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ABSTRACT

The dusty torus of Active Galactic Nuclei (AGNs) is one of the important components for the unification

theory of AGNs. The geometry and properties of the dusty torus are key factors in understanding the

nature of AGNs as well as the formation and evolution of AGNs. However, they are still under discussion.

Infrared observation is useful for understanding the dusty torus as thermal emission from hot dust with

the dust sublimation temperature (∼ 1500 K) has been observed in the infrared. We have analyzed

infrared spectroscopic data of low-redshift and high-redshift quasars, which are luminous AGNs. For the

low-redshift quasars, we constructed the spectral energy distributions (SEDs) with AKARI near-infrared

and Spitzer mid-infrared spectra and decomposed the SEDs into a power-law component from the nuclei,

silicate features, and blackbody components with different temperatures from the dusty torus. From

the decomposition, the temperature of the innermost dusty torus shows the range between 900−2000

K. For the high-redshift quasars, AKARI traced rest-frame optical and near-infrared spectra of AGNs.

Combining with WISE data, we have found that the temperature of the innermost dusty torus in high

redshift quasars is lower than that in typical quasars. The hydrogen Hα emission line from the braod

emission line region in the quasars also shows narrow full width at half maximum of 3000−4000 km s−1.

These results indicate that the dusty torus and the broad emission line region are more extended than

those of typical quasars.
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1. INTRODUCTION

An Active Galactic Nucleous (AGN) is the centeral part

of a galaxy with luminosity as high as a typical entire

galaxy. The huge luminosity from an AGN is believed

to be a result of the accretion of mass by a supermas-

sive black hole (SMBH) at the centeral part of the host

galaxy. There are gas clouds surrounding the accretion

disk and they are the origin of broad emission lines. In

addition to these components, there is a dusty torus

surrounding the SMBH, the accretion disk and the gas

clouds. The dusty torus plays important roles in the

http://pkas.kas.org

AGN. At first, it helps to develop the unified scheme.

A single type of physical object observed under differ-

ent line of sight can explain the different observational

classes of AGNs, because a dusty torus is sometimes ob-

stacle to see a central engine. The dusty torus is also a

main contributor of infrared emission and represents the

gas supply for the AGN. It is probable that the strong

radiation affects the host galaxy evolution, and thus the

presence and structure of a dusty torus might change

the radiation effect on the host galaxy.

There are many observations of dusty torii. Espe-

cially quasars, which are luminous AGN, are well ob-
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served due to their apparent brightness. Near-infrared

spectroscopic observations reveal that the temperatures

of a dusty torus is near the sublimation temperature of

silicate grains (Kobayashi et al., 1993; Glikman et al.,

2006). Spitzer observations (Mor et al., 2009; Mor &

Netzer, 2012) suggest the presence of hotter-dust com-

ponent in quasars. The hotter-dust component is asso-

ciated with graphite located closer to the central engine,

as graphite has a higher sublimation temperature than

silicate. Interferometry and reverberation mapping ob-

servations show that the innermost size of dusty torus

determined by sublimation of dust grain is smaller than

a few parsecs (Suganuma et al., 2006; Kishimoto et al.,

2011). For high-redshift quasars, observations with In-

frared Space Observatory, AKARI, and Spitzer revealed

the presence of hot dust, which indicates that the nu-

clear structures are already in place at high redshift.

Further, they pointed out that there is the remarkable

similarity in the rest frame near-infrared properties with

their lower-redshift analogs (e.g. Oyabu et al., 2001,

2007, 2009; Hines et al., 2006; Jiang et al., 2006, 2010).

However, the nature and the evolution of the dusty

torus are still not clear because the rest frame torus

emission occurs in the near- and mid-infrared (which

can be redshifted to longer wavelengths). Hence, we

performed AKARI data analysis for the study of dusty

torii in low- and high-redshift quasars to reveal the na-

ture and the evidence of their evolution.

2. SAMPLE SELECTION AND DATA ANALYSIS

2.1. Hot-dust properties of low redshift quasars

In order to investigate structure of the dust torus, we

have constructed spectral energy distributions (SEDs)

of low-redshift quasars. Our sample of the low-redshift

quasars consists of quasars observed with the AKARI

IRC and Spitzer IRS at the wavelength of 2.5−5 µm and

5.2−36 µm, respectively. While 81 quasars satisfy the

criterion, 32 quasars out of 81 are selected as high qual-

ity data.

