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ABSTRACT

Context. The properties of the dust in the cold and hot gas phases of early-type galaxies (ETGs) are key to understanding ETG
evolution.

Aims. We aim to conduct a systematic study of the dust in a large sample of local ETGs, focusing on relations between the dust and
the molecular, atomic, and X-ray gas of the galaxies, as well as their environment.

Methods. We estimated the dust temperatures and masses of the 260 ETGs from the ATLAS?P survey, using fits to their spectral
energy distributions primarily constructed from AKARI measurements. We also used literature measurements of the cold (CO and
H1) and X-ray gas phases.

Results. Our ETGs show no correlation between their dust and stellar masses, suggesting inefficient dust production by stars and/or
dust destruction in X-ray gas. The global dust-to-gas mass ratios of ETGs are generally lower than those of late-type galaxies, likely
due to dust-poor H1envelopes in ETGs. They are also higher in Virgo Cluster ETGs than in group and field ETGs, but the same ratios
measured in the central parts of the galaxies only are independent of galaxy environment. Slow-rotating ETGs have systematically
lower dust masses than fast-rotating ETGs. The dust masses and X-ray luminosities are correlated in fast-rotating ETGs, whose star
formation rates are also correlated with the X-ray luminosities.

Conclusions. The correlation between dust and X-rays in fast-rotating ETGs appears to be caused by residual star formation, while
slow-rotating ETGs are likely well evolved, and have therefore exhausted their dust. These results appear consistent with the postulated
evolution of ETGs, whereby fast-rotating ETGs form by mergers of late-type galaxies and associated bulge growth, while slow-
rotating ETGs form by (dry) mergers of fast-rotating ETGs. Central cold dense gas appears to be resilient against ram pressure

stripping, suggesting that Virgo Cluster ETGs may not suffer strong related suppression of star formation.
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1. Introduction

Early-type galaxies (ETGs), consisting of elliptical and lentic-
ular galaxies, are thought to be in a late stage of galaxy
evolution. They are dominated by old stellar populations that
produce little dust and are often filled with X-ray-emitting
plasma (e.g. Forman et al. 1979) that can destroy dust by sput-
tering on a timescale of 10°~107 yr (Draine & Salpeter 1979).
These ETGs therefore provide severe conditions for dust sur-
vival, but many ETGs have nevertheless been shown to pos-
sess a cold interstellar medium (ISM; e.g. Knapp et al. 1985,
1989; Wardle & Knapp 1986; Knapp & Rupen 1996). The far-
infrared (FIR) emission from dust in ETGs was first observed by
the Infrared Astronomical Satellite (IRAS; Knapp et al. 1989),
which revealed that about half of all ETGs observed contain
cold dust. Because most of the IRAS detections were close to
its detection limit, Bregman et al. (1998) carefully evaluated the
background contamination in the IRAS maps and found that
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12% of the ETGs were detected in dust emission above the 98%
confidence level. Following IRAS, more sensitive and detailed
observations were performed by the Infrared Space Observatory
(ISO), Spitzer, AKARI, and Herschel, whereby pervasive dust in
ETGs was found with a detection rate of ~50% (e.g. Temi et al.
2004, 2007; Kaneda et al. 2011; Smith et al. 2012).

Cold gas is also detected in many ETGs (e.g. Knapp et al.
1985; Wardle & Knapp 1986; Combes et al. 2007). Young et al.
(2011) performed a census of the molecular gas in the 260 local
ETGs of the ATLAS3P survey (Cappellari et al. 2011a), reveal-
ing prevalent molecular gas and a detection rate of 22%. Using
AKARI, Kokusho et al. (2017) recently measured the FIR emis-
sion from dust in the ATLAS?P® ETGs, confirming that the dust
and molecular gas are well correlated in CO-detected objects.
This suggests that the dust and molecular gas in ETGs are physi-
cally connected, just as in late-type galaxies (LTGs). Davis et al.
(2015) measured the dust, atomic, and molecular gas masses
of 17 ETGs showing dust lanes in optical images, revealing
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that most are gas-rich compared to LTGs and that the dust-to-
gas mass ratio varies widely from galaxy to galaxy. As metal
enrichment is likely to have proceeded well in ETGs, this indi-
cates that most dust-lane ETGs have probably acquired their gas
through gas-rich (minor) mergers. Indeed many authors have
argued that ETGs amass their cold ISM through external paths,
such as galaxy mergers and gas accretion from the intergalactic
medium (e.g. Knapp et al. 1989; Sarzi et al. 2006; Davis et al.
2011; Lagos et al. 2014). Dust growth in interstellar space is also
postulated as an internal channel for dust production in ETGs
(Martini et al. 2013; Hirashita et al. 2015).

Galaxy environment is an important factor that may deter-
mine the properties and origins of the cold ISM in ETGs. For
example, the H1 detection rate drops significantly for ETGs
in the Virgo Cluster, where H1 gas in galaxies appears to
be stripped away by the hot intracluster medium (ICM; e.g.
di Serego Alighieri et al. 2007). Within the framework of the
ATLAS?P project, Davis et al. (2011) demonstrated that about
half of the sample ETGs in the field have kinematically mis-
aligned gas and stars, indicating that they likely acquired their
cold ISM through external paths. On the other hand, ETGs in
the Virgo Cluster almost always have kinematically aligned gas
and stars, suggesting cold ISM of internal origin. A combination
of the two effects likely explains this field-cluster dichotomy.
First, it is often argued that when galaxies are virialised in a
galaxy cluster, the high velocity dispersion across cluster galax-
ies reduces the galaxy merger rate (e.g. van Dokkum et al. 1999).
Second, any minor merger is in any case likely to be dry, as small
galaxies should be ram pressure-stripped of their gas upon cross-
ing the cluster (Davis et al. 2011).

Whether dust in ETG interstellar space is replenished
through internal or external paths, dust should suffer heating
and destruction by the diffuse X-ray plasma prevalent in ETGs
(e.g. Forman et al. 1985). This diffuse X-ray plasma is gener-
ally attributed to stellar mass loss, heated to the kinematic tem-
perature determined by the galaxy stellar velocity dispersion
through collisions with the ambient gas (e.g. Canizares et al.
1987). Gravitational heating by the galaxy potential and super-
nova explosions also likely contribute to the heating (e.g.
Mathews & Loewenstein 1986). As the dust destruction rate
should be proportional to the density of the X-ray plasma, dust
emission is expected to be anti-correlated with the X-ray emis-
sion in ETGs. Temi et al. (2007) and Smith et al. (2012) exam-
ined the relation between dust and X-rays in ETGs but found no
correlation. Hence the nature of the dust destruction process(es)
in ETGs is still unclear; or dust replenishment by internal and/or
external sources must compensate the dust destruction. A pos-
sible caveat of the above studies, however, is that their X-ray
measurements may include X-ray emission from point sources
(such as low-mass X-ray binaries and AGNs; e.g. Boroson et al.
2011) in addition to the diffuse plasma. A more careful analysis
of the X-ray emission is therefore needed to precisely evaluate
the state of the dust in the diffuse X-ray plasma of ETGs.

As suggested above, the physical state of the dust in the
cold and hot gas phases of ETGs may imprint clues about the
history of their cold ISM, itself the fuel for residual star for-
mation (e.g. Combes et al. 2007; Davis et al. 2014). Hence it is
crucial to understand the properties of the dust in these various
gas phases to reveal the evolution of ETGs. In this paper, we
therefore perform a systematic study of the dust in the ATLAS?P
ETGs for which atomic (H1), molecular (CO), and ionised (X-
ray) gas measurements are available. We describe the data in
Sect. 2 and present the derived dust parameters in Sect. 3. We
discuss the dust properties of our ETGs by combining our results
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with literature data in Sect. 4, and we summarise our results in
Sect. 5.

2. Sample and data
2.1. ATLAS®P survey

To understand the formation and evolution histories of ETGs,
the ATLAS?P survey (Cappellari et al. 2011a) performed a sys-
tematic study of a volume-limited sample of 260 nearby (M <
—21.5 and D < 42 Mpc) morphologically selected ETGs. Molec-
ular gas (Combes et al. 2007; Crocker et al. 2011; Young et al.
2011; Alatalo et al. 2013) and atomic gas (Serra et al. 2012)
observations are available in addition to systematic opti-
cal integral-field spectroscopy with the SAURON instrument
(Bacon et al. 2001). Following the kinematic classification
first introduced by Emsellem et al. (2007) and Cappellari et al.
(2007), Emsellem et al. (2011) separated the ATLAS?P sample
galaxies into fast- (86%) and slow-rotating ETGs (14%). This
kinematic classification is less affected by inclination and more
robust than the standard morphological classification into ellip-
tical and lenticular galaxies, and Emsellem et al. (2011) found
that 66% of the ellipticals in the ATLAS?P sample are in fact
fast-rotating. We therefore adopt this kinematic classification in
the present study.

