces a final
SS image in which the sky has been subtracted by combining the

ignal of the seven (or a subsample of them) sky mini-bundles placed
long the IFU pseudo-slit. We applied this standard sky-subtraction 
rocedure for the LR-B data. The Quick Look Analysis ( QLA tool),
eveloped by G ́omez-Alvarez et al. ( 2018 ), allows the user to choose
he sky bundles, optimizing the spectra extraction and visualization. 

e followed this sky-subtraction method to obtain the LR-R final 
SS combined image. Additionally, we used the QLA package to 
btain reconstructed 2D images in specific spectral windows from 

he RSS spectra. 
From the comparison of the HST and MEGARA coordinates of the

lusters, we derived the shift between the two images and updated the
eaders of the MEGARA synthetic images to match the reference 
oordinates and orientation of the LR-R-based and HST reference 
mages. A final minor astrometric correction was performed. 

To ensure a correct absolute astrometry, the availability of HST 

maging was crucial as there were no stars within the field of
EGARA IFU. The main sources of information come from the 

R-R continuum image, where two knots can be detected matching 
he position of the brightest continuum sources in the HST F606W
mage, and the H α and H β flux images. First, we aligned our LR-
 continuum image with a precision that we estimate to be below
alf a spaxel ( ∼0.3 arcsec). This automatically corrected the H α

ux data as they come from the same spectral set-up as our 6590 –
100 Å continuum image. We then aligned the H β flux image to the
 α one (the low dust reddening ensures that potential offsets due

o differential extinction should be negligible at these scales). This 
elative alignment is needed since the noise in the LR-B continuum
econstructed image is too high and no HST image bluer than
606W is available. The two set-ups turned out to be offset by
.35 arcsec in right ascension and 0.35 arcsec in declination. So
hat the coordinates (J2000.0 FK5) for the center of MEGARA 

mages are: α = 09 h 43 m 32 . s 40; δ = + 33 ◦26 
′ 
57 . ′′ 56. The centers

f the brightest spaxels in the Balmer lines in LR-B and LR-R
re α = 09 h 43 m 32 . s 59; δ = + 33 ◦26 

′ 
55 . ′′ 89 and α = 09 h 43 m 32 . s 62;

= + 33 ◦26 
′ 
55 . ′′ 49 respectively, coincident at the level of half a

paxel and coherent within the seeing values. 
MNRAS 509, 6183–6204 (2022) 
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We remark that the continuum emission level derived from the
nalysis of the LR-R data is of the order of 10 −6 Jy spaxel −1 , which
atches the ∼ 4 × 10 −6 Jy arcsec −2 surface brightness level in the
ST image (0.05 electrons s −1 pix el −1 ) for that same re gion, giv en

hat the MEGARA IFU spaxel size is 0.25 arcsec 2 . Here, we have
btained the conversion from electrons s −1 to Jy in the HST data
sing the PHOTFNU k eyw ord from the F606W image. 
The corresponding astrometry correction was applied to all the

esults in this paper involving absolute positions (e.g. maps or
omparison of the MEGARA-IFU and HST morphologies). 

 RESULTS  

e produced several 2D maps throughout the galaxy. The description
f the maps and the gas kinematics are presented in Sections 4.1 and
.2, respectively. We performed extractions at different apertures, i.e.
n an accumulative way, to show how the emission line fluxes and
ines ratios change due to aperture effects, as described in Section 4.3.
o analyse the emission-line spectrum in different ionization rings,
e carried out a spax el-to-spax el e xtraction, using the QLA package

nd the results are presented in Section 4.4. 
In all the spectra we measured both the line fluxes and their

rrors, using three different analysis packages: FIGARO , QLA TOOL,
nd the utility ANALYZED-SPECTRUM of MEGARATOOLS (Gil de Paz,
ascual & Chamorro-Cazorla 2018 ). The three utilities produced

he same values of the emission lines within the given errors. In
ase of discrepancy, we al w ays used the largest error bar. The
ines detected and measured wherever possible were in the LR-B
pectra: H γ , [ O III ] λ 4363 Å (hereafter [ O III ]4363), He I λ 4471 Å
hereafter He I 4471), H β, [ O III ] λ 4959 Å (hereafter [ O III ] 4959),
 O III ] λ 5007 Å (hereafter [ O III ] 5007), and He I λ 5015 Å (hereafter
e I 5015). In the LR-R spectra: H α, [ N II ] λ 6584 Å (hereafter

 N II ] 6584), He I λ 6678 Å (hereafter He I 6678), [ S II ] λ 6717 Å (here-
fter [ S II 6717), [ S II ] λ 6731 Å (hereafter [ S II ] λ 6731), He I λ 7065 Å
hereafter He I 7065), [ Ar III ] λ 7135 Å (hereafter [ Ar III ] 7135), and
e I λ 7281 Å (hereafter He I 7281). 
For the brightest lines in each setup, i.e. H β, [ O III ] 4959, and

 O III ] 5007 in LR-B and H α, [ N II ] 6584, [ S II ] 6717, and [ S II ] 6731
n LR-R, we systematically measured the emission-line properties
ncluding only spaxels with signal to noise per pixel (at the peak
f the line) S/N ≥ 5. The emission-line properties, flux, recession
 elocity, and v elocity dispersion correspond to the zeroth, first,
nd second momenta of the best-fitting Gauss–Hermite line profile
ecomposition used by the ANALYZED-RSS utility of MEGARATOOLS

Gil de Paz et al. 2018 ). 
For our analysis, we have considered a distance to Leoncino of

.7 Mpc (Hirschauer et al. 2016 ). This gives a scale of 22 pc spaxel −1 

nd 37 pc arcsec −1 , consistent with the radial velocity of our own
mission-line spectrum and similar to other published results. The
mplications of considering other values of the distance are explained
n Section 5.1. In particular, the spatial resolution given by the spaxel
ize would change from the value we assume of 22 pc for a distance
f 7.7 Mpc to 42 pc for a 13.8 Mpc distance. In the tables and figures
f this section, the observed projected distances are indicated in
rcsec to facilitate a reference for scale conversion if using a different
istance to Leoncino. 

.1 Emission line 2D maps 

n Fig. 3 we show the results for the case of the H β (left) and
 α (right) lines from LR-B and LR-R data, respectively. The top
anels show the emission line flux maps. The central panels, where
NRAS 509, 6183–6204 (2022) 
roper size of the MEGARA IFU can be seen, display the continuum
aps (in Jy) of H β (left), averaged between 4400 and 4850 Å and
 α (right), averaged between 6590 and 7100 Å. The bottom panels

how the map of the logarithm of the equi v alent width, EW, (in Å)
or H β (left) and H α (right), respectively. The contours come from
he WFC3-UVIS F606W HST image and correspond to 0.02, 0.07,
.12, 0.17, 0.22, 0.27, 0.32, and 0.37 electrons s −1 or 0.23, 0.8, 1.4,
.9, 2.5, 3.1, 3.6, and 4.2 × 10 −20 erg s −1 cm 

−2 Å−1 . 
The H β and H α line-flux maps in Fig. 3 show that the peak of

ine emission is associated to the westernmost blue stellar cluster
etected in the HST data; see also the HST image shown in Fig. 1 .
n terms of physical extension we detect H α emission with S/N > 5
eaching as far as ∼ 4 arcsec from this peak emission ( ∼150 pc away
rom it). Besides, it is also worth noting that the region is slightly
symmetric, being more extended towards the NE than to the SW of
he line-emission peak. This is discussed in greater depth in Section 5,
ut given the distribution of the continuum in the F606W HST image
his could be due to either photoionization by photons coming from
ther clusters located NE of the brightest cluster or a change in the
ounding regime in both directions: radiation bounded to the NE and
ensity bounded instead in the SW direction. The same behaviour
s observed in the H β flux map. Regarding the distribution in EW
howed in the bottom panels of Fig. 3 , we note that a ne gativ e gradient
rom the SW, where the line-emission peak is located towards the NE
f the galaxy. In addition, the close inspection of the region around
his peak shows that the highest EW ( > 1000 Å) is reached not at the
osition of the spaxel with the brightest line emission but in the two
paxels located immediately SW from it, which suggests a spatial
e gre gation between the ionized gas and the ionizing stars in spatial
cales of a few tens of parsecs. 

