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ABSTRACT
We present a systematic study of the metallicity variations within the collisional ring galaxy NGC 922 based on long-slit
optical spectroscopic observations. We find a metallicity difference between star-forming regions in the bulge and the ring,
with metallicities ranging from almost solar to significantly sub-solar ([12 + log(O/H)] ∼ 8.2). We detect He I emission in all
the studied regions of the bulge and the ring, indicating ionization from massive stars associated with recent (<10 Myr) star
formation, in agreement with the presence of very young star clusters. We find an anticorrelation between the X-ray luminosity
and metallicity of the sub-galactic regions of NGC 922. The different regions have similar stellar population ages, leaving
metallicity as the main driver of the anticorrelation. The dependence of the X-ray emission of the different regions in NGC 922
on metallicity is in agreement with similar studies of the integrated X-ray output of galaxies and predictions from X-ray binary
population models.
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1 IN T RO D U C T I O N

Ring galaxies (RiGs) appear to form after a very special interaction
where a small companion passes through a disc galaxy (e.g. Lynds
& Toomre 1976; Theys & Spiegel 1976; Hernquist & Weil 1993;
Mihos & Hernquist 1994). This gravitational perturbation generates
symmetrical waves or caustics through the galactic disc (e.g. Struck-
Marcell & Lotan 1990) leading to the creation of an enhanced star
formation ring (e.g. Appleton & Marston 1997). This relatively
brief interaction gives rise to coeval star formation in the ring,
which provides an excellent environment to study the star-forming
activity, neutral gas distribution, and metallic abundance in galaxy
interactions.

The gas-phase metallicity is a key characteristic of any galactic
environment. For example, there is a well-known correlation between
metallicity and stellar mass (M�) in the general galaxy population
(e.g. Lequeux et al. 1979; Tremonti et al. 2004; Kewley & Ellison
2008). Studies of local star-forming galaxies have shown a negative
metallicity gradient with increasing galactocentric radius (e.g. Vila-
Costas & Edmunds 1992; Zaritsky, Kennicutt & Huchra 1994; van
Zee et al. 1998; Moustakas et al. 2010; Lian et al. 2018). RiGs provide
a unique environment to explore the effect of a quasi-symmetric
radial disturbance of the galaxy disc on its metallicity gradient.
Prominent RiGs (e.g. the Cartwheel galaxy, Arp 147, Lindsay-
Shapley ring, and Arp 284) show overall sub-solar metallicities (e.g.
Fosbury & Hawarden 1977; Few, Madore & Arp 1982; Garcı́a-Vargas
et al. 1997; Higdon & Wallin 1997; Fogarty et al. 2011). However,
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there are cases of rings in RiGs with higher oxygen and nitrogen
abundance compared to their bulges (e.g. Bransford et al. 1998;
Egorov & Moiseev 2019). This indicates that overall RiGs do not
follow the metallicity gradient profile seen in disc galaxies. This
could be because of the mixing of gas from different regions of the
disc as a result of the interaction.

An interesting feature of RiGs, which is directly linked to the
age of the stellar populations in the ring and/or their metallicity, is
their association with populations of ultra-luminous X-ray sources
(ULXs). These are generally defined as X-ray sources with lumi-
nosity in excess of 1039 erg s−1 (e.g. Kaaret, Feng & Roberts 2017,
and references therein). RiGs show an excess of X-ray luminosity
(LX) and the number of ULXs compared to typical star-forming
galaxies (e.g. Wolter, Trinchieri & Iovino 1999; Wolter et al. 2015).
For example, the Cartwheel galaxy, the epitome of nearby RiGs,
shows the largest number of ULXs (16) for a single galaxy (Wolter
& Trinchieri 2004). In addition, the X-ray luminosity function
(XLF) of RiGs appears to be flatter than the typical XLF of star-
forming galaxies, although with the current data this difference is
not statistically significant (e.g. Wolter, Fruscione & Mapelli 2018).

It has been proposed that the observed excess of ULXs in RiGs
is driven by the low metallicity of their galactic environment (e.g.
Mapelli, Colpi & Zampieri 2009). Indeed, more recent studies
support the idea that the X-ray luminosity per unit star formation
rate (LX/SFR) is a function of metallicity, favouring low-metallicity
environments (e.g. Brorby et al. 2016; Fragos et al. 2016; Madau &
Fragos 2017; Fornasini, Civano & Suh 2020).

NGC 922 is a C-shaped galaxy with an off-centre star-forming
bar and a semicomplete star-forming ring that is the result of
an off-axis passage of a dwarf companion through the disc of
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Metallicity–LX variations in NGC 9 963

a spiral galaxy (Wong et al. 2006). It has a recession veloc-
ity vr = 3082.46 ± 5.40 km s−1 corresponding to a distance of
42.46 ± 2.48 Mpc (Koribalski et al. 2004). It contains a higher
abundance of neutral gas for a galaxy of its size, compared to
typical star-forming galaxies (Elagali et al. 2018a). The interaction
with the dwarf companion has triggered a star formation episode
in the bulge ∼300 Myr ago, which continues until now. The ring,
on the other hand, is dominated by very recent star-forming activity
(<10 Myr ago), as witnessed by a population of very young star
clusters (∼7 Myr), while in the bulge there is a combination of young
and older star clusters (�100 Myr; Pellerin et al. 2010).

NGC 922 hosts a population of many bright X-ray sources,
including nine ULXs, which is at odds with its near-solar metallicity
(Prestwich et al. 2012). Prestwich et al. (2012) find that the number
of ULXs per SFR in NGC 922 is higher than that of the Cartwheel
galaxy (but consistent within the uncertainties), despite the near-
solar metallicity reported for NGC 922. Furthermore, this ULX rate
is higher than the average ULX/SFR rate found for late-type galaxies,
but consistent with that found for Sc/Sm or irregular galaxies
(Kovlakas et al. 2020). All these characteristics make NGC 922 a
perfect candidate to study the metallicity variations in RiGs, their
relation to the dynamics of the interaction, and their effect on the
luminous X-ray binary (XRB) populations.

In this paper, we present long-slit observations of NGC 922.
We extracted optical spectra and measured emission-line fluxes
and gas-phase metallicities from regions spread on the disc of
NGC 922 covering the bulge, the ring, and intermediate positions.
We correlate these metallicity measurements with spatially resolved
measurements of the stellar mass, SFR, and X-ray luminosity, based
on archival multiwavelength data. In Sections 2 and 3, we present the
details of the optical spectroscopic and X-ray observations and the
data analysis, respectively. The results of the analysis are presented
in Section 4. In Sections 5 and 6, we discuss and summarize the
results.

In the following analysis, we assume a cosmology with �m = 0.3,
�� = 0.7, h = 0.7, and distance D = 42.46 Mpc. We adopt as solar
abundances Z� = 0.0142, X� = 0.7154, and [12 + log(O/H)�] =
8.69 from Asplund et al. (2009).

