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Figure 3. Re-sampled (Bootstrap) correlation tests for IR emission in λ Orionis vs. AME. Each band’s rp distribution is shown in
a different color (the same color scheme for both plots). The width of the distribution indicates the error for the given data in the
correlation coefficient.

4. DISCUSSION
In λ Orionis we found that accross the whole region, A9 emission and P545 emission were the most strongly correlated

with AME. This is apparent both in the photometric band analysis, and in the dust SED fitting. The fact that the correlation
strengths of PAH-tracing mission and sub-mm emission are similar is in-line with Ysard et al. (2010) and Hensley et al.
(2016)— although these two papers are odds as to which relationship is stronger.

The results are consistent with a scenario in which PAH mass, cold dust, and the AME are all tightly correlated. Weaker
correlation from 25 to 70 µm may indicate that AME is weaker in regions of warmer dust and stronger radiation fields.
Such an anti-correlation with harsher radiation are consistent with the carriers of AME being destroyed in the central
region of λ Orionis. We cannot conclusively identify PAHs at the AME carrier, nor can we rule out nanosilicates.

Examining λ Orionis in intensity, we find that the A9 intensity correlates more strongly with AME than I12 or D12, the
other PAH-tracing bands. In fact, A9 correlates more strongly with AME than any other band. This is consistent with
the spinning PAH hypothesis, and taken alone may indicate that the 6.2 µm feature emission from charged PAHs, may be
a marginally better predictor of AME intensity. This could be consistent with PAH anions surviving in the portions of
λ Orionis which are emitting the strongest AME.

Future wide-area spectral mapping of the λ Orionis region may be able to conclusively test for increased f PAH+
in regions with stronger AME. Such studies would be strongly aided by higher resolution probing of spatial variations
in the AME spectral profile. The ionization fraction of PAHs also may be worth further investigation in the context of AME.

This research is based on observations with AKARI, a JAXA project with the participation of ESA.
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ABSTRACT
We perform a systematic study of the interstellar medium (ISM) and star formation for a large sample of local early-type

galaxies (ETGs) based on the AKARI all-sky maps. Our sample galaxies are the 260 ETGs from the ATLAS3D survey,
for which cold gas measurements (CO and H I) are available. Combining the AKARI measurements with the 2MASS and
WISE archival data, we modeled spectral energy distributions of the ETGs to derive the total dust and polycyclic aromatic
hydrocarbon luminosities, and thus total dust masses and star formation rates (SFRs). We find that the dust-to-stellar mass
ratios and the current SFRs of the ETGs are smaller than those of late-type galaxies (LTGs), showing that local ETGs
are quiescent galaxies. We also find that the current star formation efficiencies of the ETGs are similar to those of LTGs.
Our result suggests that low SFRs of local ETGs are likely caused by their smaller amounts of the cold ISM rather than a
suppression of star formation.
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1. INTRODUCTION
Early-type galaxies (ETGs), composed of lenticular and elliptical galaxies, show optical red colors, suggesting that

ETGs are dominated by old stars at the late stage of galaxy evolution (e.g., Thomas et al. 2010). The galaxy evolution
diagram predicts that late-type galaxies (LTGs) evolve into ETGs through galaxy mergers, exhausting the cold interstellar
medium (ISM) through merger-induced star formation and/or active galactic nuclei (AGN) activities (e.g., Hopkins et al.
2008). Such merger-induced processes are thought to suppress star formation in ETGs by heating and perhaps expelling
the cold ISM from a galaxy (e.g., Schawinski et al. 2006). Nevertheless recent observations detect cold dust and gas from
many ETGs (e.g., Temi et al. 2003; Smith et al. 2012; Amblard et al. 2014), indicating that ETGs still form stars contrary
to the above expectations. Hence it is crucial to investigate the ISM and star formation properties of ETGs to understand
galaxy evolution.

In the present study, we perform a systematic study of the ISM and star formation for a large sample of local ETGs using
the AKARI all-sky maps, estimating the star formation rates (SFRs) and dust masses of the ETGs. Combining the AKARI
measurement with those of cold gas (CO and H I), we discuss the ISM and star formation properties of the ETGs.