We present in Fig. 4 some emission-lines fluxes and flux ratio
aps for the spaxels in which we have measured S/N > 5 in every

ine involved. The left-hand panels present the maps obtained from
he LR-B image: flux (in erg s −1 cm 

−2 ) of H β (top) and [ O III ] 5007
middle) and the ratio [ O III ] 5007/H β (bottom). The right-hand pan-
ls display the maps from LR-R: flux (in erg s −1 cm 

−2 ) in H α (top),
 S II ] 6717 + 6731/H α (middle), and the ratio [ S II ] 6717/[ S II ]6731
bottom). Fluxes with S/N > 5 were measured in the [ S II ] 6717, 6731
oublet for only two bright central spaxels. The contours are the
ame as in Fig. 3 . Note that in this figure we include the same H β

nd H α line-flux maps already shown in Fig. 3 for convenience when
iscussing our results below. 
While the spatial distribution of the [ O III ] 5007 line emission

esembles closely that seen in H β, the line ratio map (bottom-left
anel) shows significant radial and azimuthal variations, with the
aximum being found W of the line-flux peak. We further discuss

n the radial variation of the [ O III ] 5007/H β line ratio in Section
.2. In the middle and bottom-right panels we show the properties of
he [ S II ] 6717, 6731 doublet emission. Unfortunately, its emission
s only detected in two of the spaxels, although they yield [ S II ]/H α

ine ratios of the order of 0.015–0.020. 

.2 Gas kinematics 

n Fig. 5 we show the WFC3-UVIS/ HST F606W image and o v er-
apped are the velocity channels around the H α line: the intensity
ontours correspond to 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75,
.00, 2.25, 2.50, 2.75, 3.00, 3.25, 3.50, 3.75, 4.00, 4.25, 4.50, and
.75 × 10 −4 Jy. Note that the brightest contours are missing in
ome channels as these are tracing the wings of the H α line. In
act, only the 0.25 × 10 −4 Jy contour is depicted in all eight panels.
his figure shows that there is little velocity structure within the
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Figure 3. Top panels: emission line flux maps. Middle panels: maps (in Jy) for the H β continuum averaged between 4400 and 4850 Å (left) and for the H α con- 
tinuum averaged between 6590 and 7100 Å (right). Bottom panels: logarithm of the EW (in Å) of H β (left) and H α (right). The actual FoV of the entire MEGARA 

IFU can be seen outlined in the continuum plots. In all cases the contours come from the HST archi v al image obtained with the WFC3-UVIS/ HST instrument in the 
F606W band and correspond to 0.02, 0.07, 0.12, 0.17, 0.22, 0.27, 0.32, and 0.37 electrons s −1 or 0.23, 0.8, 1.4, 1.9, 2.5, 3.1, 3.6, and 4.2 × 10 −20 erg s −1 cm 

−2 Å−1 . 
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egion showing ionized-gas emission in the galaxy, since the peak 
f emission at different wavelengths is centred in the same region 
or all velocity channels. This indicates that either all the emission
omes from a region with a common bulk motion or any rotational
otion is mainly taking place in the plane of the sky. Besides, the
ild asymmetry in the H α flux is also seen in the velocity channel
aps for a wide range of velocities ( ± 40 km s −1 around its systemic

elocity). 
MNRAS 509, 6183–6204 (2022) 
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Figure 4. Left: maps of H β flux (top) and [ O III ] 5007 (middle) flux (in erg s −1 cm 

−2 ) and [ O III ] 5007/H β (bottom). Right: map of H α flux (in erg s −1 cm 

−2 ) 
(top) and [ S II ] 6717 + 6731/H α (middle) and [ S II ] 6717/[ S II ] 6731 (bottom). In all cases the contours come from the HST archi v al image obtained with the 
WFC3-UVIS/ HST instrument in the F606W band and correspond to 0.02, 0.07, 0.12, 0.17, 0.22, 0.27, 0.32, and 0.37 electrons s −1 or 0.23, 0.8, 1.4, 1.9, 2.5, 
3.1, 3.6, and 4.2 × 10 −20 erg s −1 cm 

−2 Å−1 . 

 

a  

p  

i  

r
s  

p  

w  

M

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/509/4/6183/6433201 by C
onsejo Superior de Investigaciones C

ientificas (C
SIC

) user on 12 July 2022
As mentioned in Section 4.1 we find radial and azimuthal
nisotropies in the [ O III ] 5007/H β ratio. One interpretation is the
resence of a hot gas component flowing out through an opening
n the giant H II region (Menacho et al. 2019 ). Interestingly, this
NRAS 509, 6183–6204 (2022) 
egion of high excitation is located in the region where the H α

urface brightness drops fastest. Such a drop could be due to the
resence of density-bounded conditions in the SW of the galaxy,
hich would indeed fa v our the escape of hot gas from inside the
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Figure 5. WFC3-UVIS/ HST F606W image on which we have overlapped the velocity channels around H α line, as described in Section 4.2. 
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ebula. To provide further clues to this possible scenario, we have
ollowed the methodology described by Menacho et al. ( 2019 ) for

USE data but using our higher spectral resolution MEGARA-IFU
ata. In Fig. 6 we show the [ O III ] 5007/H β maps measured for each
elocity channel in the range −34.6 to + 64.8 km s −1 around each
f the lines with the F606W HST contours o v erlapped (0.02, 0.07,
.12, 0.17, 0.22, 0.27, 0.32, and 0.37 electrons s −1 or 0.23, 0.8, 1.4,
.9, 2.5, 3.1, 3.6, and 4.2 × 10 −20 erg s −1 cm 

−2 Å−1 ). Again, the high
xcitation gas is present at all velocities, i.e. both at the core and the
ings of the emission lines, and the o v erall spatial variation of the

 O III ] 5007/H β ratio is also rather similar. This result indicate that
ither there is no high excitation gas flowing out of the region or its
otion is taking place in the plane of the sky. 
Additionally, in Fig. 7 we show the maps of topocentric radial

 elocity and v elocity dispersion (in km s −1 ) corrected from instru-
ental contribution, obtained from the analysis of the H β (left)

nd H α (right). While the velocity channels (Fig. 5 ) do not show a
lear rotation pattern, when we map the velocities of the best-fitting
auss–Hermite line profile in the case of the brightest H α line, we

nfer a mild velocity gradient with a projected maximum velocity of
5 km s −1 assuming that the dynamical center is near the center of

he region where radial velocities can be measured, as shown in the
op panels. 

Adopting this rotational velocity and spherically symmetric mass
istribution, the total enclosed mass at a galactocentric distance of
10 pc (3 arcsec) would be 6.4 × 10 5 M �. Note that although the
ssumption of spherical symmetry could yield this value as an upper
imit (thin axisymmetric mass distributions generate the same radial
orce with a somewhat smaller enclosed mass), the fact that we have
sed the projected rotational velocity as the galaxy circular velocity,
robably results in an underestimation of the true enclosed mass.
he velocity dispersion measurements obtained are rather small,
ith values that, once corrected for instrumental dispersion, are as

ow as 10–15 km s −1 , even being compatible with zero in a few of the
paxels analysed. We also find that the velocity dispersion values are
lightly smaller in the E side of the nebula than in the W side of it,
here the emission peak and the highest equi v alent widths are found.