2 O BSERVATIONS

We acquired long-slit observations targeting the NGC 922 galaxy
with the European Southern Observatory (ESO) 3.58 m New
Technology Telescope through the ESO Faint Object Spectrograph
and Camera (EFOSC2).1 We obtained spectra for three different
slit positions on the galaxy. We used the 1.5 arcsec-wide slit for
slit rotations 1 (P.A. = 68.7◦) and 2 (P.A. = −39.7◦), and the
2 arcsec-wide slit for slit rotation 3 (P.A. = −61.1◦). The slit widths
correspond to 309 and 412 pc, respectively, at the distance of the
galaxy. The apertures of the spectrum extractions were even wider,
enough to include emission from multiple star clusters, and limit the
stochasticity effects. We used two EFOSC2 grisms: (a) grism #11
that covers the wavelength range of λ3403–λ7493 Å, at a dispersion
of 4.1 Å pixel−1 and provides a resolution of 17.2–19.0 Å [full width
at half-maximum (FWHM)] at 3727 and 7136 Å, respectively (low-
resolution grism), and (b) grism #18 that covers the wavelength
range λ4761–λ6754 Å, at a dispersion of 2.0 Å pixel−1, and provides
a resolution of 6.7–8.6 Å (FWHM)2 at 5007 and 6563 Å, respectively

1https://www.eso.org/sci/facilities/lasilla/instruments/efosc.html
2The reported wavelength resolutions are for the 1.5 arcsec-wide slit.

(high-resolution grism). The observations were performed under
photometric conditions. Observations with slit rotation 1 and 2
received a total exposure of 5400 s split into six frames. The spectrum
obtained at slit rotation 3 had a total exposure of 1800 s, split into
three frames.

We extracted spectra for a total of eight regions that show
significant emission in the two-dimensional spectra. The coordinates
and the observational parameters for each extraction region are
given in Table 1. Regions 1, 2, 3, and 4 were observed with both
high resolution and low resolution (grisms #11 and #18). Regions
5, 6, 7, and 8 were observed only with the low-resolution grism
#11. Therefore, a total of 12 spectral extractions were analysed,
listed in Table 1. The lowest signal-to-noise ratio (S/N) spectrum
extraction has a median S/N ∼ 4.0, at the continuum, with the
emission lines having significantly higher S/N. In Fig. 1, we present
the slit placements along with the regions with spectrum extractions
(following the numbering convention of Table 1), overlaid on a
composite H α (F665N) and red continuum (F621M) image of
the galaxy from the archival HST-WFC3 data (P.I.: A. Prestwich;
Program 11836). We also show the location of the X-ray sources
obtained from the Chandra Source Catalog3 (CSC; Evans et al.
2010). The X-ray sources in Fig. 1 are colour coded according to their
X-ray luminosity (derived from the flux in the CSC flux aper b
and the distance of the galaxy).

3 DATA A NA LY SIS

3.1 Optical spectra

We first performed the basic reductions, such as bias subtraction and
flat-fielding for all the observed images. Because we are interested
in spectra from different regions along the slits, the wavelength
calibration was performed on the two-dimensional spectra in order
to correct for slit distortions. We used spectra from HeNeAr lamps
obtained before and after each observation. We used the IRAF (Tody
1986, 1993) tasks identify and reidentify in order to obtain
wavelength calibrations for different locations along the slit, and
the transform task in order to calculate the mapping from (x, y)
pixel coordinates to (λ, y) coordinates. We extracted the spectra from
the combined images for each slit position using the IRAF apall
task.

The spectra were photometrically calibrated with observations
of several spectrophotometric standard stars from the catalogue of
Massey et al. (1988) obtained with each different instrumental set-
up. The standard-star spectra were reduced the same way as the
object spectra. The calibration (sensitivity function) was applied to
the object spectra using the IRAF sensfunc task.

In general, spectra of galaxies show stellar continuum and strong
stellar atmospheric absorption features, including the Balmer lines
in addition to any nebular emission component (e.g. Balmer lines
that would affect the determination of the stellar component).
Therefore, subtraction of the stellar light is necessary for the correct
measurement of the ionized-gas emission-line flux. We did not
attempt to model the nebular continuum component since it is
much weaker than the stellar component, and it would not bias
the starlight subtraction. We calculated the stellar component by
fitting the spectra for each region with the STARLIGHT code (Cid
Fernandes et al. 2005; Mateus et al. 2006). We used a base consisting
of 150 single stellar populations from the BC03 (Bruzual & Charlot

3https://cxc.harvard.edu/csc/
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964 K. Kouroumpatzakis et al.

Table 1. Long-slit observations and spectral extractions summary.

Region Slit rotation Slit pos. angle Resolution Frames × exp. time R.A. Dec.
ID # ID # degrees grism # # × (s) (J2000) (J2000)

1 1 68.7◦ 11 3 × 900 02:25:04.4 −24:47:19.2
1 1 68.7◦ 18 3 × 900 02:25:04.4 −24:47:19.2
2 1 68.7◦ 11 3 × 900 02:25:05.5 −24:47:54.2
2 1 68.7◦ 18 3 × 900 02:25:05.5 −24:47:54.2
3 2 − 39.7◦ 11 3 × 900 02:25:04.5 −24:47:16.4
3 2 − 39.7◦ 18 3 × 900 02:25:04.5 −24:47:16.4
4 2 − 39.7◦ 11 3 × 900 02:25:01.5 −24:47:51.0
4 2 − 39.7◦ 18 3 × 900 02:25:01.5 −24:47:51.0
5 3 − 61.1◦ 11 3 × 600 02:25:03.9 −24:48:02.0
6 3 − 61.1◦ 11 3 × 600 02:25:04.5 −24:47:48.3
7 3 − 61.1◦ 11 3 × 600 02:25:05.2 −24:47:32.0
8 3 − 61.1◦ 11 3 × 600 02:25:06.0 −24:47:13.6

Figure 1. Colour composite image of NGC 922 based on HST-WFC3 H α (F665N; red) and red continuum (F621M; blue/green). The positions of the slits
used for this work, and the locations of the individual regions we extracted spectra from, are shown with unique colour and marker style, following the region
IDs listed in Table 1. X-ray point sources are presented with an open x symbol. They are colour coded according to their X-ray luminosity (calculated from col.
flux aper b in the CSC).

2003) models, with ages ranging between 1 Myr and 18 Gyr, and
metallicity ranging from Z = 0.0001 to 0.05. We also excluded
from this analysis the range around strong nebular emission lines.
The base spectra were convolved with a Gaussian function in order
to account for the resolution of the instrument and the velocity
dispersion of the galaxy. In our analysis, because of the low resolution
of the spectra obtained with grism #11, we allowed for a velocity
dispersion up to 1200 km s−1. In Fig. 2, we show examples of
the resulting stellar light model compared to the observed spec-
trum, for the high- and low-resolution spectra of regions 1 and 2,
respectively. The bottom panel shows the emission-line spectrum
resulting from the subtraction of the stellar component from the
observed spectrum. These are the spectra used in any subsequent
analysis.

We used theSherpa v.4.9 package (Freeman, Doe & Siemigi-
nowska 2001; Refsdal et al. 2009) in order to fit the emission lines on
the starlight-subtracted spectra and measure their fluxes. Sherpa
allows us to fit complex models and determine their parameters
and corresponding uncertainties while accounting for measurement
uncertainties on the data. The emission lines of the extracted spectra
suffered from non-Gaussian shapes in all cases due to instrumentation
and set-up (e.g. Fig. 3). In the case of the low-resolution spectra, the
fact that H α and the two [N II] emission lines are partially blended
added an extra difficulty in measuring the weak [N II] λ6548 Å line.
Although this line is not used in our analysis, accounting for its
presence is important for accurately measuring the H α flux in low-
resolution spectra. In order to account for the complex shape of
the lines, we modelled each emission line with three Gaussians. This

MNRAS 500, 962–975 (2021)
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Metallicity–LX variations in NGC 9 965

Figure 2. Observed (blue dashed) and model starlight spectra (red solid) for the region 1 (top row) and region 2 (bottom row). The high- and low-resolution
spectra are shown in the left-hand and right-hand figures, respectively. The bottom panel of each figure shows the starlight-subtracted (emission-line) spectrum.

allowed for more flexibility, which results in better fits in comparison
to single Gaussian fits. We fitted the region of the spectrum around
each line of interest separately in order to account for any residual flux
variations of the continuum, and variations of the spectral resolution.