2. SAMPLE AND DATA
Our sample is the 260 local ETGs from the ATLAS3D survey (Cappellari et al. 2011). Within the framework of this

project, the sample ETGs were investigated by various observations, such as optical integral field spectroscopy, CO, and
H I observations (de Zeeuw et al. 2002; Young et al. 2011; Serra et al. 2012). Although such a diverse range of observations
was performed for the ATLAS3D ETGs so far, their infrared (IR) dust emission was not studied in detail. Accordingly,
with the AKARI mid- and far-IR all-sky maps (Doi et al. 2015; Ishihara et al., in prep.), we systematically measure IR flux
densities of the ETGs at the 9, 18, 65, 90, and 140 µm bands through aperture photometry with a circular aperture, whose
radius is determined by optical extents of each galaxy and the point spread functions of the AKARI instruments (Kokusho
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Figure 1. Left: examples of the spectral energy distributions of the sample galaxies. The best-fit stellar, PAH, warm, and cold dust
models are shown in orange, green, red, and blue, respectively. The names of CO-detected and non-CO-detected galaxies are shown in
blue and red, respectively. Right: star formation rates of the sample galaxies, plotted against their stellar masses. The galaxies with the
stellar population age of 3–7, 7–11, and 11–14 Gyr are shown in blue, green, and red, respectively. Black dotted line shows the relation
of late-type galaxies (Elbaz et al. 2007). Adapted from Kokusho et al. (2017).

Figure 2. Correlation between the surface densities of star formation rates and gas masses for CO-detected galaxies. Black dotted line
and gray shaded region show the relation of late-type galaxies and its intrinsic scatter, respectively (Kennicutt 1998). Adapted from
Kokusho et al. (2017).

et al. 2017). We robustly detect far-IR emission from 45% of the sample ETGs (i.e. signal-to-noise ratio S/N > 3 in at
least one AKARI far-IR band), showing that cold dust is prevalent in ETGs.

Combing our AKARI measurements with the 2MASS and WISE archival data, we created spectral energy distributions
(SEDs) of the sample ETGs. We then performed SED fits for each galaxy with a model composed of stellar, polycyclic
aromatic hydrocarbon (PAH), and two-temperature dust emissions. We applied a power-law model for the stellar continuum
and the Draine & Li (2007) model for the PAH emission, where a size distribution and ionized fraction of PAHs are fixed
to those typical of LTGs. For the warm and cold dust emission, we used a modified blackbody model with emissivity
power-law index of 2. The left panel of Figure 1 shows examples of the SEDs of the sample ETGs and their best-fit model,
where the names of CO-detected and non-CO-detected ETGs are shown in blue and red, respectively (Young et al. 2011).
The figure represents that CO-detected ETGs tend to show relatively strong PAH and dust emissions. Because PAHs can
be a good star formation tracer (e.g., Shipley et al. 2016), this result indicates that molecular gas in ETGs is likely to fuel
their current star formation.

3. RESULTS
The right panel of Figure 1 shows the current SFRs of the sample ETGs estimated from the best-fit PAH model, plotted

against their stellar masses derived in the ATLAS3D survey (Cappellari et al. 2013). To derive the SFRs, we calculated
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Figure 1. Left: examples of the spectral energy distributions of the sample galaxies. The best-fit stellar, PAH, warm, and cold dust
models are shown in orange, green, red, and blue, respectively. The names of CO-detected and non-CO-detected galaxies are shown in
blue and red, respectively. Right: star formation rates of the sample galaxies, plotted against their stellar masses. The galaxies with the
stellar population age of 3–7, 7–11, and 11–14 Gyr are shown in blue, green, and red, respectively. Black dotted line shows the relation
of late-type galaxies (Elbaz et al. 2007). Adapted from Kokusho et al. (2017).

Figure 2. Correlation between the surface densities of star formation rates and gas masses for CO-detected galaxies. Black dotted line
and gray shaded region show the relation of late-type galaxies and its intrinsic scatter, respectively (Kennicutt 1998). Adapted from
Kokusho et al. (2017).

et al. 2017). We robustly detect far-IR emission from 45% of the sample ETGs (i.e. signal-to-noise ratio S/N > 3 in at
least one AKARI far-IR band), showing that cold dust is prevalent in ETGs.

Combing our AKARI measurements with the 2MASS and WISE archival data, we created spectral energy distributions
(SEDs) of the sample ETGs. We then performed SED fits for each galaxy with a model composed of stellar, polycyclic
aromatic hydrocarbon (PAH), and two-temperature dust emissions. We applied a power-law model for the stellar continuum
and the Draine & Li (2007) model for the PAH emission, where a size distribution and ionized fraction of PAHs are fixed
to those typical of LTGs. For the warm and cold dust emission, we used a modified blackbody model with emissivity
power-law index of 2. The left panel of Figure 1 shows examples of the SEDs of the sample ETGs and their best-fit model,
where the names of CO-detected and non-CO-detected ETGs are shown in blue and red, respectively (Young et al. 2011).
The figure represents that CO-detected ETGs tend to show relatively strong PAH and dust emissions. Because PAHs can
be a good star formation tracer (e.g., Shipley et al. 2016), this result indicates that molecular gas in ETGs is likely to fuel
their current star formation.

