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ABSTRACT

We present new spectroscopic observations obtained with Gemini Multi-Object Spectrographs
at Gemini-South of a sample of 25 Hu regions located in NGC 55, a late-type galaxy in the
nearby Sculptor group. We derive physical conditions and chemical composition through
the T, method for 18 H 1 regions, and strong-line abundances for 22 H 11 regions. We provide
abundances of He, O, N, Ne, S and Ar, finding a substantially homogeneous composition in the
ionized gas of the disc of NGC 55, with no trace of radial gradients. The oxygen abundances,
both derived with T, and strong-line methods, have similar mean values and similarly small
dispersions: 12+log (O/H) = 8.13 £ 0.18 dex with the former and 12+log (O/H) = 8.17 £
0.13 dex with the latter. The average metallicities and the flat gradients agree with previous
studies of smaller samples of Hn regions and there is a qualitative agreement with the blue
supergiant radial gradient as well. We investigate the origin of such flat gradients comparing
NGC 55 with NGC 300, its companion galaxy, which is also twin of NGC 55 in terms of mass
and luminosity. We suggest that the differences in the metal distributions in the two galaxies
might be related to the differences in their K-band surface density profile. The flatter profile
of NGC 55 probably causes in this galaxy higher infall/outflow rates than in similar galaxies.
This likely provokes a strong mixing of gas and a re-distribution of metals.

Key words: ISM: abundances—H1u regions — galaxies: abundances —galaxies: evolution—

galaxies: individual: NGC55 — galaxies: ISM.

1 INTRODUCTION

NGC 55 is the nearest edge-on galaxy at a distance of 2.34 Mpc
(Kudritzki et al. 2016) and it is the member of the nearby Sculptor
group consisting of approximately 30 galaxies (Cote et al. 1997;
Jerjen, Binggeli & Freeman 2000) and being dominated by the
spirals NGC 300 and NGC 253. The main properties of NGC 55
are listed in Table 1.

The nature of the NGC 55 galaxy has been debated for long
time: its high inclination (79°; Puche, Carignan & Wainscoat
1991) has allowed different interpretation of its morphology. It has
been sometimes defined as a late-type spiral galaxy (Sandage &
Tammann 1987), while in other works it has been considered as
a dwarf irregular galaxy, similar to the Large Magellanic Cloud
(LMC), as, e.g. de Vaucouleurs (1961). Following de Vaucouleurs
(1961), the main light concentration at visible wavelengths, which is
offset from the geometric centre of the galaxy, is a bar seen end-on.
The structure of the disc of NGC 55 shows asymmetric extra-planar
morphology (Ferguson, Wyse & Gallagher 1996). The extra-planar
asymptotic giant branch (AGB) population is essentially old with
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ages of about 10 Gyr (Davidge 2005). Tanaka et al. (2011) studied
the structure and stellar populations of the Northern outer part of the
stellar halo; from the stellar density maps they detected an asym-
metrically disturbed, thick disc structure and possible remnants of
merger events.

Its interstellar medium (ISM) has been studied in several as-
pects: the neutral component (e.g. Hummel, Dettmar & Wielebinski
1986; Puche, Carignan & Wainscoat 1991; Westmeier, Koribalski &
Braun 2013), the molecular component (e.g. Dettmar & Heithausen
1989; Heithausen & Dettmar 1990), and the ionized component (e.g.
Webster & Smith 1983; Ferguson et al. 1996; Hoopes, Walterbos &
Greenawalt 1996; Tiillmann et al. 2003). The star formation activity
is located throughout the disc planar region of NGC 55, but there are
also large quantities of gas off of the disc plane still forming stars.
Otte & Dettmar (1999) found shell structures and chimneys outside
the planar regions that are signatures of supernova explosions and
stellar winds. The composition of its exceptionally active popula-
tion of Hu regions was studied in the past by Webster & Smith
(1983), and more recently by Tiullmann et al. (2003) and Tullmann
& Rosa (2004) who studied some regions, inside and outside the
disc, respectively.

The radial metallicity gradient of NGC 55 was first outlined by
the study of Hu regions of Webster & Smith (1983) who found
a substantially flat metallicity radial profile. A similar result was
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Table 1. Properties of NGC 55.

Parameter Value Reference
Type SB(s)m de Vaucouleurs (1961)
Centre 00" 14m53%6 —39°11'47" NED (J2000.0)
Distance 2.34 + 0.2 Mpc Kudritzki et al. (2016)
Total mass 2.0+ 10 Mo Westmeier et al. (2013)
Inclination 79 + 4° Puche, Carignan &

Wainscoat (1991)

Position angle  109° HyperLeda

obtained by Pilyugin et al. (2014) in their re-analysis of the radial
metallicity profiles of several late-type spiral galaxies including
NGC 55. Tikhonov, Galazutdinova & Drozdovsky (2005) analysed
the spatial distribution of the AGB and red giant branch stars along
the galactocentric radius of NGC 55, revealing again a very small
metallicity gradient also for the older stellar populations. The ab-
sence of metallicity gradients might suggest a coherent formation
of all the disc or very efficient mixing processes since its formation.
From a sample of 12 B-type supergiant stars, Castro et al. (2008)
found a mean metallicity of —0.40 dex, a value quite close to the
LMC metallicity (see, e.g. Hunter et al. 2007) and a flat gradient.
The metallicities of the two extra-planar H 1 regions were found to
be slightly lower than those of the central Hn regions, suggesting
that they might have formed from material that did not originate in
the thin disc (Tullmann et al. 2003).

From a dynamical point of view, there are a number of works
that confirm tidal interactions among the three pairs (NGC 55 and
300, 247 and 253, and 45 and 7793) of major galaxies in Sculptor
Group (see, e.g. de Vaucouleurs, de Vaucouleurs & Freeman 1968;
Whiting 1999; Westmeier et al. 2013). On top of the dynamical
effects of the nearby galaxies on NGC 55, the kinematics of its
central regions within the bar shows a gradient in radial velocities
towards the galactic centre, which is due to flow of material along
the bar (Carranza & Ageeuro 1988; Westmeier et al. 2013).

The present work is part of our study of the structure and
evolution of Local Group and nearby galaxies through the spec-
troscopy of their emission-line populations (see, e.g. Magrini
et al. 2005; Gongalves et al. 2007; Magrini & Gongalves 2009;
Magrini, Stanghellini & Villaver 2009; Gongalves et al. 2012, 2014;
Stanghellini et al. 2015). In this framework, we have carried on a
deep spectroscopic campaign with the multi-object spectrograph
Gemini Multi-Object Spectrographs (GMOS) @ Gemini-South tele-
scope of the strong-line emitters of NGC 55, as illustrated in Fig. 1.
The aim of this work is to explore the distribution of abundances
in this galaxy, studying H 1 regions located in the disc — from the
inner disc to the outskirts — as well as extra-planar regions.

The paper is structured as follows: in Section 2, we describe
the observations — imaging and spectroscopy — and the data reduc-
tion process. In Section 3, we present the spectroscopic analysis,
whereas in Section 4 we describe the spatial distributions of the
abundances. In Section 5, we discuss our results and compare them
with those of its companion galaxy NGC 300. In Section 6, we give
our conclusions.

2 GMOS@GEMINI-S: IMAGING AND
SPECTROSCOPY

The data analysed in the present paper were obtained with the
GMOS at Gemini South telescope in 2012 and 2013. The two
programs through which the data were taken are GS-2012B-Q-10
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and GS-2013B-Q-12, with D. R. Gongalves as the Principal Investi-
gator in both cases. In total, we observed three fields of view (FoV)
of GMOS-S, each of 5.5 arcmin x 5.5 arcmin. In the following, we
refer to the three fields as M1, M2, and M3 (see Fig. 1).

2.1 Pre-imaging

We obtained the pre-imaging of NGC 55 with the GMOS-S camera
in queue mode on 2012 August 28 (M1) and 27 (M2 and M3). We
used the on- and off-band imaging technique to identify the strongest
Ho line emitters. Their location is shown in Fig. 1. For the three
FoV the on-band Ho images were subdivided into three exposures
of 60 s each, while the three off-band (the continuum of Ha) HaeC
subexposures were of 120 s each. These narrow-band filters have
central A (A interval) of 656 nm (654-661 nm) and 662 nm (659—
665nm) for He and HaC, respectively. The location of the three
fields (5.5 arcmin x 5.5 arcmin) is shown in Fig. 1, and the central
coordinates of each field are: for M1, RA 00:16:02.62 and Dec.
—39:14:41.77; for M2, RA 00:15:26.59 and Dec. —39:12:49.08;
and for M3, RA 00:14:59.06 and Dec. —39:11:30.97. During
the pre-imaging observations, the seeing varied from 0.9 to
1.0 arcsec.

In Table 2, we give the coordinates of the observed emission-line
objects (25 H i regions, HIIr, and three candidate symbiotic systems,
SySt). We based the classification of the nebulae on the analysis of
their spectra, which will be introduced in the following sections. We
discriminate SySts from H1 regions on the basis of the presence
of absorption features and continuum of late-type M giants, of the
strong nebular emission lines of Balmer H 1, He 11, the simultaneous
presence of forbidden lines of low and high ionizations, like [O 11],
[Ne m], [Om] (Belczynski et al. 2000) and of the Raman scattered
line at 16825 A, a signature almost exclusively seen in symbiotic
stars (Schmid 1989; Belczynski et al. 2000).

