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発表の流れ 

1.  活動銀河核(AGN)について	
  
2.  AGNトーラスのレビュー	
  (1)	
  観測編	
  
3.  AGNトーラスのレビュー	
  (2)	
  理論編	
  
4.  我々が取り組んでいる研究の紹介 



活動銀河核(AGN) 
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活動銀河核(AGN)の統一モデルの模式図 
(http://www.auger.org/news/PRagn/about_AGN.html) 

①  SMBH	
  (MBH=106-­‐9[M⦿])	
  
②  降着円盤	
  
③  ダストトーラス 

!  AGN統一モデル 

!  宇宙で最も明るい天体. 
(Lbol=1042-­‐1047	
  [erg/s]) 

!  AGNフィードバック	
  
銀河形成に大きな影響? 
Type Number	
  [Mpc-­‐3] 

Field	
  Gals. 10-­‐1 

Luminous	
  
Gals. 

10-­‐2 

Seyferts 10-­‐4 

Radio	
  Gals. 10-­‐6 

QSOs 10-­‐7 

Quasars 10-­‐9 

(Osterbrock	
  &	
  Ferland	
  2006) 



AGNの研究課題と 
トーラス研究 
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①  AGNで起こる諸現象の物理を解明する:	
  
"  Relativistic	
  jetsの発生・加速機構	
  
"  BAL	
  (broad	
  absorption	
  line)	
  outflow/UFO	
  (ultrafast	
  outflow)	
  の発生・加速機構	
  
"  Broad-­‐line	
  region	
  (BLR)の形成機構	
  
"  時間変動性の起源	
  

	
  
	
  
	
  
②  宇宙論・銀河形成論的な観点から、AGNの活動性を研究する:	
  

"  AGN	
  feedback	
  (radiative/kinetic-­‐modes)の母銀河の星間ガスへの影響	
  
"  AGNへの質量供給機構	
  (銀河合体,	
  secular	
  evolution,	
  etc.)	
  
"  AGNの環境依存性	
  (AGN	
  clustering	
  解析)	
  
"  AGNのduty	
  cycle	
  	
  
"  SMBHのseed形成	
  (high-­‐z	
  QSOsとの関係で)	
  

# AGNの研究課題 

MBH-­‐Mbulge/σ★関係や銀河形成と関係	
  

降着円盤理論 
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# AGNトーラスの研究課題 
①  AGNトーラスと降着円盤・母銀河の関係性	
  

"  AGNの活動性との関係	
  
"  ガス供給過程において、トーラスはどのような役割を果たすのか？	
  

②  AGNトーラス構造	
  
"  トーラスのサイズは？	
  
"  トーラスのスケールハイトは何によって支えられているのか？	
  
"  トーラス内部の物理状態 (密度・温度構造、運動状態、化学組成)	
  は？	
  

	
  

③  AGN統一モデルの検証・改良作業	
  
"  観測者の視線の違いだけでI型/II型を説明するのは正しいか？、という疑問はトー

ラスの理解を深めるのにつながる.	
  

以下では、観測的にトーラスについてどこまで我々がわかっているかを外観し、	
  
その後、トーラスの理論的研究の紹介を行う. 

トーラスの性質・進化を考える上での基本的な情報. 



AGNトーラスのスケールハイト 
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!  AGNトーラスのスケールハイトがどの程度であるのかは、観測的にはI型AGNとII型AGNの比を正確
に求めることで導出しうる.	
  	
  

	
  
!  初期の研究は可視光観測で広輝線の有無でI型/II型に分けて比を求めてきたが、最近では可視光観

測に加え、X線や中間赤外線データを併用する研究が多い.	
  

