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Abstract

We have analyzed 17 early-type galaxies, 13 ellipticals and 4 S0’s, observed with Suzaku, and inves-
tigated metal abundances (O, Mg, Si, and Fe) and abundance ratios (O/Fe, Mg/Fe, and Si/Fe) in the
interstellar medium (ISM). The emission from each on-source region is reproduced with one- or two- tem-
perature thermal plasma models as well as a multi-temperature model. The multi-temperature model gave
almost the same abundances and abundance ratios with the 1T or 2T models. The abundances show no
significant dependence on the morphology and environment. The derived O and Mg abundances in the
ISM agree with the stellar metallicity derived from optical spectroscopy. From these results, we discuss
the past and present SN Ia rates and star formation histories in early-type galaxies.
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1. Introduction

The study on formation and evolution of early-type
galaxies is one of the most important topics in mod-
ern astrophysics. The metal abundances of stars in
these galaxies give us important constraints on theoret-
ical models of their formation. In early-type galaxies,
stellar mass loss and present type Ia supernovae (SNe
Ia) have been providing metals in hot X-ray emitting
interstellar medium (ISM). Since present star formation
activity in early-type galaxies are generally low and SNe
Ia rarely produce O or Mg, abundances of O and Mg
elements in the ISM should reflect stellar abundances.
The stellar metallicity reflects the past activity of star
formation. In addition, a longer formation time provides
a higher concentration of trapped SNe Ia products to the
stars. Thus, the metal abundance and their ratios in the
ISM can provide a cumulative fossil record on the history
of star formation.

2. Target and analysis regions

We analyzed archival data of 17 early-type galaxies ob-
served with Suzaku. The sample consists of 4 S0’s and 13
ellipticals. Nine galaxies are located in cluster environ-
ments (Virgo and Fornax clusters), while the others are
either in the field or in small groups. The temperature
profiles of the ISM of NGC 1399, NGC 4472, NGC 4636,

and NGC 5846 increase with radius (e.g., Nagino & Mat-
sushita 2009) These galaxies are the central objects of
larger potential structure and have significantly higher
ISM luminosities. Hereafter, we denote these galaxies as
XE galaxies.

We accumulated on-source spectra for each galaxy
within 4 re centered on each galaxy. To study the back-
ground emission, we also accumulated spectra over the
entire XIS field of view excluding the on-source region
(hereafter the background regions). The 4 re regions,
which include most of stars in individual galaxies, are
suitable for Suzaku analysis considering the point spread
function. Regions around luminous point sources were
excluded from the analysis.

3. Analysis and Results

3.1. Estimation of the background spectra

In order to estimate background components, we first fit-
ted the spectra of the background region. We used the
following model for the emission from the background re-
gion: phabs × (power-lawCXB + apecETE + apecMWH)
+ apecLHB. In this model, “phabs” represents the Galac-
tic absorption in the direction of each galaxy. After sub-
tracting the non X-ray background component, the emis-
sion of background regions consists of the cosmic X-ray
background (CXB) and the emission from our Galaxy.
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We assumed a power-law model, “power-lawCXB” for the
CXB component (Kushino et al. 2002), and two APEC
model components, “apecLHB” and “apecMWH”, for the
Galactic emission (Yoshino et al. 2009). We added an
APEC component, “apecETE”, for these extra thermal
emission (ETE), for example intracluster medium (ICM)
and extended ISM emission over source regions.

3.2. Simultaneously fit of the source and background
spectra

The emission from each on-source region consists of
the source emission from individual galaxies and the
background emission. We assumed a following model
as the source emission; phabs× (vapecISM + power-
lawPS). Here, the “phabs” model corresponds to
the photoelectric-absorption, whose column density was
fixed to the Galactic value in the direction of each galaxy.
The “vapecISM” model means thermal emission from the
ISM. The “power-lawPS” component represents the inte-
grated discrete sources, with its photon index being fixed
at 1.6 (e.g, Xu et al 2005) We used the same model in Sec-
tion 3.1. for the emission from the background region.
We simultaneously fitted the spectra of the on-source
and background regions to take into account background
emission accurately. The background components were
assumed to have the same surface brightness between the
two regions.

We used both one-temperature (1T) and two-
temperature (2T) plasma models for the ISM emission to
fit the spectra. For the 2T model, metal abundances of
each element for the two temperature components were
assumed to have a same value. The 1T or 2T mod-
els for the ISM represent the spectra fairy well, expect
for residual structures around 1.2 keV. We also used a
multi-temperature model (hereafter multi-T model) for
the ISM and refitted the spectra in the same way as 1T
and 2T fit. For galaxies which need the 2T model for
the ISM, we fitted the spectra with a five-temperature
model, and for the other galaxies, we used a three-
temperature model. The multi-temperature model gave
almost the same abundances and abundance ratios with
the 1T or 2T models. Please see the detail of discussion
about the results of 1T, 2T, and multi-T fits in Konami
et al. (2014). From now, we use the results of multi-T
fits.