.3 Aperture effect in the emission-line regions and the ionizing
hoton budget 

e measured the emission lines in the spectra extracted using differ-
nt circular apertures that would be equi v alent to different slit widths.
he corresponding spectra are shown in Fig. 8 . In this case each
pectrum includes the ones from the inner apertures, thus, the last one
orrespond to the integrated spectra of the global region of 140 pc.
he measurements of the emission lines are shown in Tables 1 and 2

or the LR-B and LR-R spectra, respectively. The first four columns in
oth are: (1) the distance from the central brightest spaxel to the limit
f the extraction aperture, (2) the corresponding distance in arcsec,
3) the most external ionized ring included in the aperture being 0
he central spaxel and considering 22 pc between two consecutive
ings, and (4) the number of spaxels added in the spectrum for that
perture. Columns 5, 7, 9, 10, 11, 12, and 13 of Table 1 are the
bserv ed absolute flux es, in units of × 10 −17 erg cm 

−2 s −1 , of H β,
 γ , [ O III ] 4363, [ O III ] 4959, [ O III ] 5007, He I 4471, and He I 5015,

espectively. Columns 6 and 8 give the EW of H β and H γ . Table
 displays the observed flux and EW of H α in columns 5 and
, respectively, and columns 7–13 show the flux, in units of ×
0 −17 erg cm 

−2 s −1 , of [ N II ] 6584, He I 6678, [ S II ] 6717, [ S II ] 6731,
e I 7065, [ Ar III ] 7135, and He I 7281 emission lines, respectively. 
NRAS 509, 6183–6204 (2022) 
The fluxes of H α, H β, and [ O III ] 5007, divided by the correspond-
ng flux in the brightest spaxel, are shown in Fig. 9 . As expected, the
ux of each line increases when the aperture is larger. In contrast,

he ratio of [O III ] 5007/H β, shown in the right-hand panel, decreases
s the size of the region increases. The dilution of this ratio with the
alactocentric distance, if confirmed in other XMD galaxies, might
oint to a selection effect as the integrated detected [O III ] 5007/H β,
 xtensiv ely used to extract the XMD galaxies samples, could be
inked not only to the metal content itself but also to the distance to
he galaxy, in other words, to the spatial resolution. 

For the LR-R set-up, the addition of the spectra from the first two
ings to the central spectrum, was particularly useful to increase the
ux as the lines are not strong. This is illustrated in Fig. 10 , where
e present, besides H α, the regions of the spectra for [N II ] 6584,
e I 6678, [S II ] 6717, 6731, He I 7075, and [Ar III ] 7135. This method

llow us to see and to measure these lines even with the uncertainties
hown in Table 2 . However, adding more rings dilutes the weak lines
ncreasing the noise (see Table 2 ) so that, given the uncertainties, we
an assume that for these weak lines the central plus the two first
ings values correspond to the global or integrated spectrum for the
omplete region of 140 pc. 

In our observations the spectral co v erage is provided by the
avelength range of LR-B and LR-R, as we do not have data in
etween. In addition, the data might have a slightly different absolute
ux calibration, despite clear observing conditions were reported by

he observatory staff for the observations in both set-ups. To verify
he general calibration in LR-B, we have compared the H β flux

easured in our image with the reported fluxes by Hirschauer et al.
2016 ). On the one hand, in their observations at KPNO, for a slit
f 3.21 arcsec length and 1.5 arcsec width, these authors give a value
f (18.70 ± 0.30) × 10 −16 erg cm 

−2 s −1 . This aperture is slightly
maller than our total 63 spaxels aperture, for which we measure
 value for of H β flux of (16.07 ± 0.06) × 10 −16 erg cm 

−2 s −1 .
ssuming an absolute flux calibration error of 10 per cent these
easurements are coherent. On the other hand, with the MMT and a

lit of 2.70 × 1 arcsec and seeing of 1.00 arcsec, they report a value
f (8.31 ± 0.17) × 10 −16 erg cm 

−2 s −1 . We simulated the MMT slit in
he QLA TOOL and extracted the corresponding spectrum, measuring
 flux of 7.56 × 10 −16 erg cm 

−2 s −1 , which is also coherent with the
MT value within 10 per cent. This comparison allows us to validate

he LR-B calibration. 
To verify the calibration in the LR-R set-up we followed the

ame approach, i.e. we simulated the MMT slit in the LR-R image,
xtracted the spectrum and derived the value of H α flux. Hirschauer
t al. (2016 ) reported for their slit a value of the emission line fluxes
atio between H α and H β of 2.7663 while we obtain 3.6402. It is hard
o say if these numbers are consistent within 10 per cent or if we have
 real increase of the flux in LR-R by a factor of 1.3 (3.6402 / 2.7663).
or this reason we decided to compute the ionization budget from

he luminosity of H β (see Section 5). 
Here, we briefly discuss the gas properties derived from the

mission line spectrum. The low metallicity of this galaxy produces a
arge value of T e as derived from the [ O III ] 4363, 4959, 5007 emission
ines. Due to the low S/N of the [ O III ] 4363 line in our data, we have
erived T e only in a central aperture adding 7 spaxels (the brightest
ne + 6 around) equi v alent to a radius of 33 pc. We used the R O3 

atio, (I [ O III ] 4959 + I [ O III ] 5007) / I [ O III ] 4363, with a value of
2.18 ± 32.24, and derived T e according to equation 5 from P ́erez-
ontero ( 2014 ), obtaining a value of 17 284 ± 5 789 K. The intrinsic
eakness of [ O III ] 4363 and the associated error bars as large as
0 per cent make difficult to have a more accurate determination.
his value of T e is consistent within the errors with the value of
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Figure 6. [O III ]/H β ratio for different velocity channels. See description in Section 4.2. 
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Figure 7. Maps of radial topocentric velocity (top) and velocity dispersion σ (bottom), corrected from instrumental contribution, derived from the positions 
and widths of the H β (left) and H α (right) lines. All values are in km s −1 . 

Figure 8. Accumulated spectra for LR-B (left) and LR-R (right) set-ups for increasing areas located at different distances of the center as labelled. Each 
spectrum is shifted an arbitrary distance for the sake of clarity. 
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Table 1. LR-B emission lines measurements in apertures around the central brightest spaxel. Fluxes are given in units of × 10 −17 erg cm 

−2 s −1 and EW in Å. 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
d d nr Ns H β H β H γ H γ [ O III ]4363 [ O III ]4959 [ O III ]5007 He I 4471 He I 5015 
pc ” Flux EW Flux EW Flux Flux Flux Flux Flux 

11 0.31 0 1 10.50 ± 1.03 213 ± 168 5.09 ± 1.45 44 ± 43 0.38 ± 0.44 5.18 ± 0.73 14.42 ± 1.06 0.26 ± 0.26 0.20 ± 0.17 
33 0.93 1 7 57.71 ± 2.64 306 ± 136 28.53 ± 3.86 24 ± 8 1.93 ± 1.10 26.51 ± 2.22 74.19 ± 3.19 2.78 ± 0.80 1.07 ± 0.47 
55 1.55 2 19 104.60 ± 4.19 177 ± 52 55.05 ± 6.78 18 ± 5 4.08 ± 2.23 44.92 ± 2.74 126.30 ± 4.05 4.26 ± 1.43 1.41 ± 0.70 
77 2.17 3 37 134.70 ± 5.15 101 ± 21 77.44 ± 8.71 13 ± 3 5.44 ± 3.14 56.40 ± 3.33 155.70 ± 4.88 4.71 ± 1.82 2.53 ± 0.98 
121 3.41 All 63 160.70 ± 6.40 76 ± 15 96.27 ± 11.44 9 ± 2 7.71 ± 4.74 62.86 ± 3.99 171.90 ± 6.01 6.32 ± 2.75 2.73 ± 1.43 

Table 2. LR-R emission lines measurements in apertures around the central brightest spaxel. Fluxes are given in units of × 10 −17 erg cm 

−2 s −1 and EW in Å. 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
d d nr Ns H α H α [ N II ]6584 He I 6678 [ S II ]6717 [ S II ]6731 He I 7065 [ Ar III ]7135 He I 7281 
pc ” Flux EW Flux Flux Flux Flux Flux Flux Flux 