II型AGNの割合 θ 

0.1 84.3° 

0.2 78.5° 

0.3 72.5° 

0.4 66.4° 

0.5 60° 

0.6 53.1° 

0.7 45.6° 

0.8 36.9° 

0.9 25.8° 

2 M E T H O D

2.1 The receding torus model

The receding torus model, as proposed by Lawrence (1991) and

illustrated in Fig. 1, is fairly simple. Dust evaporates at a tempera-

ture of about 1500 K, and cannot survive closer to the nucleus than

the radius where the temperature of the nuclear radiation field is

hotter than this. All quasars display a near-infrared bump longward

of 1 !m that is believed to be caused by thermal emission from dust,

and the constancy of wavelength at which this bump appears

indicates that dust is always present at the hottest possible tem-

peratures. The inner radius of the torus is therefore determined by

the radius at which dust evaporates, which scales as r " L0:5. If the

half-height, h, of the torus is independent of the source luminosity,

then the half opening angle v ¼ tan¹1 r=h will be larger in the more

luminous objects. Hill et al. (1996) find that this model fits the

observed nuclear extinctions in radio galaxies very well.

We are more likely to be viewing the luminous objects within

their cones, and are consequently more likely to classify them as

quasars. Qualitatively then, this simple model could explain the

tendency for quasars to have a higher [O III] luminosity than radio

galaxies. We therefore undertake a quantitative investigation using

Monte Carlo simulations.

2.2 Simulations

We consider an ensemble of objects with the same redshift and radio

power, which could reasonably be assumed to have similar torus

properties (e.g. torus height). Their intrinsic optical–ultraviolet

luminosities will have a well-defined mean, L0, determined by the

strong correlation between optical and radio luminosity, but will

show scatter owing to the intrinsic dispersion in this relationship.

We assume this dispersion to be Gaussian in log L, with standard

deviation j. We define v0 to be the half opening angle for an object

with the mean luminosity, L0. An object with luminosity L with

therefore have an half opening angle,

v ¼ tan¹1½ðL=L0Þ0:5 tan v0ÿ;

and the probability that such an object will be observed as a radio

galaxy (i.e. our line of sight is outside the opening angle of the cone)

is

pRG ¼ cos v ¼ ð1 þ tan2
vÞ¹0:5

:

Obviously, pQSO ! 1 ¹ pRG.

For our ensemble of objects, we can therefore determine the ratio

of the mean optical–UV luminosities of quasars and radio galaxies

(we evaluate the mean in log space), for a given j and v0. However,

there exist observational data which allow us to fix these free

parameters. First, Serjeant et al. (1998) measure the scatter about

the mean optical–radio luminosity correlation for steep-spectrum

L40 C. Simpson

! 1998 RAS, MNRAS 297, L39–L43

Figure 1. Schematic representation of the receding torus model. The

opening angle, v, for the low luminosity object (top) is fairly small. In the

high-luminosity object (bottom), the inner radius of the torus, r, is larger,

producing an increased opening angle provided the half-height of the torus,

h, remains constant.

Figure 2. Observed dispersion in a radio-selected quasar sample as a function of the dispersion in the parent AGN population. v0 is the half opening angle for the

mean luminosity, L0, and the solid lines are for v0 ¼ 30#, 40#, 50#, 60#, 70# and 80#. The dashed line is the equality relationship.

Simpton	
  (1998) I型 

II型 
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G. Hasinger: Absorption properties and evolution of active galactic nuclei 915

Fig. 7. Left: type-2 fraction as a function of luminosity, based on the data in the redshift range z = 0.2–3.2. The thin blue data points show the
sample ignoring the unidentified sources, while the thick black data points with filled circles include the crude redshifts derived in Sect. 5. For
clarity the thin blue points are shifted slightly to higher luminosity. A simple linear function fit to the black data points is shown as a dashed black
line. The data points with red circles are derived using optical line widths of a sample of [OIII] selected AGN from the SDSS (Simpson 2005).
The solid magenta line is from silicate dust studies of a sample of AGN observed with Spitzer in the MIR (Maiolino et al. 2007). The MIR data
points of Treister et al. (2008, not shown here) are fully consistent with the Maiolino curve. The dotted green line shows the ratio of Compton-thin
absorbed AGN to all Compton-thin AGN assumed in the GCH07 population synthesis model. Right: the observed fraction of type-2 AGN as a
function of redshift. The colour coding of the thin blue and thick black data points is the same as in the left figure. The green solid line shows the
prediction of the GCH07 model, assuming no redshift evolution in the absorbed fraction and folding over the solid angle sensitivity curve from
Fig. 1. The error bars along the Y-axis in this and later figures all give 1σ uncertainties.