3.2 X-ray data

Chandra has observed NGC 922 in two occasions (OBSIDs 10563,
10564; P.I.: A. Prestwich) for a total exposure of 49.7 ksec. The
observations were performed with the ACIS-S camera, with the
target positioned on the aim-point of the back illuminated ACIS-S3
chip. The details of the observations and the analysis of the discrete
X-ray sources and ULX populations of NGC 922 are presented in
Prestwich et al. (2012). Because we were interested in the comparison
between the X-ray emission, star-forming activity, and metallicity in

the regions targeted by the optical spectroscopic observations, we
obtained and reanalysed the Chandra data for NGC 922.

X-ray data analysis was performed with CIAO4 (Fruscione et al.
2006) version 4.12. After the initial processing with the chan-
dra repro tool, we extracted images and exposure maps in the
broad (0.5–8.0 keV) band using the merge obs tool. The latter
combines data from different observations after re-projecting them
to a common reference frame, calculating exposure maps for each
observation, and combining the exposure-corrected images. To visu-
alize the spatial distribution of the X-ray emission of NGC 922, the
combined image was first adaptively smoothed with the csmooth
CIAO tool with a minimum significance of 2σ and a maximum kernel

4http://cxc.harvard.edu/ciao
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966 K. Kouroumpatzakis et al.

Figure 3. The high- and low-resolution data (blue) and best-fitting models (orange) for the region 2, starlight-subtracted spectra, in the wavelength range around
the H α line are presented in the left- and right-hand panels, respectively. The bottom panels present the fit residuals.

of 25 pixels. Then, the image was exposure corrected by dividing with
the combined broad-band exposure map, which was also smoothed
with the same smoothing scales. The resulting image is shown in the
bottom-right panel of Fig. 4.

The X-ray spectra were extracted from the event files using the
specextract tool. Response and ancillary response files were
calculated using CALDB v.4.9.2.1. Our primary regions of
interest were those for which we had optical spectra and exhibited X-
ray emission: regions 1 and 3 (referred to as inner bulge for the next
part of the analysis), and region 2 (referred to as R2). In addition, we
extracted spectra from larger regions of X-ray emission associated
with characteristic features of NGC 922 (the bar, the bulge, and the
ring; Fig. 1). The extraction regions (Fig. 4) were defined based on the
H α and WISE (Wide-field Infrared Survey Explorer) 12μm maps in
order to encompass the star-forming activity in the regions of interest.
Special care is taken so that any X-ray sources associated with each
of these regions are fully included. The background spectrum was
measured from source-free regions outside the optical outline of the
galaxy.

The X-ray spectra were binned to include at least 15 counts in
each bin, in order to allow the use of χ2 statistics (only in the
case of the inner bulge and the bar that have very few counts we
fitted the unbinned spectrum using the wstat statistic). For all
regions apart from the full galaxy, the background is negligible
in the energy range of interest (0.5–8.0 keV). Instead, because
of the large extent of the galaxy, the total spectrum includes
significant background contamination. For this reason, the total
galaxy spectrum was adaptively binned, so each bin has an S/N
of at least 2. The spectral analysis was performed with Sherpa
in CIAOv.4.12. We used the χ2 statistic for all spectral fits
apart from the inner bulge and the bar regions where, because of
the small number of counts, we also fitted the unbinned spectrum
using the w-statistic, yielding essentially identical results to the χ2

fit (here, we report results from the wstat analysis). The reported
uncertainties correspond to the 68 per cent confidence interval for
one interesting parameter based on draws of the model parameters
from a multivariate normal distribution using the confidence
command.

All spectra were initially fitted with an absorbed power-law model
(tbabs × po) using the Wilms, Allen & McCray (2000) absorp-
tion cross-sections. This model gave an excellent fit to the spectra
of the bar, R2, and the larger ring regions. The bar and inner bulge
region gave rather steep photon indices (	 = 3.3+1.9

−1.2 and 4.1+3.1
−1.0,

respectively), which indicate a thermal-plasma model. Indeed, an
APECmodel gave a slightly improved fit for the inner bulge spectrum

with a best-fitting temperature of kT = 0.23+0.02
−0.08 keV. In the case

of the bar, the thermal-plasma model did not improve the quality
of the fit. The bulge and the total spectrum of the galaxy showed
strong residuals in the 1–2 keV range indicating an additional thermal
component. Indeed, a composite model consisting of a power-law
and thermal-plasma component [tbabs × (apec+po)] gave a
significantly better fit. We also tried this model to the bar and inner
bulge that show relatively soft spectra. While the fit of the inner
bulge was improved, the fit of the bar gave effectively the same
fit statistic (wstat). Therefore, we consider a power law as the best-
fitting model for the bar spectrum, while for the inner bulge we adopt
the composite thermal-plasma–power-law model, in order to obtain
a better picture of the power-law luminosity (corresponding to the
XRBs component) even under the presence of a weak thermal-plasma
model.

We calculated the X-ray flux using the sample flux command,
which gives the median and the 68 per cent percentile of the flux
distribution based on the model parameter draws from the covariance
matrix of the best-fitting model. In the case of the composite
apec+po models, we calculated both the total flux and the flux
originating only from the power-law component. The best-fitting
model parameters and total flux are given in Table 2.

4 R ESULTS

4.1 SFR and stellar mass maps

In order to examine the metallicity–SFR–LX relation at the sub-
galactic level, we created spatially resolved SFR, stellar mass, and
X-ray emission maps.

As a stellar mass indicator, we used the 3.4μm WISE band-
1 data retrieved from the Infrared Science Archive (IRSA).5 We
converted the 3.4μm WISE band-1 luminosity to stellar mass using
the conversion of Wen et al. (2013):

log
M�

M�
= −0.040 + 1.12 log

νLν(3.4μm)

L�
. (1)

As an SFR indicator, we used the MIPS 24μm Spitzer data that
probe dust heated by young stellar populations. We retrieved the
post-BCD (post-Basic Calibrated Data) from the IRSA archive. The
MIPS 24μm luminosity was converted to SFR using the calibration

5https://irsa.ipac.caltech.edu/frontpage/
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Metallicity–LX variations in NGC 9 967

Figure 4. NGC 922 maps of SFR (top left) as measured from MIPS 24 μm observations, stellar mass from the WISE band 1 (top right), sSFR (bottom left), and
X-ray intensity in the 0.5–8.0 keV band (bottom right). The total galaxy is defined by the white circle. The other regions define the bulge (black circle), inner
bulge (blue circle), bar (yellow ellipse), and R2 (green circle). The grey semi-annulus shows the ring region.

Table 2. X-ray spectral best-fitting results for the sub-galactic regions defined in Fig. 4.