11 0.31 0 1 58.67 ± 1.89 1407 ± 847 0.40 ± 0.21 0.43 ± 0.18 0.73 ± 0.27 0.53 ± 0.20 0.50 ± 0.18 0.27 ± 0.21 0.07 ± 0.10 
33 0.93 1 7 252.60 ± 3.36 543 ± 84 1.92 ± 0.56 1.84 ± 0.48 2.84 ± 0.53 1.79 ± 0.44 1.97 ± 0.56 1.46 ± 0.58 0.36 ± 0.38 
55 1.55 2 19 398.70 ± 5.03 346 ± 40 2.59 ± 0.86 2.80 ± 0.75 5.02 ± 0.84 2.44 ± 0.74 2.93 ± 0.85 2.39 ± 1.05 1.05 ± 0.74 
77 2.17 3 37 489.00 ± 8.30 259 ± 35 3.17 ± 1.24 3.59 ± 0.94 6.42 ± 1.24 3.36 ± 1.12 2.84 ± 1.13 3.82 ± 1.44 1.01 ± 1.05 
121 3.41 All 61 545.10 ± 11.85 202 ± 31 4.09 ± 1.78 4.17 ± 1.45 7.72 ± 1.91 2.41 ± 1.44 2.68 ± 1.41 3.59 ± 2.01 1.66 ± 1.42 

Figure 9. Left: total flux accumulated in successive circular apertures around the brightest spaxel, with respect to the flux in the central spaxel, for H α, H β, 
and [ O III ] 5007. Each of the apertures includes the inner ones. Right: ratio [ O III ] 5007/H β as a function of the aperture. 
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9 130 ± 800 K from Cannon et al. ( 2011 ). We tried to calculate
he value of n e in the same central aperture from the ratio R S 2 

 I [ S II ] 6717 / I [ S II ] 6731, following equation 2 in P ́erez-Montero
 2014 ), obtaining 1.59 ± 0.49 compatible with a low density regime,
 e < 40 cm 

−3 , for the derived T e . However, the error in n e due to the
ow S/N of [ S II ] 6717, 6731 lines makes impossible to obtain a better
etermination from our data. Hirschauer et al. (2016 ) did not present
 more accurate estimate, giving a value in an equivalent aperture of
70 ± 200 cm 

−3 . 

.4 Emission lines throughout the ionized region 

e also identified the spaxels with emission in the different ionization
ings around the central brightest spax el, and av eraged the spectra of
ll these spaxels, to make the measurement equi v alent to one spaxel.
he resulting spectrum for each ring is displayed in Fig. 11 where
 zoom view into regions of the spectrum in LR-B (left) and LR-R
right), are plotted in a different colour with a label, indicating the
istance from the central brightest spaxel, using the scale factor of
2 pc spaxel −1 . 
Table 3 presents the results for the emission lines in the LR-
 spectra. The first four columns are: (1) the distance from the
entral brightest spaxel to the ionized ring, (2) the same distance
n arcsec, (3) the identification of the ionized ring, being 0 the
entral spaxel and considering 22 pc between two consecutive rings, 
nd (4) the number of spaxels in the averaged spectrum. Values in
olumns 5, 7, 9, 10, 11, 12, and 13 are the observ ed flux es, with their
orresponding errors, in units of × 10 −17 erg cm 

−2 s −1 for H β, H γ ,
 O III ] 4363, [ O III ] 4959, [ O III ] 5007, He I 4471, and He I 5015. The
W of H β and H γ with their errors are displayed in columns 6 and
, respectively. In the case of the LR-R set-up, with the exception of
 α, the results for the measurements of emission lines per spaxel as
MNRAS 509, 6183–6204 (2022) 
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Figure 10. Accumulated spectra for the LR-R set-up for two areas: one with the central ring and the first ring and the other adding contributions of the central 
ring and two rings, as labelled, for the spectral ranges where [ N II ] 6584, He I 6678, [ S II ] 6717, [ S II ] 6731, He I 7065, and [ Ar III ] 7135 emission lines are located. 

Figure 11. Left: zoom view between 4850 and 5050 Å of the 1-spaxel equi v alent LR-B spectra of the ionization rings. Each spaxel spectrum is shifted in the 
Y -axis for the sake of clarity. The spectrum of each ring is plotted in a different colour, whose label indicates the distance from the central brightest spaxel. 
Right: equi v alent figure for LR-R but we deliberately omit the H α region to sho w other very faint lines between 6575 and 7150 Å. 
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 function of the distance from the brightest one, are not included in
his section due to the low S/N, as illustrated in the right-hand panel
f Fig. 11 . Nevertheless, as we have shown in the previous section,
y accumulating data of different apertures we were able to measure
ome of these lines. 

Fig. 12 shows the Balmer lines fluxes (left), and their correspond-
ng EW (right), as a function of the distance from the brightest
paxel. A clear decrease appears in both panels, although the EW
f H β shows a maximum in the second ring. In Fig. 13 we plot
he measured Balmer ratios H γ /H β (top) and H α/H β (bottom). We
NRAS 509, 6183–6204 (2022) 
 v erlaid the theoretical values for T e = 20000 K and three values of
he reddening, E ( B − V ): 0.00, 0.10, and 0.45 mag with different
olours as labelled. The extinction seems closer to the red line E ( B

V ) = 0.45 for some rings, while near is E ( B − V ) = 0 for others, so
he averaged value is < E ( B − V ) > ∼0.23 mag, in agreement with the
ne given by McQuinn et al. ( 2020 ) of 0.29 mag. Fig. 14 presents the
adial dependence of the ratio of some LR-B emission lines o v er H β

s a function of the distance from the brightest spaxel. We measured
nly for the three central rings, except for [O III ] 5007, 4969 obtained,
s the Balmer lines, up to 140 pc of distance from the central spaxel.

art/stab3275_f10.eps
art/stab3275_f11.eps


A new insight view of AGC 198691 with MEGARA 6197 

Table 3. LR-B emission lines measurements in different ionization rings from the central brightest spaxel. Fluxes are given in units of × 10 −17 erg cm 

−2 s −1 . 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 
d d nr Ns H β H β H γ H γ [ O III ]4363 [ O III ]4959 [ O III ]5007 He I 4471 He I 5015 
pc ” Flux EW ( Å) Flux EW ( Å) Flux Flux Flux Flux Flux 

11 0.31 0 1 10.50 ± 1.03 213 ± 168 5.09 ± 1.45 44 ± 43 0.38 ± 0.44 5.18 ± 0.73 14.42 ± 1.06 0.26 ± 0.26 0.20 ± 0.17 
33 0.93 1 6 7.87 ± 0.44 339 ± 193 3.91 ± 0.58 21 ± 8 0.24 ± 0.17 3.55 ± 0.37 9.95 ± 0.44 0.41 ± 0.13 0.14 ± 0.07 
55 1.55 2 12 3.91 ± 0.24 116 ± 43 2.21 ± 0.39 15 ± 5 0.17 ± 0.13 1.53 ± 0.12 4.34 ± 0.20 0.11 ± 0.08 0.05 ± 0.04 
77 2.17 3 18 1.67 ± 0.11 41 ± 9 1.24 ± 0.21 8 ± 2 – 0.64 ± 0.07 1.63 ± 0.10 – –
99 2.79 4 8 1.42 ± 0.13 19 ± 4 0.94 ± 0.28 4 ± 1 – 0.48 ± 0.07 1.15 ± 0.12 – –
121 3.41 5 6 1.00 ± 0.11 17 ± 4 0.46 ± 0.28 3 ± 2 – 0.22 ± 0.09 0.43 ± 0.09 – –
143 4.03 6 4 0.66 ± 0.16 16 ± 9 0.42 ± 0.34 2 ± 2 – 0.09 ± 0.08 0.37 ± 0.11 – –

Figure 12. Radial dependence of the observed flux (left) and EW (right) of the three Balmer lines present in the LR-B and LR-R spectral ranges. 
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 DISCUSSION  

.1 Constraining the parameters of the ionizing population 

e dedicate this section to interpret the results of the detailed spa-
ially resolved study of the gas emission line spectra and kinematics 
resented in section 4. The first task is to constrain the metallicity,
ass, and age of the dominant young stellar cluster responsible for

he ionization. To this aim we take as input: (1) the ionized gas
roperties obtained from the emission line spectrum such as T e , n e ,
nd abundance, derived in the central region, (2) the emission line 
atios diagnostics in the same region, (3) the number of ionization 
hotons, Q ( H ), in the nebula, and (4) the geometry of the region as
een in the MEGARA maps together with the information of the HST
mages from McQuinn et al. ( 2020 ). 
Q

We assume the same metallicity Z, and in particular the same
xygen abundance, for both gas and stars of the ionizing cluster.
aken the value of T e from the [ O III ] emission lines, the value of
2 + log(O/H) is between 7.02 (Hirschauer et al. 2016 ) and 7.12
McQuinn et al. 2020 ). Considering 8.69 as the solar value, the
etallicity, Z, would be in the range 0.021 Z � ≤ Z ≤ 0.030 Z �. As

he solar metallicity is Z = 0.017, the value of the metallicity for
eoncino would be 0.0004 ± 0.00008 so that for all comparisons in

his paper with POPSTAR models, we will use those corresponding to
 = 0.0004. 
We calculate the number of ionizing photons from the H β

uminosity as: 

 ( H ) = 2 . 10 × 10 48 L(H β) , (1) 
MNRAS 509, 6183–6204 (2022) 
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Figure 13. Radial dependence of the Balmer lines ratios. The plot shows 
three lines with the theoretical ratios after applying a certain value of 
reddening, E ( B − V ), as labelled in the plot. 