The spectra constructed with AKARI IRC near-

infrared and Spitzer IRS mid-infrared data cover the

wavelength range between 2.5 µm and 36 µm in the ob-

served frame. In addition, the SDSS optical and 2MASS

near-infrared photometric data are combined. As a re-

sult, we have constructed spectral energy distributions

of the sample quasars in the wavelength from 0.3 µm to

36 µm. Their spectra show polycyclic aromatic hydro-

carbon (PAH) features at 3.3, 7.7, 8.6, 11.3, and 12.7

µm. We assume that the PAH features are associated

Figure 1. The spectral energy distribution of PG 1512+370.

A power-law component and blackbodies are shown by a

dotted line and dashed lines, respectively. A dot-dashed line

shows a model of silicate features.

with star-forming activities in host galaxies. Therefore,

we subtracted a spectrum template of a star-forming

galaxy, M82, from the spectra. The scaling factor of the

M82 template was adjusted to subtract the PAH 7.7

feature. Figure 1 shows a spectrum of the quasar, PG

1512+370, after the M82 template are subtracted from

the original spectra.

We fit the quasar spectra with the SED model con-

sisting of five components: a power-law continuum in

the UV/optical mainly representing emission from the

accretion disk, silicate features which is the product of

a blackbody and the silicate opacity (Laor & Draine,

1993), and three blackbodies from hot, warm, and cool

dust components. Figure 1 also shows the fitted result.

2.2. Hot-dust emission and Hα emission line in high redshift
quasars

Four luminous quasars at z=4.2−5.2, BR J0419−5716,

BR J0529−3552, SDSS J1626+2751, and BR

2237−0607, are selected as our high-redshift sam-

ple. For high-redshift quasars, AKARI near-infrared

spectra at 2.5−5 µm present the continuum emission

from an accretion disk and a hydrogen Hα emission

line from broad emission line region. In addition, we

used the 9 µm images which were taken with one of

the mid-infrared channels in the AKARI/IRC during

the near-infrared prism spectroscopy. The 9 µm image

provides the photometry around the rest-frame 1.5

µmin the spectrum. We constructed the SEDs of the

quasars, compiling the WISE photometry data of these

quasars at 3.4, 4.6, 12, and 22 µm.

Figure 2 shows an example of the SED of BR J0419-

5716 at z=4.46. The AKARI near-infrared spectrum
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Figure 2. The near-infrared spectrum and photometry data

of BR J0419-5716 at z=4.46. A solid line represents a con-

tinuum model cossist of a power-law (a dotted line) and a

Blackbody (a dashed line) components.

clearly detected the Hα emission line at an observed

wevelength of 3.59 µm and the continuum from the ac-

cretion disk. Photometric data at 9, 12, 22 µm show the

bump sharply rising at λ > 9 µm from a hot-dust com-

ponent of the dusty torus. In order to measure the dust

temperature, the model fitting to the SEDs is also per-

formed. As shown in Figure 2, in the model, we repro-

duced the continuum by two components: a power-law

continuum and a single-temperature blackbody. The

measurement of the emission line is also performed by

fitting a linear function to the local continuum and a

Gaussian function to the emission line.

3. RESULTS

3.1. The structure of innermost dusty torus in low-redshift
quasars

As a result of infrared spectral decompositions of low-

redshift quasars, we have found that the temperature of

the hot-dust component is 900−2000 K. Figure 3 shows

the dust temperature as a function of the UV luminosity

estimated from the fitting result of a power-law compo-

nent. There is no correlation between the dust temper-

atures and the UV luminosity.

Using the hot-dust temperature and the distance be-

tween the nuclear and the innermost dusty torus, we

have estimated the solid angles that the dusty torus

covers around the nuclear source. The distances be-

tween the nuclear and the dusty torus are estimated to

be 0.5-9 pc from the temperatures and the UV lumi-

nosity. Figure 4 shows the solid angles as a function of

the UV luminosity. The solid angles are small, about

0.04−1 steradians, and there is no correlation between
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Figure 3. Temperatures of hot dust as a function of UV lu-

minosity in low-redshift quasars.
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Figure 4. Solid angles of dusty torus as a function of UV

luminosity in low-redshift quasars.

the solid angles and the UV luminosity, while Hasinger

(2008) and Toba et al. (2014) have reported on the anti-

correlation of the covering factors of the dusty torus,

corresponding to the solid angles, on the X-ray and mid-

infrared luminosity of quasars, respectively. The reason

of this discrepancy is due to the luminosity difference.