In Fig. 1 the positions of our Hn regions are shown in contrast
to objects investigated in previous works: X-ray sources up to Djs'
from Stobbart et al. (2006); and the extra-planar H 11 regions from
Tullmann et al. (2003).

2.2 Spectroscopy

The spectroscopic observations were obtained in queue mode with
two gratings, R400+G5305 (red) and B600 (blue). For the mask
M1, the spectra were taken on 2012 December 22 (blue) and 23
(red). The spectroscopy of M2 and M3, on the other hand, was
obtained about one year later. The red spectra of M2 were observed
on September 29, while the blue counterpart was observed on the
2013 October 13. As for M3, the red and blue spectra were taken
on the nights of 2013 December 27 and 29.

We obtained three exposures per mask and grating — with 3 x
1430 s for M1 and 3 x 1390 s for M2 and M3 both in blue and
red. For technical reasons, only one exposure of the blue spectra of
M3 and two of the red spectra of M2 were useful for science. In all
the cases, we combined the good quality exposures to increase the
signal-to-noise ratio of the spectra and to remove cosmic rays.

For most of the spectra, the effective blue plus red spectral cov-
erage ranges from 3500 to 9500 A, in several cases allowing a
significant overlap of the spectra. Only a few lines were measured
with wavelength longer than 7200 A, because of the poor (wave-
length + flux) calibration at the red end of the spectra (see Fig. 2).

'Dys is the diameter that corresponds to a surface brightness of 25

mag arcsec 2.
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Figure 1. Top: HSDSS 111aJ4680 A image of NGC 55. The entire image is 30 x 15 arcmin2, and it is centred at RA = 00:15:12.27 and Dec. = —39:12:57.89.
Superposed to it the three GMOS-S FoV we observed (masks M1, M2, and M3), of 5.5 x 5.5 arcmin® each, are highlighted. The green symbols (plus,
diamond, and circle) are our H 1 regions located within these three FoV, respectively. Other symbols are as follows: cyan plus, the X-rays sources up to Dys
from Stobbart, Roberts & Warwick (2006); and the two blue crosses indicate the extra-planar Hu regions studied by Tillmann et al. (2003). Bottom: our
GMOS-S continuum-subtracted images (He—HaC) of the three FoV. The H 11 regions we discuss in this paper are identified, following the IDs of Table 2. The

orientation, North to the top and East to the left is the same in all the panels.

We avoided the possibility of important emission lines to fall in the
gap between the three CCDs, by slightly varying the central wave-
length of the disperser from one exposure to another. To do this, we
centred the red grating R400+G5305 at 750 & 10 nm and the blue
one B600 at 460 £ 10 nm.

The masks were built with slit widths of 1 arcsec and with varying
lengths to include portions of sky in each slit for a proper local
sky subtraction. The spectroscopic observations were spatially and
spectrally binned. The final spatial scale and reciprocal dispersions
of the spectra were: 0.144 arcsec and 0.09 nm per pixel, in blue;
and 0.144 arcsec and 0.134 nm per pixel, in red.

Following the usual procedure with GMOS for wavelength cali-
bration, we obtained CuAr lamp exposures with both grating con-
figurations, either the day before and after the science exposures.
The spectrophotometric standard LTT7379 (Hamuy et al. 1992)
was observed with the same instrumental setups as for science ex-
posures, on 2013 September 2, and used for flux calibration of the
three masks, since no standards were obtained near the observation
of M1, in 2012. In Fig. 2, we show a sample with fully reduced

and calibrated GMOS spectra, one spectrum per field, on which it
is straightforward to see the quality of our data.

Data were reduced and calibrated in the standard way by using
the Gemini GMOS DATA REDUCTION SCRIPT and LONG-SLIT tasks, both
being part of IRAF.

3 SPECTRAL ANALYSIS AND
DETERMINATION OF THE PHYSICAL AND
CHEMICAL PROPERTIES

We measured the emission-line fluxes and their errors with the
package splot of IRAF. Errors take into account the statistical errors
in the measurement of the fluxes and the systematic errors (flux
calibrations, background determination, and sky subtraction).

2 IRAF is distributed by the National Optical Astronomy Observatory, which

is operated by the Association of Universities for Research in Astronomy
(AURA) under cooperative agreement with the National Science Founda-
tion.

MNRAS 464, 739-753 (2017)
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Table 2. GMOS-S mask identification, classification, and coordinates of
the Ho line emitters selected from the GMOS-S pre-imaging. M1, M2, and
M3 stand for the masks ID. The object classification shown is based on the
follow-up spectroscopic analysis of the present study.

Mask ID Field ID Class RA Dec.
J2000.0 J2000.0

MiS1 H-1 HIIr 00:16:14.93 —39:15:51.62
M1S4 H-2 HIIr 00:16:10.12 —39:16:11.49
M1S5 NGC 55 StSy-1 SySt 00:16:07.25 —39:16:31.91
M1S6 H-3 HIIr 00:16:07.99 —39:15:45.94
MI1S7 H-4 HIIr 00:16:05.73 —39:16:42.96
M1S8 H-5 HIIr 00:16:02.59 —39:15:52.35
MIS10 H-6 HIIr 00:16:03.96 —39:16:26.61
MI1S12 H-7 HIIr 00:16:01.04 —39:15:42.52
MI1S13 H-8 HIIr 00:15:56.26 —39:16:25.79
MI1S15 H-9 HIIr 00:15:53.42 —39:15:41.12
MIS16 H-10 HIIr 00:15:59.58 —39:16:37.63
MI1S17 H-11 HIIr 00:15:54.64 —39:16:25.90
MIS18 H-12 HIIr 00:15:49.66 —39:16:23.08
M2S1 H-13 HIIr 00:15:36.94 —39:14:21.08
M2S2 NGC 55 SySt-2 SySt 00:15:39.02 —39:14:40.60
M2S3 H-14 HIIr 00:15:29.36 —39:15:18.69
M2S5 H-15 HIIr 00:15:32.49 —39:14:50.50
M2S6 H-16 HIIr 00:15:30.75 —39:14:32.54
M2S14 H-17 HIIr 00:15:24.71 —39:13:51.88
M2S15 H-18 HIIr 00:15:29.41 —39:12:25.09
M3S1 H-19 HIIr 00:14:46.02 —39:11:01.79
M3S2 H-20 HIIr 00:14:47.32 —39:11:32.85
M3S3 H-21 HIIr 00:14:49.52 —39:10:59.99
M3S4 H-22 HIIr 00:14:52.18 —39:11:26.70
M3S5 H-23 HIIr 00:14:53.18 —39:11:53.30
M3S7 H-24 HIIr 00:14:56.52 —39:11:58.05
M3S8 NGC 55 StSy-3 SySt 00:14:58.61 —39:11:59.14
M3S10 H-25 HIIr 00:14:59.94 —39:12:14.97

Eoy |
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e -
17 £ ]
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o 6 F ]
w0 b 3
8 4f 1
? i ::,_JW‘ ‘ l Ji g
o f i ]
2 g ket bt
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Kiop——T1 — T
= F ]
F H-23
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Figure 2. Sample of our GMOS spectra, one per FoV, M1, M2, and M3,
for the Hu regions H-11, H-17, and H-23, respectively. The CCD gaps in
the blue part of H-23’s spectrum were masked, since in this case only one
spectrum was good enough for science, so the CCD gaps could not be erased
by the combination of different frames. Also note the red spectrum of H-17,
noisier than that of the other two H 11 regions due to the fact that two, instead
of three spectra were combined to obtain this one.

MNRAS 464, 739-753 (2017)

We corrected the observed line fluxes for the effect of the in-
terstellar extinction using the extinction law of Mathis (1990) with
Ry = 3.1 (which is assumed to be constant as in our Galaxy, but
might slightly vary from galaxy to galaxy, see, e.g. Clayton et al.
(2015)) and the individual reddening of each H region given by
the cg, i.e. the logarithmic difference between the observed and
theoretical H 8 fluxes. Since H § and H y lines are fainter than
the He and H B ones, and located in the bluer part of the spec-
tra, they are consequently affected by larger uncertainties. We thus
determined cg comparing the observed Balmer I(Ho)/I(H B) ratio
with its theoretical value, 2.87 (case B, cf. Osterbrock & Ferland
2006). We used lines in common between the blue and red parts of
the spectra to put the two spectral ranges on the same absolute flux
scale. The average scaling factor applied to the fluxes of the red
spectra is 0.78.

In Table B1 of the Appendix we present the measured and
extinction-corrected intensities — both normalized to H g = 100
— of the emission lines of the 25 H 1 regions listed in Table 2. The
spectra of the candidate symbiotic systems will be discussed in a
forthcoming paper.

The method to derive the physical and chemical condition in
Hu regions is described in the previous papers of this series, as,
for instance, Magrini & Gongalves (2009) and Gongalves et al.
(2012, 2014): the TEMDEN and I10NIC tasks of IRAF> are used to de-
rive first electron temperature (from the ratio of the [Om] lines
at 500.7 and 436.3 nm), and density (from the lines of the [Su]
doublet at 671.7 and 673.1 nm) of the gas, then ionic abun-
dances. Ionic abundances are combined with the ionization correc-
tion factors for H i regions from Izotov et al. (2006) to obtain the
total abundances.

