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ABSTRACT
Dwarf galaxies are ideal laboratories to study the physics of the interstellar medium (ISM).
Emission lines have been widely used to this aim. Retrieving the full information encoded
in the spectra is therefore essential. This can be ef�ciently and reliably done using Machine
Learning (ML) algorithms. Here, we apply the ML code GAME to MUSE (Multi Unit Spectro-
scopic Explorer) and PMAS (Potsdam Multi Aperture Spectrophotometer) integral �eld unit
observations of two nearby blue compact galaxies: Henize 2-10 and IZw18. We derive spa-
tially resolved maps of several key ISM physical properties. We �nd that both galaxies show a
remarkably uniform metallicity distribution. Henize 2-10 is a star-forming-dominated galaxy,
with a star formation rate (SFR) of about 1.2 M� yr�1. Henize 2-10 features dense and dusty
(AV up to 5�7 mag) star-forming central sites. We �nd IZw18 to be very metal-poor (Z = 1/20
Z�). IZw18 has a strong interstellar radiation �eld, with a large ionization parameter. We
also use models of PopIII stars spectral energy distribution as a possible ionizing source for
the He II �4686 emission detected in the IZw18 NW component. We �nd that PopIII stars
could provide a signi�cant contribution to the line intensity. The upper limit to the PopIII star
formation is 52 per cent of the total IZw18 SFR.

Key words: galaxies: abundances � galaxies: evolution � galaxies: individual: He 2-10 �
galaxies: individual: IZw18 � galaxies: ISM � galaxies: star formation.

1 INTRODUCTION

Emission lines in the spectra of galaxies contain a huge amount of
information on the physical properties of their interstellar medium
(ISM). The ISM of local blue compact galaxies (BCGs), a sub-
class of dwarf galaxies, represents a particularly interesting case
of study. In fact, since BCGs are low-metallicity, compact, star-
forming systems, they are thought to represent local analogues of
early galaxies (Lequeux et al. 1979; Garland et al. 2015) that will
become soon observable in greater detail with forthcoming instru-
ments (e.g. JWST). Given their small distances, local BCGs can
be studied at much higher spatial resolution with respect to high-
redshift galaxies. Thus, ISM studies of local BCGs can be used as

� E-mail: graziano.ucci@sns.it

benchmarks for understanding the structure, formation, and evo-
lution of high-redshift galaxies. The concept of BCG was �rstly
introduced by Zwicky (1965) to refer to �quasi-stellar galaxies�,
namely galaxies with pure emission-line spectra, initially barely
distinguishable from stars (Arp 1965). Since the spectra of BCGs
resemble galactic H II regions (Haro 1956; Zwicky 1966; Markarian
1967), these galaxies are also called H II galaxies (Markarian 1967;
Sargent & Searle 1970; Melnick, Terlevich & Eggleton 1985; Haz-
ard 1986; Terlevich et al. 1991). This is the case of Henize 2-10
(Corbin, Korista & Vacca 1993), a Wolf�Rayet starburst galaxy with
a central radio source, a metallicity of 12 + log (O/H) = 8.55 – 0.02
(Esteban et al. 2014), intense star formation rate (SFR � 1.9 M�
yr�1; see Reines et al. 2011), and the possible presence of an active
massive black hole (Reines et al. 2016, but see also Cresci et al.
2017).
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BCGs have different physical properties compared to other vari-
eties of star-forming galaxies (Arp 1965, Zwicky 1966). In fact, their
star formation occurs in short bursts, separated by long (�107 yr)
quiescent periods (Sargent & Searle 1970; Searle & Sargent 1972;
Searle, Sargent & Bagnuolo 1973; Kunth & ¤Ostlin 2000) resulting
in young stellar populations (with commonly accepted indications
of older underlying population; Tolstoy, Hill & Tosi 2009), and a
small amount of dust. Very low metallicity values have been indeed
measured in several BCGs: IZw18 [12 + log(O/H) = 7.17 – 0.04;
Searle & Sargent 1972; Dufour, Garnett & Shields 1988; Skillman &
Kennicutt 1993; the starburst galaxy SBS 0335-052W (Izotov et al.
1990, 1997; Izotov, Thuan & Guseva 2005; Izotov et al. 2009) with
12 + log(O/H) = 7.13 – 0.02 (Izotov et al. 2009); the irregu-
lar galaxy DDO 68 (12 + log(O/H) = 7.21 – 0.03; Pustilnik,
Kniazev & Pramskij 2005; Berg et al. 2012); the low-luminosity
dwarf Leo P [12 + log(O/H) = 7.17 – 0.04, Skillman et al. 2013;
McQuinn et al. 2015; AGC 198691, the most metal-poor galaxy
known in the local Universe [12 + log(O/H) = 7.02 – 0.03;
Hirschauer et al. 2016.