We have selected more luminous quasars than Hasinger

(2008) and Toba et al. (2014). In addition, our result

of small solid angles can be explained with the large

luminosity of our sample quasars.

3.2. Dusty torus in high-redshift quasars

As a result of the SED fitting in the high-redshift

quasars, we have found that the temperatures of the

dusty torus in three quasars out of four is < 900 K.

The temperatures are lower than the typical values of

900−2000 K which are estimated in the low-redshift

quasars in this work. However, for one remaining quasar

with the temperature of the dusty torus below 1300 K,

we are not confident that the temperature of the dusty

torus is below 900 K.
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Our previous work shows that the quasar at similar

redshift, APM 08279+5255, has the hot-dust compo-

nent of 1300 K that is a typical value of quasars at low

redshift (Oyabu et al., 2009). Our high-redshift quasars

have the dusty torus of lower temperature (<900 K)

than APM 08279+5255, which simply indicates that the

dusty torus is extended farther from the nucleus than

quasars with a typical dust temperature.

In order to understand the difference of the hot-dust

temperature, the other properties of quasars are inves-

tigated. We have found that the full width at half max-

imum (FWHM) of the Hα emission line is lower than

4000 km s−1 for the high-redshift sample compared to

the 7700 km s−1 of APM 08279+5255. The fact that

the FWHMs of the Hα emission line are narrow suggests

two possibilities; one is a less massive black hole, and the

other is a large broad emission line region. By estimat-

ing the SMBH masses with the line luminosity and the

FWHMs of the Hα emission line (Greene & Ho, 2005),

the SMBH masses of our high-redshift quasar sample

and APM 08279+5255 are 2 − 7 × 109 M�, indicating

that these quasars have similar SMBH masses. There-

fore, we conclude that producing narrow FWHMs of the

Hα emission lines in the high-redshift quasars are due

to the large broad emission line region.

4. DISCUSSION

Even by considering the uncertainties three quasars in

the low-redshift sample show the hot-dust temperature

of > 1500 K, which is the sublimation temperature of

the silicate grain. AKARI spectra at the wavelength

2.5−5.0 µm are useful to reveal hot-dust temperature.

Such hot dust with the temperature higher than 1500

K is reported by the Spitzer observations of low-redshift

quasars (Mor et al., 2009; Mor & Netzer, 2012), and

they suggest that the dust composition of graphite can

be explained the dust temperature because graphite can

survive at the temperature up to 1800 K.

At least, three quasars in our high-redshift sample

have the dust temperature of < 900 K and have the

dusty torus extended beyond the typical radius between

the nucleus and the innermost dust. On the other hand,

the broad emission line region is also extended by mea-

suring the FHWMs of the Hα emission line. Combining

these results, these quasars are likely to be on the evo-

lution stage of quasars when the components of gas and

dust are gathering around the nucleus.

Figure 5 shows the hot-dust temperatures versus FH-

WMs of the Hα emission line. At low redshift, the hot-

0 2000 4000 6000 8000 10000
FWHM (km s-1)

0

500

1000

1500

2000

2500

T
d
u
s
t (

K
)

Figure 5. Dust temperature versus FWHM of Hα line. Di-

amonds and triangles indicate the low-redshift quasar and

high-redshift quasar samples, respectively. High-redshift

quasar sample consists of four quasars at z=4.2−5.2 in this

work and APM 08279+5255 from Oyabu et al. (2009).

dust temperature is almost independent of the FWHMs

of the Hα emission line, whereas the quasars with nar-

row FWHMs of the Hα emission line at high redshift

tend to have the dusty torus with the temperature lower

than those of low-redshift quasars. The quasars with

narrow FWHMs at z∼4−5 may be different from low-

redshift quasars in the hot-dust temperature. This trend

is derived from a small sample; larger samples are there-

fore needed for further statistical confirmation.
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