Often, literature studies represent Hu regions with a two-zone
ionization structure characterized by two different electron tem-
peratures, for the [On] and [O 1] emitting regions. If available
T.[Ou] — or equivalently 7,[Nu] — are used for the [O1] zone,
while 7,[O ] is adopted in the [O 1] emitting zone. When 7,[O 11]
or T,[N 1] are not measured, the relation, based on the photoioniza-
tion models of Stasinska (1982), T,[On] = 0.7 x T,[Om]+3000 K
(or a similar one) is adopted. If we consider valid without errors
the linear relation between 7,[Ou] and 7,[O ], in the temper-
ature range of our Hu regions, the use of a single temperature
(the measured one, i.e. T,[O m]) might imply a maximum under-
estimation of about ~700 K and up to a maximum overestima-
tion of ~400 K of the temperature adopted for the [On] ionic
abundance. We have tested the effect of adopting two different
temperatures and, for most regions, it has negligible effect on
the total oxygen abundance — of the order 0.01-0.03 dex — since
[O ] ionic abundance is on average a factor 10 larger than [O 1]
ionic abundance, and consequently it is the ionic fraction that con-
tributes the most to the total O/H. Thus we use only the measured
T.[O ] for the calculation of the abundances of both low- and
high-ionization species.

The abundances of He 1 and He 1 were computed using the equa-
tions of Benjamin, Skillman & Smits (1999) in two density regimes,
that is N, > 1000 and <1000 cm™3. Clegg’s collisional populations
were taken into account (Clegg 1987).

The results of physical and chemical properties of the Hi re-
gions are shown in Table 3. The 7, has been measured in 18 re-
gions and ranges from 8600 to 12 000 K; N, is available in 10

3The atomic data source is the that of ANALYSIS/NEBULAR — IRAF;
http://stsdas.stsci.edu/cgi-bin/gethelp.cgi?at_data.hlp.
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H i regions in NGC 55 743
Table 3. Electron temperatures, electron densities, ionic, and total abundance of the H 11 regions.
Diagnostic H-1 H-2 H-5 H-6 H-7 H-11 H-12 H-13 H-14
T,[0 m](K) 12000 +200 9200 £+ 150 9300 &+ 150 11500 200 12000 + 200 8700 &+ 150 11000 4200 10700 =+ 200 10800 =+ 200
N, [Sul(cm™3) - <100 100 £ 50 <100 200 £ 50 <100 600 £ 100 1400 £ 200 250 £ 50
He/H 0.14 0.07 0.09 0.07 0.11 0.10 0.075 0.07 0.10
He/H 0.14+0.03 0.07£0.01 0094001 0.07+001 0.11£0.05 0.10+£0.05 0.0754+0.05 0.07£0.02 0.10+0.05
OwH 2.1e-06 3.2e-05 1.9e-05 5.4e-05 1.4e-05 6.1e-05 2.2e-05 - 1.6e-05
Om/H 1.3e-04 1.1e-04 1.5e-04 1.9¢-05 7.9¢-05 2.0e-04 1.1e-04 8.9¢e-05 9.8e-05
ICF(O) 1.2 1.0 1.0 1.0 1.0 1.0 1.0 - 1.0
O/H 1.6e-04 1.4e-04 1.7e-04 3.5e-05 9.3e-05 2.6e-04 1.3e-04 >8.9¢-05 1.1e-04
12+log(O/H) 821 £0.07 8.15+006 823+006 7904+0.10 797+0.12 842+0.12 8.12+£0.08 >7.95 8.06 + 0.07
Nw/H 8.9e-07 3.5e-06 2.8e-06 3.9e-06 1.5e-06 2.9e-06 1.4e-06 1.17e-06 2.2e-06
ICE(N) 45.0 4.5 7.6 1.6 6.2 4.4 5.5 - 6.5
N/H 3.9e-05 1.5e-05 2.1e-05 6.2e-06 9.2e-06 1.2e-05 7.6e-06 - 7.7e-05
12+log(N/H) 7.58+0.15 7.18+£0.15 7324015 6.80+0.15 696+£0.12 7.10+0.15 6.88+0.12 - 7.16 +0.12
Ne m/H 5.1e-06 4.7e-06 5.5e-06 - 1.0e-05 8.0e-06 5.2e-06 - 8.1e-06
ICF(Ne) 1.0 1.2 1.0 - 1.1 1.2 1.1 - 1.0
Ne/H 5.1e-06 5.5e-06 5.5e-06 - 1.1e-05 9.5e-06 5.7e-06 - 8.5e-06
12+log(Ne/H) 6.70 £0.14 6.74+0.15 6.75+£0.15 - 7.03 + 0.04 6.7 +0.14 6.76 £ 0.14 - 6.93 £0.15
Arm/H - 9.4e-07 8.8e-07 2.9e-07 5.4e-07 1.4e-06 7.5e-07 - -
ICF(Ar) - 1.1 1.2 1.2 1.1 1.1 1.1 - -
Ar/H - 1.0e-06 1.0e-06 3.5e-07 6.0e-07 1.5e-06 8.2e-07 - -
12+log(Ar/H) - 6.00+ 020 6.00£020 5534+020 578+022 620+£0.25 590+0.23 - -
Su/H - 1.2e-06 8.5e-07 7.2e-07 3.4e-07 8.7e-07 4.2e-07 2.4e-07 6.3e-07
S m/H - - - - 5.1e-07 - - - -
ICE(S) - 1.3 2.0 1.0 1.7 1.3 1.5 - 1.7
S/H - 1.6e-06 1.7e-06 7.2e-07 1.4e-06 1.2e-06 6.5¢-07 - 1.1e-06
12+log(S/H) - 6.19+030 622+£030 590+030 6.16+028 6.10£0.30 5.80+0.30 - 6.05 +0.30
Diagnostic H-15 H-17 H-18 H-19 H-20 H-21 H-22 H-23 H-25
T.[Om](K) 8600 £ 150 10000 £ 150 12000 4 500 12000 200 12400 £+ 300 10500 +200 9900 £ 150 9100 & 150 9600 + 150
N, [Su](cm™3) 100 £ 50 <100 - 300 £ 100 150 £ 50 <100 <100 150 £ 50 200 £ 50
He/H 0.075 0.07 0.10 0.08 0.10 0.09 0.095 0.094 0.115
He/H 0.075+£0.02 0.07+0.02 0.10£0.05 0.075+£0.02 0.07+0.02 0.09+£0.01 0.095+0.01 0.094+0.01 0.1154+0.03
OwH 2.6e-05 4.2e-05 - 2.0e-06 1.3e-05 1.5e-05 1.0e-05 1.6e-05 4.2e-06
Oum/H 2.1e-04 1.1e-04 1.7e-04 9.1e-05 6.0e-05 4.2e-05 1.3e-04 1.6e-04 2.4e-04
ICF(O) 1.0 1.0 - 1.0 1.0 1.0 1.0 1.0 1.0
O/H 2.3e-04 1.6e-04 >1.7e-04 9.3e-05 7.3e-05 5.7e-05 1.4e-04 1.8e-04 2.4e-04
12+1og(O/H) 8.36+0.12 8.20 +0.07 >8.25 7.70e £0.12 7.86+0.13 7.80+0.12 8.16+£0.08 825+0.08 8.38+0.12
NwH - 3.8e-06 - 3.9e-07 1.4e-06 3.0e-06 2.6e-06 1.9¢-06 1.9¢-06
ICF(N) - 4.0 - 34.2 54 4.0 11.4 9.1 41.4
N/H - 1.4e-05 - 1.5e-05 7.2e-06 1.2e-05 2.9e-05 1.6e-05 7.7e-05
12+log(N/H) - 7.17 +0.20 - 7.10+0.13 6.86+0.10 7.10+0.12 746+0.15 7.22+0.10 7.88+0.20
Ne n/H 6.9¢-06 7.9¢-06 - 4.8e-06 3.8e-06 - 5.0e-06 8.6e-06 7.8e-06
ICF(Ne) 1.2 1.2 - 1.0 1.1 - 1.0 1.0 1.0
Ne/H 7.1e-06 9.8e-06 - 4.8e-06 4.2e-06 - 5.0e-06 8.6e-06 7.8e-06
12+log(Ne/H)  6.85+0.14 7.00£0.14 - 6.66 +0.15 6.62+0.14 - 6.70 £0.15 6.93+0.15 6.89+0.15
Aru/H - 7.2e-07 - 4.6e-07 6.0e-07 8.7e-07 - 1.4e-06 1.2e-06
ICF(Ar) - 1.1 - 2.8 1.1 1.1 - 1.3 32
Ar/H - 7.6e-07 - 1.3e-06 6.6e-07 9.2e-07 - 1.8e-06 3.9¢e-06
12+log(Ar/H) - 5.88 +0.24 - 6.10+0.17 582+0.23 6.00+0.24 6.26 +£0.17 6.59 +0.23
SwH 7.3e-07 5.3e-07 - 9.8e-08 3.0e-07 6.2e-07 4.6e-07 3.0e-07 6.1e-07
ICE(S) 2.0 1.2 7.8 1.5 1.2 2.8 2.3 9.4
S/H 1.5e-06 6.5e-07 - 7.7e-07 4.5e-07 7.8e-07 1.3e-06 6.9¢-07 5.8e-06
12+log(S/H) 6.20 +0.30  5.80 +0.30 - 590+030 565+030 5904+030 6.11+027 584+0.27 6.76+0.30

regions, while an upper limit is measured in other 6 regions. The
measurements of electron densities range from 100 to 600 cm~3,
typical values of Hn regions, with a higher density of 1400 cm™>
in H-13. Errors on final abundances take into account the er-
rors on 7, on N, and on the line fluxes. The average oxygen
abundance determined with the 7, method, excluding lower limit
abundances, is 12+log (O/H) = 8.13 £ 0.18. For the other ele-
ments we obtain average values: 12+log (N/H) = 7.18 £ 0.28,
12+log (Ne/H) = 6.81 + 0.14, 12+log (Ar/H) = 6.00 £ 0.25,

and 12+4log (S/H) = 6.04 & 0.25. Helium abundance is quite uni-
form too. Its mean value, linearly expressed, is He/H = 0.092 £
0.019. The mean O/H is in good agreement with the metallicity
measured by Tillmann et al. (2003) in their Hu region located
in the disc-halo transition of NGC 55 (8.05 + 0.10 with the T,
method). The two extra-planar H 11 regions of Tiillmann et al. (2003)
are instead slightly metal poorer (7.77 and 7.81) than our average
O/H, but they are still consistent with the composition of some
individual Hu regions, as, for instance, H-19, H-20, and H-21.
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Table 4. Strong-line calibrated oxygen abundances.

