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ABSTRACT

Context. Although heavily obscured active galactic nuclei (AGNs) have been found by many observational studies, the properties
of the surrounding dust are poorly understood. Using AKARI/IRC spectroscopy, we discovered a new heavily obscured AGN in
LEDA 1712304 which shows a deep spectral absorption feature due to silicate dust.
Aims. We study the infrared (IR) spectral properties of circumnuclear silicate dust in LEDA 1712304.
Methods. We performed IR spectral fitting, considering silicate dust properties such as composition, porosity, size, and crystallinity.
Spectral energy distribution fitting was also performed on the flux densities in the UV to submillimeter range to investigate the global
spectral properties.
Results. The best-fit model indicates 0.1 µm-sized porous amorphous olivine (Mg2xFe2−2xSiO4; x = 0.4) with 4% crystalline pyrox-
ene. The optical depth is τsil ∼ 2.3, while the total IR luminosity and stellar mass are estimated to be LIR = (5 ± 1) × 1010 L� and
Mstar = (2.7 ± 0.8) × 109 M�, respectively. In such low LIR and Mstar ranges, there are few galaxies that show such a large τsil.
Conclusion. The silicate dust in the AGN torus of LEDA 1712304 has properties that are notably similar to those in other AGNs
overall, but slightly different in the wing shape of the absorption profile. The porosity of the silicate dust suggests dust coagulation or
processing in the circumnuclear environments, while the crystallinity suggests that the silicate dust is relatively fresh.
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1. Introduction

Dust plays an important role in probing the activity of
active galactic nuclei (AGNs). The AGN unified model (e.g.,
Antonucci 1993; Urry & Padovani 1995) states that a supermas-
sive black hole (SMBH) and its accretion disk are enshrouded
by an optically thick dusty torus that has an axisymmetric struc-
ture, which explains the difference in the optical line profiles.
Heavily obscured AGNs that show almost no optical sign of
AGN activities have been found by many observational studies
(e.g., Sanders & Mirabel 1996; Lutz et al. 1998; Dey et al. 2008;
Imanishi et al. 2008; Oyabu et al. 2011). Due to the presence of
thick dust layers around the AGN core, the UV and optical emis-
sion from the AGN accretion disk is strongly suppressed, and
thus AGN identification on the basis of the optical line ratios
encounters difficulty for the heavily obscured AGNs. Infrared
(IR) observations can identify AGNs without undergoing severe
dust extinction. For heavily obscured AGNs, the near- to mid-IR
range is dominated by the hot dust emission heated by AGNs,
where the spectra show power-law continua. While the presence
of heavily obscured AGNs is suggested in many cases, the prop-
erties of the surrounding dust, such as size, chemical composi-
tion, and crystallinity, are poorly understood.

The spectroscopy in the near- to mid-IR range, which con-
tains various dust spectral features, is an effective way to

understand the properties of dust. In particular, the profiles of
the silicate features at around 9.7 µm (Si–O stretching mode)
and 18 µm (O–Si–O bending mode) reflect the chemical com-
position, size distribution, crystallinity, and structure of the
silicate dust. The silicate features for nearby luminous IR galax-
ies (LIRGs) and ultra-luminous IR galaxies (ULIRGs) have
been studied extensively by Spitzer/IRS (e.g., Imanishi 2009;
Stierwalt et al. 2013). In particular, many U/LIRGs have deep
silicate absorption features (e.g., Roche et al. 1986; Spoon
et al. 2007) that tend to possess heavily obscured AGNs (e.g.,
Imanishi 2009) and are likely to be at the late to final stages of
the merger (Stierwalt et al. 2013). On the other hand, the depths
of the silicate features in AGNs depend on the AGN type; type-1
Seyferts show the features in either emission or weak absorption,
while type-2 Seyferts only show those in absorption (Hao et al.
2007). As a global trend, the number of galaxies that have deep
silicate absorption features increases with the IR luminosities
of their host galaxies (Imanishi 2009). Spoon et al. (2007) sug-
gested that the difference in the silicate absorption depth depends
on the circumnuclear distribution of the dusty torus. Roche
et al. (2015) reported that the silicate absorption profiles of
NGC 4418 showed spectral variations depending on the slit aper-
ture size, which suggests the presence of extended dust emis-
sion around the nucleus. Although the main compositions of the
features are likely to be amorphous olivine, crystalline silicate
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substructures are also detected from heavily obscured ULIRG
nuclei (Spoon et al. 2006; Stierwalt et al. 2014).