3. RESULTS
The right panel of Figure 1 shows the current SFRs of the sample ETGs estimated from the best-fit PAH model, plotted

against their stellar masses derived in the ATLAS3D survey (Cappellari et al. 2013). To derive the SFRs, we calculated
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Figure 3. Star formation efficiencies of CO-detected galaxies, plotted against their stellar masses. Data points are color-coded in the
same manner as the right panel of Figure 1. Adapted from Kokusho et al. (2017).

the PAH luminosities integrating the best-fit PAH model over the wavelength range 5–1000 µm, and then we converted
the PAH luminosities to the SFRs with the method proposed by Shipley et al. (2016). The blue, green, and red points
in the figure show the ETGs with the mass-weighted stellar population age of 3–7, 7–11, and 11–14 Gyr, respectively
(McDermid et al. 2015). The black dotted line represents the correlation between current SFRs and stellar masses of local
LTGs (i.e. star fromation main sequence; Elbaz et al. 2007). The figure shows that the ETGs possess the current SFRs
systematically lower than LTGs, indicating that local ETGs are passive galaxies. The figure also shows that the current
SFRs of the ETGs gradually decrease as the stellar age increases, suggesting that ETGs gradually cease to form stars as
they evolve.

We estimate the dust masses with the best-fit dust model and the dust mass absorption coefficient described as κν ∝ ν2,
where we adopted κ140 µm = 13.9 cm2 g−1 (Draine 2003). The dust masses and the dust-to-stellar mass ratios of the sample
ETGs are estimated to be typically 105–107 M� and 10−6–10−4, respectively, which are lower than those of LTGs by two
to three orders of magnitude (e.g., Cortese et al. 2012). This result supports that local ETGs are indeed passive galaxies.

4. DISCUSSION
Figure 2 shows the so-called Kennicutt-Schmidt (KS) law, relations between the surface densities of SFRs and gas

masses for the sample ETGs. We use the gas masses and source sizes derived in the ATLAS3D survey through CO and
H I interferometry observations (Alatalo et al. 2013; Young et al. 2014; Davis et al. 2014). Considering that molecular gas
plays a crucial role in star formation, we adopted 56 CO-detected ETGs to investigate the KS law. The black dotted line
and gray shaded region show the relation of local LTGs and its intrinsic scatter, respectively (Kennicutt 1998). The figure
reveals that the sample ETGs follow the relation of LTGs, implying that the current star formation efficiencies (SFEs) of
ETGs are similar to those of LTGs. More clearly, Figure 3 shows the current SFEs of CO-detected ETGs, plotted against
their stellar masses. The data points are color-coded by the stellar population age of each galaxy. The figure demonstrates
that the current SFEs of the ETGs do not depend on either stellar mass or age, suggesting that the current star formation in
local ETGs is not suppressed, i.e. the SFEs are not lowered, by merger-induced processes. Hence the low SFRs of ETGs
are likely to be caused by their lower amounts of the cold ISM.

We also find that the sample ETGs show the dust-to-gas mass ratios similar to LTGs (Kokusho et al., in prep.). Since
the dust-to-gas mass ratio is a proxy of gas-phase metallicities (e.g., Rémy-Ruyer et al. 2013), this result suggests that
ETGs are likely to possess metal abundances similar to LTGs. Therefore, although local ETGs show smaller amounts of
the cold ISM and lower SFRs than LTGs, ETGs are likely to possess the cold ISM and star formation properties, such as
metallicities and SFEs, similar to LTGs.

5. SUMMARY
With the AKARI-all sky maps, we performed a systematic study of the ISM and star formation of the 260 local ETGs

from the ATLAS3D survey. Modeling SEDs of the sample ETGs, we derive the total dust and PAH luminosities, and thus
total dust masses and SFRs. We find that the current SFRs and the dust-to-stellar mass ratios of the ETGs are systematically
lower than those of LTGs and that the SFRs gradually decrease as the stellar population age increases, implying that local
ETGs gradually cease to form stars. We also find that the current SFEs of the ETGs are similar to those of LTGs, and the
SFEs depend on neither stellar mass nor age. Our results suggest that low SFRs of local ETGs are likely caused by their
smaller amounts of the cold ISM rather than a suppression of star formation.
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