In Figure 1, we plotted the abundances of O and O/Fe
ratios derived from the multi-T model fits against the 1T
temperatures of ISM. The values of O, Mg, and Fe abun-
dances are about 1 solar, with no significant dependence
on the ISM temperature and the environment. Ellipti-
cal and S0 galaxies have similar values of O, Mg, and
Fe abundances. The weighted averages of the O, Mg,
Si, and Fe abundances of all the sample galaxies derived
from the multi-T model fits are 0.83± 0.04, 0.93± 0.03,
0.80 ± 0.02, and 0.80 ± 0.02 solar, respectively, in solar
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Fig. 1. Abundances and ratios of O (upper) and O/Fe (lower) derived
from the multi-T model fits. Closed and opened triangles (circles)
show the abundance patterns of S0 (elliptical) galaxies in the
field or group and cluster, respectively. The larger open circles
correspond to X-ray luminous objects, or XE galaxies (Nagino
& Matsushita 2009). Solid lines represent the solar abundance
(Lodders 2003). For lower panel, dashed and dot-dashed lines
represent the twice and half of solar ratios, respectively.

units. The ratios are plotted in terms of number ratios,
to avoid differences in different solar abundance tables.
The derived O/Fe, Mg/Fe, and Si/Fe ratios are mostly
consistent with the solar ratios, except for the O/Fe ra-
tio in the ISM of an S0 galaxy, NGC 4382, with the ISM
temperature of 0.33 keV, as reported by Nagino & Mat-
sushita (2010). Again, there is no significant dependence
on the morphology and environment of galaxies.

4. DISCUSSION

4.1. Metal abundance patterns and contributions from
SNe

We successfully measured the abundance patterns of O,
Mg, Si, and Fe in the ISM of 17 early-type galaxies, 13
ellipticals and 4 S0’s, and derived abundance ratios. Fig-
ure 2 shows the weighted averages of the O/Fe, Ne/Fe,
Mg/Fe, and Si/Fe ratios of all of the sample galaxies
derived with the multi-T fits. The abundance ratios ex-
cept for the Ne/Fe ratio agree very well with the solar
ratios by (Lodders 2003). The yields of core-collapse SN
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Fig. 2. The weighted averages of the abundance ratios of O, Ne, Mg,
and Si to Fe for the multi-T model with AtomDB v2.0.1. Red,
blue, green, and orange data show for all the sample galaxies, tem-
perature groups of <0.4 keV, 0.4–1 keV, and >1 keV, respectively.
Solid, dot-dashed, and dotted lines represent the number ratios
of metals to Fe for solar abundance (Lodders 2003), for CCSN
products (Nomoto et al. 2006), and for SN Ia ones (Iwamoto et
al. 1999), respectively.

(hereafter CCSN) and SN Ia are also plotted in Figure 2.
Here, the CCSN yields by Nomoto et al. (2006) refer to
an average over the Salpeter initial mass function of stel-
lar masses from 10 to 50 M�, with a progenitor metal-
licity of Z = 0.02. The SNe Ia yields were taken from
the W7 mode by Iwamoto et al. (1999). The abundance
ratios in the ISM are located between those of CCSN
and SN Ia. The solar O/Fe, Mg/Fe, and Si/Fe ratios in
the ISM indicate a same mixture of the two types of SN
with the solar system. Considering that the O/Fe and
Mg/Fe ratios of the CCSN yields expected from theoret-
ical nucleosynthesis models by Nomoto et al. (2006) and
observed abundance pattern of metal poor stars in our
Galaxy (e.g., Edvardsson et al. 1993) are about three
in units of the solar ratio, ∼70% and ∼30% of Fe are
synthesized by SN Ia and CCSN, respectively,

4.2. Comparison with optical measurements of stellar
metallicity

Figure 3 shows the O abundances in the ISM derived
from the multi-T model, plotted against the central stel-

Fig. 3. Abundances of O and O/Fe ratios in the ISM derived from the
multi-T model fits are plotted against the central stellar velocity
dispersion by Prugniel & Simien (1996). Meanings of the symbols
are the same as those in Figure 1. The dashed and dot-dashed
lines show the Z―σ relation for an re aperture derived from
optical spectroscopy by Kuntschner et al. (2010).

lar velocity dispersion, σ. As found by optical observa-
tions for the stellar metallicity (e.g., Kuntschner et al.
2010), there is no environmental and morphological de-
pendence on the O abundances. In Figure 3, we also
plotted the best-fit relation of the stellar metallicity, Z,
within re against σ derived from optical spectroscopy by
Kuntschner et al. (2010). Since O and other α-elements
mostly contribute the metallicity, we compared Z with
O abundances in the ISM (e.g., Tantalo et al. 1998).