In slit-less spectroscopic surveys using the InfraRed Cam-
era (IRC) on the AKARI satellite (hereafter ARARI/IRC), we
serendipitously discovered a galaxy that shows a notably deep
silicate absorption feature, but with a relatively low IR luminos-
ity. The galaxy is a local dust-obscured galaxy, LEDA 1712304
(z = 0.0645; Hwang et al. 2013). A galaxy classification of
LEDA 1712304 based on the optical line ratios is “undeter-
mined” (Hwang et al. 2013), which indicates that the dust extinc-
tion in the galaxy is too large to detect optical lines such as
[OIII] 5007. On the other hand, the galaxy is expected to pos-
sess an AGN hidden in the galactic center based on the result
of IR spectral energy distribution (SED) fitting (Hwang et al.
2013). In this paper, we study the spectral properties of sili-
cate dust in LEDA 1712304, using AKARI/IRC spectroscopic
data, as well as the photometric data in the UV to submillime-
ter range. Throughout the paper we adopt 289.7 Mpc for the
distance to the galaxy, assuming the cosmological parameters
H0 = 70 km s−1 Mpc−1, ΩΛ = 0.7, and Ωm = 0.3.

2. Observations

2.1. AKARI IR spectroscopy

LEDA 1712304 was detected serendipitously within the field
of view of slit-less spectroscopy at 2.5–12.5 µm using the IRC
(Onaka et al. 2007) on board the AKARI satellite (Murakami
et al. 2007), whose mid-IR spectrum is found in the catalog
of Yamagishi et al. (2019). The primary target was IC 860
and the observation was carried out on July 28, 2007, with
the IRC spectroscopic mode of the astronomical observa-
tion template 04 (AOT04) in the framework of the mission
program AGNUL (Evolution of ULIRGs and AGNs; PI:
T. Nakagawa). In this study, the near-IR spectrum is com-
bined with the mid-IR spectra to create the 2.5–12.5 µm of
LEDA 1712304, where three spectroscopic modules were used;
the NIR prism (NP) and the two MIR-S grisms (SG1, SG2) cov-
ering the wavelength ranges of 1.8–5.5 µm, 4.6–9.2 µm, and 7.2–
13.4 µm, respectively. The wavelength resolution, R (= λ/δλ),
is typically 19 at 3.5 µm, 53 at 6.6 µm, and 50 at 10.6 µm for
NP, SG1, and SG2, respectively (Ohyama et al. 2007). Since
LEDA 1712304 was observed with the slit-less spectroscopy,
the spectrum does not need to be corrected for the slit loss. The
spectra are processed with a data reduction package: IRC Spec-
troscopy Toolkit Version 20181203. To extract the spectrum, we
applied the aperture sizes of 5 pixels (7.3′′), 7 pixels (16.4′′), and
7 pixels (16.4′′) for NP, SG1, and SG2, respectively. The NP and
SG spectra were calibrated on the basis of the AKARI 3.2 µm
and 9 µm photometric flux densities, respectively. We did not use
the spectral regions of 2.0–2.5 µm and 5.0–5.5 µm, which corre-
spond to the edges of the NP spectral coverage, since systematic
errors are relatively large in those regions.

2.2. Multiwavelength photometric data

In order to investigate the global spectral properties of
LEDA 1712304, we conducted aperture photometry of the mul-
tiwavelength image data taken not only with AKARI, but also
with Spitzer (Fazio et al. 2004; Rieke et al. 2004) and Herschel
(Poglitsch et al. 2010; Griffin et al. 2010). The Spitzer and
Herschel image data were retrieved from the Spitzer Heritage
Archive through the NASA/IPAC IR Science Archive (IRSA)
and the ESA Herschel science archive, respectively. We applied

Table 1. Summary of the aperture radii used for the photometry and the
flux densities.

Instrument Aperture radius (′′) (a) Flux density (mJy)

GALEX NUV – 0.003 ± 0.001 (b)

SDSS u – 0.043 ± 0.005 (b)

SDSS g – 0.168 ± 0.003 (b)

SDSS r – 0.347 ± 0.003 (b)

SDSS i – 0.483 ± 0.004 (b)

SDSS z – 0.59 ± 0.02 (b)

SIRIUS J 12.7 0.90 ± 0.03
SIRIUS H 12.0 1.09 ± 0.03
SIRIUS Ks 12.3 0.90 ± 0.05
IRC 3.2 µm 4.26 2.57 ± 0.06
WISE 3.4 µm – 2.73 ± 0.06 (c)

IRAC 3.6 µm 7.06 4.16 ± 0.08
IRAC 4.5 µm 7.32 8.65 ± 0.18
WISE 4.6 µm – 11.9 ± 0.2 (c)

IRAC 5.8 µm 8.00 28.8 ± 0.6
IRAC 8.0 µm 8.43 45.3 ± 0.9
IRC 9 µm – 29 ± 2 (d)

WISE 12 µm – 23.7 ± 0.4 (c)

WISE 22 µm – 50 ± 2 (c)