Region Net counts L0.5–10 keV
X L0.5–8 keV

X
a

L2–10 keV
X Model Red. statistic 	 NH kT

1040 erg s−1 1040 erg s−1 1040 erg s−1 Sherpa χ2/d.o.f 1022 cm−2 (keV)

Total 1685.8 6.49+1.68
−1.92 5.92+1.48

−1.75 3.54+0.97
−1.12 PO+APEC 65.8/112 1.99+0.25

−0.21 0.22+0.22
−0.12 0.23+0.04

−0.04

Bulge 306.3 1.11+0.62
−0.52 1.02+0.56

−0.47 0.50+0.27
−0.25 PO+APEC 5.81/16 1.90+0.41

−0.36 0.31+0.22
−0.19 0.23+0.06

−0.05

Inner bulge 81.5 0.36+0.65
−0.35 0.27+0.35

−0.24 0.11+0.64
−0.03 PO+APEC 164.9/514b −0.34+1.03

−0.82 0.51+0.10
−0.11 0.19+0.03

−0.02

Bar 75.0 0.24+0.03
−0.05 0.23+0.03

−0.04 0.09+0.03
−0.03 PO 214.1/511b 2.43+0.37

−0.24 0.16+0.06
−...

c
–

R2 456.6 2.12+0.44
−0.55 1.89+0.09

−0.14 1.45+1.11
−0.12 PO 16.5/27 1.74+0.21

−0.19 0.10+0.06
−0.05 –

Ring 819.8 3.55+0.63
−0.78 3.16+0.50

−0.64 2.32+0.52
−0.63 PO 38.6/55 1.76+0.18

−0.17 0.05+0.05
−0.05 –

Notes. aThe 0.5–8 keV luminosities refer to only the power-law component.
bThe fit was performed on the unbinned data using the wstat statistic.
cThe parameter pegged at the low bound (the Galactic line-of-sight H I column density).

of Calzetti et al. (2007)

SFR24μm
(M� yr−1)

= 1.27 × 10−38

[
L24μm
(erg s−1)

]0.8850

. (2)

As an alternative SFR indicator, we used the 12μm WISE W3-band
data (also obtained from the IRSA archive), which are dominated by
emission by polycyclic aromatic hydrocarbons. The WISE band-3

luminosity was converted to SFR using the Cluver et al. (2017)
calibration.

log
SFR12μm
(M� yr−1)

= 0.889 log
L12μm

L�
− 7.76. (3)

The stellar mass, SFR, specific SFR (SFR/M�; sSFR), and X-
ray emission maps (based on the exposure map-corrected full-band
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968 K. Kouroumpatzakis et al.

Table 3. Logarithm of the emission-line fluxes (in units of erg s−1 cm−2).

Ion Line Region
1 1 2 2 3 3 4 4 5 6 7 8

(λ Å) Low High Low High Low High Low High Low Low Low Low

[O II] 3726/9 − 13.8 – − 13.8 – − 13.5 – − 14.6 – − 14.2 − 14.2 − 14.8 − 14.1
H γ 4340 − 15.1 – − 14.6 – − 14.6 – − 15.6 – − 15.1 − 15.3 − 15.8 − 14.9
H β 4861 − 14.4 − 14.2 − 14.4 − 14.2 − 14.2 − 13.9 − 15.2 − 15.0 − 14.8 − 14.8 − 15.5 − 14.6
[O III] 4959 − 15.0 − 14.9 − 14.3 − 14.0 − 14.7 − 14.6 − 15.3 − 15.1 − 14.9 − 15.0 − 15.9 − 14.8
[O III] 5007 − 14.6 − 14.6 − 13.7 − 13.5 − 14.2 − 14.2 − 14.8 − 14.7 − 14.4 − 14.5 − 15.5 − 14.2
He I 5876 − 15.3 − 15.4 − 15.4 − 15.4 − 15.0 − 15.0 − 16.5a − 16.1a − 15.8 − 15.8a − 16.6a − 15.5
[O I] 6046 − 15.5 − 15.8 − 15.9 − 15.8 − 15.4 − 15.3 − 16.4a − 16.3a − 16.0a − 15.7a − 16.5a − 15.6
[O I] 6300 − 16.1a − 16.4a − 16.3a − 16.3a − 15.6a − 15.7a − 16.9a − 16.5a − 16.4a − 16.3a − 17.3a − 16.1a

[N II] 6548 − 15.4b − 15.2 − 15.7b − 15.6 − 15.0b − 14.9 − 16.0b − 16.3 − 16.3b − 16.1b − 17.3b − 15.3b

H α 6563 − 14.0 − 14.0 − 13.9 − 14.0 − 13.6 − 13.6 − 14.8 − 14.8 − 14.3 − 14.5 − 15.1 − 14.2
[N II] 6583 − 14.7 − 14.6 − 15.0 − 15.2 − 14.4 − 14.3 − 15.8 − 15.7 − 15.5 − 15.5 − 15.9 − 15.2
[S II] 6716/31 − 15.2 – − 15.5 – − 14.9 – − 16.3 – − 15.7 − 15.7 − 16.1 − 15.6
He I 7065 − 16.0a – − 16.2a – − 15.4a – − 16.7a – − 16.3a − 16.3a − 16.8a − 16.3a

[Ar III] 7136 – – − 15.5 – − 15.3a – − 16.3a – − 15.9a − 16.0a − 16.6a − 15.9a

[O II] 7320/31 − 17.0a – − 16.1 – − 15.4a – − 17.2a – − 16.2a − 16.0a − 16.0a − 16.6a

Notes. The emission-line fluxes show uncertainty log f � ±0.1 erg s−1 cm−2 unless otherwise indicated.
a Noise dominates the spectrum in the region of the particular emission line; therefore, the flux estimation is highly uncertain.
b Large uncertainty due to partial blending with H α caused by low resolution.

images described in Section 3.2) of NGC 922 are presented in Fig. 4,
as well as the regions we defined and compared in the following.

4.2 Optical spectra

The emission-line fluxes for the high- and low-resolution spectra
from each region of NGC 922 (as defined in Fig. 1 and Table 1) are
presented in Table 3. As we see from the table, there is a systematic
difference between the high- and low-resolution spectral extractions,
where the former show slightly higher fluxes (0.1–0.3 dex) in the
blue region (∼4861 Å) of the spectra. Because our project required
observations of NGC 922 with particular slit rotations (Section 2),
the slit positions angle was not aligned with the parallactic angle.
This difference can cause loss of flux in the blue part of the spectrum
because of differential diffraction on the observed spectra, especially
for observations at high airmass (e.g. Filippenko 1982). The problem
cannot be fully remedied by the flux-calibration process since the
standard stars were observed at not negligible average airmass (�1.4)
leading to flux loss in the blue area of the spectrum, and subsequently
higher flux in the blue part of the flux-calibrated object spectra. This
effect also resulted in slightly different absolute flux calibrations
between the high- and low-resolution spectra. Despite this systematic
difference, the emission-line fluxes measured for the same regions
are consistent within the measurement uncertainties. Because of the
parallactic angle effects, we could not use the Balmer decrement to
reliably measure the extinction in the different regions. However,
this problem did not affect the accuracy of the emission-line ratios
presented here, because these ratios involve emission lines that are
nearby in wavelength.

One thing that is clear from the analysis of the spectra for
the different star-forming region is that they all show prominent
Balmer and He I (λ 5876 Å) lines regardless of their location in the
galaxy (bulge, ring, or intermediate region). The presence of the
He I line in particular indicates ionization by strong UV continuum
that can be produced by very young stellar populations, or, in the
case of the bulge regions, by a potential active galactic nucleus
(AGN).