Field-ID D OH OH  OH OH
(kpc) T, N2 O3N2 adopted
MI3  MI3

H-1 12137933 8214£007 803 797  8.03£021
H-2 10907014 815+£006 814 818  816+021
H-3 10.841027 - 818 827 8224030
H-4 10.2175:99 - 830 857  843+021
H-5 9.87104)  823+006 810 813 812021
H-6 9.01700%  7.90+£0.10 825 832  8.28+0.22
H-7 9.43%0%  7.97+0.12 811 813 812025
H-8 9.0179% - 826 837  832+021
H-9 8.42+0.00 - 812 814 8134023
H-10 9.52+003 - 827 844 8314021
H-11 893709 8424012 812 814  813+021
H-12 85501 812008 801 809  8.05+021
H-13 6.2110:9 >7.95 8.00  8.08  8.04+0.21
H-14 6467030 806+0.07 807 811  8.09+0.22
H-15 577709 836+0.12 - - -

H-16 5401002 - 822 821  821+021
H-17 4427000 8204007 812 818  8.15+0.22
H-18 7.63+12 >8.25 - - -

H-19 1467008 770012 783 799 7.91+021
H-20 0.95%0%  786+0.13 810 816  8.13+0.22
H-21 2127932 780+£012 - - -

H-22 100702 816+008 813 813  8.13+021
H-23 028100 8254008 800  8.09  8.05+0.21
H-24 0.4310:01 - 827 825  826+022
H-25 0981000 838+0.12 805 805  8.05+021

This might be an indication of incomplete mixing in the disc of
NGC 55.

3.1 Strong-line metallicities

We computed oxygen abundances using strong-line methods to in-
crease the number of regions with a determined metallicity. These
methods are based on the intensities of lines that are usually easy
to measure because they are much stronger than the lines used as
T, diagnostic (cf. Arellano-Cdérdova et al. 2016, for a complete
discussion and comparison among the methods). The strong-line
ratios can be calibrated in two different ways: using photoioniza-
tion models or using abundances of Hu regions obtained through
the 7, method. Since the empirical calibration works better in the
low-metallicity regime, we have used the new calibrations based
on T,-method abundances by Marino et al. (2013, hereafter M13)
of the two well-known indices, N2 = log ([N 1]/Ho) and O3N2 =
log [([O m]/H B)([N n]/He)]. The results are shown in Table 4 where
we present the galactocentric distances, O/H from the 7, method, the
metallicities derived with the M31’s N2 and O3N2 indices, and an
average between the two strong-line calibrators, which is the value
adopted in the following figures. Errors on the adopted strong-line
O/H take into account the flux uncertainties and the intrinsic errors
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of the method (0.18 and 0.16 dex, for O3N2 and N2, respectively,
as quoted in M13).

Comparing the average oxygen abundance derived with the
T, method, 12+log (O/H) = 8.13 £ 0.18, with the average val-
ues determined with the strong-line method, we have: for the
N2 index 12+4log(O/H) = 8.14 + 0.12, for the O3N2 index
12+1log (O/H) = 8.20 £ 0.14, and for the combination of the two
indices 12+4log (O/H) = 8.17 £ 0.13. They are thus in extremely
good agreement. The increment of the number of regions anal-
ysed with the strong-line methods provides an even smaller dis-
persion of the distribution of the abundances in NGC 55 point-
ing towards a very homogeneous composition for the ISM for
this galaxy.

4 RADIAL ABUNDANCE GRADIENTS IN NGC
55

The Hu regions for which we can determine plasma conditions,
including T,, N,, ionic, and total abundances, give us the oppor-
tunity to study the spatial distribution of abundances and abun-
dance ratios of several elements in the thin/thick disc of NGC 55.
We have computed the linear galactocentric distances de-projecting
and transforming them in linear distances with the inclination, po-
sition angle, and distance in Table 1. We use the range of 4° in the
inclination angle obtained by the disc model of Puche, Carignan
& Wainscoat (1991) to estimate the uncertainties in de-projected
galactocentric distance. The new model of Westmeier et al. (2013)
is consistent with the one of Puche in the inner part of the galaxy
where our regions are located.

The sample of H 1 regions (see green symbols in Fig. 1) is located
in a large galactocentric range of distances (from the centre to about
12 kpc, see Table 4).

In Fig. 3 we show the radial abundance gradients of several
elements: O, Ne, S, Ar, N, and He. In Table 5 we report the slopes and
the intercepts of the radial abundance gradients computed with the
FITEXY routine that takes into account both the errors on abundances
and galactocentric distances. For all the available elements we found
null gradients, within the errors.

NGC 55 radial gradients of O/H and N/H have been also re-
cently re-analysed from literature data by Pilyugin et al. (2014).
They found oxygen and nitrogen gradients essentially flat, and in
good agreement with our results (see Table 5). Their slopes for
oxygen and nitrogen are —0.0059 £ 0.0104 and —0.0042 £ 0.0145
dex kpc™!, respectively. On the other hand, Kudritzki et al. (2016)
analysed a sample of 58 blue supergiant stars. For the first time,
they detected a non-negligible metallicity gradient of —0.22 £ 0.06
dex/R,s (—0.020 + 0.005 dex kpc~! assuming R,s = 11.0 kpc).
Their central metallicity relative to the Sun is Z = —0.37 £ 0.03.

The comparison between the H 11 region and blue supergiant pop-
ulations is extremely interesting because they both are young popu-
lations and should trace the same epoch in the galaxy lifetime. In the
upper panel of Fig. 4, we plotted the metallicity of the supergiants of
Kudritzki et al. (2016) and of our H 11 regions — reported on the Solar
scale (12+log (O/H) = 8.66; Grevesse, Asplund & Sauval 2007) —
versus the galactocentric distance. We have plotted the whole sam-
ple of Kudritzki et al. (2016) without removing the possible outliers.
The two sets of metallicities and their radial distributions are in sur-
prisingly good agreement considering all the internal uncertainties
of the two metallicity derivations, the differences in the metallicities
measured from nebular and stellar spectra (oxygen in the former,
a global Z metallicity in the latter), and possible dust depletion of
oxygen in H 11 regions (this correction might amount to 0.10 dex for
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Figure 3. Radial abundance gradients of elemental abundances in the H i1 regions in NGC 55. The abundances of metals (O, N, Ne, Ar, and S) are expressed
in the logarithmic form 12+log (O/H), whereas the abundance of helium is expressed in the linear form. The continuous curves are the weighted linear fits to
the data, taking into account errors on both distances and abundances.

Table 5. Radial abundance gradients in the disc of NGC 55.

Elements Slope Intercept
O/H +0.0025 + 0.0055 8.13 £ 0.04
Ne/H +0.0181 £ 0.0081 6.78 £ 0.06
N/H —0.0030 % 0.0082 7.14 £ 0.06
Ar/H —0.0313 £ 0.0145 6.18 £ 0.10
S/H +0.0074 £ 0.0196 599 + 0.13
He/H —0.0017 £ 0.0008 0.094 £ 0.006
N/O —0.0103 +0.0103 —0.880 £ 0.074

0.5

objects with 7.8 < 12+log (O/H)< 8.3); see Peimbert & Peimbert
2010). It is, however, true that the supergiant abundances show a
small decreasing gradient, which is not appreciable in the Huregion
population abundances.

4.1 a-elements and nitrogen

Giving the similar origin of the four «-elements — O, Ne, S, and Ar
— we expect them to have similar radial behaviours. We indeed find
almost flat gradients within the uncertainties for all of them, with
Ar having possibly a small negative slope, still consistent with a
null gradient, within the errors.

While «-elements are mainly synthesized by massive stars
(M > 8 M(y), nitrogen has a more complex nucleo-genesis, having
both a ‘primary’ and a ‘secondary’ origin. The primary origin refers
to conversion of the original hydrogen into nitrogen and it happens
in stars with 4 Mo < M < 8 M (Renzini & Voli 1981) and/or
in very massive (M > 30 M) low-metallicity stars (Woosley &
Weaver 1995), while the secondary channel is related to the pro-
duction from C and O initially present in the ISM at the formation
of the progenitor star. When the primary nitrogen component dom-
inates, the N/O ratio is expected to be independent of the oxygen

-1.5

0 5 10 15
Rgc(kpe)

0.5 \ ]
F NGC300 ]
-1k =
_15L | | 1
0 5 10 15
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Figure 4. Upper panel: NGC 55 Hu regions (O/H derived with the 7,
method — filled circles — and from the strong-line method — empty squares.
For the strong-line abundances we adopted the average of the two values,
as indicated in Table 4) and supergiants from Kudritzki et al. (2016, empty
stars) radial distribution. The continuous line is the fit to the Hu regions
with 7, determinations as in Fig. 3, whereas the dotted line is the fit to the
whole sample of supergiant abundances. Lower panel: NGC 300 H 1 regions
(Bresolin et al. 2009; Stasiriska et al. 2013, filled circles) and supergiants
from Kudritzki et al. (2008, empty stars) radial distribution.
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Figure 5. Radial N/O gradients of H 1 regions of NGC 55.

abundance and this happens at low metallicity. At higher metallic-
ity, the secondary production becomes more important, and N/O
increases with O (van Zee, Salzer & Haynes 1998).