6.2. Redshift-dependence of AGN type-2 fraction

To address a possible evolution of the obscuration fraction with
redshift, one can first simply determine the observed ratio of
type-2 versus total AGN, integrated over all luminosities, in
shells of increasing redshift. This is very similar to what was
done by Treister & Urry (2006). Figure 7 (right) shows the de-
pendence of the observed fraction of absorbed sources on red-
shift. To first order this data indicates a flat behaviour, apart from
a small increase at redshifts below z = 0.8. The diagram also
shows the type-2 fraction as a function of redshift predicted for
the current sample from the most recent background synthesis
model (GCH07), which assumes no evolution in the absorbed
fraction. This curve shows that the small rise in the observed
type-2 fraction at the lowest redshifts can be understood as an
effect of the different flux limits for type-1 and type-2 sources in
each survey (the last ones are harder to find because of absorp-
tion). The comparison with this model and with the Treister &
Urry data points will be discussed in Sect. 7.

Figure 7 (right) is integrated over all luminosities in each red-
shift shell and is therefore possibly hiding trends, which might
be observable in a better resolved parameter space. For a bet-
ter diagnostic of the redshift evolution of the type-2 fraction, the
dependence of the type-2 fraction on luminosity was analysed
separately in different redshift shells. In Fig. 8 the same trend
toward a decreasing absorption fraction as a function of X-ray
luminosity, as observed in the total sample (see Fig. 7 left) is
confirmed in each individual redshift shell. The same linear trend

has been fit to the data points in each individual panel. First both
the normalisation of the curve at log (LX) = 43.75 and the slope
of the relation have been left as free parameters in the individ-
ual fits. The last column of Table 6 shows the slopes derived
for the individual fits. Since they are all consistent with one an-
other, the average slope over all panels has been determined to
−0.281±0.016. This slope is somewhat steeper than that derived
for the total sample in the redshift range 0.2–3.2 (see above),
which is a consequence of the increasing absorbed fraction with
redshift.

The data in the individual panels were then again fit with a
linear relation, but this time keeping the slope fixed to the av-
erage value of −0.281. The results of these fits are shown in
Fig. 8 and also in Table 6. For every redshift shell this table
shows the norm of the linear fit to the luminosity-dependence in
Col. (2), taken at a value of log (LX) = 43.75 in the middle of the
range. There is a clear trend toward an increasing normalisation
of the absorbed fraction with redshift, which can be seen in the
comparison in Fig. 8 and in the corresponding data in the table.
However, to quantitatively estimate the evolution of the absorbed
fraction with redshift, the systematic selection effects have to be
corrected for. They stem from how in every flux-limited sample
it is harder to detect absorbed objects compared to unabsorbed
ones of the same intrinsic flux. Folding this selection effect over
the solid angle as a function of flux limit of the current metasam-
ple, one can in principle obtain a correction curve as a function
of redshift. For simplicity, here the green curve in Fig. 7 (right)
determined for the GCH07 model folded with the effective solid

The Astrophysical Journal, 788:45 (36pp), 2014 June 10 Toba et al.

Figure 27. Plot of log L[O iii] vs. νLν (22 µm). The solid red line shows the
best-fit linear function.
(A color version of this figure is available in the online journal.)