The location of the sources on line-ratio diagnostic diagrams
(BPT diagrams; Baldwin, Phillips & Terlevich 1981; Veilleux &

Osterbrock 1987) allows us to infer the source of their excitation:
photoionization by stellar populations (star-forming regions), pho-
toionization by non-stellar continuum (AGN), or shock excitation
(e.g. from supernovae or strong stellar winds from massive stars). In
Fig. 5, we present the location of the different regions (Fig. 1) on
the ([N II]/H α–[O III]/H β), ([S II]/H α–[O III]/H β), and ([O I]/H α–
[O III]/H β) BPT diagrams. All the NGC 922 sub-galactic regions
examined here are encompassed by the theoretical (Kewley et al.
2001) and empirical (Kauffmann et al. 2003) curves that delineate
star-forming region from AGN and shock-dominated regions. We
see that none of the regions in the central part of the bulge lies in
the AGN locus, indicating that NGC 922 does not host an AGN. In
addition, none of the regions in the bulge, the ring, or the intermediate
regions shows evidence for strong shock excitation, indicating that
the dominant source of ionization is the young stellar populations.
Regions located in the ring and the bulge show distinct [N II]/H α and
[O III]/H β emission-line ratios and reside in clearly separate loci of
the [N II] BPT diagram. Regions located on the ring of NGC 922 are
in the upper left of the diagram, while regions located on the bulge, or
intermediate locations (like region 7), reside on the lower right part
of the BPT diagram. [S II]/H α, and [O I]/H α emission-line ratios do
not distinguish the bulge and ring regions as well as the [N II]/H α

and [O III]/H β ratios.

4.3 Metallicity measurements and stellar population
parameters

Metallicities were derived from the fluxes reported in Table 3 using
calibrations provided by Pettini & Pagel (2004):

[12 + log(O/H)] = 8.90 + 0.57 × N2 (4)

[12 + log(O/H)] = 8.73 − 0.32 × O3N2, (5)

where

N2 = log(f[N II]λ 6583
/fH αλ 6563 ) (6)

O3N2 = log
f[O III]λ 5007/fH βλ 4863

f[N II]λ 6583
/fH αλ 6563

, (7)
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Metallicity–LX variations in NGC 9 969

Figure 5. From left to right are the ([N II]/H α–[O III]/H β), ([S II]/H α–[O III]/H β), and ([O I]/H α–[O III]/H β) BPT diagrams for all the regions (IDs in legend)
and spectrum resolutions (h and l refer to high and low resolutions, respectively). The Kewley et al. (2001) and Kauffmann et al. (2003) curves separating regions
excited by non-stellar photoionization (top right) from H II regions (lower left) are presented with grey dashed–dotted and black dashed lines, respectively. All
regions are well within the locus of H II regions.

Table 4. Metallicity measurements.

Region Grism Metallicity
ID # N2 O3N2

[12 + log(O/H)] [12 + log(O/H)]

1 11 8.51 ± 0.02 8.58 ± 0.01
1 18 8.59 ± 0.01 8.67 ± 0.01
2 11 8.26 ± 0.01 8.14 ± 0.01
2 18 8.20 ± 0.01 8.11 ± 0.01
3 11 8.48 ± 0.02 8.49 ± 0.01
3 18 8.50 ± 0.01 8.57 ± 0.01
4 11 8.34 ± 0.01 8.30 ± 0.01
4 18 8.39 ± 0.01 8.33 ± 0.01
5 11 8.22 ± 0.01 8.23 ± 0.01
6 11 8.30 ± 0.03 8.30 ± 0.02
7 11 8.45 ± 0.02 8.45 ± 0.02
8 11 8.28 ± 0.02 8.27 ± 0.01

where f corresponds to each emission-line flux. These diagnostics
are well calibrated for the range of metallicities we find (Kewley &
Ellison 2008).

Metallicity measurements for all spectral extractions using both
methods are presented in Table 4 and Fig. 6. The metallicity of
different regions within NGC 922 ranges from near-solar to sub-
solar across the galaxy. We find that regions located on the ring (2, 4,
5, and 8) show consistently significantly lower metallicity (8.11 <

[12 + log(O/H)] < 8.39) compared to regions located on the bulge
(regions 1 and 3; 8.49 < [12 + log(O/H)] < 8.67) regardless of the
measurement method (the quoted ranges include the full range of
both methods). Region 7, which is located between the ring and
the bulge, shows an intermediate value ([12 + log(O/H)] = 8.45).
The metallicity of region 6, which is not placed on the ring, is
[12 + log(O/H)] = 8.30.

Metallicities derived with the O3N2 diagnostic show wider differ-
ences between the ring and the bulge compared to the N2 diagnostic
(Fig. 6). Similarly, the high-resolution extractions tend to extend
the differences in both diagnostics. This is because of the better
determination of the Balmer-line fluxes resulting from the more
accurate subtraction of the stellar component and modelling of the
H α–[N II] complex.

The metallicities measured for the regions located in the bulge
(regions 1 and 3; [12 + log(O/H)] = 8.50–8.67) are in agreement
with the one reported in Wong et al. (2006) for a 6.7 arcsec diameter
region on the bulge, based on the N2 method ([12 + log(O/H)] =
8.6). The same work also reports metallicities based on the [N II]/[S II]
ratio ([12 + log(O/H)] � 9) and the R-band luminosity–metallicity
relation of Lamareille et al. (2004), which, however, are higher than
those found from the N2O3 or N2 methods. This overestimation
could be due to the fact that the [N II]/[S II] ratio becomes insensitive
to metallicity at low metallicities and the [N II]/[S II]–metallicity
relation is a sensitive function of the ionization parameter (e.g. Dopita
et al. 2013; Blanc et al. 2014) that is not known for the different
star-forming regions in NGC 922. Our measurements of the bulge
metallicity are also in agreement with the one reported in Robertson
et al. (2013) ([12 + log(O/H)] = 8.75 ± 0.08).

In Table 5, we present the SFR, stellar mass, sSFR, and metallicity
measurements for five sub-galactic regions and the whole NGC 922
as defined in Fig. 4. Here, we adopt the O3N2 metallicity calibration
as it is considered more robust especially in star-forming galaxies
(Pettini & Pagel 2004). As a metallicity for the total galaxy, we
used the median value of all our metallicity measurements (Table
4), and as uncertainty the standard deviation of this distribution. The
extracted regions are evenly spread over the body of the galaxy;
thus, the metallicity of the galaxy is not biased towards a particular
region. Due to the lack of metallicity measurements in the bar, we
adopted the same value and uncertainty as the total. For the other
sub-galactic regions, we adopted the metallicity of the extraction
regions they encompass: median of regions 1 and 3 for bulge and
inner bulge, region 2 for region R2, and the median metallicity (and
standard deviation) of extraction regions 2, 4, 5, and 8 for the ring.

Our estimation of the total stellar mass of NGC 922 [(2.78 ±
0.01) × 1010 M�] is in agreement with the one reported in Pellerin
et al. (2010) (2.8 × 1010 M�). Our estimation of the integrated
SFR of NGC 922 (8.6 ± 0.3 M� yr−1) is in agreement with the
one reported in Elagali et al. (2018a) (8.5 ± 0.6 M� yr−1), which
was also calculated through 24μm emission. This measurement
is slightly higher but consistent within the uncertainties with
that reported in Wong et al. (2006) (SFRH α = 8.20 ± 0.32,
SFRUV = 7.04 ± 0.02 M� yr−1). WISE W3 12μm emission results
in a slightly lower total SFR12μm (6.11 ± 0.04 M� yr−1). While the
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970 K. Kouroumpatzakis et al.