The comparison of N with any «-element can give indication on
different star formation history in different radial regions of NGC
55 disc. If a galaxy experiences a dominant global burst of star
formation, the ISM oxygen abundance will increase in about 10° yr,
generating a decrease in N/O. Then over a period of several 100 x
10% yr N/O will increase at constant O/H. Consequently, N/O can be
used as a clock that measures the time since the last major burst of
star formation: low values of N/O imply a very recent burst of star
formation, while high values of N/O imply a long quiescent period
(cf. Skillman 1998). In Fig. 5, the radial gradient of N/O is shown.
A slightly decreasing gradient towards the outskirts is detected.
However, this gradient is consistent with 20 with a flat gradient and
homogeneous distribution of abundances, indicating no differences
in the star formation histories in different parts of the galaxy. We can
also compare the typical N/O value in NGC 55 with those of dwarf
and spiral star-forming galaxies. From fig. 5 of Pilyugin, Thuan &
Vilchez (2003) or fig. 7 of Annibali et al. (2015) we can infer that
at 12+log O/H ~ 8.0 dex, there is an increasing dispersion in N/O,
with values ranging from —1.6 to —1 dex. N/O in NGC 55 is located
towards the upper envelope of this relationship. The average N/O
of NGC 55 (N/O = —0.93 + 0.21) is close to the M33’s one (see,
e.g. fig. 12 in Magrini et al. 2007, for a plot of N/O versus O/H)
and to that of the LMC (N/O = —0.96; Carlos Reyes et al. 2015).
The scatter in N/O values at a given O/H seen, e.g. by Pilyugin
et al. (2003) and Annibali et al. (2015), can be naturally explained
by differences in the star formation histories of galaxies (Pilyugin
et al. 2003). This conclusion was already suggested by Edmunds &
Pagel (1978) who explained the observations of the N/O abundance
ratio in external galaxies due to the manufacturing of N in low-mass
stars of 4-8 M. Very recently, Vincenzo et al. (2016) presented
chemical evolution models aimed at reproducing the observed N/O
versus O/H abundance pattern of star-forming galaxies in the Local
Universe. They found that position of a galaxy in the N/O versus
O/H plane is mostly determined by its star formation efficiency (see
their fig. 4). The high N/O ratio in NGC 55 with respect to other
late-type dwarf irregular galaxies having the same O/H might be
an indication that the bulk of the star formation happened in the
recent past, more than 100 x 10° yr ago. This is in agreement with
the finding of Davidge (2005) of a vigorous star formation episode
during the past 0.1-0.2 Gyr. The detection of significant numbers
of stars evolving on the AGB phase indicates that there has been
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vigorous star formation during the past 0.1-0.2 Gyr. In this time
lapse, stars with masses M > 5 M, might have time to evolve and
to pollute with N the ISM of NGC 55 and thus to increase the N/O
ratio.

4.2 Helium

The measurement of He in low-metallicity galaxies has been often
used to extrapolate the primordial He abundance. To account for the
amount of helium synthesized by stars, Peimbert & Torres-Peimbert
(1974) suggested for the first time to study a sample of H 11 regions
spanning a wide range of metallicity. With the assumption of a
helium enrichment proportional to metallicity, we can obtain the
primordial abundance of He extrapolating to zero metallicity:

Y = Yp + Z(AY/AZ),

where Y is the mass fraction of He, and Z is the metallicity. Using
equation (2) of Izotov, Thuan & Lipovetsky (1997) without cor-
rection for the neutral He (<2 per cent, cf. Izotov et al. 1997), we
computed the mass fraction of He using the mean abundance of
NGC 55, obtaining ¥ = 0.27 £ 0.08. Excluding the H 11 region with
the highest He abundance (H-1) we have a mean He/H = 0.088 +
0.020 and thus ¥ = 0.26 & 0.04. The linear regression of Izotov et al.
(1997) of Y versus oxygen, computed at the metallicity of NGC 55,
gives a slightly lower value ¥ = 0.250 &£ 0.002, but still consistent
within the errors with our determination. The measurement of He
abundance in NGC 55 does not give any particular constraint to the
primordial He abundance, but it is in line with the determination of
Y in several low-metallicity galaxies.

5 DISCUSSION

NGC 55 has been classified as both an irregular and a spiral galaxy.
However, although its morphology cannot be well defined because
of its inclination, it is a very extended object and with a large total
mass (see Table 1); its H1i regions are found up to 11-12 kpc from
the centre, and its blue and red supergiants even much farther (Ku-
dritzki et al. 2016). So, the questions are: how can the composition
of its Hu regions (and supergiants) be so homogeneous in such
a wide region, extending from the centre to about ~11-12 kpc?
Why is not there a clear metallicity gradient from the Hu region
abundances?

The presence of metallicity gradients in irregular galaxies has
been, indeed, deeply investigated in the literature reaching the con-
clusion that most of these galaxies show a spatial homogeneous
composition (e.g. Kobulnicky & Skillman 1997; Croxall et al. 2009;
Magrini & Gongalves 2009; Haurberg, Rosenberg & Salzer 2013;
Lagos & Papaderos 2013; Hosek et al. 2014; Patrick et al. 2015).
There are some exceptions, such as, for instance, the observed oxy-
gen gradient in NGC 6822 (Venn et al. 2004; Lee, Skillman & Venn
2006) and in the dwarf blue compact galaxy NGC1750 (Annibali
et al. 2015), or the iron gradients in the Small Magellanic Cloud,
in the LMC, and in the dIrr WLM (Leaman et al. 2014). The sys-
tematic study of gradients in late-type spiral and irregular galaxies
by Pilyugin et al. (2014) and Pilyugin, Grebel & Zinchenko (2015)
has shown that there is a strong correlation between the radial abun-
dance gradient of galaxies and their surface brightness profiles.
In particular, galaxies with a steep inner surface brightness profile
usually present a noticeable radial abundance gradient. On the other
hand, those galaxies with flat inner surface brightness profiles have
shallower or null gradients. The reason of this different behaviour
might be related to the presence of radial mixing of gas (through
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radial flows or galactic fountains): this process takes place more
evidently in galaxies with a flat surface density inner profile that
can readily redistribute the gas across the disc.

The comparison of metallicity distributions and surface density
profiles in the galaxy pair, NGC 55 and NGC 300 (Scd for NGC
300 and barred spiral/irregular SB(s)m for NGC 55) allows us to
investigate this hypothesis in detail. These two galaxies are indeed
very similar in many aspects: comparable near-IR magnitudes (K =
6.25 and 6.38, respectively, see Jarrett et al. 2003) and mid-infrared
fluxes (see Dale et al. 2009) that point towards comparable stellar
masses. However, they have different morphologies. Even more
important, Kudritzki et al. (2016) have shown that their K-band
radial surface profiles are also different, with NGC 300 having
a strong central peak, which is instead absent in NGC 55 (see
their fig. 12). The radial metallicity gradient of NGC 300 from
Hu regions, studied by Bresolin et al. (2009) and re-analysed by
Stasiniska et al. (2013), is not negligible, and has a slope of —0.068
+ 0.009 dex kpc~! (with Rys = 5.3 kpc), as well as the radial
metallicity gradient of supergiants (Kudritzki et al. 2008; Gazak
etal. 2015). These gradients are shown in the lower panel of Fig. 4.

Thus, in the light of the discussion of Pilyugin et al. (2015), it
seems that the different K-band radial surface profiles imply a dif-
ferent mass accretion/gas outflow in the two galaxies, with a conse-
quent much higher re-distribution of metals in NGC 55 with respect
to NGC 300. Kudritzki et al. (2016) concluded that the chemical
evolution of NGC 55 is characterized by large amounts of gas out-
flow and infall, having one of the largest known infall rate in the
Local Universe. This agrees well with the detailed morphological,
kinematic, and dynamic study of the neutral gas by Westmeier et al.
(2013) who concluded that internal and external processes, such
as satellite accretion or gas outflow, have stirred up the gas disc,
inducing streaming motions of the gas along the bar of NGC 55. In
addition, Westmeier et al. (2013) made evident several isolated H1
clouds within about 20 kpc projected distance from NGC 55. These
clouds are similar to the high-velocity clouds of the Milky Way and
they are a signature of on-going infall of gas and of the complex
dynamics of NGC 55.