MIPS 24 µm 12.6 50 ± 2
PACS 70 µm 11.5 (1.8 ± 0.2) × 102

PACS 100 µm 14.3 (3.0 ± 0.3) × 102

PACS 160 µm 24.0 <140
SPIRE 250 µm 37.4 (5 ± 1) × 101

SPIRE 350 µm 50.9 (4 ± 1) × 101

Notes. (a)The aperture radii Rap correspond to 3, 10, and 5×RFWHM/2.35
for SIRIUS, IRAC, and the other image data, respectively, where RFWHM
is the full width at half maximum (FWHM) of the point spread function.
References. (b)Hwang et al. (2013). (c)Cutri et al. (2013). (d)Yamagishi
et al. (2019).

photometric apertures, Rap, in Table 1, and sky backgrounds
were determined in the annuli of inner radii 1.2Rap and outer
radii 2Rap. We also applied appropriate aperture corrections
to the photometric results as mentioned in each of the hand-
books. Table 1 summarizes the results of the aperture photom-
etry. LEDA 1712304 was not detected in the Herschel 160 µm
band with the signal-to-noise ratio (S/N) > 3.

We also observed LEDA 1712304 with the Simultaneous
Infrared Imager for Unbiased Survey (SIRIUS; Nagashima et al.
1999; Nagayama et al. 2003) on the Infrared Survey Facility
(IRSF) at the South African Astronomical Observatory. SIRIUS
has a large field of view (7′×7′) and enables simultaneous imag-
ing in the J, H, and Ks bands. The observation was performed on
June 6, 2018, and the total integration time was 16.7 minutes. We
performed the flux calibration on the basis of the 2MASS Point
Source Catalog (Cutri et al. 2003). In addition, we also used the
flux densities of LEDA 1712304 taken from the UV, optical and
IR catalogs (Hwang et al. 2013; Cutri et al. 2013; Yamagishi
et al. 2019).

3. Results

3.1. IR spectral properties

Figure 1 shows the AKARI/IRC 2.5–12.5 µm spectrum of
LEDA 1712304. We detect a deep, broad absorption feature
due to silicate grains at around 10 µm. We also detect CO
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Fig. 1. Top panel: AKARI/IRC spec-
trum of LEDA 1712304 shown together
with the best-fit model (model 7; red
solid line). Bottom panel: close-up view
of the fitting results of the 10 µm
silicate absorption feature with vari-
ous spectral models and the residuals
normalized by the errors. Black, pur-
ple, blue, green, orange, brown and
red solid lines show the astronomical
silicate (model 1), amorphous olivine
(Mg2xFe2−2xSiO4, x = 0.5; model 2),
amorphous olivine (x = 0.4; model 3),
a combination of the amorphous olivine
(x = 0.5) absorption and absorption-
free emission component (model 4), the
porous amorphous olivine (x = 0.4;
model 5), the 1 µm-sized amorphous
olivine (x = 0.4; model 6) and a mix-
ture of the porous amorphous olivine
(x = 0.4) and the crystalline pyroxene
(model 7), respectively.

ro-vibrational absorption features at around 4.7 µm. Any other
spectral features, such as those due to CO2 ice at 4.27 µm,
H2O ice at 3.05 and 6.02 µm, and polycyclic aromatic hydro-
carbon (PAH) features at 3.3, 6.2, 7.7, and 11.3 µm, are not
detected significantly. The spectrum also shows a steep near-
to mid-IR slope, which is likely to indicate that the contin-
uum is dominated by thermal emission of hot dust heated
by AGN. According to the AKARI near-IR AGN diagnos-
tics in Inami et al. (2018), LEDA 1712304 is indeed classi-
fied as AGN-dominated galaxy; for AGNs, the near-IR flux
density ratio, Fν(4.3 µm)/Fν(2.8 µm), and the equivalent width
of the PAH 3.3 µm feature, EW(PAH3.3µm), are expected to
be >1.0 and <0.06 µm, respectively, while for LEDA 1712304
Fν(4.3 µm)/Fν(2.8 µm) and the 3σ upper limit of EW(PAH3.3µm)
are 7.5 ± 0.9 and 0.03 µm, respectively, which is estimated by a
Gaussian function with a local power-law continuum.