Figure 6. Gas-phase metallicities for all the regions as a function of their galactocentric distance (adopting as centre of the galaxy the centre of region 1). The
corresponding region IDs (Fig. 1) are shown on top of the points. High-resolution extractions are presented with red colour and low with black. In the left- and
right-hand panels are the O3N2 and N2 diagnostic results, respectively. The orange, grey, and blue shaded areas represent regions encompassed in the bulge,
intermediate, and ring loci of NGC 922, respectively. Due to the asymmetrical shape of NGC 922, the shading overlaps in a range of radii. This is clearly seen
by comparing the position of region 8, which is located in the north-west part of the ring, that is relatively closer to bulge, with that of region 6 that does not
belong to the ring.

Table 5. Properties of the sub-galactic regions defined in Fig. 4 derived by optical data.

Region SFR (24 μm) SFR (12 μm) M� log sSFR Metallicity Age
(M� yr−1) (M� yr−1) (1010 M�) (M� yr−1/M�) [12 + log(O/H)] (Myr)

Total 8.60 ± 0.30 6.11 ± 0.04 2.78 ± 0.01 −9.51 ± 0.02 8.39 ± 0.17 5.2+9.0
−4.0

Bulge 3.20 ± 0.18 1.77 ± 0.02 0.64 ± 0.01 −9.30 ± 0.02 8.50 ± 0.04 6.7+54.0
−5.0

Inner bulge 0.99 ± 0.10 0.34 ± 0.01 0.11 ± 0.01 −9.02 ± 0.04 8.50 ± 0.04 7.2+56.2
−6.0

Bar 0.88 ± 0.10 0.54 ± 0.01 0.11 ± 0.01 −9.08 ± 0.05 8.39 ± 0.17 7.0+48.0
−4.5

R2 0.58 ± 0.08 0.22 ± 0.01 0.04 ± 0.01 −8.88 ± 0.06 8.13 ± 0.03 6.0+8.0
−4.5

Ring 2.39 ± 0.16 1.38 ± 0.02 0.41 ± 0.01 −9.24 ± 0.03 8.25 ± 0.08 5.4+8.0
−4.0

H α-based SFR indicator is a better probe of the stellar populations
associated with high-mass XRBs (HMXBs; Kouroumpatzakis et al.
2020), and therefore correlates better with their X-ray emission,
its use at sub-galactic scales is subject to differential extinction
within the galaxy. In order to correct for the varying extinction
between star-forming regions, we would need extinction maps for
NGC 922 that are not available. Therefore, in our sub-galactic
region analysis, we adopted the IR SFR indicators to avoid bi-
ases and scatter due to the lack of spatially resolved extinction
measurements.

Pellerin et al. (2010) reported the ages of star clusters in different
regions throughout the galaxy. Based on the ages of the individual
clusters encompassed within each sub-galactic region, we find the
representative age of the stellar populations in these regions. Fig. 7
shows the distribution of the ages in the star clusters within each
sub-galactic region. We clearly see that all distributions peak at ages
below ∼10 Myr (although the bulge and the total galaxy show a
secondary weaker peak at ages ∼50 Myr). The ages of the dominant

cluster populations in each region are given in Table 5, along with
their corresponding 68 per cent percentiles.

4.4 X-ray data results

The X-ray spectra for the different regions (Fig. 4) are very well
fitted χ2

ν ≤ 0.7 with either simple power-law or composite power-law
thermal-plasma models. The best-fitting model parameters and total
flux are given in Table 2 while the X-ray spectra for each region and
the corresponding best-fitting models are shown in Fig. 8. All regions,
except from the bulge, have H I column density slightly higher (but
consistent) with the Galactic NH along the line of sight to NGC 922
(NH = 1.6 × 1020 cm−2; HI4PI Collaboration 2016) based on the NH

tool.6 In the full band, the thermal component contributes less than
20 per cent of the total emission of the composite po+apec spectral

6https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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Metallicity–LX variations in NGC 9 971

Figure 7. Distribution of the star-cluster ages from the work of Pellerin et al.
(2010) for the regions defined in Fig. 4. The modes of the age distributions and
the 68 per cent confidence intervals for each sub-galactic region are shown in
the legend.

fits, apart from the inner bulge where it contributes ∼45 per cent
of the total 0.5–10 keV emission. However, for all regions the
thermal component has negligible contribution in the 2–10 keV X-
ray luminosities that are used in the following discussion. Finally,
we note that we do not find any point-like source above our detection
limit of ∼1039 erg s−1 that could indicate the presence of an AGN.
This is in agreement with the non-detection of an AGN-like source
in the optical spectra of the central part of the bulge.

In Fig. 9, we compare the LX/SFR as a function of metallicity for
the considered sub-galactic regions and the total NGC 922 emission.
For this comparison, we adopted the MIPS 24μm-based SFRs. The
total galaxy X-ray emission is in agreement with the theoretical
models of Fragos et al. (2016) and Madau & Fragos (2017), and the
empirical fits of Brorby et al. (2016) and Fornasini et al. (2020). For
this comparison, we converted the Madau & Fragos (2017) model
from the R23 metallicity (Kobulnicky & Kewley 2004) to O3N2
(Pettini & Pagel 2004) using the calibration of Kewley & Ellison
(2008). We find that the bulge, inner bulge, and bar regions follow
the Madau & Fragos (2017) model considering the uncertainties.
All regions except R2 and the ring are in the expected range by
the sub-galactic LX∼SFR24μm fit of Kouroumpatzakis et al. (2020)
considering their 1σ uncertainty and scatter term. Kouroumpatzakis
et al. (2020) have calculated LX∼SFR scaling relations for sub-
galactic regions of spatial scales ranging from 1 × 1 kpc up to
4 × 4 kpc. For this comparison, we used the SFR for each individual
region (Table 5) and the scaling relation for the corresponding spatial
scale. We have used the largest (4 × 4 kpc) fit for total and the
ring that have even largest sizes. Region R2 shows an excess of
∼0.4 dex (erg s−1 M−1

� yr) with respect to all the models. The ring
shows lower LX/SFR compared to R2 but still has an excess compared
to the aforementioned models and empirical fits.

To assess whether this observed luminosity excess is a stochastic
effect or it has a physical origin, we have followed a similar approach
to Anastasopoulou et al. (2019), where we have simulated the
expected X-ray luminosity distribution in each sub-galactic region

as well as the entire galaxy based on galaxy-wide XRB scaling
relations with stellar mass and SFR (Fig. 10). In more detail, we
have calculated the total luminosity of the XRB populations by
integrating the XLF of low-mass XRBs (LMXBs; Gilfanov 2004)
and HMXBs (Mineo, Gilfanov & Sunyaev 2012) in each region
above limiting luminosities of Lmin = 1036 and 2 × 1037 erg s−1,
respectively. The expected number of LMXBs and HMXBs in each
region (normalization of the XLF) was calculated using the scaling
relations of Gilfanov (2004) and Mineo et al. (2012), respectively, and
the local stellar mass and SFR (Table 5). To account for fluctuations
on the number of sources, we have drawn 500 samples from a
Poisson distribution where its mean is equal to the expected number
of LMXBs and HMXBs. To account also for stochastic effects on the
luminosity of each region, we have obtained 500 samples of X-ray
luminosity distributions from the corresponding XLF for each one of
the 500 possible number of sources. This resulted in a distribution of
500 000 total XRB luminosities for each region, 250 000 originating
from the LMXB, and 250 000 from the HMXB population. Our
results (Fig. 10) show that indeed the high X-ray luminosities of
the ring and R2 have a very small probability to be the result of
stochastic sampling (4 per cent and 2 per cent, respectively). This
probability becomes 14 per cent for the ring if we discard the bright
X-ray source associated with the R2 region, which contributes more
than 50 per cent of the X-ray emission of the ring.