Most of the results reported above have been obtained by adopting
diagnostics based on emission-line ratios. An alternative, promising
approach relies on Machine Learning (ML) techniques (Ucci et al.
2017, 2018, hereafter U17 and U18). In this work, we study the
ISM physical properties of Henize 2-10 and IZw18 by processing
their integral �eld unit (IFU) observations with the ML code GAME
(GAlaxy Machine learning for Emission lines U17, U18). The ad-
vantage of this code relies on the fact that it is possible to infer
simultaneously several ISM physical properties by using all the in-
formation in the spectra. The purpose of this work is to apply GAME
in the case of two well-studied examples of local BCGs in view of
future applications, especially at high redshifts.

The paper is organized as follows: in Section 2, we summarize
the main features of the GAME code; in Sections 3 and 4, we present
the results for Henize 2-10 and IZw18, respectively; in Section 5,
we discuss and summarize the main results of this study.

2 INFERRING ISM PHYSICAL PROPERTIES

GAME is an ML code that infers the ISM physical properties by
analyzing the emission-line intensities in a galaxy spectrum (for
the complete description see U17, U18). The code is based on a
supervised ML algorithm, and it is trained with a library of 100 000
synthetic spectra spanning many different ISM phases, including
H II (ionized) regions, PDRs, and neutral regions (U17, U18). The
library of synthetic spectra is generated by using the photoioniza-
tion code CLOUDY V13.03 (Ferland et al. 2013) by varying the total
(i.e. H I + H II + H2) gas density (n), total column density (NH),
ionization parameter1 (U), and metallicity2 (Z); the library contains
PopII and PopIII stellar populations (see U18). The emission-line
library is then processed in order to account for noise in the observa-
tions (U18). Given a set of input lines in a spectrum, the ML performs
a training on the library, then evaluates the line intensities to give
a determination of the physical properties; each physical property
is determined by the AdaBoost ML algorithm separately and inde-
pendently (U17). The errors on the input emission-line intensities

1In this work, we adopted the following de�nition for the ionization param-
eter: U = Q(H )/(4�R2

Snc), where Q(H) is the ionizing photon �ux, c is the
speed of light, and RS is the Str¤omgren radius.
2In the library, we assumed �xed solar abundance ratios for all the elements
(U18).

and the uncertainties on the physical properties determinations have
been taken into account and they have been included in the analysis
(U18).

It is important to notice that GAME does not use a pre-selected
subset of emission-line ratios (i.e. [N II]/H �, R23), but rather re-
constructs the ISM properties of galaxies exploiting all the lines
available in the input, including the faint ones. As showed in U18,
the accuracy of the determination of the physical properties im-
proves with an increasing number of emission lines.

The physical properties directly inferred by GAME in this work
are: gas density (n), column density (NH), ionization parameter (U),
metallicity (Z), far-ultraviolet (FUV, 6�13.6 eV) �ux (G),3 visual
extinction (AV). Starting from these properties, it is possible to derive
information also on the star formation surface density (�SFR), and
the gas mass surface density (�gas), as detailed below. We can use
NH maps to obtain an estimate of the total gas mass contained in
each spaxel of the map:

M = µmHNHAspax, (1)

where µ is the mean molecular weight (in the following we assume
µ = 1.4), mH is the hydrogen atom mass, and Aspax is the spaxel
area. The gas mass surface density is then

�gas = µmHNH . (2)

Using these quantities, we can also infer the SFR surface density
(�SFR), by assuming a Schmidt�Kennicutt relation (Schmidt 1959;
Kennicutt 1998; Krumholz, Dekel & McKee 2012):

�SFR = �
�gas

tsf
, (3)

where � is the star formation ef�ciency and tsf is the star formation
time scale. As shown by Krumholz et al. (2012), the relation is well
�tted in a variety of environments by using tsf = tff, where tff is the
gas free-fall time, and � = 0.015. Thus, we can write equation (3)
in terms of quantities directly derived from GAME (i.e. n and NH):

�SFR = 0.015 m3/2
H NH

�
32Gn

3�
. (4)

Alternatively, it is also possible to derive the SFR from the H �
line intensity after correcting for the dust extinction, using speci�c
calibrators (Kennicutt 1998; Calzetti et al. 2007; Kennicutt & Evans
2012). In Section 3.1.5, we will show a comparison between the SFR
estimated via equation (4) and the calibration from Calzetti (2008)
with different dust extinction laws. We now apply GAME to the study
of two BCGs, Henize 2-10 and IZw18.