We evaluate the spectral properties through model fitting to
the 2.5–12.5 µm spectrum. In previous studies with similar AGN
modeling, Sani et al. (2008), among others, used a steep power-
law continuum to reproduce a 3–5 µm spectrum, while Armus
et al. (2007) used a hot-temperature blackbody with a cooler
amorphous silicate absorption feature for a spectral range sim-
ilar to ours. Referring to the latter, in reproducing the hot dust
continuum and the deep spectral absorption feature we assume
a two-layer configuration for a dusty AGN torus, which is

composed of a hot emitting inner layer and a warm absorbing
outer layer. The hot emitting inner layer represents an optically
thick hot dust layer that enshrouds the AGN core, while the warm
absorbing outer layer represents a warm dust layer enveloping the
hot inner layer. Hence the fitting function is described as

Iν = C1exp(−Ndustπa2Qabs,ν − τCO)Bν(Th), (1)

where Ndust, a, Qabs,ν, τCO, and Bν(Th) are the column density,
the size, the absorption efficiency of silicate dust in the outer
layer, the optical depth of the CO absorption feature, and the
Planck function at temperature Th of the hot dust emission from
the optically thick inner layer, respectively. The dust size, a, is
fixed at 0.1 µm, unless otherwise stated. For the CO gas absorp-
tion profile, we adopted a Gaussian function, the center of which
was fixed at 4.67 µm.

As a first step, we assume the standard astronomical sili-
cate (Draine 2003b) for the composition of dust in the absorb-
ing outer layer. The fitted model is shown by a black line in the
bottom panel of Fig. 1, while the fitting result is summarized in
Table 2. We find that the standard astronomical silicate model
does not reproduce the observed silicate absorption feature at
all; the observed peak and the feature profile are considerably
different from those predicted by the model (see bottom panel
of Fig. 1). In principle, the peak of the model feature can be
shifted toward longer wavelengths by changing either the size or
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Table 2. Summary of the results of the IR spectral fitting with various silicate dust models.

Model Composition χ2/d.o.f. (a) Porosity Th (K) Ndust (1011 cm−2)

1 Astronomical silicate 24.5 – 486 ± 2 0.573 ± 0.007
2 Amorphous olivine (x = 0.5) 6.4 – 495 ± 1 1.02 ± 0.02
3 Amorphous olivine (x = 0.4) 3.4 – 500 ± 1 0.95 ± 0.01
4 Amorphous olivine (x = 0.5) 3.1 – 494 ± 1 1.36 ± 0.04

+ absorption-free continuum
5 Porous amorphous olivine (x = 0.4) 1.6 0.3 502 ± 1 1.06 ± 0.01
6 1 µm amorphous olivine (x = 0.4) 2.7 – 552 ± 1 0.080 ± 0.001
7 96% porous amorphous olivine (x = 0.4) 1.2 0.3 493 ± 1 1.05 ± 0.01

+ 4% crystalline pyroxene (96:4)

Notes. (a)χ2 is calculated for the rest-frame spectral range of 8–12 µm. The degree of freedom (d.o.f.) is 35.

porosity of silicate dust (Laor & Draine 1993; Li et al. 2008).
However, we find that the feature profile of larger size or porous
astronomical silicate model then becomes too wide to reproduce
the observed spectrum.

It is known that silicate features closely fit the composi-
tion of amorphous olivine (Mg2xFe2−2xSiO4; x = 0.5) rather
than the astronomical silicate for heavily obscured AGNs and
Galactic center sources (Spoon et al. 2006; Kemper et al. 2004).
Hence, we test two kinds of models of amorphous olivine
(Mg2xFe2−2xSiO4; x = 0.5 and 0.4 for models 2 and 3, respec-
tively; Dorschner et al. 1995). The fitting results are listed in
Table 2; they show that model 3 fits the spectrum better than
model 2. The best-fit models of amorphous olivine (x = 0.5 and
x = 0.4) are also shown in the bottom panel of Fig. 1, where
we find that the feature profile is still not reproduced well by
either model, although the peak wavelengths show better fits to
the spectrum compared to model 1.

Model 2 does not fit the spectrum very well at the bottom of
the profile, while model 3 reproduces the bottom of the profile
fairly well. In order to improve the former discrepancy, we add
an absorption-free hot dust emission component in the model,
which raises the floor level of the feature, as pointed out by
Spoon et al. (2004). Thus, the fitting function of Eq. (1) is mod-
ified as follows:

Iν = C1exp(−Ndustπa2Qabs,ν − τCO)Bν(Th) + C2Bν(Th). (2)

The result of the spectral fitting is shown by a green line in
the bottom panel of Fig. 1 (model 4) and also in Table 2, where
we find that model 4 improves the fit around the bottom of the
profile and yet the fit is still not acceptable on the basis of the
χ2 statistics. In particular, model 4 fails to reproduce the wing of
the profile on the shorter wavelength side.

On the other hand, since model 3 predicts a feature profile
that is narrower than the observed absorption feature, we change
the porosity and size of amorphous olivine (x = 0.4) to widen the
feature profile of model 3. We calculate the absorption efficiency
of porous dust, averaging dielectric functions according to the
Maxwell Garnett theory (Bohren & Huffman 1983). Assuming
that the porosity of amorphous olivine (x = 0.4) is 30%, which is
a volume fraction of the vacuum in a dust grain, we improve the
fit to the silicate feature significantly (model 5; see the orange
line in Fig. 1), except for the residual seen at around 9.3 µm.
We also test a large-size silicate model (model 6), assuming
1 µm-sized amorphous olivine (x = 0.4), instead of the porous
amorphous olivine. We find, however, that the fit is only slightly
improved from model 3 to model 6, and thus we conclude that
the higher porosity is more favorable than the larger sizes for
silicate grains.