5 D ISCUSSION

5.1 Metallicity variations within the galaxy

NGC 922 shows overall near-solar to sub-solar metallicity ranging
from 8.11 ≤ [12 + log(O/H)] ≤ 8.67. However, the most impor-
tant finding is that regions on the ring have systematically lower
metallicity than the bulge (Fig. 6). Elagali et al. (2018a) found that
NGC 922 possesses a higher abundance of H I gas [log (MH I/M�) =
−0.50] compared to normal galaxies of similar stellar mass (log <

MH I/M� >= −0.89). This combined with the effect of the caustic
that created the ring by displacing outwards the gas in the disc also
explains the higher H I mass-to-light ratio on the ring of NGC 922 in
comparison to its bulge (see fig. 8 in Elagali et al. 2018a).

Several studies have suggested that the low gas-phase metallicity
of the RiG rings reflects the metallicity of the passing-through dwarf
galaxy (e.g. Bransford et al. 1998; Elagali et al. 2018b). This scheme
is supported in NGC 922, as we find that the ring shares similar
metallicity ([12 + log(O/H)ring] = 8.25 ± 0.08) with the interacting
companion ([12 + log(O/H)] � 8.3; Wong et al. 2006). In this case,
the metallicity of the bulge is related with that of the host disc-like,
more evolved galaxy.

The low metallicity of the ring regions with respect to the bulge
region could also be the result of the negative metallicity gradients
typically seen in spiral galaxies (e.g. Moustakas et al. 2010). If
the star-forming activity is the result of the in-situ compression of
gas of the original disc at the galactocentric radius of the ring, we
would naturally expect that these star-forming regions will have
lower metallicity than the bulge. Alternatively, if the ring consists
of gas displaced from the inner parts of the galaxy, the negative
metallicity gradient will result in the dilution of this gas with metal-
poor material at the current location of the ring. The latter scenario,
however, would result into lower metallicity differences than the
former. This effect of course can be amplified by the lower metallicity
of the intruder galaxy, which can also result in higher H I abundance
with respect to the stellar mass or starlight in the ring.
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972 K. Kouroumpatzakis et al.

Figure 8. X-ray spectra and best-model fits for the total emission, R2, ring, bar, bulge, and inner bulge of NGC 922 as defined in Fig. 4 with black, blue,
orange, green, red, and light blue colours, respectively. The best-model fits for each spectrum are overplotted with the same colours. Details of the best-model
fits are given in Table 2. The fit for the inner bulge and the bar was performed on the unbinned spectrum; for clarity of this figure the data have been binned to
have at least 10 counts per bin. In the bottom panel the fit residuals are presented in units of the data uncertainties (σ ).

5.2 Excitation of star-forming regions

An interesting feature of the spectra from all regions is that
they show He I emission (Table 3), a strong indication that they
host young stellar populations (age <10 Myr). Furthermore, the
ubiquitous presence of He I and the short lifetimes of the stars with
hot photospheres capable of exciting He I suggest that their stellar
populations have similar ages.

Indeed, Pellerin et al. (2010) found that both the ring and the
bulge host very young star clusters with ages of �7 Myr, with the
bulge also hosting a population of older clusters (30–350 Myr). More
specifically, using the distribution of star-cluster ages of Pellerin et al.
(2010), we find that all the regions of interest in our analysis are
dominated by young star clusters with ages around 5–7 Myr (Fig. 7).
The age distributions of the bulge and inner bulge show a tail to
older clusters with a second, weaker, peak around 50 Myr. Clearly,
the presence of extremely young star clusters is consistent with our
detection of He I emission in all regions.

The location of the different regions on the BPT diagrams (Fig. 5)
can provide additional insights into their physical conditions. All
NGC 922 regions examined here are encompassed by the Kauffmann
et al. (2003) curve, indicating purely star formation-driven ionization,
without significant contribution from shock ionization (e.g. from
supernovae and stellar winds in a young starburst). However, we see
a clear segregation of the bulge and the ring regions in the [N II]/H α

BPT diagram: The ring regions are located at the upper left of the
H II-region locus, while the bulge regions have lower [O III]/H β ratios

and higher [N II]/H α ratios. Based on the detection of He I in both
the ring and bulge regions, we interpret the different location of
the regions on the BPT diagrams as the result of metallicity rather
than age differences. Increasing metallicity (or decreasing ionization
parameter) tends to move the locus of the points towards the right
and lower part of the [N II]/H α diagram, while it does not have as
strong effect in the other diagrams (e.g. Kewley et al. 2001, 2006).

The fact that we do not find any evidence of AGN activity in
NGC 922 is intriguing given the copious amounts of H I gas in the
galaxy and the expected presence of a supermassive black hole
(SMBH), as in most galaxies (e.g. Kormendy & Ho 2013). This
can be explained through three possible scenarios: (a) AGNs are
known to have a duty cycle (e.g. Schmidt 1966; Best et al. 2005;
Delvecchio et al. 2020) and it is possible that currently the SMBH
is in a low accretion state; (b) the gas has not lost its angular
momentum yet and it has not reached the SMBH; (c) gravitational
recoil of the SMBH due to the interaction may have displaced it out
of the bulge. The last scenario is the most unlikely since we do not
see a strong point-like source outside the bulge (cf. Fig. 3). In fact,
the X-ray analysis in similar galaxies shows that an active AGN is
not ubiquitous in RiGs (Wolter et al. 2018).

5.3 The X-ray emission of NGC 922

The X-ray spectra of the R2 and ring regions can be well described
solely by power-law emission with a photon index 	 ∼ 1.7. This
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Figure 9. X-ray luminosity (2–10 keV) normalized by SFR as a function
of metallicity for five sub-galactic regions and the integrated emission of
NGC 922, as defined in Fig. 4. Black continuous and blue dotted lines
represent the theoretical relations of Fragos et al. (2016) and Madau &
Fragos (2017), respectively. The green dashed and orange dash–dot lines
show the observational relations of Brorby et al. (2016) and Fornasini et al.
(2020), respectively, while the shaded areas indicate the uncertainties of the
corresponding relations. Stripes with the same colour with the data points
represent the expected LX/SFR (in the 2–8 keV band) ratio based on the sub-
galactic LX–SFR relation of Kouroumpatzakis et al. (2020) for the 24μm SFR
indicator. This is calculated for each individual sub-galactic region given their
SFR and size. The wide range of the stripes indicates the 1σ uncertainty of
the scaling relation, including the term that describes the intrinsic scatter of
the sub-galactic relation.

is a strong indication that their spectra are dominated by XRBs
emission. The X-ray spectrum of the bulge requires both thermal
(kT = 0.2 keV) and power-law (	 ∼ 1.9) components similar to that
of XRBs. The bar region has a considerably softer X-ray spectrum,
but consistent with the typical spectrum of XRBs (1.7 ≤ 	 ≤ 2.5).
In the case of the inner bulge, which is dominated by a thermal-
plasma model, we can set a limit on the contribution of a power-law
component. These results are consistent with those of Prestwich et al.
(2012), who found a population of bright X-ray sources associated
primarily with the ring and bar regions. The spectral parameters and
total luminosity of the R2, which hosts the brightest ULX in the
galaxy, are consistent within the uncertainties with those reported in
Section 4.4. No bright sources were found in the bulge.