We also took advantage of the available X-rays’ data for NGC
55 to test the possibility that the intense star-forming events of the
galaxy blow out the heavy elements, out of its disc to the galaxy
halo. As detailed in Appendix A, the X-rays’ luminosity and star
formation rate (SFR) from the 12 of our 25 H1 regions for which
data exists in the Chandra archive, are not consistent with the sce-
nario on which the flat metallicity gradient would be justified by
blow up of heavy elements due to extreme winds. Stobbart et al.
(2006) (their sources that are located within the optical confines
of the galaxy are signed in Fig. 1), studying the X-ray properties
of NGC 55 using XMM-Newton observations, derived the physical
properties of the soft residual disc component and found the SFR
equal to 0.22 Mg yr~! and the pressure of the hot gas (P/k) is
equal to ~ 1.5 x 10° K cm™3. This later value is similar to the
pressure inferred for the interior of the Loop 1 superbubble within
our Galaxy (Willingale 2003). The authors conclude that although
this is broadly consistent with the scenario where there has been
sufficient recent star formation in the disc of NGC 55 to form ex-
panding bubbles responsible for ejecting the material out of the disc
into the halo, the absence of an extended extra-planar soft X-ray
component in NGC 55 (contrary to what was found by Oshima
2002) points to the fact that the gas in such bubbles cools relatively
quickly through adiabatic losses, retaining insufficient energy to
power a superwind of the form frequently seen in systems with
SFR > 1 Mg yr~! (Strickland 2004). So, our Hu region sample
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does not produce enough superwind in NGC 55, which is in agree-
ment with previous analysis, though we should keep in mind that
from all the star formation indicators, the X-ray is the weakest one.

Therefore, all the above discussions suggest that the dominant
effects in flattening the metallicity gradient of NGC 55 are those
related to the dynamics of the gas through bar-driven mixing and
inflow/outflow.

6 CONCLUSIONS

In the present paper, we show new spectroscopic observations of a
large sample of 25 H 11 regions in the Sculptor group member galaxy,
NGC 55. We derive physical and chemical properties though the 7,
method of 18 Hu regions, and strong-line abundances for 22 Hu
regions. We measure also abundances of He, O, N, Ne, S, and Ar.
We found a homogeneous composition of the disc of NGC 55, with
average abundances of He/H = 0.092 £ 0.019, 124+log (O/H) =
8.13 £ 0.18, 12+1log (N/H) = 7.18 £ 0.28, 12+log (Ne/H) = 6.81
+ 0.14, 12+41log (Ar/H) = 6.00 £ 0.25, and 12+log (S/H) = 6.04 £+
0.25. The abundances are uniformly distributed in the radial direc-
tion. This agrees with the study of smaller samples of H 11 regions
(Webster & Smith 1983; Pilyugin et al. 2014) and it is in qualitative
agreement with the blue supergiant radial gradient (Kudritzki et al.
2016). We investigate the origin of such flat gradient comparing
NGC 55 with its companion galaxy, NGC 300, similar in terms of
mass and luminosity and located in the same group of galaxies. The
most plausible hypothesis is related to the differences in their K-
band surface density profile, as suggested by Pilyugin et al. (2015),
which can provide higher mixing of the NGC55 gaseous component
than in similar galaxies.
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APPENDIX A: X-RAY LUMINOSITY

We complemented our observations with the available X-ray obser-
vations of the Hu regions in NGC 55 in the Chandra archive.

The analysis of the X-ray emission for the 25 nebulae consists
basically of measuring the source net counts and then converting
the count rate into X-ray flux and luminosity. We used archival
Chandra observation (ObsID 2255) with an exposure of 60.1 ks of
NGC 55, performed in 2001 September with the Advanced CCD
Imaging Spectrometer. The Chandra data were reduced and repro-
cessed using the science threads of Chandra Interactive Analysis of
Observations version 4.6.

The first step after reprocessing the data has been to estimate the
background counts used to obtain the net source counts for each
Ha emitter from Table 1. The background contribution in the 2—
10 keV band has been evaluated in a nearby source-free circular
region with a radius of 30 arcsec. The X-ray count rates of the neb-
ulae were estimated inside a circular region too. The optimal size
of each Ho emitter has been measured by eye in the Ha images.
The background count normalized by the source area has been sub-
tracted from the source count. The net count rates were obtained
by dividing the net counts by the data exposure time. To convert
the net count rates to X-ray flux in the 2-10 keV energy band,
we use the PIMMS* software package routine. We calculated the
count-to-energy conversion assuming a given spectral model, tem-
perature, abundance, and hydrogen column density. We adopted the
astrophysical plasma emission code mekal (Liedahl, Osterheld &

4 Available on the HEASARC-NASA website.
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Table A1. X-ray net counts, luminosities, and SFR of the Ho line emitters
from Table 1.

Field ID  Netcounts  Aperture Lo jokev SFR
(photons) (arcsec) (10 ergs™) (1073 Mg yr 1
H-1 —0.33 1.5 <1.53 <0.40
H-2 —2.36 4.0 <10.94 <2.88
H-3 —0.60 2.0 <2.79 <0.73
H-4 0.67 1.5 3.11 £4.64 0.82
H-5 —0.92 2.5 <4.26 <1.12
H-6 —-0.32 3.0 <4.64 <1.22
H-7 1.69 3.0 7.82 £+ 8.05 2.06
H-8 —1.32 3.0 <6.10 <1.61
H-9 2.78 7.0 12.89 + 14.84 3.39
H-10 —0.59 2.0 <2.74 <0.72
H-11 0.22 3.5 1.02 £ 6.58 0.27
H-12 —-2.02 4.5 <4.64 <1.22
H-13 6.69 6.0 31.06 + 16.16 8.17
H-14 —-0.33 3.0 <4.64 <1.22
H-15 —0.95 4.5 <9.28 <2.44
H-16 0.67 3.0 3.12 £ 6.58 0.82
H-17 4.65 6.0 21.57 £ 14.77 5.68
H-18 0.40 2.0 1.85 £ 4.65 0.49
H-19 —0.74 10.0 <64.99 <17.10
H-20 —0.35 3.0 <4.64 <1.22
H-21 1.41 2.0 6.54 £ 6.57 1.72
H-22 —0.35 4.0 <9.28 <0.002
H-23 2.64 4.0 12.26 + 10.40 3.23
H-24 0.07 2.5 0.32 +4.65 0.09
H-25 1.09 2.5 5.07 £ 6.57 1.33

Goldstein 1995), with a metallicity equal to 0.4 Z«) and a tempera-
ture of 1 keV. The hydrogen column density (21 cm) towards NGC55
was obtained from Leiden/Argentine/Bonn Survey of Galactic H1
and is equal to 1.37 x 10%° cm™2. Once the net count rates were
converted to fluxes, we determined the luminosity, L, joeyv. The
k-correction from Bohringer et al. (2000) has been applied to obtain
the rest-frame X-ray luminosity. From the rest-frame L, _ joxev We
estimated the SFR using:

Lo 10kev
3.8 x 10% ergs~!

from Persic & Rephaeli (2007). Because for most of the sources
we have only X-ray upper limits, i.e. their emission is below the
background level, we did not attempt to perform any quantitative
analysis in this energy band. This quantities are only used to have an
insight into the SFR. The so-obtained net counts, used apertures to
measure the X-ray emission, luminosities and the respectively SFR
are listed in Table A1l. The negative values of the net counts mean
that their emission is below the background level, these correspond
to the sources with X-ray upper limit. From the 25 Ho emitters only
12 have reliable measured X-ray emission. The rest-frame X-ray
luminosities span from 10% to 10%” erg s~! and their respective
SFRs range from 10~ to 10~ M yr~'. The SFR of the individual
Ho emitters is, as expected, much lower than the global SFR of
NGC55 (~0.22 Mg yr~!; Engelbracht et al. 2004) estimated with
Spitzer far-infrared (24 um) data.

SFR(>0.1M@) = Mgoyr ', (A1)

APPENDIX B: EMISSION-LINE FLUX
MEASUREMENTS

In this section, we present the observed emission-line fluxes and
extinction corrected intensities measured in our H 11 regions.

H i regions in NGC 55 749

Table B1. Observed fluxes and extinction corrected intensities. Column (1)
gives the target name; column (2) gives the observed H g flux (with error) in
units of 10716 erg em~2 s7!; column (3) the nebular extinction coefficient
(with error); columns (4) and (5) indicate the emitting ion and the rest-frame
wavelength in A; columns (6)—(8) give extinction corrected (/; ) intensities,
the relative error on the fluxes (AF; ) and the measured fluxes (F ). Both I,
and F are normalized to H 8 = 100.