Hasinger 2008 (2-10 keV)
Burlon et al.2011 (15-55 keV)
Beckmann et al.2009 (20-100 keV)

Simpson 2005 (optical)

Sy2 + LINER + Composite 
(include the objects outside the AGN wedge)

Figure 28. Comparison of our measured CF (z ! 0.15) with those of
optical (yellow plus: Simpson 2005), hard X-ray (blue circle; Hasinger 2008),
15–55 keV (purple asterisk; Burlon et al. 2011), and 20–100 keV (orange
filled square; Beckmann et al. 2009) studies. Errors in the CFs estimated
from Beckmann et al. (2009) and Burlon et al. (2011) were determined using
binomial statistics (see Gehrels 1986), drawn at the 1σ level. The CFs including
Sy2 + LINER + Composite galaxies, which are the total sample including the
outside AGN wedge, are also plotted (red shaded region; see Appendix C). The
conversion uncertainty, represented in figure, is shown as the horizontal error
bars for the optical and hard X-ray measurements.
(A color version of this figure is available in the online journal.)

Figure 28 compares our measurements with those of the
optical (Simpson 2005), hard X-ray (Hasinger 2008), 1555 keV
(Burlon et al. 2011), and 20100 keV (Beckmann et al. 2009)
studies. Uncertainties (1σ level) in the CFs obtained from
Beckmann et al. (2009) and Burlon et al. (2011) were estimated
by binomial statistics (see Gehrels 1986) in the same manner
as Burlon et al. (2011). The optically based CF has a larger
value than ours over a wide range of luminosities, but the
shape of the decrease is similar. To examine the reasons
for the differences, the CFs obtained from objects including
Sy2 + LINER + Composite galaxies, which are the total
sample including the AGN outside the wedge, are also plotted
(data are available in Table 11). In that case, the optical data
are in good agreement with ours, which indicates that the
optical ([O iii])-based selection could be affected by host galaxy
contributions. Indeed, Caccianiga et al. (2007), who investigated

the nature of all sources (35 in total) in the XMM-Newton bright
serendipitous survey, showed an optical spectrum dominated
by the light from the host galaxy with no evidence (or little
evidence) for the presence of an AGN. In contrast, the hard
X-ray based CF are consistent with ours, although our MIR-
emission-based data exceed the 2–10 keV data by a substantial
amount, which indicates that 2–10 keV based surveys fail to
detect heavily obscured/absorbed luminous AGN as expected
above. Ultimately, our MIR selection with the AGN wedge may
avoid the problems associated with optical selection, as well
as hard X-ray (>2 keV) based studies. We note that the CF
derived from the 22 µm sample in the AGN wedge would be an
underestimate due to the lack of optically faint (PetroMag_r >
17.7) MIR sources as described in Section 4.3.2. Thus, there
may be a small difference between our MIR results and the
optical results, although it may be difficult to fill in the gap
using only optically faint Type 2 AGNs.

5. SUMMARY

Using the WISE MIR all-sky survey, we constructed 12 and
22 µm LFs for all types of local galaxies. Using complete optical
spectroscopy of emission lines, we classified the galaxies based
on the cataloged classifications in the SDSS and their emission
line ratios ([N ii]/Hα and [O iii]/Hβ). We classified the WISE
sources into Type 1 AGNs, Type 2 AGNs, LINERs, Composites,
and SFs. We then calculated the number densities of the Type 1
and Type 2 AGNs by integrating each LF and estimated the
CF of the dust torus (the fraction of Type 2 AGNs among all
AGNs). In particular, we examined the luminosity and redshift
dependence of the CF for ∼3000 AGN-dominated MIR sources,
which were extracted by examining their MIR colors. The main
results are as follows:

1. Less luminous AGNs in the MIR region are affected by a
contribution from their host SF.

2. The CF decreases with increasing 22 µm luminosity, re-
gardless of the choice of Type 2 AGN classification criteria,
although this dependence is relatively weaker than previous
studies.

3. The CF does not change significantly with the redshift
(z < 0.2).

4. The luminosity dependence of the CF can be interpreted us-
ing the receding torus model. This luminosity dependence
is better described by the modified receding torus model, in
which the height of the torus is parameterized.