3 HENIZE 2-10

The blue compact local galaxy Henize 2-10 (hereafter He 2-10) can
be considered as a prototype of an H II (Allen, Wright & Goss 1976)
Wolf�Rayet (Dodorico, Rosa & Wampler 1983; Kawara et al. 1987;
Conti 1991; Vacca & Conti 1992) starburst galaxy. It is located at
a distance of 8.23 Mpc (Tully et al. 2013) with a corresponding
angular scale of 40 pcarcsec, and its core has an optical extent
less than 1 kpc. He 2-10 has been extensively studied both in the
optical and in the infrared wavelength ranges (Vanzi & Rieke 1997;
Vacca, Johnson & Conti 2002; Engelbracht et al. 2005), up to the
submillimetre (Bayet et al. 2004; Johnson et al. 2017). It has a

3For a given library spectrum G, n, and U are directly related, but they are
determined independently by the ML algorithm, as explained in the text.
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Figure 1. H � image of He 2-10 (Cresci et al. 2017). Black lines show the
contours of the H � emission (80, 10, 4, and 1 in units of 10�16 erg s�1

cm�2). The H � contour levels are the same as in Cresci et al. (2017) in
order to be able to directly compare their �gures. Shown are the two regions
A and B where the H � �ux peaks. We also show the radio source designated
by Johnson & Kobulnicky (2003) as knot #3. The �eld of view of the image
is (64 arcsec)2 corresponding to a physical size of (2.56 kpc)2.

stellar mass of (10 – 3) × 109 M� (Reines et al. 2011; Nguyen
et al. 2014). The estimated SFR is �1.9 M� yr�1 (Reines et al.
2011), as revealed by classical indicators such as the H � (M·endez
et al. 1999) and the 24 µm �ux (Engelbracht et al. 2005). In Fig. 1,
we show the H � image of He 2-10. The bulk of the H � emission
is located in two central emitting regions (hereafter Region A and
B) separated by �2 arcsec (�80 pc).

An unresolved non-thermal nuclear source has been found in
the nucleus of He 2-10 (Kobulnicky & Johnson 1999; Johnson &
Kobulnicky 2003). This source (designated as knot #3) is located
between Regions A and B in Fig. 1. Reines et al. (2011) linked
this source to the presence of a compact X-ray emission detected
with Chandra observations (Kobulnicky & Martin 2010). The size
of this emitting region has been constrained to be <1 pc × 3 pc
(Reines & Deller 2012) and recently associated with the presence
of a weakly accreting supermassive black hole having mass log
(M/M�) �6.3 (Reines et al. 2016). The origin of the X-ray emission
in He 2-10 is still debated (Cresci et al. 2017). We further discuss
this point in Appendix A where we show that on scales larger
than �4 pc from the centre, the radiation �eld is dominated by
stars.

3.1 ISM physical properties in He 2-10

In this section, we present a systematic overview of the ISM physical
properties in He 2-10, inferred by applying GAME (U17, U18) to
MUSE (Multi Unit Spectroscopic Explorer; Bacon et al. 2010)
optical integral �eld observations taken from Cresci et al. (2017).
We have a total of 321 × 328 = 105 288 spaxels with a spatial
sampling of 0.2 arcsec × 0.2 arcsec. The spectral resolution (i.e.
R = �/��) goes from 1750 at 4650 ¯ to 3750 at 9300 ¯ (Cresci
et al. 2015, 2017). The emission lines used as input for GAME
are reported in Table 1 along with the fraction of spaxels with a
detected and �tted line, having SNR > 3. For details on the line
�tting procedure, we refer the reader to Cresci et al. (2017).

Table 1. Emission lines and wavelengths used to analyse the galaxy He
2-10. The third column reports the fraction of spaxels with a detected and
�tted line, having SNR > 3.