We see a very similar pattern in the X-ray emission in the
Cartwheel galaxy (Wolter & Trinchieri 2004): diffuse thermal emis-
sion and a non-thermal component, described by a power-law model,
due to the XRB population. The thermal plasma has a temperature
of kT = 0.2 keV, like in NGC 922 with NH = 2.3 × 1021 cm−2

for an L0.5–10 keV
X = 3 × 1040 erg s−1. The non-thermal emission can

be divided into three different components: the brightest (hyperlu-
minous) X-ray source (N10), the sum of detected point sources,
and the residual non-thermal component due to the unresolved
XRBs. N10 is fitted by a power-law model with 	 = 1.6, NH =
3.6 × 1021 cm−2, similar to those of R2 in the NGC 922 ring. The
other point sources, both resolved and unresolved, have a steeper
spectrum of 	 = 2.1–2.3, NH = 2 × 1021 cm−2. This is somewhat
steeper than the spectrum of the NGC 922 ring, but consistent within

Figure 10. Expected X-ray luminosity (0.5–8 keV) distributions of the
different regions and the integrated emission of NGC 922, drawn from the
XRB XLF and the XRB scaling relations with stellar mass and SFR. The
vertical dashed lines with the same colour as the distributions indicate the
measured X-ray luminosity of the corresponding region. The probability to
have the measured luminosity (or higher), drawn out of these distributions, is
10.27 per cent, 42.31 per cent, 33.40 per cent, 34.33 per cent, 1.56 per cent,
and 3.81 per cent for the total emission and the regions of the bulge, inner
bulge, bar, R2, and ring, respectively.

the uncertainties. The most luminous source (N10) has a luminosity
of L0.5–10 keV

X = 1.4 × 1041erg s−1 dominating the X-ray emission
of the galaxy, while the total additional contribution from all point
sources is L0.5–10 keV

X = 1.2 × 1041 erg s−1. The most luminous source
in NGC 922 has a factor of ∼5 lower luminosity than the N10 source,
and lower impact in its total luminosity.

5.4 Effect of metallicity on X-ray luminosity of X-ray binary
populations

There is a growing body of observational evidence showing strong
anticorrelation between the number of luminous X-ray sources and
the metallicity of their host galaxies (e.g. Mapelli et al. 2009;
Prestwich et al. 2012; Brorby et al. 2016). A similar trend holds for
the integrated X-ray emission of galaxies, particularly those found
at higher redshifts (e.g. Fornasini et al. 2019). The clear metallicity
difference between the bulge and the ring of NGC 922, combined
with the information on the age of the stellar populations in these
regions, provides an excellent test bed for this X-ray luminosity–
metallicity dependence.

Fig. 9 shows an anticorrelation between the LX/SFR ratios and
the metallicity of different regions in NGC 922. Despite the large
uncertainties (especially in the lower luminosity–higher metallicity
regions), we see a systematic trend for lower metallicity regions
to have stronger X-ray emission for their star-forming activity (i.e.
higher LX/SFR ratios). Although younger stellar populations may
also result in elevated X-ray luminosities (e.g. Fragos et al. 2013a),
the observed relation is unlikely to be an age effect since, as discussed
in the previous section, both the bulge and the ring regions host
similarly young stellar populations (cf. Table 5).
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The observed relation shown in Fig. 9 agrees very well with the
theoretical models of Fragos et al. (2013b) and Madau & Fragos
(2017), and with the observational results of Brorby et al. (2016) and
Fornasini et al. (2020). Although the LX/SFR ratios of the higher
metallicity bulge regions have large uncertainties, they appear to
better follow the Madau & Fragos (2017) relation.

While most regions are in good agreement with the theoretical and
observational relations shown in Fig. 9, region R2 lies above these
relations, even after accounting for the observed scatter in the sub-
galactic LX–SFR scaling relations (Kouroumpatzakis et al. 2020).
This region has the lowest metallicity ([12 + log(O/H)] = 8.13) and
highest sSFR (log sSFR = −8.8 M� yr−1/M�) and it is ∼0.4 dex
above any of these relations. This is because this region hosts a very
luminous ULX (L2–10 keV

X � 1.5 × 1040 erg s−1) that dominates its X-
ray emission. We do not expect the X-ray emission of such regions to
follow the general LX–SFR scaling relations since it is dominated by
individual sources rather than the average XRB populations (in other
words, the central-limit theorem that is the basis for such relations
does not hold). This is demonstrated in Fig. 10, which shows that
the region R2 is highly inconsistent with these scaling relations even
when we account for Poisson fluctuations of the number of XRBs and
stochastic sampling of their XLF. Similarly, the slight excess of the
ring region with respect to expected LX/SFR ratio for its metallicity
is the result of the significant contribution of the ULX located in R2.
This source contributes 62 per cent of the 2–10 keV X-ray luminosity
of the ring region. In fact, when we account for the contribution of the
R2 region, the LX/SFR ratio for the remaining ring agrees very well
with that expected from the theoretical and observational relations.

5.5 Summary

In the previous sections, we presented an analysis of the metallicity
and excitation of star-forming regions in different regions of the RiG
NGC 922 derived from optical data. We also analysed the Chandra X-
ray data for the same regions in order to study the connection between
metallicity and X-ray emission. Our results can be summarized as
follows:

(i) We observe a significant metallicity difference between the
bulge ([12 + log(O/H)] ∼ 8.6) and the ring ([12 + log(O/H)] ∼ 8.2).

(ii) All studied regions have systematically sub-solar metallicities
with the bulge being marginally consistent with solar.

(iii) We do not find any evidence for AGN activity in the bulge.
(iv) We detect He I emission in all regions indicating excitation

from very young populations, supported by the typically less than
10 Myr ages of the star cluster in the studied regions.

(v) We observe an anticorrelation between the LX/SFR and metal-
licity in NGC 922. The similarity of the ages of the stellar populations
in the studied regions suggests that this anticorrelation is primarily
driven by the effect of metallicity.
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J. M., 2006, MNRAS, 370, 721

Mihos J. C., Hernquist L., 1994, ApJ, 437, 611
Mineo S., Gilfanov M., Sunyaev R., 2012, MNRAS, 419, 2095
Moustakas J., Kennicutt R. C., Jr, Tremonti C. A., Dale D. A., Smith J.-D.

T., Calzetti D., 2010, ApJS, 190, 233
Pellerin A., Meurer G. R., Bekki K., Elmegreen D. M., Wong O. I., Knezek

P. M., 2010, AJ, 139, 1369
Pettini M., Pagel B. E. J., 2004, MNRAS, 348, L59
Prestwich A. H. et al., 2012, ApJ, 747, 150
Refsdal B. L. et al., 2009, in Varoquaux G., van der Walt S., Millman J., eds,

Proceedings of the Python in Science Conferences., Austin Texas: SciPy,
Pasadena, CA, USA, p. 51
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