Fig. 2. Spectral energy distribution of LEDA 1712304. Filled squares
correspond to the observed flux densities, while a downward trian-
gle represents the 3σ upper limit. The AKARI/IRC spectral data at
2.5–12.5 µm are also included in the fitting. A red solid line shows the
best-fit model, where the stellar, hot dust, warm dust, and cold dust
components are shown by yellow, green, blue, and purple dashed lines,
respectively.

Even with model 5, we find that there are systematic resid-
uals at around 9.3 µm, which significantly degrade the fit near
the bottom of the absorption profile. Therefore, we add a crys-
talline pyroxene component (Jaeger et al. 1994) to the porous
amorphous olivine component. Hence, model 7 is a mixture of
the porous amorphous olivine (x = 0.4) and crystalline pyrox-
ene, which results in the best fit among the silicate models we
tested (see in Table 2).

3.2. Multiwavelength photometric properties

Figure 2 shows the SED of LEDA 1712304, which is created
with the flux densities listed in Table 1. We performed spec-
tral decomposition using the four SED components of stellar,
hot dust, warm dust, and cold dust emission. We confirm that
the photometric flux densities at 2.5–12.5 µm (except that of
the WISE 12 µm band because it contains the silicate feature)
are consistent with the AKARI/IRC spectrum. We used the
AKARI/IRC spectrum as well as the near- to mid-IR flux den-
sities except the WISE 12 µm flux density for the SED fitting.
As can be seen in Fig. 2, the SED shows that the UV to near-IR
continuum is dominated by notably red stellar emission. Hence,
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Table 3. Luminosities and masses of LEDA 1712304 obtained with the SED fitting.

LIR (L�) Lhot (L�) Lwarm (L�) Lcold (L�)

(5 ± 1) × 1010 (4.20 ± 0.06) × 1010 (1.8 ± 0.8) × 1010 (2.3 ± 0.6) × 1010

Mstar (M�) (a) Mdust,w (M�) Mdust,c (M�)
(2.7 ± 0.8) × 109 (1.1 ± 0.5) × 104 (1.1 ± 0.3) × 107

Notes.(a)The uncertainty corresponds to that in the adopted initial mass function (Cole et al. 2001).

in the SED fitting, we apply a stellar continuum model for an
elliptical galaxy (13 Gyr; Silva et al. 1998) and also take into
account the reddening effect, for which the dust extinction law
derived in Calzetti et al. (2000) is adopted. Since the near- to
mid-IR range is dominated by hot dust emission, we adopt the
best-fit silicate model derived from the spectral fitting (model 7)
for the hot dust component. In the far-IR range, we find that
double-temperature dust emission reproduces the SED fairly
well. For the warm and cold dust components, we assume mod-
ified blackbody emission with the emissivity power-law index
β = 2.

Based on the result of the SED fitting, we derive the stellar
mass Mstar, the IR luminosity LIR, and the dust mass Mdust, which
are listed in Table 3. The value of Mstar is estimated by assuming
the stellar-mass-to-luminosity ratio, Mstar/LKs ∼ 1 (Cole et al.
2001). The value of LIR is calculated to be (5 ± 1) × 1010 L�
by integrating the best-fit model spectrum over the wavelength
range of 8–1000 µm, which is consistent with the lower limit
estimated by Hwang et al. (2013, LIR > 3.42 × 1010L�). The
warm and cold dust emission is likely to be optically thin in the
far-IR range, and we can derive Mdust as

Mdust =
FνD2

Bν(T )κν
, (3)

where Fν, D, and κν are the flux density, the distance to the
galaxy, and the mass absorption coefficient, respectively. The
value of κν is assumed to be proportional to ν2, and we adopt
κ140 µm = 13.9 cm2 g−1 (Draine 2003a). We also calculate the
optical depth of the silicate feature τsil, following the method
defined by Imanishi et al. (2007) where an absorption-free con-
tinuum is assumed to be the power-law function determined from
the flux densities at 7.1 and 14.2 µm. As a result, τsil is estimated
to be 2.3 ± 0.2 at 9.8 µm, the wavelength of the bottom of the
absorption feature.