2.2. AKARI all-sky survey

Using the AKARI all-sky maps (Murakami et al. 2007; Doi et al.
2015; Ishihara et al., in prep.), Kokusho et al. (2017) systemati-
cally measured the 9, 18, 65, 90, and 140 um band fluxes of the
ATLAS®P ETGs. They performed aperture photometry within a

circular aperture of radius Ruper = \/(ZRC)2 + (1.5DpsF)?, where
R. and Dpgr are respectively the effective radius of the galaxy
in the optical B band (Cappellari et al. 2011a) and the full width
at half maximum of the AKARI point spread function (PSF) in
the relevant band (Ishihara et al. 2010; Takita et al. 2015). Com-
bining the AKARI measurements with Wide-field Infrared Sur-
vey Explorer (WISE; Cutri et al. 2013) and Two Micron All
Sky Survey (2MASS; Skrutskie et al. 2006; Griffith et al. 2015)
data, Kokusho et al. (2017) decomposed the resulting spectral
energy distributions (SEDs) into polycyclic aromatic hydrocar-
bon (PAH), warm dust, and cold dust emission. For the dust
emission, Kokusho et al. (2017) used a two-temperature mod-
ified blackbody model with fixed emissivity power-law index
B = 2. For the 68 galaxies robustly detected (i.e. with a signal-
to-noise ratio S /N > 3) in two or three of the three AKARI FIR
bands (65, 90, and 140 um), the dust temperatures were con-
strained by the fits, while for the remaining galaxies robustly
detected in only one or no FIR bands, the dust temperatures were
fixed to the means of the best-fit temperatures of the 68 galax-
ies detected in two or three FIR bands. In total, the SED fits of
231 galaxies are accepted at the 90% confidence level. We cal-
culate their dust masses in Sect. 3.2.

2.3. X-ray data

To evaluate the diffuse X-ray emission of ETGs, it is essen-
tial to exclude contamination by X-ray point sources (e.g.
Boroson et al. 2011). Several studies have estimated the dif-
fuse X-ray emission of the ATLAS®P ETGs using Chandra
and its unprecedented angular resolution (Sarzietal. 2013;
Kim & Fabbiano 2015; Suetal. 2015; Goulding et al. 2016),
enabling them to mask out X-ray point sources and derive
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Fig. 1. Top: histograms of the warm
and cold dust temperatures for the 68
ATLAS® ETGs robustly detected in
two or three of the three AKARI FIR
bands. Blue (left vertical axes) and
red (right vertical axes) represent fast-
and slow-rotating galaxies, respectively.
Bottom: as for the top panels, but for the
warm and cold dust masses of the 111

0 1 2 3 4 5 4 5 6 7 8 ATLAS?P ETGs robustly detected in at
'09Muarm Msun) 109Mcorg Msun) least one AKARI FIR band.
accurate diffuse X-ray fluxes. Here, we adopt the X-ray mea- and
surements of Su et al. (2015), who measured the diffuse X-ray Fop2
emission from the 42 ATLAS? ETGs observed with Chandra  pfy = —~Y=__ 2)
for no less than 15ks. They used a circular aperture of radius Ky By(T4)

Raper = 2R., identical to our IR photometry apertures except for
our inclusion of the AKARI PSF extents.

3. Results
3.1. Far-infrared detection rates

Kokusho et al. (2017) detected FIR dust emission in 45% of the
ATLAS?P galaxies, where a FIR detection is defined as a robust
detection in at least one of the three AKARI FIR bands. The
FIR detection rate is 27% and 52% for the ATLAS?P elliptical
and lenticular galaxies, respectively, showing that lenticulars are
more likely to contain cold dust. This is consistent with previ-
ous studies, where the dust detection rate is two to three times
higher in lenticulars than in ellipticals (e.g. Knapp et al. 1989;
Smith et al. 2012; di Serego Alighieri et al. 2013). On the other
hand, the FIR detection rate is 42% and 46% for the ATLAS3P
fast- and slow-rotating ETGs, respectively. The same trend is
found from Herschel observations of local ETGs, where respec-
tively 43% and 45% of fast- and slow-rotating ETGs are robustly
detected in the 250 um band (Smith et al. 2012). However the
number of fast- and slow-rotating ETGs in these studies is very
different, with respectively 224 versus 36 in our sample and
51 versus 11 in Smith et al. (2012). The above trend should
therefore be confirmed with a larger number of slow-rotating
ETGs.

3.2. Dust temperatures and masses

We estimate the dust masses of our sample ETGs using the SED
fits of Kokusho et al. (2017). Their dust model is described by

Ky Md Bv(Td)

F, = o2

6]

where F, is the flux density in each band, «, the dust mass
absorption coefficient parametrised as «, o V2, M, the dust mass,
T4 the dust temperature, B,(Ty) the Planck function, and D the
distance to the galaxy. We adopt k140,m = 13.9cm? g™! (Draine
2003) and the distances listed in Cappellari et al. (2011a). The
derived dust temperatures and masses are listed in Table A.1.

The top panels of Fig. 1 show the histograms of the warm
and cold dust temperatures (Twam and Tcq1q) for the 68 galaxies
robustly detected in two or three of the three AKARI FIR bands.
There is a wide range of Tyam (50-127 K). Warm dust emission
in ETGs generally originates from circumstellar dust around old
stars (e.g. Temi et al. 2009), but warm interstellar dust heated
by star formation activity and/or AGNs has also been identi-
fied (e.g. Amblard et al. 2014). The wide range of Ty,m may
thus indicate that the dust heating mechanism varies from galaxy
to galaxy. A Kolmogorov—Smirnov (K-S) test indicates that for
both T'warm and T¢o1q, the distributions of fast- and slow-rotating
ETGs are not statistically different. The mean value of 7,4 for
the same 68 ETGs is 26 + 1 K higher than the typical value for
LTGs (520K), a trend also reported by Smith et al. (2012) and
di Serego Alighieri et al. (2013), who suggest that ETGs possess
intense stellar radiation fields due to their dense central popula-
tions of old stars.

The bottom panels of Fig. 1 show the histograms of the
warm and cold dust masses (Myarm and Mcqq) for the 111 galax-
ies robustly detected in at least one AKARI FIR band. Myam
and M,yq are estimated to be in the range 10°3-10*2 M,
and 10*°-107% M, respectively, showing that the dust mass
in FIR-detected ETGs is dominated by the cold dust com-
ponent, likely found in the interstellar space of ETGs (e.g.
Goudfrooij & de Jong 1995; Temi et al. 2007; Kokusho et al.
2017). The range of M,y is in agreement with that of previ-
ous studies. For example, Smith et al. (2012) derived a Mg
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Fig. 2. Total dust masses vs. stellar masses. Solid circles indicate galax-
ies robustly detected in at least one AKARI FIR band. Downward open
triangles indicate 30~ upper limits on dust mass for the galaxies not
robustly detected in any AKARI FIR band. Blue and red symbols repre-
sent fast- and slow-rotating galaxies, respectively. The grey lines show
the dust masses expected from the balance between dust production
from stellar mass loss and dust destruction from sputtering in an X-ray
plasma, for the two dust-destruction timescales indicated (see Sect. 3.3).

range of 10°°-M"! M, for local ETGs, while Agius et al. (2015)
reported that their nearby ETGs have a M4 range of 10*!—
107° M. Again, the differences between the Myam and M qq
distributions of fast- versus slow-rotating ETGs are not statisti-
cally significant.