Line Wavelength (¯) Fraction of spaxels (%)

H � 4861 20
[O III] 5007 15
He I 5876 3
[O I] 6300 2
H � 6563 36
[N II] 6584 18
He I 6678 1
[S II] 6717 15
[S II] 6731 11
[S III] 9069 2

The resulting maps [median radial pro�les4 centered on (��,
�	) = (0,0)] of the inferred physical properties are reported in
Figs 2 and 5 (Figs 3 and 6). As observations outside the centre of
the galaxy become noisy, we selected only the lines with SNR > 3
(see Table 1). Then, we analyzed the spaxels with at least six lines
satisfying this condition (see discussion in appendix D of U18).
These spaxels are the ones plotted in each panel of Figs 2 and 5.
In Appendix B, we also report the uncertainties on the physical
properties computed with GAME on all the spaxels visualized.

3.1.1 Gas density

The gas density map (n) in the upper left panel of Fig. 2 shows
that the highest density is reached close to Regions A and B, where
log (n/cm�3) �3.3. For distances d � 5 arcsec (�200 pc) from the
centre, the median density radial pro�le in the galaxy decreases
until a distance of �350 pc around a value of log(n/cm�3) �0.5
(see Fig. 3). The upper-right panel of Fig. 2 shows that column
densities in the He 2-10 central region (i.e. within 10 arcsec from the
centre) vary from �1020 cm�2 up to �3 × 1022 cm�2, consistently
with results found in literature (Baas, Israel & Koornneef 1994;
Kobulnicky et al. 1995; Meier et al. 2001; Santangelo et al. 2009;
Cresci et al. 2017).

The left-hand panel of Fig. 4 shows the map of the effective scale
height of the disc, de�ned as H = NH/n. In the right-hand panel, we
zoom in the central region [5 arcsec × 5 arcsec, i.e. 200 × 200 pc2],
where the uncertainties are smaller (see Fig. B1 in Appendix B).
In the central region, we �nd a relatively small height of the disc,
i.e. �0.5 � log(H/pc) � 1.5 (0.3 � H/pc � 30). This is the typical
dimension of giant molecular clouds (GMCs) that we are resolving
in the centre of the galaxy. Regions A and B, with their high values
of densities and metallicities, and given also the high H � and FUV
�ux G, can be identi�ed as the sites of intense star formation.

3.1.2 Metallicity

The metallicity map and the corresponding radial pro�le are re-
ported in the central left-hand panels of Figs 2 and 3, respectively.
We �nd that Regions A and B (d �4 arcsec) are characterized by
supersolar values [log(Z/Z�) � 0.2�0.3], while at larger distances

4Because the physical properties distributions in the inferred maps are rela-
tively spread, we preferred to use the median instead of the average in order
to prevent an increase of the radial pro�les purely driven by the presence of
few high values.
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Figure 2. Maps of the ISM physical properties inferred for the local galaxy He 2-10 using the code GAME (U17; U18): density (n), column density (NH),
metallicity (Z), visual extinction (AV), ionization parameter (U), and the FUV �ux in Habing units (G/G0). As in Fig. 1, black lines show the contours of the
H � emission line (80, 10, 4, and 1 in units of 10�16 erg s�1 cm�2).

(4 arcsec � d � 10 arcsec) the metallicity is slightly subsolar [i.e.
log(Z/Z�) � �0.15] and remarkably uniform (within a factor of
�2). The obtained average metallicity [12 + log(O/H) � 8.6] is the
one expected from the mass�metallicity relation for a galaxy with a
stellar mass of M� � 1010 M�, i.e. 12 + log(O/H) � 8.7 (S·anchez
et al. 2017).

We also compare our results with the radial pro�les of Cresci
et al. (2017) who adopted the D16 (Dopita et al. 2016) and the
O3N2 (Curti et al. 2017) calibrators (Fig. 3). The metallicities ob-

tained with GAME are between the results obtained through the
O3N2 and D16 calibrators. In particular, in Fig. 7 we compare the
distributions of the derived metallicity values inferred through the
three different methods. The distribution obtained by GAME covers
the same values inferred with the O3N2 and D16 methods, but spans
a larger range [i.e. �1.0 � log(Z/Z�) � 0.3]. The standard devi-
ations of the metallicity values inferred with the three approaches
are, respectively: 
 (GAME) �0.13, 
 (O3N2) �0.06, 
 (D16) �0.10.
The difference in the results obtained between this work and
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