We also performed the SED fitting of the heavily obscured
AGN, using the Bayesian SED fitting code CIGALE (Burgarella
et al. 2005; Noll et al. 2009; Boquien et al. 2019), which includes
energy balance between the dust absorption of the stellar/AGN
emission and the dust re-emission in the mid- to far-IR, similarly
to the study by Ciesla et al. (2015). As a result, Mstar and LIR are
estimated to be 8 × 109 M� and 6 × 1010 L�, respectively. Com-
paring the result in Table 3, we find that Mstar increases while
LIR does not change. The increase in Mstar, however, does not
change our conclusion below.

4. Discussion

4.1. Comparison with other AGNs

We detect a deep (τsil ∼ 2.3) absorption feature due to silicate
grains at around 10 µm. We compared the optical depth of the
silicate feature in LEDA 1712304 with those in other AGNs in
a wide range of IR luminosities (1010 L� < LIR < 1013 L�). The

Fig. 3. Relation between the IR luminosity and the optical depth of the
silicate feature for LEDA 1712304 and other AGNs (Stierwalt et al.
2013; Imanishi et al. 2007; Imanishi 2009; Roussel et al. 2006; Wu et al.
2010). Red and black squares represent LEDA 1712304 and NGC 1377
(Roussel et al. 2006), respectively. Blue, green, and orange circles, and
green squares represent the AGN samples of Stierwalt et al. (2013),
Imanishi et al. (2007), Wu et al. (2010), and Imanishi (2009), respec-
tively. The IR luminosities obtained in each reference paper were used.
The optical depth of the silicate feature for LEDA 1712304 and the
AGN samples of Stierwalt et al. (2013), Wu et al. (2010), and Roussel
et al. (2006) were estimated using the method defined by Imanishi et al.
(2007), while the values in each reference paper were used for the other
AGNs. The differences between our estimates and those by Stierwalt
et al. (2013) are shown as blue dotted horizontal lines.

spectra of the AGNs to be compared are taken from those of
the IR galaxies observed by Spitzer/IRS (Stierwalt et al. 2013;
Imanishi et al. 2007; Imanishi 2009; Roussel et al. 2006) with
the threshold that the equivalent width of the PAH 6.2 µm fea-
ture is smaller than 0.27 µm (Stierwalt et al. 2013). In addition,
we also take AGNs with low IR luminosities (LIR < 1011 L�)
from Wu et al. (2010). Figure 3 shows the relation between
the IR luminosity and the optical depth of the silicate feature
for LEDA 1712304 and the AGNs. We estimated the optical
depths of the AGNs of Stierwalt et al. (2013), Wu et al. (2010),
and Roussel et al. (2006) by ourselves in the same manner as
was performed for LEDA 1712304 with the method defined by
Imanishi et al. (2007), the spectra of which were obtained from
the NASA/IPAC IR Science Archive (IRSA). On the other hand,
we adopted the values given in each reference paper for the
other AGNs. The blue dotted lines in Fig. 3 show the differences
between our estimates and those by Stierwalt et al. (2013), which
confirms that the differences between the different methods are
not large enough to change a global relation. Figure 3 shows that
galaxies with low IR luminosities (LIR < 1011 L�) show signif-
icantly shallow silicate absorption features, as already pointed
out by Stierwalt et al. (2013). Imanishi (2009) suggested that
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Fig. 4. Optical depth profiles of the sil-
icate features for LEDA 1712304 (red)
and the other AGNs (gray; Stierwalt et al.
2013; Imanishi et al. 2007; Imanishi 2009;
Roussel et al. 2006; Wu et al. 2010). Top
right, top, left, and bottom panels: opti-
cal depth profiles of the AGNs in the IR
luminosity ranges of 1012–1013 L�, 1011–
1012 L�, and 1010–1011 L�, respectively.
Each optical depth profile is obtained
by the absorption-free power-law contin-
uum determined from the flux densities
at 7.1 µm and 14.2 µm (Imanishi et al.
2007). The dashed lines show the posi-
tions of PAH 7.7, 8.6, and 11.3 µm, H2 S(3)
9.66 µm, and [S iv] 10.5 µm.

the number of heavily obscured AGNs that have deep silicate
absorption features (τsil > 2) increases with the IR luminosities
of the host galaxies. Therefore, LEDA 1712304 may be a rare
galaxy from the aspect of having both deep absorption feature
τsil ∼ 2.3 and low IR luminosity (5± 1)× 1010 L�. Such galaxies
have hardly been observed; an exception is NGC 1377 (Roussel
et al. 2006), as can be seen in Fig. 3. NGC 1377 is a lenticular
galaxy (de Vaucouleurs et al. 1991), the stellar mass of which is
109.3±0.1 M� (Skibba et al. 2011). The IR spectrum of NGC 1377
shows a featureless continuum except the silicate feature due to
circumnuclear dust (Imanishi 2006; Roussel et al. 2006).