Figure 14. Radial dependence of some emission lines from LR-B spec- 
tra. a) [O III ] 4969 + 5007/H β; b) [O III ] 5007/H β; c) [O III ] 4363/H β; d) 
He I 4471/H β; and e) He I 5015/H β. 
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here L(H β) is the luminosity of H β, in units of 10 36 ergs s −1 

alculated from the flux assuming a distance to the galaxy. We
ake the flux of H β measured in our LR-B image for all the 63
paxels, which is 16.07 × 10 −16 erg cm 

−2 s −1 . Considering the scale
f 22 pc spaxel −1 (corresponding to a distance of 7.7 Mpc), we
easure a L(H β) total value of 1.140 × 10 37 erg s −1 (log L(H β)
 37.06) and a derived number of ionizing photons of 2.39 × 10 49 s −1 

 log Q ( H ) = 49.38). 
We assume that the gas is ionized by the most massive stars

f a young SSP, whose properties should be derived from the gas
mission line spectrum. POPSTAR evolutionary synthesis models
Moll ́a, Garc ́ıa-Vargas, Bressan 2009 ) generated, for a given IMF
nd a set of the ionizing cluster parameters, age, and metallicity,
NRAS 509, 6183–6204 (2022) 
he SEDs with the shape of the ionizing continuum, the number of
onizing photons, and the inner radius of the H II region, R in , set
y the action of the cluster mechanical energy. POPSTAR models are
he only ones computed for very low metallicity young populations,
ominated by the massive stars ionizing spectrum. These models are
iven for a cluster mass of 1 M �. Hence, the luminosity and Q ( H )
ave to be scaled with the actual cluster mass (in M �), while the
adius of the ionizing shell with M �0.2 . 

We used the estimated value of Q ( H ) and the results from those
OPSTAR models to infer the mass of the dominant ionizing cluster.
hese models predict values of 46.75, 46.58, 46.19, and 45.88 s −1 

 �−1 when using the IMF from Chabrier ( 2003 ), Salpeter ( 1955 ),
roupa ( 2001 ), and Ferrini, Penco & P alla ( 1990 ), respectiv ely,

t 3.2 Myr, and 46.71, 46.52, 46.16, and 45.85 at 3.5 Myr. The
otal value of log Q ( H ), when adding all spaxels (63) with detected
mission in H β, is 49.38 s −1 . Assuming that all these photons are
roduced in a single ionizing cluster, the mass derived when using
ifferent IMFs ranges from 0.4 to 3.4 × 10 3 M �. We therefore
onclude that, on the basis of the models and assuming an ionization
ounded region, and no photon escaping from the nebula, the ionizing
luster mass is ≈1.7 × 10 3 M �, with an uncertainty of a factor of 2
ncluding all hypotheses (IMF, reddening, and age, among others).

e have to take into account that the uncertainty in Q ( H ) derived
rom stellar population synthesis models is large, since for a given
luster mass, Q ( H ) depends not only on age and metallicity but
 v erall on the selected IMF, and in the case of small clusters on
ossible stochastic effects too. Furthermore, there is an uncertainty
n the distance, e.g. assuming a distance of 13.8 Mpc, the upper limit
stimated by McQuinn et al. ( 2020 ), the spaxel size and the L(H β)
ould increase up to a factor of 1.9 and 3.2, respectively. 
The number of ionizing photons is derived not only from the value

f L(H β), which depends on the assumed distance to the galaxy,
ut also from the predictions of the synthesis evolutionary models.
hese models have general uncertainties common to any metallicity,
.g. the IMF – number of massive stars formed – and the assumed
sochrones and atmosphere models. These assumptions can change
he number of ionizing photons up to a factor of 3. Moreo v er, the
oor understanding of the evolution and atmospheric properties of
ow metallicity stars add more uncertainty to the predictions for
tellar populations of XMD galaxies. 

We have not considered any reddening when deriving Q ( H ) as we
ave shown that the Balmer ratios are consistent with very low values
f E ( B − V ), see Fig. 13 . 
Mart ́ın-Manj ́on et al. ( 2010 ) used POPSTAR models and the

hotoionization code CLOUDY (Ferland et al. 1998 ) to predict the
mission line spectrum produced by an ionizing SSP under certain
ypotheses on the chemical composition of the gas (abundance
nd electron density) and an ionization bounded geometry. We
sed the published results from Mart ́ın-Manj ́on et al. ( 2010 ) for
odels at Z = 0.0004 (0.023 Z �), at all ionizing ages and the

wo values of n e (10 and 100 cm 

−3 ) they used in the published
odels, to constrain the cluster parameters. As a reminder of the
odels reliability, the authors showed that the abundances derived

rom the computed emission-line spectra through the [ O III ] electron
emperature differ from the input metallicity in the model less
han 0.05 dex in the range 0.0001 ≤ Z ≤ 0.008. Fig. 15 shows the
volution up to 6 Myr of six emission-line ratios from Mart ́ın-
anj ́on et al. ( 2010 ) for Z = 0.0004 with a Salpeter IMF (taken

.15 and 100 M � as lower and upper mass values). The models have
luster masses of 0.12, 0.20, 0.40, 0.60, 1.00, 1.50, and 2.00 × 10 5 

 �, plotted in different colours as labelled in panel c. Solid and
ashed lines correspond to models with n e of 10 and 100 cm 

−3 ,

art/stab3275_f13.eps
art/stab3275_f14.eps
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Figure 15. Evolution of the emission line ratios from POPSTAR models (Mart ́ın-Manj ́on et al. 2010 ) of Z = 0.0004 with Salpeter IMF (taken 0.15 and 100 M � as 
lower and upper mass values). The models for different values of the cluster mass are plotted in colours as labelled in panel c. Solid and dashed lines correspond 
to models with n e of 10 and 100 cm 

−3 , respectively, as labelled in panel f. We have included as red dots, and labelling the numerical values, the measurements 
for the central region taken from Hirschauer et al. (2016 ). 
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espectively. The emission line ratios are [ O III ] 4959 + 5007/H β,
 O II ] 3727 + 3729/H β, [ O II ]/[ O III ], [ O I ] 6300/H α, [ N II ] 6584/H α,
nd [ S II ] 6717, 6731/H α. For comparison purposes, we included 
he measurements for the central region taken from Hirschauer et al. 
2016) 1.6859, 0.4827, 0.2863, < 0.003, < 0.0038, and 0.019, plotted 
s red dots in panels a, b, c, d, e, and f, respectively. We used these
ata because, on the one hand, they are equi v alent to our central
-spaxel aperture, and for all lines present in both, Hirschauer et al.
016 and this work, the intensity values are consistent within the
rrors; see Section 4.3. On the other hand, these authors measured
 O II ] 3727, 3729, very useful to constrain the gas density and the
ardness of the ionizing radiation, but we could not measure it given
he LR-B wavelength coverage. 