The O abundances in the ISM agree well with the orig-
inal Z–σ relation, but systematically offset from the con-
verted one. However, the slope of the O abundance–σ
relation agrees very well with the optical Z–σ relation.
When we compared the absolute metal abundances be-
tween optical and X-ray observations, there are system-
atic errors coming from the differences of solar abun-
dance tables, the ways of the observations, and uncer-
tainties of emission models. The trends of all elements
are agree with the Z–σ relation. Although we are com-
paring abundances in two distinct media, stars and ISM,
which could have very different histories, and different
systematic errors, the agreement of the metallicity be-
tween the hot ISM and stars indicates relatively small
systematic errors in the measurements with these opti-
cal and X-ray observations.

4.3. Comparison with optical measurements of stellar
α/Fe ratios

In Figure 3, the O/Fe ratios in the ISM are plotted
against σ. Again, there is no systematic difference in
the O/Fe ratios between the ellipticals and S0 galax-
ies, or between those in the field or small groups and
in clusters. The dot-dashed lines in these plots corre-
spond to the best-fit relation between [α/Fe] within re

and σ derived from optical spectroscopy by (Kuntschner
et al. 2010). The O/Fe ratios in the ISM are systemati-
cally smaller by a factor of two than the relation for the
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stellar metallicity. Therefore, we need additional SN Ia
enrichment in the ISM to account for both of the X-ray
and optical observations of early-type galaxies.

A longer star-formation time scale yields more SNe
Ia products in stars, and therefore, the difference in the
α/Fe ratio in stars can constrain the star formation his-
tories. As shown in Figure 3, the optical observations
indicate that massive galaxies show higher O/Fe ratios
and therefore shorter star formation time scales. Con-
sidering typical timescale for SN Ia from star formation
(Kobayashi & Nomoto 2009), duration of major star for-
mation should be shorter than a few Gyr. Although we
cannot distinguish the SNe Ia yields in the ISM from
present SNe Ia and those trapped in stars and the er-
rors in the O/Fe ratios in the ISM of galaxies with small
σ are relatively large, our measurements are consistent
with the [α/Fe]–σ relation derived from the optical spec-
troscopy by Kuntschner et al. (2010) for a re aperture,
assuming an additional enrichment of the Fe abundance
of ∼ 0.5 solar from the present SN Ia. There are no dif-
ference in the abundances and their ratios in the ISM
between the cluster galaxies and those in the field or
small groups. The similarity of the abundances in the
ISM indicate that major star formation history are sim-
ilar.

4.4. Present Fe enrichment by SN Ia

We calculated the Fe abundance synthesized by present
SNe Ia in an early-type galaxy by the methods in Mat-
sushita et al. (2003), using the SN Ia rate and the stellar
mass loss rate. The resultant Fe abundance is 2.8-13.9
solar assuming the stellar age of 13 Gyr. Assuming a
stellar age of 10 Gyr, the mass-loss rate increase by 1.4
times, and the contribution of SN Ia to Fe abundance
decreases by 0.7 times, and the expected Fe abundance
from SN Ia becomes 2.0–9.7 solar.

Since the weighted average of the Fe abundances in
the ISM is 0.8 solar, the contribution from SN Ia should
be about 0.5 solar (∼70% of Fe abundance synthesized
by SN Ia from Section 4.1.), which is a sum of those in
stars and present SN Ia. On the other hands, if an aver-
age of the stellar metallicity and [α/Fe] ratio over entire
galaxies are close to the relations of Z–σ and [α/Fe]–
σ, respectively, derived by Kuntschner et al. (2010), we
need a Fe abundances of about ∼ 0.5 solar from present
SNe Ia (Figure 3). Therefore, if all the ejecta of SNe Ia
have been completely mixed into the ISM, the present
SN Ia rate to account for the observed Fe abundance in
the ISM is significantly smaller than those measured by
optical SN Ia observations.

If some part of SN Ia ejecta can escape the ISM be-
fore fully mixed in to the ISM (e.g., Matsushita et al.
2000, Tang & Wang 2010), the Fe abundance can be
lower. Tang & Wang (2010) simulated the evolution of
SN Ia ejecta in the galaxy-wide hot gas out-flows. They

found that SN Ia ejecta producing little X-ray emission
and driven by its large buoyancy, can quickly get higher
outward velocity. Since this ejecta slowly diluted and
cooled, and as a result, they expect that the emission-
weighted Fe abundance of central few kpc becomes signif-
icantly smaller. However, no significant radial gradients
in the Mg/Fe ratios are detected with Suzaku, XMM and
Chandra observations (e.g., Ji et al. 2009, Loewenstein
et al. 2012). Furthermore, the X-ray luminous objects
surrounded by larger-scale potentials (large open circles
in Figure 3), and NGC 1404, which has a compact ISM
emission due to ram-pressure stripping (Machacek et al.
2005), have similar values of O/Fe and Mg/Fe ratios as
well as the O, Mg, and Fe abundances with the other
galaxies. Since the ISM mass within 4 re in these X-ray
luminous galaxies are several times larger than those in
the X-ray fainter galaxies, the accumulation time scale
for the ISM should be different. Therefore, the idea of
the partial mixing of the SN Ia ejecta into the ISM also
has an difficulty to explain the observed abundance pat-
tern in the ISM.
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