3.3. Dust and stellar masses

Figure 2 shows the total dust masses (Mgys), defined as the sums
of Myam and M4, plotted against the stellar masses (M, ),
obtained from optical photometry and dynamically measured
mass-to-light ratios in the ATLAS’P survey (Cappellari et al.
2013b). The galaxies not detected in any AKARI FIR band are
shown as 30" upper limits, where o is the uncertainty estimated
from the SED fit of each galaxy (Kokusho et al. 2017). The grey
lines show Mgy predicted when the dust replenishment by stel-
lar mass loss exactly balances the destruction of dust grains by
sputtering in an X-ray plasma. To estimate these, we adopted
a stellar mass loss rate M = 2.1 X IO‘IZ(LK/LK@) Mg yr‘1
(Knapp et al. 1992), a typical K-band stellar mass-to-light ratio
M, /Ly = 121 My/Lke (Cappellari et al. 2013b), and a dust
destruction timescale in an X-ray plasma of 10° and 107 yr,
respectively, for the two lines shown in Fig. 2, the latter esti-
mated by assuming a typical dust grain size of 0.1 um and a gas
density of 107! and 1072 cm™ (Draine & Salpeter 1979).
Figure 2 demonstrates that there is no correlation between
Maust and M, (linear correlation coefficient R = 0.09 and prob-
ability of deriving the observed R if the null hypothesis is true
p = 0.35 for FIR-detected ETGs), indicating that stellar injec-
tion is not a significant source of dust in ETGs, as suggested by
previous studies (e.g. Goudfrooij & de Jong 1995; Smith et al.
2012). We also performed a correlation analysis including the

A87, page 4 of 15

Mg, upper limits using the generalised Kendall’s 7 test imple-
mented in the Astronomy SURVival Analysys (ASURV) pack-
age (Isobe et al. 1986), finding p = 0.09. The above result
therefore still holds when including non-FIR-detected ETGs.
The figure also shows that some ETGs are well above the
expected Mg, shown by the grey lines, similarly suggesting
that these galaxies contain a large amount of dust that cannot be
explained only by stars. These results call for a dust supply from
external sources and/or efficient dust growth in the interstellar
space of ETGs (e.g. Davis et al. 2011; Hirashita et al. 2015).

The mean value of My /M, is 10~+12£0.04 a4 10~456+0.09
for fast- and slow-rotating ETGs, respectively, while it is ~1073—
1072 for LTGs (e.g. Cortese et al. 2012), systematically larger
than for ETGs and suggesting that ETGs in general are relatively
poor in dust. Smith et al. (2012) showed that the dust content of
galaxies becomes smaller toward earlier types along the Hub-
ble sequence, but our results further suggest that fast-rotating
ETGs are richer in dust than slow-rotating ETGs. This result
is in agreement with the fact that fast-rotating ETGs tend to
possess relatively more massive cold ISM and associated ongo-
ing star formation (e.g. Young et al. 2011; Davis et al. 2014;
Kokusho et al. 2017).

4. Discussion
4.1. Dust and cold gas

The left panel of Fig. 3 shows the global dust-to-gas mass
ratios (Mgusi/Mg,s) plotted against the global cold gas masses
(Mgys), defined as the sums of the molecular gas masses (My,)
and the global neutral hydrogen gas masses (My,), where My,
was estimated for all ATLAS® ETGs by Young et al. (2011),
who used a Galactic CO-to-H; conversion factor (Dickman et al.
1986; Strong et al. 1988, 2004), and My, was estimated for 166
ATLAS3P ETGs at a declination above 10° by Serra et al. (2012;
except for four objects near the Virgo Cluster centre). The black
dotted line shows the relation of our Galaxy (Mgus/Mgss =
0.0073; Draine et al. 2007) and the grey shaded region shows
a factor-two spread around it, where most LTGs are found
(Draine et al. 2007). This figure clearly shows that while the
scatter is significant, the global dust-to-gas mass ratios of the
ATLAS?P ETGs are generally lower than those of LTGs, sug-
gesting that the cold dense ISM of ETGs is generally poor in
dust.

The right panel of Fig. 3 shows the relation between the
global Myysi/Mg,s and the global My, /My, for the ATLAS®P
ETGs detected in at least one of H, and Hi1. This clearly
shows that galaxies with low global My, /My, also have low
global Myys/Mg,s. However, molecular gas is generally concen-
trated in the central regions of ETGs (e.g. Alatalo et al. 2013),
while H1 gas tends to be extended beyond the stellar body (e.g.
Oosterloo et al. 2010), meaning that one possible explanation
of the trend observed is that an appreciable amount of dust is
present beyond the IR photometric aperture we used. To test
this possibility, we compared our AKARI aperture sizes with the
H1 extents of the 24 ATLAS?P ETGs whose H1 morphology is
defined as large disk in Serra et al. (2012), finding that the H1
gas is more extended than our largest AKARI aperture in 23 out
of these 24 ETGs. For each of these galaxies, we thus enlarged
our aperture to cover the entire H1 extent, and re-measured the
FIR flux in the 90 um band, the AKARI FIR band most sensitive
to cold dust emission (Kokusho et al. 2017). Re-estimating M gy
with these new 90 um fluxes, the trend in the right panel of Fig. 3
does not change, that is, galaxies with low global My, /My, still
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Fig. 3. Left: global dust-to-gas mass ratios vs. global cold gas masses (M,,s = My, + My,). Solid circles show galaxies robustly detected in at least
one AKARI FIR band and in at least one of H, and Hr1 (but observed in both), while downward open triangles show 3o total upper limits on dust
mass for galaxies not robustly detected in any AKARI FIR band. Triangles pointing toward the upper-left show global cold gas upper limits (i.e.
the sums of the 30~ upper limits on the global H1 and H, masses) and are formally all global dust-to-gas mass ratio lower limits. Triangles pointing
toward the bottom-right show H, masses only and are formally all global dust-to-gas mass ratio upper limits and global cold gas mass lower limits.
Right: global dust-to-gas mass ratios vs. global H,-to-H 1 mass ratios. Solid circles show galaxies robustly detected in at least one AKARI FIR band
and in both H, and H 1, while 30 H; (resp. H 1) upper limits are shown as left-pointing (resp. right-pointing) open triangles. Triangles pointing toward
the bottom-left (resp. bottom-right) show 30 H, (resp. H1) upper limits for galaxies not robustly detected in any AKARI FIR band and are formally
all global dust-to-gas mass ratio upper limits. In both panels, blue and red symbols represent respectively fast- and slow-rotating galaxies, and
the black dotted line and grey-shaded regions show respectively the relation of our Galaxy (Draine et al. 2007) and a factor-two spread around it.
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have low global Mgus/Mgas. This indicates that the Hr1envelopes
of ETGs are likely to be intrinsically poor in dust. Such dust-
deficient H1 envelopes are found in LTGs (e.g. Ferguson et al.
1998), but our data suggest that they are also likely to be present
in ETGs.

Of course, it is known that dust tightly correlates with
molecular gas (the median value of Myus/My, is 0.0075 for

FIR- and CO-detected ETGs; see, e.g., Kokusho et al. 2017 for
the ATLAS?P ETGs), indicating that dust and molecular gas are
likely to coexist. The H1 envelopes of ETGs may therefore be
poor not only in dust, but also in molecular gas (i.e. ETG dust is
related to H, only and not H1). Conversely, when dust is closely
associated with dense molecular clouds, the molecular gas may
shield the dust from the hot X-ray plasma and thus prevent its
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Fig. 5. Left: total dust masses vs. diffuse X-ray plasma luminosities, both normalised by the stellar masses, for the galaxies observed with Chandra
by Su et al. (2015). Right: SFRs vs. diffuse X-ray plasma luminosities. The symbols are as in Fig. 2, but the black stars in the right panel show

robustly detected late-type galaxies (Mineo et al. 2012).

destruction via sputtering (e.g. de Jong et al. 1990). This could
explain why many ETGs still possess a lot of dust (see Sect. 3.3).

The left panel of Fig. 4 shows the relation between the central
(as opposed to global) M,/ M,,s and the central M,,, where we
adopted the My, measurements of Young et al. (2014) from the
central regions of the galaxies only (235" x45"") rather than total
measurements. This figure reveals that most of our ETGs have a
central Mgys /Mg, similar to those of LTGs, suggesting that their
cold dense ISM is also similar to that of LTGs. As metallicity is
an important factor governing star formation (via gas cooling),
this result could naturally explain why ETGs have star forma-
tion efficiencies similar to those of LTGs (Shapiro et al. 2010;
Kokusho et al. 2017).