5. Measurements of the CF, based on optical survey data,
exceed our data but are in good agreement if contributions
of the host galaxy (i.e., without adopting the AGN wedge
selection) are not considered. In contrast, measurements
of the CF based on hard X-ray survey data are almost
consistent with ours. These trends may indicate that optical
survey data is affected by the host galaxy contribution.

Our study has confirmed and extended previous results obtained
with IRAS, Spitzer, and AKARI by constructing a much larger
MIR-selected sample with WISE. The large number of galaxies
in the sample we obtained here means that the variation in
the CF with the luminosity and redshift is described with a
higher statistical accuracy and lower systematic errors than
previous results. We emphasize that a luminosity-dependent
torus geometry destroys the simplicity of the original torus
unification scheme and now requires that at least one new
free function must be determined. Our results are inconsistent
with the simplest unified scheme, which expects that the CF is

22

可視光/X線による調査 (Hasinger et al. 2008) 
!  LX=1042-­‐1046[erg/s]の範囲に渡り、II型AGN	
  fractionが

X線光度に依存.	
  

!  II型AGN	
  fractionはredshiftにも依存する;	
  zが大きい
ほどfractionが大きくなる (z<5までの範囲).	
  

●:	
  今回の観測データ①	
  
＋:	
  今回の観測データ②	
  
⦿:	
  可視光のみによる分類	
  
　	
  (Simpson	
  2005) 

Maiolino+07のsilicate	
  dustの研究 

GCH07のpopulation	
  
synthesisで使用された
Compton-­‐thinと-­‐thickの比. 

可視光/中間赤外による調査 
(Toba et al. 2013,2014) 

!  光度依存性に関しては、可視光/X線とほぼ
consistentな結果.	
  

!  redshift依存性に関しては、観測的制約からz<0.2
の範囲のみ調べていて、あまりredshift依存性は
無いという結論. 

光度依存性に関しては、receding	
  torusモデル (後述)
で理解可能	
  (Lawrence	
  1991;	
  Simpson	
  1998;	
  Simpson	
  2005). 



トーラスの密度構造は、 
smooth or clumpy? 
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!  AGN統一モデルが提案された後、トーラスが赤外線でどう見えるのかということが研究された (e.g.,	
  
Pier	
  &	
  Krolik	
  1992,1993).	
  

!  その後、観測で求めたSEDと、モデル計算で求めたSEDを比較することで、トーラスの内部構造がどう
でなければならないか、ということが議論されてきた (e.g.,	
  Pier	
  &	
  Krolik	
  1992,1993;	
  Granato	
  &	
  Danese	
  1994;	
  
Efstathious	
  &	
  Rowan0-­‐Robinson	
  1995;	
  Nenkova	
  et	
  al.	
  2002;	
  Dullemond	
  &	
  van	
  Bemmel	
  2005;	
  Fritz	
  et	
  al.	
  2006;	
  Hönig	
  et	
  al.	
  2006;	
  
Nenkova	
  et	
  al.	
  2008a,b;	
  Hönig	
  et	
  al.	
  2010;	
  Feltre	
  et	
  al.	
  2012;	
  Stalevski	
  et	
  al.	
  2012;	
  Lira	
  et	
  al.	
  2013).	
  

!  代表的なモデルは、(1)Smoothトーラス、(2)	
  Clumpyトーラス、(3)Composite.	
  

The Astrophysical Journal, 759:36 (15pp), 2012 November 1 Roth et al.