The low IR luminosity reflects a relatively low star forma-
tion rate (SFR) in LEDA 1712304. We applied the cold dust
luminosity Lcold in Table 3 instead of LIR to estimate the SFR,
since LIR is likely to be contaminated with the AGN activity.
The resultant SFR is 4 M� yr−1, based on the LIR–SFR relation in
Kennicutt & Evans (2012). Hence, star formation is not active in
the host galaxy, which is also expected from the non-detection
of the PAH features and from the stellar continuum model of
an elliptical galaxy for the SED fitting. Kauffmann et al. (2003)
reported that the stellar masses of AGN host galaxies range
from 109.5 M� to 1012 M� based on the Sloan Digital Sky Survey
(SDSS), whereas LEDA 1712304 has Mstar = (2.7±0.8)×109 M�
(or 8×109 M� from the CIGALE fitting; see Sect. 3.2). There-
fore, LEDA 1712304 belongs to the population of a consider-
ably low mass class that harbors an AGN. Thus, the host galaxy
is expected to be an early-type galaxy of low mass that even so
possesses a heavily observed AGN; LEDA 1712304 is likely to
belong to a population missed in the previous observations, and
the above-mentioned NGC 1377 may be in an evolutionary stage
similar to that of LEDA 1712304.

In Fig. 4, we compare the silicate feature profile of
LEDA 1712304 with those of the other AGNs, classifying them
with LIR. Figure 4 shows that many AGNs in a lower LIR class
tend to have shallower silicate absorption features (τsil < 1),

which is consistent with the trend in Fig. 3. Figure 4 also shows
that the spectra of many AGNs, such as PAH 7.7 µm, 8.6 µm,
11.3 µm, H2 S(3) 9.66 µm, and [S iv] 10.5 µm, exhibit strong
emission features in the wavelength range containing the silicate
feature. On the other hand, LEDA 1712304 has one of the most
featureless continua except the silicate features in the AGNs, and
thus is expected to be one of the purest AGN-dominated galaxies
in the AGNs. In Fig. 5, for the purpose of investigating the differ-
ences, if any, in the absorption profile, we also show the optical
depth profiles of the silicate features for only the AGNs with
deep silicate absorption features (τsil > 2), which are normal-
ized by the optical depths averaged over the wavelength range of
9.8–10.3 µm that include no strong lines. Figure 5 shows that
the silicate absorption profiles thus normalized are notably sim-
ilar from galaxy to galaxy, although their LIR values are very
different, and yet we find that the wings of the profiles vary
on the shorter wavelength side. At around 9 µm, the wing of
LEDA 1712304 is shifted significantly toward longer wave-
lengths than those of many other AGNs, especially those with
LIR < 1012 L�, which can be explained by differences in the
compositions of amorphous olivine (e.g., the difference between
models 2 and 3, see bottom panel in Fig. 1) and/or the crys-
tallinity (the difference between models 3 and 7).

The above variations at around 9 µm could be produced by
the PAH 7.7 and 8.6 µm features filling the silicate absorption.
Since the galaxies are located at various distances, the spectro-
scopic apertures do not sample the same physical scales of the
nuclei and thus the PAH emission from host galaxies with larger
distances is expected to contaminate the spectra more strongly.
We explore this possibility in Fig. 6, where the variations at
around 9 µm are plotted as a function of the redshift. In the
figure, the contamination of the PAH features from host galax-
ies would produce a decreasing trend with the redshift. However,
Fig. 6 does not show any clear dependence on the distance and
therefore we conclude that the aperture effects with the different
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Fig. 5. Normalized optical depth pro-
files of the silicate features for LEDA
1712304 (red) and the other AGNs (gray;
Stierwalt et al. 2013; Imanishi et al. 2007;
Imanishi 2009; Roussel et al. 2006),
which have deep silicate absorption fea-
tures (τsil > 2). The normalization is per-
formed by the mean optical depths in the
wavelength range 9.8–10.3 µm, which
includes no strong lines. The dashed
lines show the positions of PAH 7.7,
8.6, and 11.3 µm, H2 S(3) 9.66 µm, and
[S iv] 10.5 µm.

Fig. 6. Difference in the normalized optical depth at around 9 µm from
that of LEDA 171304 as a function of the redshift, calculated by aver-
aging the differences at 8.9–9.1 µm. A larger value indicates a deeper
silicate feature at around 9 µm. Circles, squares, and diamonds corre-
spond to the galaxies with LIR = 1012–1013 L�, 1011–1012 L�, and 1010–
1011 L�, respectively.

distances do not make an appreciable contribution to the varia-
tions of the silicate absorption profiles.