Nevertheless, the left panel of Fig. 4 also shows a few ETGs
with central Myyq /Mg, significantly higher or lower than those
of LTGs. Davis et al. (2015) argued that external gas accretion
may cause the large Myus /My, scatter, as ETGs are expected to
generally have relatively high Mgy /M, due to secular metal
enrichment. The gas accretion histories of the ATLAS?P ETGs
were studied by Alatalo et al. (2013) through their CO distribu-
tions. They classified the CO morphologies of the 40 galaxies
with interferometric (i.e. spatially-resolved) data into six cate-
gories: mildly disrupted, strongly disrupted, disc, bar+ring, ring,
and spiral, suggesting that galaxies with disrupted CO proba-
bly acquired their molecular gas externally. We therefore colour-
coded our ETGs by their CO morphology in the right panel of
Fig. 4. Interestingly, this figure shows that the three galaxies with
the lowest central Mys/Mg,s all have mildly disrupted CO, sug-
gesting that more pristine external gas (e.g. from a lower mass
accreted galaxy) may have diluted their Mgusi/Mgas. Conversely,
the three galaxies with the highest central Mgys /Mg, all have
a CO ring (and the next two a CO disc), known to form natu-
rally through secular processes (e.g. bar-driven; Buta & Combes
1996) with no necessity for external gas accretion. Metal enrich-
ment could thus have proceeded naturally in those galaxies with
a CO ring and/or disc. This scenario should however be verified
by more sensitive, detailed, and numerous spatially resolved CO
observations of ETGs.
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4.2. Dust and diffuse X-ray plasma

The left panel of Fig. 5 shows the total dust masses (Mgys)
plotted against the diffuse X-ray plasma total luminosities (Lx)
for the 42 ATLAS3P ETGs observed with Chandra by Su et al.
(2015). We normalised both quantities by M, as the diffuse
X-ray plasma is supposed to be sustained by the gravitational
potentials of the galaxies (and therefore Lx should scale with
M, ; e.g. Forman et al. 1985). Slow-rotating ETGs tend to show
lower Mgus/M, than fast-rotating ETGs, especially at higher
Lx /M. In contrast, fast-rotating ETGs show a clear correla-
tion between Mg, /My and Lx/M, (R = 0.63 and p < 0.01
for FIR-detected fast-rotating ETGs). We again performed a cor-
relation analysis including the Mgys/M, upper limits using the
generalised Kendall’s 7 test (Isobe et al. 1986), finding p < 0.01.
The above result therefore still holds when including non-FIR-
detected fast-rotating ETGs. No correlation was found between
Mgy and Ly in the previous work of Smith et al. (2012) on
nearby ETGs, where they normalised both quantities by the
optical B-band luminosities and used Lx measured either from
Rontgen Satellite (ROSAT; O’Sullivan et al. 2001) or Chandra
(nuclei; Pellegrini 2010). However, B band does not trace stellar
masses as well as K band, and their X-ray luminosities are pos-
sibly contaminated by low-mass X-ray binaries and/or AGNs,
which may hide a relation between My, and Lx and explain the
negative result.

The right panel of Fig. 5 shows the relation between star for-
mation rate (SFR) and Ly for ATLAS?P ETGs, where the SFRs
were derived from PAH emission by Kokusho etal. (2017).
Also shown are the 21 LTGs for which Mineo et al. (2012)
measured the diffuse X-ray plasma emission in the same man-
ner as Suetal. (2015) for the ATLAS’® ETGs. The LTG
SFRs were derived from a combination of UV and FIR emis-
sion (Mineo et al. 2012). The figure shows that our sample
ETGs have systematically lower SFRs than LTGs, likely due
to their smaller cold gas fractions, while they have star forma-
tion efficiencies similar to those of LTGs (see Sect. 4.1; e.g.
Shapiro et al. 2010; Kokusho et al. 2017). The figure shows a
tight correlation between the SFRs and Lx in LTGs, where
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supernova remnants are likely the dominant X-ray source
(Mineo et al. 2012). However, fast-rotating ETGs also show a
correlation (R = 0.58 and p = 0.02 for FIR-detected fast-rotating
ETGs), suggesting that their star formation activity also con-
tributes to the X-rays. We again performed a correlation analysis
including the SFR upper limits using the generalised Kendall’s
7 test, finding p < 0.01. The above result therefore still holds
when including non-FIR-detected fast-rotating ETGs. Assuming
that My, traces the cold dense ISM, M, /M, may then be indi-
rectly related to Ly /M, via residual star formation activity.

Early-type galaxies are thought to have a bottom-heavy
stellar initial mass function (e.g. van Dokkum & Conroy 2010;
Cappellari et al. 2012; Kokusho et al. 2017), meaning that super-
nova explosions perhaps do not dominate their X-ray emission.
Another possibility is young stellar objects (YSOs), that emit
X-rays through magnetic reconnection in their stellar magne-
tospheres and circumstellar discs (e.g. Feigelson & Montmerle
1999). Using a median Lx = 10**# erg s~! from the Chamaeleon I
cloud YSOs (Feigelson et al. 1993), and the area of the star-
forming regions determined by Davis et al. (2014), we can esti-
mate the number density of YSOs in the nine ETGs for which
both X-ray and CO interferometric observations are available.
Assuming spherical star-forming regions, the median value of
the YSO number densities is estimated to be ~3 pc™3, compa-
rable to that of star-forming clouds in our Galaxy (=1pc~3;
Heiderman et al. 2010). Hence the My, /M, — Lx /M, correla-
tion in fast-rotating ETGs can be produced by their current star
formation activity, whether the X-rays originate from supernova
explosions or YSOs or both.

Our results support the current preferred evolutionary sce-
nario for ETGs (e.g. Cappellari et al. 2013a; Penoyre et al.
2017), whereby fast-rotating ETGs are thought to have evolved
from LTGs through major or minor mergers that trigger intense
star formation and associated bulge growth. Star formation
is still ongoing in some of these galaxies, producing the
Mgys /M —Lx /M, correlation shown in Fig. 5. The diffuse X-
ray plasma may have just started to grow through secular
(gas heating by stellar motions and the gravitational poten-
tials) or merger-induced (e.g. Monreal-Ibero et al. 2006) pro-
cesses. Slow-rotating ETGs are thought to have evolved from
fast-rotating ETGs via several (dry) major mergers, and to have
grown their diffuse X-ray plasma for a long time (thus destroy-
ing their cold ISM). This scenario should however be verified by
more sensitive and numerous observations of dust and X-rays in
slow-rotating ETGs.

4.3. Galaxy environment and the cold ISM

The ICM of galaxy clusters is thought to strip the cold
ISM of member galaxies through ram pressure and to pre-
vent external cold gas accretion. In addition, when galaxies
are virialised within clusters, strong galaxy interactions are less
likely due to the high-velocity dispersion across galaxies (e.g.
van Dokkum et al. 1999). Galaxy groups are an environment
intermediate between field and clusters, and most galaxy groups
are known to possess an X-ray emitting intra-group medium
(IGM; e.g. O’Sullivan et al. 2017), that can heat and/or destroy
the cold ISM of galaxies. In addition, as the velocity dispersion
across galaxies in groups is smaller than that in clusters, galaxy
mergers are more likely to occur in groups than in clusters (e.g.
Alonso et al. 2012). To investigate such environmental effects
on the cold ISM of ETGs, the top panels of Fig. 6 show the
Maust/M and global Mg,s/M, plotted against the local volume
densities of our sample galaxies, measured in a sphere centred

on each galaxy and containing the ten nearest galaxy neighbours
(both ETGs and LTGs; pjg, Cappellari et al. 2011b). The solid
line (log(p1o/Mpc?) = —0.4) divides Virgo Cluster ETGs from
group and field ETGs. Although there is much scatter, the figures
show that My,s /M is independent of galaxy environment while
the global M,,s/M, tends to be lower in Virgo Cluster ETGs
than in group and field ETGs, supporting a scenario whereby the
diffuse H1 envelopes are more easily ram pressure-stripped than
the dust (e.g. Cortese et al. 2012).