We compared the observed line ratios with the models for the
mallest cluster (represented by the cyan lines), which is about one
rder of magnitude larger than the one we derive from the luminosity
MNRAS 509, 6183–6204 (2022) 
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f H β. The values of [ O III ]/H β (panel a) and [ O II ]/H β (panel b)
oints to an age of 3 – 4 Myr, although younger ages would be still
ompatible for higher values of electron density or less massive
lusters (remember that in this case the electron density is < 40 cm 

−3 ).
he observed ratio [ O II ] / [ O III ] (panel c) is compatible with the low
ensity curves for clusters older than 3 Myr. The values of both
 O I ] 6300/H α (panel d) and [ N II ]/H α (panel e) fit the models with
 e = 10 cm 

−3 only . Finally , the value of [ S II ] 6717, 6731/H α (panel f)
iscards a low-mass ionizing cluster in a high density regime (dashed
yan line) and predicts an age between 4 and 5.5 Myr. 

The EW(H β) can also constrain the ionizing cluster age in this
entral region. POPSTAR models (Moll ́a, Garc ́ıa-Vargas, Bressan
009 ) predict a value of 250 ± 50 Å for ages between 3 and 5 Myr
t Z = 0.0004 and a Salpeter IMF. If we consider any other IMF
sed in these models, we obtain a similar cluster age within ± 1 Myr.
espite our measurement of EW(H β) in the central aperture has a

arge error, 306 ± 136 Å, see Table 1 , this result is compatible with
he predicted value by POPSTAR models for the derived cluster age.
n summary, the placement of the observed values of the central
egion of Leoncino in the emission-line evolutionary diagrams and
he measurement of the EW(H β) are all coherent with a metallicity
f Z = 0.0004, an age of 4.0 ± 1.0 Myr for the ionizing cluster and
ow-density ( ≈ 10 cm 

3 ). 
The equilibrium time-scale increases as the metallicity decreases

ue to the low content of metals that can cool the gas. In addition,
he effect is strengthened with decreasing hydrogen density. For
his reason, we need to outline the importance of considering the
quilibrium time of the photoionized nebula that, in low-metallicity
alaxies, like Leoncino, is of the same order of magnitude as the age
f the ionizing cluster. The time-step in POPSTAR models corresponds
o the stellar cluster age step given by the isochrone time resolution.
o we ver, the output of the photoionization models shows the picture
f the ionized region once the equilibrium state is reached. This
mplies that when we observe an ionized region, what we really see
s the effect of an ionizing cluster of a given age, regardless the actual
ge of the ionized nebula. The consequence is that the age resolution
ith which we can date the ionizing cluster from the information of

he gas ionizing spectrum depends on the speed at which the nebula
eaches the equilibrium. In practice, this means that the ionizing
tellar cluster would be older when we observe the region than the
ge we infer from the emission-line spectrum, since the cluster will
a ve ev olved during the nebula equilibrium time, controlled by its
etallicity. 
Mart ́ın-Manj ́on et al. ( 2010 ) tested this effect by obtaining the

quilibrium time for each CLOUDY model. They concluded that
either the total number of ionizing photons (cluster mass) nor
he ionizing spectrum shape (cluster age) have a significant role
n setting the equilibrium time (actual age) of the ionized regions,
hich is mainly controlled by the electron temperature (given by the
etallicity). According to those results, the average equilibrium age,

 eq is reached around 13.6 and 3.1 Myr for metallicities Z = 0.0001
nd 0.0004 in POPSTAR + CLOUDY models. This implies that, at
uch low metallicity, there is a delay between the actual time when
e observe the ionized region and the age of the stellar cluster

esponsible for this ionization. At Z = 0.0004, this delay is of the
rder of 3 Myr, and therefore, we could observe low-metallicity
egions apparently and in practice ionized by a young cluster, but
ithout finding the expected young and hot stars when we observe
irectly inside the nebula, just because they ha ve ev olved. Moreover,
e could find more evolved stars radiating in the IR as RSGs (with

n age between 6.5 to 7.5 Myr at Z = 0.004) as the resulting products
f the evolution of the ionizing stars that can produce, among other
NRAS 509, 6183–6204 (2022) 
ffects, a decrease of the values of the EW of Balmer emission lines.
ll these effects complicate considerably the determination of the

tellar populations in low metallicity and even more at low-density
nvironments. 

Summarizing all the previous constraints, from the comparison
etween the observations and POPSTAR models and assuming an
onization bounded region and a low electron density ( ≈10 cm 

−3 ),
e obtain that a cluster with mass of young stars of ≈ 1.7 × 10 3 M �,
ith an uncertainty of a factor of 3, a metallicity around or slightly

ower than Z = 0.0004, and an age of 4 ± 1 Myr, is responsible for
he ionization. At this metallicity, the time for the nebula to reach the
quilibrium is ≈ 3 Myr, implying that the ionizing cluster would have
n age of 6 ± 1 Myr at the time of observing the ionized nebula. At this
ge, POPSTAR models (P ado va’s isochrones) predict the appearance
f RSG and their absorption Balmer lines would produce a decrease
f the ef fecti ve emission EW measured in the region. 

.2 Possible scenarios for the obser v ed ionization structure 

he strength and no v elty of MEGARA is the capability of mapping
he actual gas distribution with spatial resolution. This has allowed
s to measure, for the first time, the total flux of the Balmer
ines in emission and to produce maps in different emission-lines
atios, unveiling the ionization structure of the galaxy and the region
inematics, as discussed in Sections 4.1 and 4.2, respectively. From
oth, the published data and our MEGARA observations, we know
hat a young ionizing cluster is required to reproduce the observed
mission-line spectrum of the gas at least in the central two rings
round the brightest spaxel. In this section, we explore different
cenarios that could explain simultaneously the central emission-line
pectrum and the spatial distribution of [ O III ]/H β and the EW(H β),
hose values are summarized in Table 3 . 

.2.1 POPSTAR + CLOUDY models 

e carried out this task by comparing our data with the output of the
hotoionization code CLOUDY , assuming Leoncino metallicity and
n ionization bounded geometry, and considering that the ionizing
ource is a POPSTAR SSP. These models generate the SED of an
onizing cluster, of a certain mass, age, and metallicity, which would
ave been formed in a very short time-scale, comparing with the
urrent evolutionary age, and would be physically concentrated in
he center of the region. The winds and supernova produced by the

ost massive stars would push the neutral gas, placing it at a certain
istance, R in , where the photons would start to ionize that gas. The
esulting geometry would be a plane-parallel cell of ionized gas from
 in to a distance R out , with a thickness, � R. The photoionization
odels assume that the region is not limited by the amount of neutral

as to be ionized but by the number of ionizing photons, i.e. the
onization bounded scenario. The metallicity controls the ionized
egion evolution until reaching the equilibrium in the nebula, and
LOUDY stops the computation as soon as the nebula has been cooled.
Under these assumptions Garc ́ıa-Vargas, Moll ́a, Mart ́ın-Manj ́on

 2013 ) published the results from a grid of POPSTAR + CLOUDY

imulations for an age range between 1 and 5.4 Myr, two values
f the electron density, 10 and 100 cm 

−3 , and six values of the
etallicity, considering the same abundance for gas and stars. These

uthors also concluded that the emission-line spectrum of elements
eavier than hydrogen is not produced under the same geometry
y older clusters, up to 20 Myr, which, ho we ver, still produce H II

e gions, with large env elopes of Balmer lines in emission, as the
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Table 4. POPSTAR + CLOUDY models at Z = 0.0004 assuming n e = 10 cm 

−3 for Leoncino.The table shows the first rows of the full table presented in the 
Appendix. 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 
EW(H β) log Q(H) ∗ log age log Q(H) log R in [ O II ] [ O II ] H γ [ O III ] [ O III ] [ O III ] H α [ S II ] [ S II ] 
Å s −1 M �−1 yr s −1 cm 3726 3729 4340 4363 4959 5007 6563 6717 6731 

415 46.66 6.30 50.00 19.55 0.1608 0.1088 0.4759 0.0391 0.5021 1.4980 2.8252 0.0270 0.0190 
415 46.66 6.30 49.95 19.55 0.1654 0.1119 0.4759 0.0382 0.4939 1.4736 2.8258 0.0277 0.0195 
415 46.66 6.30 49.90 19.55 0.1701 0.1151 0.4758 0.0372 0.4855 1.4486 2.8266 0.0284 0.0200 
415 46.66 6.30 49.85 19.55 0.1749 0.1184 0.4758 0.0363 0.4770 1.4230 2.8272 0.0292 0.0205 
415 46.66 6.30 49.80 19.55 0.1800 0.1218 0.4758 0.0353 0.4683 1.3971 2.8280 0.0300 0.0211 
... ... ... ... ... ... ... ... ... ... ... ... ... ... 
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as is pushed further by the mechanical energy of winds and SNe.
he SEDs of these clusters can ionize hydrogen, but the high-energy 
hotons are missing. The combination of the two effects, lack of hard
hotons and large distance between the cluster and the pushed gas, 
roduces very low values of the ionization parameter, preventing the 
mission-line spectrum of elements heavier than hydrogen. 