ID Fup cp Ton x(A) I, AF), F),
AF), Acg (%)
H-1  3.6e-16 0.00 [Ou] 3727 99 05 9.9
+2e-17 0.1 Hi 3798 37 05 3.7
[Nem] 3868 100 05 10.0
[Ne ] 3968 11.0 0.5 11.0
Hs 4100 88 05 8.8
Hy 4340 360 2.0 36.0
[Om] 4363 75 05 75
Her 4473 58 05 5.8
On 4671 440 20 44.0

N 4788 27.0 2.0 27.0

Hp 4861 100.0 1.0 100.0

[O ] 4959 2390 15.0 239.0

[Om] 5007  662.0 30.0 662.0

He1 5876 19.0 2.0 19.0

Ho 6563  260.0 15.0 260.0

[Nu] 6584 6.8 0.5 6.8

He1 7065 11.5 1.0 11.5

H-2  1.2e-15 0.026 [On] 3727 22.0 1.0 21.0

6e-17 +0.05 [Nem] 3868 32 1.0 32
H1i 3889 45 0.5 4.4
[Nem] 3968 5.7 0.5 5.6

HS§ 4100 10.0 0.5 10.0
Hy 4340 32.0 2.0 32.0
[O 1] 4363 1.1 0.5 1.1
He1 4471 2.6 0.5 2.6
HB 4861 100.0 5.0 100.0
[Om] 4959 75.0 4.0 75.0
[O ] 5007 2350 12.0 235.0
He1 5876 94 1.0 94
Ha 6563  287.0 15.0 292.0
[N 1] 6584 14.0 1.0 14.0
He1 6678 3.0 1.0 3.0
[Su] 6717 19.6 1.0 20.0
[Su] 6731 12.3 1.0 12.6

He1 7065 2.7 0.5 2.8

[Ar ] 7135 8.3 0.5 8.5

[On] 7320 33 0.5 34

[On] 7330 1.6 0.5 1.7

He1 7816 2.4 0.5 2.5

H-3 1.4e-16 2.0 Hi 3721 30.0 1.0 7.8

+le-17 £02 [On] 3727  286.0 4.0 75.0
Hy 4340 41.0 1.0 22.0

Hp 4861  100.0 5.0 100.0

[O ] 4959 42.0 3.0 47.0

[O ] 5007  109.0 6.0 130.0

[Nu] 6548 9.0 3.0 39.0

Ho 6563  287.0 50.0 1270.0

[Nu] 6584 18.0 5.0 75.0

[Su] 6717 16.0 5.0 76.0

[Su] 6731 13.0 4.0 61.0

[Arm] 7135 4.0 2.0 25.0

[Ou] 7320 4.0 2.0 28.0

[On] 7330 3.0 2.0 19.0

[S m] 9069 2.0 2.0 44.0

H-4  1.7e-16 0.46 He1 3554 45 1.0 32
+ le-17  £0.05 [On] 3727 52.0 2.0 38.0
Hy 4340 38.0 2.0 33.0
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Table B1 - continued

Table B1 - continued

ID Fup cp Ion X (A) I, AF), F, ID Fup cp Ion *(A) I AF), F;
AF;, Acg (%) AF,, Acg (%)
HpB 4861 1000 50 1000 Her 7065 20 1.0 7.0
[Om] 5007 70 10 73 [Arm] 7135 90 20 320
Ha 6563  287.0 150 401.0 [Sm] 9069 30 1.0 270
[No] 6584 310 30 430 H-8  1.32-15 0.1 [On] 3727 530 20 490
[Su] 6717 410 40 590 +7e-17  £0.07 [Nem] 3968 13 05 12
[Su] 6731 310 30 430 Hi 3889 47 05 4.4
H-5 1.05e-15  0.11 [On] 3727 380 20 350 [Nem] 3968 67 05 6.3
+5e17 +£005 [Nem] 3868 40 10 4.0 HS 4100 125 06 119
H1 3889 40 10 4.0 Hy 4340 320 20 310
[Nem] 3968 60 10 5.0 [Om] 4363 17 03 1.7
Hs 4100 110 1.0 110 [Fem] 4702 63 05 6.3
Hy 4340 320 2.0 310 HB 4861 1000 60 100.0
[Om] 4363 17 05 1.6 [Om] 4959 190 1.0 190
Her 4471 33 05 3.3 [Om] 5007 550 3.0 560
St 4791 29 05 2.9 [O1] 6300 17 05 1.9
HB 4861 1000 50 100.0 [No] 6548 11.0 1.0 120
[Om] 4959 1080 50 109.0 Ho 6563 2870 150 310.0
[Om] 5007 3340 160 337.0 [No] 6584 250 20 270
Her 5876 130 1.0 140 [Su] 6717 360 3.0 390
Ha 6563 287.0 150 3100 [Su] 6731 260 20 280
[Nu] 6584 120 1.0 130 [On] 7320 62 1.0 6.9
Her 6678 32 1.0 3.5 H-9  1.12-15 1.1 Hi 3686 110 0.5 5.1
[Su] 6717 180 1.0 190 +6e-17  £0.1 Her 3705 23 05 1.1
[Su] 6731 130 1.0 150 [On] 3727 580 20 280
Her 7065 49 1.0 5.4 Her 3785 200 05 100
[Arm] 7135 8.1 1.0 8.9 Her 3833 84 05 4.4
H-6  6.7e-16 0.68 [On] 3727 520 20 330 [Nem] 3868 140 0.5 7.4
+3e-17  +0.05 [Nem] 3968 57 05 4.0 [Su] 4068 120 05 7.1
HS 4100 92 05 6.8 HS 4100 210 1.0 130
Hy 4340 320 20 260 Hy 4340 400 10 290
[Om] 4363 08 03 0.7 Her 4471 55 05 43
HB 4861 1000 4.0 100.0 HB 4861 1000 4.0 100.0
[Om] 4959 290 2.0 300 [Om] 4959 103.0 50 1100
[Om] 5007 870 50 920 [Om] 5007 3200 150 351.0
Her 5876 92 20 130 Her 5876 150 20 260
[Nu] 6548 120 1.0 190 [O1] 6300 300 40 590
Ha 6563  287.0 100  469.0 Ho 6563 287.0 30.0 635.0
[No] 6584 240 30 390 [Nl 6584 120 20 270
[Su] 6717 250 3.0 410 Her 6678 70 1 15.0
[Su] 6731 180 20 290 [Su] 6717 110 20 260
[Arm] 7135 40 10 8.0 [Su] 6731 82 1.0 190
[Ou] 7320 40 10 7.0 [Arm] 7135 76 1.0 200
[On] 7330 20 05 4.0 [On] 7320 14 05 3.9
H-7  1.56e-15 15 [Ou] 3727 750 20 290 [On] 7330 07 03 1.9
+8e-17  +0.1 Hi 3797 50 1.0 2.0 [Arm] 7751 17 03 55
He: 3833 9.5 1.0 4.0 [Sm] 9069 46 20 244
[Nem] 3868 200 05 9.0 H-10  3.5¢-16 0.16 [On] 3727 460 20 420
H1 3889 100 05 4.4 +2e-17 £005 Hy 4340 300 10 280
[Nem] 3968 260 1.0 120 [Om] 4363 04 02 0.4
Her 4023 43 05 2.1 Her 4437 92 05 8.9
HS 4100 230 0.6 12.0 HB 4861 1000 4.0 100.0
Hy 4340 470 3.0 300 [Om] 4959 120 06 120
[Om] 4363 43 05 28 [Om] 5007 270 1.0 270
HpB 4861 1000 40 1000 Ho 6563 2870 150 321.0
[Om] 4959 1690 9.0 183.0 [Nn] 6584 260 20 290
[Om] 5007 3620 150 4100 [Su] 6717 450 3.0 500
Her 5876 150 20 300 [Su] 6731 400 3.0 450
[Nn] 6548 30 06 9.0 H-11  1.27e-14 0.0 [On] 3727 240 1.0 240
Ha 6563  287.0 200  840.0 +6e-16 +0.1 [Nem] 3868 43 02 43
[Nu] 6584 120 20 360 Hi 3889 38 02 3.8
Her 6678 50 1.0 140 [Nem] 3968 70 03 7.0
[Su] 6717 120 20 370 HS 4100 1.0 05 110
[Su] 6731 100 20 300 Hy 4340 280 1.0 280
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H 1 regions in NGC 55 751
Table B1 - continued Table B1 - continued
ID Fup cp Ton x (A) I, AF), F; ID Fup cp Ton x(A) I, AF), F
AF,, Acg (%) AF;, Acg (%)
Her 4471 13 03 13 [Nn] 6548 67 0.6 8.7
HB 4861 100.0 3.0 100.0 Ho 6563 287.0 200 377.0
Her 4922 100 05 100 [Nn] 6584 98 1.0 130
[Om] 4959 1220 6.0 1220 [Su] 6717 170 10 230
[Om] 5007 3340 160 334.0 [Su] 6731 140 1.0 190
Her 5876 30 1.0 3.0 H-15  2.3e-15 0.0 Her 3587 3203 3.2
Ho 6563 2230 140 223.0 +1le-16 +£001  Her 3613 61 03 6.1
[Nn] 6584 97 0.6 9.7 Her 3634 35 03 3.5
Her 6678 33 02 3.3 Hi 3659 41 03 4.1
[Su] 6717 150 1.0 150 Hi 3673 74 04 7.4
[Su] 6731 11.0 07 110 [On] 3727 340 20 340
Her 7065 15 05 15 Hi 3750 53 03 5.3
[Arm] 7135 100 1.0  10.0 [Nem] 3868 35 03 3.5
[On] 7320 29 03 29 Hi 3889 80 04 8.0
[On] 7330 23 03 2.3 [Nem] 3968 100 05 100
[Arm] 7751 27 03 2.7 HS 4100 130 06  13.0
H-12  2.0e-15 0.12 [On] 3727 270 10 250 Hy 4340 340 20 340
+1e-16 +£0.05 Her 3833 15 05 14 [Om] 4363 12 01 12
[Nem] 3868 71 03 6.7 On 4676 25 02 25
Hi 3889 52 03 49 HpB 481 1000 50 100.0
[Nem] 3968 79 04 7.4 [Om] 4959 1150 6.0 115.0
HS 4100  13.0 06  13.0 [Om] 5007 339.0 200 339.0
Hy 4340 320 20 310 Her 5876 110 1.0 110
[Om] 4363 29 02 2.8 [Nn] 6527 47 03 47
Her 4471 30 02 29 Ho 6563 2720 150 2720
HpB 481 1000 50 100.0 [Su] 6717 120 10 120
[Om] 4959 1410 7.0 1420 [Su] 6731 92 0.6 9.2
[Om] 5007 3300 160 333.0 H-16  2.00e-15  0.26 [On] 3727 430 20 370
Her 5876 150 10 160 +2e-17  £0.05 Hi 3750 34 05 29
[Nn] 6548 38 03 42 Hi 3770 44 03 3.7
Ho 6563 287.0 200 313.0 Her 3785 26 03 22
[Nn] 6584 73 05 7.9 HS 4100 100 05 9.2
Her 6678 46 03 5.0 Hy 4340 330 20 310
[Su] 6717 100 10 110 Her 4387 21 03 1.9
[Su] 6731 100 1.0 110 HB 4861 1000 50 100.0
Her 7065 45 03 49 [Om] 4959  81.0 40 820
[Arm] 7135 98 07 110 [Om] 5007 259.0 13.0 265.0
[Ou] 7320 43 03 438 [Nu] 6548 57 05 6.8
[On] 7330 38 03 43 Ho 6563 287.0 200 3460
[Arm] 7751 28 02 3.2 [Nn] 6584 210 20 250
H-13  1.10e-15 037  [Nem] 3968 180 1.0 150 [Su] 6717 210 20 250
+6e-17 +£005 HS 4100 120 05 100 [Su] 6731 180 20 220
Hy 4340 340 20 300 H-17  4.3e-15 0.71 [On] 3727 680 20 430
[Om] 4363 26 02 23 +2e-16 £0.05 Her 3833 51 03 3.3
Her 4471 24 02 22 [Nem] 3868 48 03 3.2
HpB 4861 1000 50 100.0 Hi 3889 43 03 29
[Om] 4959 1090 50 111.0 [Nem] 3968 110 04 8.0
[Om] 5007 3380 150 350.0 Hy 4340 450 20 360
Ho 6563 287.0 200 382.0 [Om] 4363 09 03 0.7
[Nu] 6584 67 0.6 8.8 Her 4471 37 03 32
[Su] 6717 44 04 5.9 HpB 481 1000 50 100.0
[Su] 6731 55 05 7.4 [Om] 4959 730 40 760
H-14  1.84e-15 038 [On] 3727 570 20 450 [Om] 5007 2140 100 227.0
+9-17 £0.05 [Nem] 388 11.0 05 8.9 Her 5876 94 07 130
Hi 3889 3203 26 [Nn] 6548 58 0.6 9.5
[Nem] 3968 140 06 120 Ho 6563 287.0 300 478.0
HS 4100  11.0 05 9.7 [No] 6584 130 1.0 210
Hy 4340 330 20 290 [Su] 6717 100 10 170
[Om] 4363 3.1 02 2.8 [Su] 6731 73 1.0 120
HB 4861 1000 60 100.0 [Arm] 7135 59 10 110
[Om] 4959 1250 6.0 128.0 H-18  2.6e-16 0.0 HS 4100  11.0 1.0 110
[Om] 5007 381.0 150 394.0 +5e-17  +0.1 Hy 4340 260 20 260
Her 5876  13.0 1.0 160 [Om] 4363 80 1.0 8.0
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Table B1 - continued