The middle panels of Fig. 6 show the global and cen-
tral Maus/Mgqs plotted against pjo, showing that the global
M gust/Mg,s is higher in Virgo Cluster ETGs than in group and
field ETGs while the central Myys /M,y is independent of galaxy
environment. To better quantify this trend, we performed a
K-S test on the global and central Mgys/Mgas, comparing Virgo
Cluster ETGs and group and field ETGs and using only those
objects detected in both dust and gas. The probability that the
two samples are drawn from the same population (pks) is 0.05
and 0.89 for the global and central Mgys/Mg,s, TESpectively,
again suggesting that the difference between Virgo Cluster ETGs
and group and field ETGs is more significant for the global
Mgyst/Mgys than the central Mgy /Mg,s. This indicates again
that the central cold dense gas is more resilient against ram
pressure stripping than the diffuse H1 envelopes, as suggested
by Youngetal. (2011) to explain the CO observations of the
ATLAS?P ETGs. Figure 6 also shows that the ETGs with the
lowest Mgysi/Mgas are in groups or the field, where removal of
the cold ISM of galaxies rarely occurs and the Mgy /Mgas may
be diluted by external gas accretion (see Sect. 4.1).

Since the cold dense ISM (H;) is more important than the
diffuse atomic gas (H1) for star formation, the above result sug-
gests that fast-rotating Virgo Cluster ETGs should form stars
analogously to group and field ETGs. As shown in the bottom
panels of Fig. 6, the Lx /Mgy of fast-rotating ETGs (a proxy for
the star formation efficiency) indeed does not correlate with pj,
nor does Lx /M, (a proxy for the specific SFR), suggesting that
cluster environments do not efficiently suppress star formation
in ETGs.

The bottom-right panel of Fig. 6 also shows that slow-
rotating ETGs generally have higher Lx/M, than fast-rotating
ETGs. However, as slow-rotating ETGs tend to have little current
star formation (e.g. Shapiro et al. 2010; Kokusho et al. 2017),
their X-ray luminosities are probably poor tracers of their SFRs
and instead likely reflect their substantial diffuse X-ray plasma.

To investigate potential environmental effects of groups
on the cold ISM of ETGs, we divide our sample ETGs at
log(p10/Mpc®) < —0.4 into group or field ETGs using the
galaxy group catalogue of Garcia (1993), which is complete to
an apparent B-band magnitude of 14 and a recession velocity
of 5500kms~!. We find that 164 ETGs (out of 202) meet these
criteria, and 107 of those belong to a galaxy group. Figure 7
is akin to Fig. 6, but for group and field ETGs only. The top
panels show that group ETGs tend to have lower My,s/M, and
M./ M, than field ETGs, although the statistical significance of
this is weak in both cases according to a K-S test using FIR- and
gas-detected ETGs (pks > 0.1). For Myus/ M, we also perform
Gehan’s generalised Wilcoxon test implemented in the ASURV
package (Feigelson & Nelson 1985; Isobe et al. 1986), including
non-FIR-detected ETGs. We find a marginal difference between
group and field ETGs (pgw = 0.03), again suggesting that group
ETGs provide a slightly harsher environment for dust, possibly
due to denser X-ray plasma. However, it is difficult to support
that suggestion from the bottom panels of Fig. 7, as the number
of X-ray detected field ETGs is very small. This trend should
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therefore be verified with more sensitive and numerous observa-
tions of both dust and X-rays.

As Gehan’s generalised Wilcoxon test cannot handle upper
and lower limits simultaneously, we cannot perform an anal-
ogous test for Mg,s/M,, the global Mgus/Mgas or the central
Mdust/ Mgas-

In each galaxy group, Garcia (1993) also identified the opti-
cally brightest galaxy, likely to be located near the centre of its
group. We indicate these with additional larger open circles in
Fig. 7. The top panels show that the optically brightest group
ETGs tend to have lower Mays /M, and Mg,/M, than other
group ETGs, suggesting that X-ray-emitting IGM is denser in
group cores than at larger radii (as expected; e.g. Ebeling et al.
1994), and therefore heating and/or destruction of cold ISM
may proceed more efficiently in galaxies located there. How-
ever, although the number of galaxies available is rather small,
the bottom-right panel of Fig. 7 shows that the optically bright-
est ETGs have Lx/M, similar to those of other group ETGs.
Again, the above trend requires verification with more sensitive
and numerous dust and X-ray observations.

A87, page 8 of 15

O3
log(p4 Mpc ™)

ies. The horizontal lines and grey-shaded regions in
the middle panels are as in Fig. 3.

5. Conclusion

We have systematically investigated the properties of the dust in
the cold and hot gas phases of the 260 ETGs from the ATLAS3P
survey, primarily relying on AKARI measurements. We found
that dust is prevalent in ETGs, with a detection rate of ~45% in
the FIR, roughly the same for fast- and slow-rotating ETGs. Using
SED fits from our previous study, we derived the dust tempera-
tures and masses of each ETG. Our sample ETGs tend to have
higher cold dust temperatures Tojq than those of LTGs, in agree-
ment with the suggestion that ETGs possess intense stellar radi-
ation fields due to their dense populations of old stars. We found
no correlation between the total dust masses My, and total stel-
lar masses M,, implying that stellar mass loss is not a signif-
icant source of dust in ETGs. Fast-rotating ETGs have higher
global dust-to-stellar mass ratios Mgyy/M, than slow-rotating
ETGs, consistent with the fact that molecular gas and current
star formation are preferentially associated with the former.

The global dust-to-gas mass ratios Mgus;/Mas 0of our sample
ETGs tend to be smaller than those of LTGs, which we have
argued is due to extended but dust-poor H1 envelopes. When
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the H1 masses My, are estimated for the central regions of the
ETGs only, however, our ETGs show central Mgus/Mas similar
to those of LTGs, suggesting that their central cold dense ISM
has metallicities similar to those of LTGs. This result may natu-
rally explain why ETGs have star formation efficiencies similar
to those of LTGs. We also found some evidence that ETGs with
disrupted CO morphologies have lower central Mgus./Myas, sug-
gesting that external gas accretion may dilute the Mgys/Mgas Of
some ETGs.

Adopting X-ray luminosities Lx that comprise the diffuse
X-ray gas only, we find that slow-rotating ETGs have lower
Maust/ M, than fast-rotating ETGs, especially at higher Lx/M,.
In contrast, fast-rotating ETGs show a correlation between
Mgyse/M, and Lx/M,, which may be caused by recent star
formation activity through supernova explosions and/or YSOs.
These results support currently favoured scenarios of ETG evo-
lution: fast-rotating ETGs still harbour star formation, while
slow-rotating ETGs have X-ray plasma-dominated ISM due to
gas heating through mergers and/or secular processes (e.g. stel-
lar motions and gravitational potentials).

We have also studied the effect of environment on the
cold ISM of ETGs. Virgo Cluster ETGs have higher global
M gyst/ Mgy than group and field ETGs, suggesting that ram pres-
sure stripping more easily affects the diffuse H1 envelopes than
the dust. Mgus/Mgas has no dependence on local galaxy den-
sity when the central Mgys /Mg, is used instead, nor does the
Lx /Mgus of fast-rotating ETGs. These results indicate that the
central cold dense gas, essential for star formation in ETGs, is
relatively resilient against ram pressure stripping. It is there-
fore possible that star formation in cluster ETGs is not easily
suppressed.
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Appendix A: Combined measurements for the
ATLAS?P galaxies

Table A.1. Combined measurements for the ATLASP galaxies.

Galaxy Twarm Tcold log Mwurm log Mcold log MHza 10g Mglobul th log Mcenlral HIC LXd
X) X) (Mo) (Mo) (Mo) (Mo) (M) (10%ergs™)