For this paper we produce a customized POPSTAR + CLOUDY grid 
f models with a global metallicity for gas and stars of Z = 0.0004
nd considering that the abundances of the different elements are 
hose derived from the emission-line spectrum of the central region 
f Leoncino. All models assume an n e = 10 cm 

−3 . The results are
iven in Table 4 , where we only show the first rows, while giving
he full table in the appendix. We run 631 different models resulting
f the ionization by clusters of ages (in logarithm) of 6.30, 6.35,
.40, 6.44, 6.48, 6.51, 6.54, 6.57, 6.60, 6.63, 6.65, 6.68, 6.70, 6.72,
.74, 6.90, 7.15, and 8.35, corresponding to ionizing clusters with 
ges between 2 and 5.5 Myr, plus some non-ionizing clusters at 
, 12.5, and 223 Myr as an example of older populations. The
rid co v ers a range in the logarithm of Q ( H ), corresponding to a
luster mass range that produces models with dif ferent v alue of the
onization parameter. Table 4 shows, for each model, the value of
he EW of H β (in Å column 1), the logarithm of the number of
onizing photons (s −1 ) per solar mass (column 2) corresponding to 
he cluster age (column 3, logarithm, in yr), the total number of
onizing photons in s −1 (column 4) and the value of the inner radius,
og R in (columns 5). These first five columns come from the POPSTAR

SPs. Columns 6 to 14 display the emission-line ratios normalized to 
 β intensity of [ O II ] 3726, 3729, H γ 4340, [ O III ] 4363, 4959, 5007,
 α, and [ S II ] 6717, 6731. 
Given the lack of firm evidence for the presence of escaping 

as through a disrupted nebula discussed in Section 4.2, we cannot 
etermine whether ionizing photons are escaping from the nebula. 
hus, for the sake of simplicity, we assumed an ionization bounded 
ebula with no ionizing photons being able to escape from it. In
he following sections we discuss different scenarios to explain the 
bserved ionization structure. The ionization parameter does not 
epend on the assumed distance to the galaxy, so neither of the main
onclusions reached in the next subsections. 

.2.2 Scenario 1: a single young cluster is responsible for 
bservations 

he first scenario is based on having a single young cluster with
he values of mass, age, and metallicity derived in Section 5.1 
s responsible for all the ionizing photons. Therefore, we should 
eproduce the observed size of the ionized region, ranging from 

2 pc (at the the center) to ≈ 150 pc. We explore this scenario under
ifferent hypotheses on mass cluster and gas distribution. 
As a first attempt, we assume that a small ionizing cluster of mass
1.7 × 10 3 M �, estimated from the ionization budget from L(H β),

s responsible for the ionization. The mechanical energy from winds 
nd supernova would push the gas placing at R in of 29 pc, the size
f the central spaxel at this scale. To test this hypothesis, we use the
esults from Garc ́ıa-Vargas, Moll ́a, Mart ́ın-Manj ́on ( 2013 ) models.

e find that for such a lo w v alue of the mass cluster, these models
redict R out smaller than 40 pc at all ionizing ages, in disagreement
ith the observed size of the ionization region of ≈ 150 pc. The first

onclusion is that we cannot reproduce a region with a very small
 in and a relatively large R out for a low mass SSP, assuming that the
istance to R out is a consequence of the mechanical energy of this
ingle small ionizing cluster e xclusiv ely. 

A second approach within this same scenario, a single cluster 
esponsible for the ionization structure, is to assume that we might
omehow have underestimated the number of ionizing photons so 
hat we would have a more massive cluster. Published models for
 young cluster between 3 and 5 Myr at Z = 0.0004 (see table 1
f Garc ́ıa-Vargas, Moll ́a, Mart ́ın-Manj ́on 2013 ) gi ve v alues of R in ,
 R, and R out of 42, 46, and 88 pc (at 3 Myr), and 89, 3, and 92 pc

at 5 Myr) for a cluster of 1.2 × 10 4 M �, the lowest mass of these
ublished models. These values increase to 73, 247, and 320 pc (at
 Myr) and 156, 16, 173 pc (at 5 Myr) for a cluster of 2 × 10 5 M �,
he upper mass edge for the models presented in that paper. Scaling
he models to more massive clusters, we obtain that a 3.5 ± 0.5 Myr
luster with a mass of 5 ± 1 × 10 4 M � reproduces the size of the
onized region, with an inner radius of 30 ± 5 pc and an outer radius
f 140 ± 10 pc. Ho we ver, for such a massi ve cluster, the logarithm of
 ( H ) is 51.1 ± 0.1, much larger than our estimated value of 49.38,

or the total ionized nebula. This mass difference is too high to
e explained by distance estimate errors, a different IMF and/or 
ntrinsic evolutionary model uncertainties. To explain that difference 
e would need a very large escaping fraction of photons of the

egion (98 per cent), leaving only 2 per cent of the produced photons
o ionize the gas. From the kinematics study presented in Section 4.2,
here is no evidence at all of an enormous photon loss. 

We also explore a different geometry: instead of having the gas
laced at a certain distance as resulting of the mechanical energy
ffect of the ionizing cluster, we consider that there is gas at all
istances from the cluster, still located at the center of the region.
his would be equi v alent to having a superposition of ionized

ayers, each one corresponding to a dif ferent v alue of the ionization
arameter, which decreases with the square of the distance between 
he ionizing source (the cluster) and the boundary of the ionized
e gion. F or this simulation we considered an SSP with log t = 6.54
3.5 Myr) and log Q ( H ) = 49.99. We run ionization bounded models
y changing the value of the inner radius from 11 to 132 pc in steps of
1 pc. Fig. 16 presents the ratio [ O III ]/H β observed (in red) and the
MNRAS 509, 6183–6204 (2022) 
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Figure 16. Values of [O III ] 5007/H β as a function of the distance from the 
center of the ionized region. The results obtained from the POPSTAR + CLOUDY 

models, assuming a single SSP as ionizing source and a uniform gas 
distribution throughout the nebula are shown in blue. The values and error 
bars derived from MEGARA observations are shown in red. 
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Table 5. Mass, R in , � R , R out , and ionization parameters from POPSTAR 

model for an intermediate age cluster (6-20 Myr) at Z = 0.0004 assuming 
n e = 10 cm 

−3 . 

Age Q ( H )/M � Mass R in � R R out log u 
Myr s −1 /M �−1 10 3 M � pc pc pc 

6 45.80 1.2 67.1 0.8 67.9 −4.33 
7 45.61 1.9 83.5 0.4 83.9 −4.52 
8 45.43 2.8 97.9 0.2 98.1 −4.66 
9 45.29 3.9 113.1 0.2 113.3 −4.78 
10 45.01 7.4 139.7 0.1 139.8 −4.97 
15 44.16 52.5 269.9 0.0 269.9 −5.54 
20 43.74 138.0 386.1 0.0 386.1 −5.85 
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odels (in blue). We see that the observations cannot be reproduced
ither. A similar result would be obtained with a density gradient
odel, with the density decreasing outwards, since this would also

ecrease the ionization parameter. Ho we ver, we do not have reliable
easurements of density sensitive emission lines to be compared to

he models. 
Therefore, the conclusion is that a single ionizing young cluster

annot reproduce simultaneously Q ( H ) derived from L(H β) and the
ize of the ionized region in an ionization bounded geometry and no
hotons escaping from the nebula. 