4.2. Silicate dust properties in LEDA 1712304

Such a deep silicate absorption calls for the presence of a strong
dust temperature gradient (Imanishi et al. 2007) since both
absorber and emitter in the mid-IR are of dust origin; the absorb-
ing silicate dust is thought to be cooler dust in the outer region
of the AGN torus or interstellar dust in the host galaxy, while the
strong continuum emission at around 10 µm is attributed to hot-
ter dust close to the AGN core. Here we consider the possibility

that the absorbing dust is of interstellar origin in LEDA 1712304.
As shown in Table 2, we estimated the column density of the
absorbing dust with the spectral fitting, from which we calcu-
late the whole mass of the silicate dust assuming the size of the
galaxy, ∼ 15 kpc (SDSS DR6; Adelman-McCarthy et al. 2008)1,
as the size of the absorbing dust layer. The resultant silicate dust
mass is 9×108 M�, which is much higher than the warm and cold
dust masses in Table 3. On the other hand, assuming that the size
of the absorbing dust layer is 100 pc, typical of a circumnuclear
dusty torus, the silicate dust mass is estimated to be 4 × 104 M�,
which is reasonable when compared with the warm dust mass
in Table 3. Therefore, the absorbing silicate dust is probably not
of interstellar origin, but circumnuclear dust present in the outer
region of the AGN torus.

The silicate feature of the AGN torus dust in LEDA 1712304
has a different profile from that of astronomical silicate. The
result of the IR spectral fitting indicates that the difference in
the silicate features is attributed to the composition, the physi-
cal structure of the dust, or both. The best-fit model (model 7)
needs amorphous olivine as a dominant composition, which is
consistent with the result of Spoon et al. (2006) for heavily
obscured ULIRG nuclei. Given that the main composition of
dust in the circumstellar dust shells around late M stars is also
amorphous olivine (Roche et al. 2007), we speculate that the
grains of amorphous olivine generated in old stars may have
fallen into the galactic center, for example induced by a galaxy
interaction, which can explain a dusty torus rich in amorphous-
olivine around the AGN.

Spoon et al. (2004) suggested the presence of an unobscured
emission component to explain the flat spectrum at the bottom
of the silicate feature of a heavily obscured AGN. The model
that considers an absorption-free continuum (model 4) gives a

1 The size of LEDA 1712304 is estimated by averaging the isophotal
radii of the major and minor axes in the SDSS r-band image.
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better fit to the spectrum of LEDA 1712304 than the model that
only considers the obscured circumnuclear hot dust (model 2).
An even better result of the IR spectral fitting was obtained for
the porous amorphous olivine (models 5 and 7). The porosity of
the silicate dust may be caused by coagulations or processing
in the circumnuclear environments. The result of the IR spec-
tral fitting also suggests that the dusty torus around the AGN in
LEDA 1712304 is likely to contain crystalline silicate. Kemper
et al. (2004) reported that the crystallinity of the diffuse inter-
stellar silicate dust in our Galaxy is lower than 2.2% and the
absence of crystalline silicate is explained by an amorphiza-
tion process caused by cosmic-ray particle bombardment that
occurs on a timescale significantly shorter than the destruction
timescale. The crystallinity of silicate dust in the AGN torus
in LEDA 1712304 is ∼4% from the IR spectral fitting, which
is larger than that of the diffuse interstellar dust in our Galaxy.
Therefore, the silicate dust in the AGN torus in LEDA 1712304
is likely to be relatively fresh, possibly formed in the circumnu-
clear dense environments.

5. Conclusions

We detect a deep (τsil ∼ 2.3) absorption feature due to silicate
grains at around 10 µm in the AKARI/IRC near- to mid-IR spec-
trum of the nearby heavily obscured galaxy LEDA 1712304.
The spectrum also shows a steep near- to mid-IR slope, indi-
cating that LEDA 1712304 possesses a heavily obscured AGN.
The IR luminosity and stellar mass of LEDA 1712304, LIR =
(5 ± 1)×1010 L� and Mstar = (2.7 ± 0.8) × 109 M�, are notably
low compared with other heavily obscured AGNs that show
deep silicate absorptions. Thus, LEDA 1712304 may be a rare
galaxy showing low LIR, low Mstar, but large τsil. On the other
hand, we find that the spectral profile of the silicate feature in
LEDA 1712304 is similar to those of the other AGNs, but signifi-
cantly different in the wing on the shorter wavelength side, which
can be explained by differences in the compositions and/or the
crystallinity.

The absorbing silicate dust in LEDA 1712304 is not of inter-
stellar origin but of circumnuclear origin, since the dust mass
estimated from τsil and the size of the host galaxy is much larger
than that estimated from the far-IR emission. From the IR spec-
tral fitting, the main composition of the circumnuclear silicate
dust in LEDA 1712304 is amorphous olivine, which is consistent
with the previous studies (e.g., Spoon et al. 2006). In addition,
the best-fit model of the IR spectral fitting calls for the porosity
and the crystallinity of the silicate dust, which imply dust coag-
ulation or processing and recent dust formation, respectively, in
the circumnuclear environments.
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