IC 0560 L ¢ 1.84+£0.17  545+0.15 <7.67

IC 0598 L ¢ 1702019 554 +0.12 <8.02 <745 <7.06

IC 0676 86320 288+0.6 330+£0.05 6.09+0.07 8.63+0.02

IC 0719 731+22 245+1.0 294+0.12 647+0.08 8.26+0.04

IC 0782 L .0 086+£0.84 5.60+0.14 <7.92

IC 1024 101.3+24 23.0+03 243005 697006 8.61+0.02 0.095f8:8§‘2‘

IC 3631 L .6 1.58+£0.26 <5.64/ <7.94 <7.71 <7.34

NGC 0448 L .4 1.15+£0.50 399 +3.34 <7.74

NGC 0474 L€ ¢ 1.54+£027  4.66+1.14 <7.68

NGC 0502 L .0 084047  3.99+4.73 <7.88

NGC 0509 L ...¢ 1.50+0.20 <532 748 +0.12

NGCO0516 L€ ...¢ 055+148 5.50+0.17 <7.82

NGC 0524 741 +3.1 21.8+05 269+0.16 6.60+0.08 7.97+0.05

NGC 0525 L€ .00 1122027 <5.51/ <7.75

NGC 0661 L€ .0 137+£033  545+0.17 <7.75 <7.37 <6.99

NGC 0680 L ¢ 185+£0.17  5.57+0.18 <7.87 9.47 7.65 + 0.05

NGC 1023 ¢ 185016 331192 <6.79 929  684+0.02 0659197

NGC 1222 83.6+13 327+0.7 4.08+0.05 6.67+0.07 9.07=+0.01

NGC 1248 L .6 143+£0.26  5.07 £0.31 <7.68

NGC1266 76307 31006 392+005 675006 9.280.01 .. 02887001

NGC 1289 773+4.1 249+08 1.78+0.28 6.24+0.09 <7.89

NGC 1665 L .0 093+141 <5.68/ <7.95

NGC2549 L .0 1.35+£0.19 <4.58/ <7.06 <6.51 <6.12

NGC 2577 548 +3.1 152+1.0 354+0.16 7.81+0.24 <7.71 <7.35 <6.96

NGC 2592 L .00 1.26+£0.28 <5.30/ <7.54 <7.18 <6.80

NGC 2679 L€ ¢ 1712019 536 +0.15 <7.87 <7.35 <6.97

NGC 2685 529+13 139+05 388+0.12 735+020 7.29+0.08 9.33 7.36 +£0.02

NGC 2699 L ...¢ 1.03+£034 475+0.39 <7.54

NGC2764 1192 +28 254+06 241+006 7.11+0.06 9.19+0.02 9.28 8.91 + 0.01

NGC 2768 L€ 0202+ 021 543+0.12  7.64 £0.07 7.81 <6.61 12493%?

NGC2824 1158+33 28.6+08 1.81+0.09 621008 8.65+0.03 7.59 7.45 +£0.08

NGC 2852 L€ .. 091040 441 +0.89 <7.68 <7.27 <6.90

NGC 2859 L€ ...¢ 1.67+£030 5.72+0.09 <7.61 8.46 <6.85

NGC 2880 792+89 18.8+0.8 1.10+£048 6.06+0.13 <7.44 <7.03 <6.65

NGC 2950 L€ 00 1442024 4321021 <7.12 <6.69 <6.31

NGC 2962 609+18 163+0.7 330+0.18 7.38+0.10 <7.85

NGC3032 1265+3.0 268+0.7 144+0.06 6.09+0.07 8.41+0.01 8.04 7.80 + 0.01

NGC 3073 L€ ...¢ 1.70+£0.17 474053 7.52+0.07 8.56 8.01 £ 0.02

NGC 3098 L .0 1.28+0.33 <5.14/ <7.47 <7.12 <6.73

NGC3156 69.6+19 21.1+1.0 214+0.18 6.03+0.11 7.67+0.09

NGC3182 1169+59 248+08 133+0.13 586=+0.10 833=+0.05 6.92 6.93 +£0.16

NGC3193 L€ .0 1.69+£035 4.60+0.94 <791 8.19 <7.07

NGC 3230 L ¢ 1.72+037 0 549 +0.18 <8.00 <7.71 <7.33

NGC3245 1119+3.1 284+05 1.78+0.07 5.89+0.07 7.27=+0.12 <7.00 <6.61

NGC 3248 L S <127/ <5.11/ <7.55 <7.22 <6.84

NGC 3301 541+14 162+0.7 385+0.14 7.10+0.15 <7.46 <7.13 <6.75

NGC3377 ¢ 1372020 3.62+1.05 <6.96 <6.52 <6.14  0.0032:0.004

NGC 3379 L .00 1.54+£0.23 <4.23/ <6.72 <6.49 <6.11 0.010+0:003

—0.0025

Notes. @Adopted from Table 1 of Young et al. (2011). @ Adopted from Table B1 of Serra et al. (2012). Y Adopted from Table 1 of Young et al.
(2014). “ Adopted from Table 3 of Su et al. (2015). ’Dust temperature not derived because the galaxy is detected in only one or no AKARI FIR
band. V3¢ upper limit as the dust mass is estimated to be 0.
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Table A.1. continued.

A&A 622, A87 (2019)

Galaxy Twarm Teod log Myam log Mg log My log M;’mbal u, logME L
(K) (K) (Mo) (M) (M) (Ms) (My) (10" ergs™)

NGC 3384 ¢ ¢ 146+023 <4.43 <711 7.25 <619 0.007:000

NGC 3400 L€ ¢ 1.07+£0.30 4.40 + 0.63 <7.63 <7.19 <6.81

NGC 3412 L€ ...¢ 0.83+£0.49 <451/ <6.96 <6.55 <6.17

NGC3414 549+15 142+06 3.82+0.13 7.30 +£0.22 <7.19 8.28 <7.70

NGC 3457 e L.¢ 095 +0.27 5.01 £0.15 <7.35 8.07 6.95 + 0.07

NGC 3489 773+19 273+06 220+0.12 549 +£0.07 7.20 +0.06 6.87 6.53 £0.03

NGC 3499 L€ ¢ 1.35+0.19 4.89 +0.17 <7.62 6.81 6.77 £0.14

NGC 3522 ¢ L€ <0.29f 5.01 £0.21 <7.28 8.47 <7.48

NGC 3530 ¢ ¢ 1.02+0.35 5.07 £0.18 <7.78 <7.37 <6.98

NGC 3595 ¢ ¢ 0.90+0.73 573 £0.12 <7.84 <7.43 <7.04 ..

NGC 3599 ¢ 180£016 527012 736+008 <7.03 <664 00154001

NGC3607 1020+54 268+05 1.76+0.17 6.12 +0.07 8.42 +0.05 <6.92 <6.53 0.746f8:(1)22

NGC 3608 ¢ ¢ 1.55+£029 242 +106.66 <7.58 7.16 <6.53 03581’8:8;3

NGC 3610 ¢ ¢ 177 £0.17 348 £5.17 <7.40 <7.02 <6.63

NGC3613 L ...¢ 1.37£0.60 <5.30/ <7.66 <7.28 <6.90

NGC3619 117574 40112 1.18+0.16 488 +0.08 8.28 +0.05 9.00 8.25 £ 0.01

NGC 3626 84.0+15 252+05 2.62+0.08 6.26 £0.07 8.21 +0.04 8.94 7.80 £ 0.02

NGC 3630 ¢ ¢ 127 +£0.30 4.56 = 0.85 <7.60

NGC 3640 ¢ ¢ 214 +0.20 <5.14/f <7.59 .. ..

NGC 3648 L€ ¢ 144 +£0.25 <5.257 <7.77 <7.38 <6.99

NGC 3658 L ...¢0 1.87+£0.19 529 +£0.17 <7.82 <7.42 <7.04

NGC 3665 97.1+32 239+05 242+0.11 6.93 +£0.07 891 +0.02 <7.43 <7.05 1.919:'832;

NGC 3674 e L€ <1.59f <5.22f <7.78 <7.41 <7.02

NGC3694 101554 392+12 1.67+0.16 5.25 £ 0.07 <7.91 <7.49 <7.11

NGC 3757 L€ ¢ 035+£099 <4.85f <7.48 <7.10 <6.72

NGC 3796 65.7+4.1 233+12 216+0.18 543 £0.12 <7.51 <7.10 <6.72

NGC 3838 ¢ ¢ 0.89 +£0.38 5.07 £0.13 <7.53 8.38 <7.23

NGC 3941 L€ ...¢ 1.57+0.16 4.63 +0.12 <6.89 8.73 <6.17

NGC 3945 559+14 284+1.1 3.73+0.15 531 +0.13 <7.50 8.85 <6.73

NGC3998 1233+3.0 275+0.7 1.19+0.07 4.94 + 0.08 <7.06 8.45 7.42 +0.02

NGC 4026 L€ ...¢ 1.15+£040 353+ 1.16 <6.99 8.50 <7.14

NGC4036 1054 +6.6 446+1.7 147+0.17 459 +0.07 8.13+0.04 8.41 <6.80

NGC4078 L€ ¢ 1.49+£0.27 548 £0.16 <7.98 <7.64 <7.26

NGC4111 88.2+21 293+08 1.94+0.09 523+0.08 7.22+0.09 8.81 6.94 + 0.04

NGC4119 L€ ¢ 1.89+0.16 527 +0.10 7.88 +0.03 <7.10 <7.10

NGC4143 L€ ¢ 1.69£0.17 4.62 +0.16 <7.20 <6.80 <6.42

NGC4150 1202 +4.8 397+12 0.78+0.10 450+ 0.07 7.82+0.03 6.26 6.04 £ 0.06

NGC4168 L€ ¢ 1.80+0.25 5.33 £0.20 <7.74 <7.46 <7.08

NGC4179 ¢ ¢ <1.49f <4.94/ <7.28

NGC4191 e ¢ 1.60 +£0.26 5.13 £ 0.60 <7.94

NGC 4203 684+26 269+06 2.70+0.15 543 +£0.08 7.39 +0.05 9.15 7.03 +0.03 0.0391’8:8}1

NGC4215 L€ ...¢ 1.49+£0.33 <5.43f <7.83

NGC4233 559+27 18.6+08 3.57+0.17 6.79 £ 0.19 <7.89

NGC 4249 ¢ ¢ 0.11 +3.87 <5.42/ <7.97 .. ..