Table B1 - continued

ID Fup cp Ton A (A) I, AF), F Ion  A(A) I AF,  F,
AF,, Acg (%) (%)
HB 481 1000 50  100.0 Her 7065 98 0.6 9.8
[Om] 4959 2790 140  279.0 [Ou] 3727 260 20 240
[Om] 5007 784.0 40.0  784.0 Her 3833 17 05 1.5
Her 5876 130 3.0 13.0 [Nem] 3868 48 05 4.4
Ha 6553 2450 150 2450 Hi 3889 45 05 42
[Nn] 6584 228 146 228 [Nem] 3968 67 05 6.2
H-19  7.7e-15 0.0 [Ou] 3727 92 05 9.2 Hs 4100 120 1.0 110
+4e-16  £0.1  [Nem] 3868 83 05 8.3 Hy 4340 330 20 310
[Nem] 3968 94 05 9.4 [Om] 4363 23 03 22
Hs 4100 120 06 12.0 Her 4471 39 05 3.8
Hy 4340 310 20 31.0 HB 481 1000 50 100.0
[Om] 4363 42 02 42 [Om] 4959 1260 6.0 127.0
Her 4471 29 02 2.9 [Om] 5007 369.0 200 374.0
HpB 4861 1000 50  100.0 [Nu] 6548 38 1.0 42
[Om] 4959 1630 80  163.0 Ha 6563 287.0 20.0 318.0
[Om] 5007 3960 200  396.0 [Nu] 6584 130 10 150
Her 5876 100 1.0 10.0 Her 6678 39 05 4.4
Ho 6563 2700 150  270.0 [Su] 6717 11.0 1.0 120
[Nu] 6584 27 1.0 2.7 [Su] 6731 82 0.6 9.2
[Su] 6678 36 1.0 3.6 [Oun] 3727 130 06 110
[Su] 6717 3.1 1.0 3.1 Her 3833 12 05 1.1
Her 6731 26 1.0 26 [Nem] 3868 57 05 5.1
Her 7065 22 1.0 22 Hi 3889 45 05 4.0
[Ar ] 7135 6.9 2.0 6.9 [Nem] 3968 7.7 0.5 7.0
H-20  9.0e-15 0.50 [On] 3727 290 1.0 21.0 H§ 4100 110 05 100
+4e-16 +£0.05 Her 3833 25 05 1.8 [Om] 4363 1.5 03 1.4
[Nem] 3868 84 03 6.3 Hei 4471 37 04 3.6
Hi 3889 51 02 3.9 HpB 481 1000 50 100.0
[Nem] 3968 11.0 04 8.2 [Om] 4959 1080 5.0 109.0
Hs 4100 130 05 11.0 [Om] 5007 3220 150 3280
Hy 4340 370 20 32.0 Her 5876 120 20 130
[Om] 4363 37 05 32 Ho 6563 287.0 29.0 330.0
Her 4471 47 03 42 [Nu] 6584 71 05 8.1
HpB 4861 1000 50  100.0 Her 6678 52 04 6.0
[Om] 4959 1580 80  163.0 [Su] 6717 56 04 6.5
[Om] 5007 257.0 13.0  268.0 [Su] 6731 44 03 5.1
Her 5876 120 1.0 15.0 Her 7065 27 02 3.1
[01] 6300 19 03 26 [Arm] 7135 120 1.0 150
[Sm] 6312 20 03 2.7 [Arm] 7751 29 05 3.5
Ho 6563 287.0 250 4120 [Sm] 9530 200 20 280
[Nl 6584 120 1.0 17.0 [Oun] 3727 180 10 150
Her 6678 50 05 7.8 Hi 3797 31 05 25
[Su] 6717 120 1.0 17.0 [Nem] 3968 50 1.0 42
[Su] 6731 93 1.0 13.0 Hs 4100 140 1.0 120
Her 7065 35 05 5.4 Hy 4340 320 20 300
[Arm] 7135 100 1.0 16.0 Her 4471 1.1 05 1.0
[Ou] 7320 58 1.0 9.2 HpB 481 1000 50 100.0
[Ou] 7330 34 10 5.5 [Om] 4959 710 40 720
[Sm] 9069 220 3.0 46.0 [Om] 5007 2200 100 226.0
H-21  1.8e-15 0.0 [Ou] 3727 400 2.0 40.0 Her 5876 62 05 72
+1le-15 +£005 Hy 4340 300 20 30.0 [Nu] 6548 85 1.0 110
[Om] 4363 1.0 05 1.0 Ha 6563 287.0 20.0 360.0
HpB 4861 1000 50  100.0 [Nu] 6584 260 20 330
[Om] 4959 520 3.0 52.0 [Su] 6717 27.0 20 340
[Om] 5007 1380 7.0  138.0 [Su] 6731 210 20 270
Her 5876 93 0.6 93 [Arm] 7135 86 20 110
[Nu] 6548 40 05 4.0 [Ou] 3727 90 05 9.0
Ha 6563 2750 150  275.0 [Nem] 3968 65 03 6.5
[Nu] 6584 180 20 18.0 Hi 3889 37 03 3.7
Her 6678 47 03 4.7 [Nem] 3968 77 04 7.7
[Su] 6717 300 20 30.0 Hs 4100 87 04 8.7
[Su] 6731 240 20 24.0 Hy 4340 180 30 180
[Oun] 7330 100 1.0 10.0 [Om] 4363 31 05 3.1

MNRAS 464, 739-753 (2017)

0202 J1oquia)das 1 uo 1sanb Aq 8809EZZ/6E L/ L/YI/BI0IUE/SEIUW/ WO dNO"dlWapED.//:SA)Y WOy PapEojumoq



Table B1 - continued

ID  Fup cp Ton x(A) I, AF), F;
AF,  Acg (%)
Hp 4861 100.0 8.0  100.0
[Om] 4959 175.0 90  175.0
[Om] 5007 5880 300  588.0
He1 5876 16.0 2.0 16.0
[O1] 6300 1.6 1.0 1.6
[Sm] 6312 23 1.0 23
Ho 6563 2760 150  276.0
[N1] 6584 8.4 0.5 8.4
He: 6678 4.6 0.5 4.6
[Su] 6717 13.0 2.0 13.0
[Su] 6731 10.0 1.0 10.0
He1 7065 5.1 0.5 5.1
[Arm] 7135 12.0 2.0 12.0

This paper has been typeset from a TX/IATgX file prepared by the author.

H 1 regions in NGC 55 753
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