.2.3 Scenario 2: coexistence of two ionizing clusters 

he second scenario assumes that the observed structure is the result
f the combination of the actions of a very young cluster, responsible
or the ionization of the two central rings, plus a few Myr older
luster, still capable to reproduce the ionization structure that we
etect in [ O III ], H β and H α. Both clusters would be located at the
enter of the ionized region. In this case, the youngest cluster would
e responsible for the ionization detected in the first two rings only,
hich contain 68 per cent of the total H β flux as shown in Table 3 ,
hile the rest of the H β flux (32 per cent) would come from the

onization of the older cluster. This would give us values of log Q ( H )
f 49.21 and 48.88 for the young and the old cluster, respectively. 
The mass of the young ionizing cluster, with an age of 3.5 ±

.5 Myr, would be (0.75 ± 0.3) × 10 3 M �. This cluster mass would
e coherent with the size of the central ionized region 50 ± 20 pc and
LOUDY simulations reproduce the central emission-line spectrum. 
For the older population, we summarize POPSTAR results in Table 5

or metallicity Z = 0.0004 and n e = 10 cm 

−3 . Column 1 gives the
luster age in Myr, column 2 is the logarithm of Q ( H ) for a cluster
ith 1 M �, column 3 is the actual cluster mass corresponding to the
alue of log Q ( H ) = 48.88, columns 4, 5, and 6 give the inner radius,
he region thickness, and the outer radius (all in pc) of the ionized
ebula. Lastly, column 7 gives the ionization parameter, calculated
rom Q ( H ), n e and R in . 

We find that there is a range in age 8 ± 2 Myr and mass (4.5 ±
.0) × 10 3 M � for the clusters, which can simultaneously reproduce
NRAS 509, 6183–6204 (2022) 
 ( H ) and the region size. We run CLOUDY models for such a cluster.
he conclusion is that this cluster can explain the extended region

n H β and H α but cannot reproduce the observed values of [ O III ]
cross the nebula, due to the low values of the ionization parameter,
either consequently the large [ O III ]/H β measured at large distances
rom the ionizing cluster(s). 

.2.4 Scenario 3: one or se ver al young clusters evolving while 
 eaching r egion equilibrium time 

his scenario considers that we have either a single ionizing young
luster evolving while the nebula reaches the equilibrium time or
everal small clusters at different locations throughout the nebula
esulting from mass se gre gation. 

In the first case and considering that the region t eq ≈ 3 Myr for
eoncino low metallicity, the ionization would be the result of the
hotons produced by the evolving cluster until reaching t eq and being
ooled so that it is approximately between 3.5 and 6.5 Myr. 

In the second case, we can expect some mass se gre gation through-
ut the region, producing smaller star associations along the nebula
hat could also explain the observed gradients. In fact, we could have
oth phenomena simultaneously. The ionization structure would be
qui v alent to hav e sev eral v ery young clusters of different ages,
hich are ionizing the gas in different locations of the nebula. The
bserved emission-line spectrum would then be the result of the
ombination of the effects from the different clusters producing
 series of ionized layers. We have explored this assumption by
lotting in Fig. 17 the results of the ratio [ O III ] 5007/H β as a function
f the logarithm of the age of the SSP (in yr), obtained from the
ustomized POPSTAR + CLOUDY models described in Section 5.2.1.
odels are plotted as dots and we hav e o v erlaid the observ ed values

f [ O III ] 5007/H β as solid lines, using different colours to distinguish
he observations at different distances from the central spaxel (in red)
o the outer zones (in dark blue and purple). The observations can be
eproduced with SSPs of ages between 6.3 and 6.8 (in log t). 

This scenario is also consistent with the measurements of the
W(H β), as it is shown in Fig. 18 . The theoretical values (black
urve) of EW(H β) from POPSTAR SSPs has been plotted as a function
f the cluster age. The observations at different distances from
he center (red points and error bars) have been overlapped. The
istribution is compatible with the coexistence of several clusters
f different ages. Nevertheless, the large error bars in the EW(H β)
ata, due to the low signal in the continuum, do not allow us to
iscriminate between having several young clusters with different
ges, from having a single or multiple ionizing clusters and a much
lder stellar population in the bulge of the galaxy, which would
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Figure 17. The resulting [ O III ] 5007/H β as a function of the logarithm of 
the age as obtained from the set of CLOUDY models shown as a scale in terms 
of R in (in pc) given at right, with our observed data for this ratio of lines with 
different colours as labelled. 

Figure 18. The evolution with time of EW(H β) as computed in popstar 
models compared with the results obtained in this work for different rings. 
The points give the possible age of each cluster in each ring. 
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roduce the same dilution effect of the H β emission line and the
ecreasing of its equi v alent width. 

 SUMMARY  A N D  C O N C L U S I O N S  

e present for the first time spatially resolved spectroscopy of 
he low-metallicity galaxy AGC 198691 (Leoncino Dwarf) obtained 
ith the IFU of MEGARA at GTC, using the VPH gratings LR-B

4304–5198 Å) and LR-R (6098–7306 Å) with resolving power R ≈
 000. The spatial resolution is 22 pc spaxel −1 , assuming a distance
o Leoncino of 7.7 Mpc. The emission-line spectrum in the central 
egion confirms the published data. 

We obtained maps for the brightest emission lines and measured 
he first momenta (flux, velocity, sigma), detecting H α, H β, and
 O III ] emission with S/N > 5 as far as ≈ 150 pc away from the peak
mission. We find that the ionized region is slightly asymmetric, 
eing more extended towards the NE than to the SW of the line-
mission peak. Our kinematics study discards density bounded 
onditions in the SW of the galaxy, which would indeed fa v our the
scape of hot gas from inside the nebula. This is because we detect
igh excitation gas present at all velocities, i.e. both, at the core
nd the wings of the emission lines, and the o v erall spatial variation
f the [ O III ] 5007/H β ratio is also rather similar, confirming that
here is no high excitation gas flowing out of the region. The ionized
egion shows little velocity structure, indicating that either all the 
mission comes from a region with a common bulk motion or any
otational motion is mainly taking place in the plane of the sky. We
ave not found any evidence of recent gas infall or loss of metals by
eans of outflows. This result is supported by the closed-box model

redictions, which gives, for the gas fraction measured, a metallicity 
onsistent with the oxygen abundance found by other authors and 
oints towards Leoncino being a genuine XMD galaxy. 
The IFU observations allow the measurement of all detected H β

n emission, giving a logarithm of the L(H β) ≈ 37.06 (erg s −1 ),
rom which we derive 49.38 (s −1 ) as logarithm of Q ( H ) at the
ssumed distance to the galaxy. This implies a mass of ionized gas
f ≈ 8 × 10 3 M �. The total mass of the ionizing clusters would be
2 × 10 3 M � assuming a Salpeter IMF (with 1 and 100 M � as mass

imits) and the POPSTAR models. 
The distribution in equi v alent width of the Balmer lines shows

 ne gativ e gradient from the SW, where the line-emission peak is
ocated, towards the NE of the galaxy. The highest values of the
W(H β) is reached not at the position of the spaxel with the brightest

ine emission but in the two spaxels located immediately SW from
t, suggesting a spatial se gre gation between the ionized gas and the
onizing stars in spatial scales of a few tens of parsecs. This is also the
onclusion from the POPSTAR + CLOUDY grid of models we have done 
o explain the ionization structure throughout the nebula. Although 
he emission-line spectrum at the center of the ionized region (2
paxels in radius) can be explained by a single ionizing cluster with
n age of ≈ 3.5 ± 0.5 Myr, the extended observations of [ O III ] and
almer lines throughout the ionized region demand photoionization 
y clusters of different ages, between 3.5 and 6.5 Myr that might
espond to the evolution of a single cluster evolving along the
ooling time of the nebula ( ≈ 3 Myr at the metallicity of Leoncino,
 = 0.0004), to mass se gre gation of the cluster in smaller associations
r a combination of these two phenomena. 
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