NGC4251 ¢ ¢ 1.73+£0.20 4.13 +0.56 <7.11 <6.97 <6.58

NGC 4255 ¢ ¢ 0.67+x1.24 4.65 +0.70 <7.78

NGC 4259 ¢ ¢ 0.67+0.26 5.44 +£0.28 <7.97 ..

NGC 4261 ¢ ¢ 2512016  540+020 <7.68 . L 42617003

NGC 4262 ¢ ¢ 097 +£041 4.21 +£0.56 <7.07 8.69 <7.02

NGC 4264 ¢ ¢ 1.38+0.29 5.54 £0.19 <7.94

NGC 4267 L€ ¢ 1.34+£0.26 3.85 +1.60 <7.16 <7.17 <7.17

NGC 4268 592 +40 184+06 2.76+0.29 6.72 £0.12 <7.83

NGC4270 L ...¢ 1.27+0.61 <5.457 <7.79

NGC4278 60.7+14 29710 3.19+0.15 5.11 £0.10 <7.45 8.80 6.06 + 0.09 0.088f8:8%

NGC4281 L€ .. 226+0.15 5.60 +0.11 <7.88

NGC 4283 ¢ ¢ 1.08 +£0.20 447 +0.22 7.10+0.09 <6.36 <5.97

A87, page 12 of 15



T. Kokusho et al.: Dust properties of the ATLAS?P early-type galaxies with AKARI

Table A.1. continued.

Galaxy Twarm Teod log Myam log Mg log My log M;’bbal w logMe L
(K) (K) (Mo) (M) (M) (Ms) (My) (10" ergs™)

NGC4324 86.3+29 146+04 1.73+0.14 7.16 £0.10 7.69 +0.05

NGC4339 L ¢ 1.12+£0.35 4.61 +0.40 <7.15

NGC 4340 ¢ ¢ 1.22+0.34 475 +0.21 <7.33 <7.03 <6.65 ..

NGC 4342 ¢ ¢ 058035 <477 <7.24 . . 0.055%0%07

NGC 4346 L€ ¢ 1.35+0.17 <4.67/ <7.12 <6.66 <6.27

NGC 4350 585+19 279+09 3.08+0.16 5.10 £ 0.10 <7.18 <6.88 <6.50 ..

NGC 4365 K 219020 <5.04/ <7.62 N . 05441001

NGC4371 e ¢ 1571022 <5.00/ <7.29 <7.10 <7.10 ..

NGC4374 98.1+44 234+10 1.81+0.14 5.88 +0.10 <7.23 <7.26 <6.88 5.423f8:§§‘1‘

NGC4377 544 +31 16704 250+0.32 6.67 £0.10 <7.26 <7.16 <7.16

NGC4379 L€ ¢ 072+£044 4.89 +0.18 <7.19 <7.04 <7.04 ..

NGC 4382 ¢ ¢ 229+0.18 <5.10/ <7.39 <6.97 <659 1378702

NGC 4406 ¢ ¢ 193+0.26 <5.19/ <7.40 8.00 <640 9.988"1%I

NGC4417 L€ ¢ 1.46+0.19 5.02+0.13 <7.22

NGC 4425 L ¢ 0.62+£0.62 <5.10/ <7.20 <6.71 <6.33

NGC 4429 71.1+16 244+06 3.00+0.12 6.23 £0.08 8.05 +0.03 <7.12 <7.12

NGC4434 L€ ¢ 087+047 4.74 + 0.38 <7.60 .. ..

NGC 4435 76.7+1.7 19.7+04 257+0.13 6.81 +0.08 7.87 +0.04 <7.23 <7.23 ..

NGC 4458 L ...¢ 034099 3.22 +£6.39 <7.31 <6.91 <6.53 0‘004:'8:8(1)2

NGC4459 908435 267+13 204011 609+0.13 824 +0.02 <6.91 <653 0.181%0018

NGC 4461 L€ ¢ 1.14 +£0.33 <4.647 <7.20 <7.33 <7.33 ..

NGC 4472 ¢ ¢ 240+0.18 2.58+4568 <7.25 - L 16.096708%

NGC 4474 e ¢ 113+£0.23 <4.73/ <7.16 <7.08 <7.09

NGC 4476 1239 +4.1 350+08 0.62+0.13 492 +0.08 8.05+0.04 .. .. ..

NGC4477  81.1+39 286+16 193£017 5344014 7.54 006 <6.95 <656 07407097

NGC 4478 e ¢ 133+024 <5.01/ <7.28

NGC 4483 654+97 205+08 1.64+047 5.70 £0.12 <7.20

NGC 4486 L€ ¢ 259+0.13 5.00 £0.17 <7.17

NGC 4489 L€ ¢ 056 +042 4.43 +0.40 <7.15 <6.74 <6.35 ..

NGC 4494 ¢ ¢ 1.78 £0.20 470 £ 0.18 <7.25 <6.84 <6.46 0.014f8:8{i

NGC4503 ¢ ¢ 136 +0.26 <5.30/ <7.22 <7.14 <7.15

NGC4521 L ...¢ 2.16+0.16 5.70 £ 0.11 <7.97 7.75 <7.18

NGC4526 102.1 £23 253+0.6 2.02+0.09 6.63 +£0.06 8.59 +0.01 .. .. 0.506f8:%8g

NGC 4528 L€ ¢ 099 £0.31 496 +0.14 <7.15 <7.18 <7.19

NGC 4546 ¢ ¢ 1.69+0.19 494 +0.13 <6.97 .. ..

NGC 4550 ¢ ¢ 1.02+0.32 4.84 +0.20 <7.24 <6.89 <6.50

NGC4551 LLLe ¢ 0.87+0.36 <5.01/ <7.24 <7.39 <7.39 ...

NGC4552  66.1+47 242+17 275£021 517 £0.15 <7.28 <6.87 <648 22070110

NGC 4564 K ¢ 126+031 <501 <7.25 <691 <653 0.00570008

NGC4570 ¢ ¢ 1.65+0.23 4.86 +0.31 <7.47

NGC4578 e ...¢ 143 +£0.25 425+ 0.64 <7.20 .. .. ..

NGC 4596 63.8+26 38.1+21 272+024 474 +£0.08 7.31 +£0.09 <7.13 <7.13 0.098fg:8§8

NGC 4608 L ¢ 1.09+£042 <4.82/ <7.30 <7.22 <7.22

NGC4612 e ¢ 1.26+0.24 <4.747 <7.20

NGC4621 1174 +£102 223+0.7 0.71 £0.21 5.69 +0.10 <7.13 <6.86 <6.48 0.053f8:(1)gz

NGC 4623 ¢ ¢ 1.38+£0.19 3.65 +£2.29 <7.21

NGC4624 ¢ ¢ 1.65+0.29 <5.03/ <7.30 ..

NGC 4636 ¢ ¢ 200£019 516+0.14 <6.87 . 20.028+0300

NGC 4638 e ¢ 1.10+0.55 4.02 £ 1.41 <7.30 <7.12 <7.13

NGC 4643 583+1.8 24.0+07 353+0.16 593 +0.10 7.27+0.12 .. ..

NGC 4660 L ¢ 142 +0.17 <4.78f <7.19 <6.88 <6.50

NGC 4684 790+1.8 264+10 2.62+0.08 546 £0.09 7.21 £0.11

NGC 4690 e ¢ 1.42+031 5.51 £0.19 <8.01

NGC 4694 594+£22 27.6+08 353+0.16 571 £0.09 8.01 +0.03 8.21 7.13 £0.02 ..

NGC4710  81.0+15 267405 292007 648+006 872+ 001 6.84  671+008 00870013

NGC4733 e .9 0.87+0.30 <4.58/ <7.28 <7.12 <7.12

NGC4753 115743 26.1 +1.1 1.86 = 0.11 6.68 +0.16 8.55 +0.03
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Table A.1. continued.

A&A 622, A87 (2019)

Galaxy Twarm Teod log Myam log M1 log My log M;’lobal a logMS L
(K) (K) (Mo) (Mo) (Mo) (Mo) (My) (10" ergs™)

NGC4754 ¢ L€ 1.57 £0.26 <4.78f <7.18 <7.18 <7.18

NGC4762 ¢ L€ 1.78 £ 0.37 <5.08f <7.48 <7.40 <7.41

NGC 4803 ¢ L€ <1547 552+0.14 <7.98 .. ..

NGC5103 ¢ L€ 096 +040 3.81 +1.64 <7.58 8.57 7.30 £ 0.04

NGC5173 ¢ L€ 211 +0.17 5.82+0.09 828 +0.06 9.33 8.45 +0.01

NGC5198 ¢ L€ 1.74 £ 0.26 <5.46/ <7.89 8.49 <6.98

NGC 5273 ¢ L€ 207 +0.15 528 +0.10 7.31=+0.07 <6.81 <6.42

NGC 5308 e L€ 1.64 £0.35 5.05+0.20 <7.88 <7.63 <7.24

NGC 5322 549+1.7 335+21 417 +0.15 5.03+0.20 <7.76 <7.34 <6.96

NGC 5353 622+20 257+09 3.57+0.16 6.09 +£0.10 <8.12 <7.45 <7.07

NGC 5355 L€ L€ 1.53+£021 4.39+1.53 <7.94 <7.50 <7.11

NGC 5358 ¢ L€ 0.73 £0.67 5.30+0.22 <7.92 <7.52 <7.13

NGC 5379 ¢ L€ 227+0.15 537+0.16 833+0.04 <7.36 <6.97 ..

NGC 5422 . © 166+023 487+031 <178 787 743005 00170014

NGC 5473 ¢ L€ 196 +£0.18 5.17 +£0.19 <7.85 <7.40 <7.02

NGC 5475 L€ e 1.57+0.19 5.75+0.19 <7.72 <7.28 <6.89

NGC 5485 694 +43 247 +3.1 243 +£021 5.64+0.10 <7.60 <7.17 <6.79

NGC 5493 L L€ 2.00+021 5.01 £0.68 <7.98 .. ..

NGC 5500 ¢ L€ 097 £0.26 <5.04f <7.82 <7.36 <6.97

NGC 5557 ¢ L€ 2.03 £0.25 <5.23/ <7.92 8.57 <7.16

NGC5574 ¢ L€ 1.38 = 0.19 <5.08f <7.51 ..

NGC 5576 ¢ © 170024 493+022 <7.60 . 00367002

NGC 5582 e e 1.15+0.33 4.64 +0.41 <7.67 9.65 <6.88 ..

NGC 5631 496+12 21.2+15 421 +£0.13 572 +0.38 <7.68 8.89 7.54 +0.03

NGC 5638 ¢ L€ 1.69 £0.21 5.03 +£0.20 <7.60 .. ..

NGC 5687 L€ L€ 143 £0.24 <5.15/ <7.64 <7.32 <6.94

NGC5770 ¢ L€ 0.90 + 0.31 <4.69f <7.34 ..

NGC 5813 ¢ L€ 208024 551+0.18 <7.69 68.8701’1:322

NGC 5831 e e 1.64 £021 5.10+0.19 <7.85

NGC 5838 85.7+5.1 229+0.7 2.10+0.14 6.25 +0.08 <7.56

NGC 5839 ¢ e 1.06 £ 028 4.73+0.24 <7.38

NGC 5845 ¢ L€ 1.38 + 0.20 <5.59f <7.50 ..

NGC 5846 ¢ © 0 206£022 526018 <778 28,2607 1170

NGC 5854 ¢ L€ 1.70+£0.18 5.13+0.23 <7.60

NGC 5864 L e 1.66 + 0.22 <5.36/ <7.74

NGC 5866 1203 +2.8 257+0.6 1.37+0.07 6.44+0.06 8.47 +0.01 6.96 6.67 + 0.06 0.473t8:?gz

NGC 5869 ¢ LLE 141 £0.24 <5.09/ <7.63

NGC6010 L e 1.66 + 0.25 <5.40/ <7.78

NGCo6014 748+19 259+0.8 344 +£0.09 6.39+0.08 8.77+0.02

NGC6017 ¢ L€ 1.92+0.14 5.34+0.17 <7.73

NGC6149 ¢ L€ 1.58 £ 024 5.67 +0.11 <7.90 <7.56 <7.18

NGC 6278 ¢ L€ 201 +£0.19 5.83+0.11 <7.98 <7.67 <7.28

NGC 6547 ¢ L€ 1.35+046 5.56 +0.20 <8.00 <7.63 <7.25

NGC 6548 ¢ L€ 1.64 +0.20 <5.13/ <7.58 <7.12 <6.74

NGC 6703 ¢ L€ 1.68 +0.25 5.14+0.17 <7.62 <7.18 <6.80

NGC 6798 ¢ L€ 203+0.17 4.15+291 7.83+0.10 9.38 8.10 = 0.02

NGC 7280 ¢ L€ 1.57+021 5.00+0.18 <7.49 7.92 7.25 +£0.05

NGC 7332 ¢ L€ 1.89 +0.16 4.84 +0.28 <7.41 6.62 <6.70 ..

NGC 7457 ¢ 101£031 381059 <6.96 <6.61 <622 0.003%00%

NGC 7465 984 +17 246+04 268 +005 6.90+0.06 8.79+0.02 9.98 8.64 + 0.01

NGC 7693 ¢ L€ <142 539+0.19 <7.86

NGC7710 e L€ 0.82+0.67 5.22+0.26 <7.80

PGC 016060 759+19 272+14 254 +£0.15 6.08+0.09 8.26=+0.06

PGC 028887 ¢ L€ <1.60f 562 +0.15 <8.03 7.65 <7.29

PGC 035754 ¢ L€ <1.39/ <5.31/ <7.90 <7.58 <7.20

PGC 044433 ¢ L€ <1.63/ <5.61/ <7.98 <7.66 <7.28

PGC 050395 ¢ ¢ =058 +£1.67 4.69+0.60 <7.87 <7.51 <7.13
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T. Kokusho et al.: Dust properties of the ATLAS?P early-type galaxies with AKARI

Table A.1. continued.

Galaxy Twarm Tcnld IOg Mwarm 10g Mcnld log Mﬁz lOg Mglobal Hi lOg Mgemral Hi L;j(
(X) (X) (Mo) (Mo) (Mo) (Mo) (Mo)  (10%ergs™)

PGC 051753 L€ 000192239 474 +£0.75 <7.92 <7.52 <7.13

PGC 054452 ¢ ¢ 082+042 5.05+0.20 <7.73

PGC 056772 98.0+20 31.1+0.7 245+0.07 597+0.07 819=+0.05
PGC 058114 1002+1.8 257+04 257+0.05 648+0.07 8.60+0.02
PGC 061468 635+1.6 231+1.1 293+0.16 6.01+0.12 8.00=+0.07 <7.54 <7.15

PGC 071531 e L6 <0.43/ <5.40/ <7.65 <7.37 <6.98
UGC 03960 e .9 073+£073 531022 <7.81 7.79 7.06 +0.11
UGC 04551 e e <1477 4.85+031 <7.62 <7.25 <6.87
UGC 05408 1003 +22 31.1+15 270+0.06 6.04+0.07 8.32+0.06 8.52 8.33 £0.02
UGC 06062 L ¢ 1.58+0.22 <5.50/ <7.93 . ..
UGC 06176 822+15 301+06 334+006 620+0.08 8.58=+0.04 9.02 8.40 £ 0.02
UGC 08876 e L€ <143/ 525+021 <7.80 <7.43 <7.05
UGC 09519 L ...¢ 150+£0.12 5.06+0.09 8.77+0.01 9.27 7.75 + 0.02
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