Table 1
Fiducial Parameters

hs/R NH Radial Density L/LEdd MBH
(cm−2) Power-law γ (M⊙)

0.3 3.4 × 1024 1.5 1 108

Notes. The first three parameters set the gas density distribution, while the last
two set the relative strengths of the radiation pressure and gravity. The mean
mass per particle is always set to 1.5 times the proton mass throughout this paper.
Note that the column density presented in this table corresponds to integrating
the gas density from large radii to a distance of 0.1 pc from the BH. The column
density computed by integrating to the edge of the dust sublimation radius is
9.5 × 1023 cm−2 if the other fiducial parameters are fixed.

coordinate. Our resolution is 192 radial zones and 64 θ zones
for θ ranging from 0 to π/2, with an assumed symmetry for
θ → π−θ . The radial zones span radii ranging from r0 = 0.1 pc
to an outer radius rout = 1020 cm (≈32.4 pc). The 0.1 pc scale
was chosen because it is a larger scale than the typical black
hole accretion disk, but also small compared to the typical dust
sublimation radius. We ignore all momentum deposition inside
the 0.1 pc radius, and since nearly all the momentum deposition
occurs at and beyond the sublimation radius, the exact choice
of innermost radius has little effect on our results. Slices of the
gas density for the model developed in this section, along with
a simulation from Hopkins et al. (2012), are shown in Figure 1.

2.2. Initial Gas Configuration—Clumpy Models

It has long been predicted on theoretical grounds that the
dusty gas surrounding an accreting SMBH will not be smoothly
distributed, but will instead form clumps (Krolik & Begelman
1988). This prediction has been supported by observations such
as the variability of X-ray absorbing column densities in type
2 Seyferts (Risaliti et al. 2002) as well as IR spectroscopy
(Mason et al. 2006; Hönig et al. 2010; Deo et al. 2011). A vast
literature exists concerning radiative transfer through clumpy
torus models, with many prescriptions for generating clumpy
density distributions from an underlying smooth density model
and comparing the results to observations (Nenkova et al. 2002;
Elitzur et al. 2004; Hönig et al. 2006; Schartmann et al. 2008;
Stalevski et al. 2012; Heymann & Siebenmorgen 2012).

Our method for generating the clumpy gas distributions most
closely resembles those of Hönig et al. (2006) and Schartmann
et al. (2008). We use a three-dimensional grid and spherical-
polar (r, θ,φ) coordinates, with logarithmic spacing in the radial
coordinate and linear spacing in the angular coordinates. Our
resolution is 128 radial zones, 96 θ zones for all θ ranging
between 0 and π , and 192 φ zones for all φ ranging from 0 to
2π . The density of each clump in a given simulation is the same,
and a preset number of clumps are placed on the grid. The clump
positions are sampled from a probability distribution derived
from a smooth density distribution as described in Section 2.1.
If two clumps overlap in position, their densities are added.
Each clump’s radius is set to a fixed number of grid zones in a
given simulation, and the logarithmic radial spacing of the grid
causes the size and optical depth of the clumps to grow with
increasing distance from the SMBH. Overlaid on the clumps is
a diffuse, smooth background gas distribution that is generated
by multiplying the density distribution from Section 2.1 by 10−2.
An example is pictured in Figure 2.

For each clumpy gas distribution, the total mass in the
computational domain was set equal to that of our fiducial
smooth density model. The parameters varied between each

Figure 1. Top: an example of a slice through the smooth model density
distribution with the fiducial parameters listed in Table 1, except NH =
1.0 × 1025 cm−2 (chosen to match the simulation in the bottom panel). Bottom:
a density slice taken from a hydrodynamical simulation of gas accretion onto a
central black hole (see Hopkins et al. 2012). Note that the color map is truncated
at n = 103 cm−2, and the density in the model distribution continues to drop
below this value.
(A color version of this figure is available in the online journal.)

clumpy gas distribution are the ratio of the clump diameter to
the radial distance of the clump from the black hole (dcl/r),
the gas density in the clump (ncl), and the number of clumps
in the simulation volume Ncl. The choices of Ncl and dcl set
the average number of clumps per line of sight, which we
compute by averaging over all (θ , φ) sightlines with a weighting
to account for the solid angle subtended by each sightline.

We have chosen four combinations of clumping parameters
to allow the average number of clumps per line of sight to take
on values as low as 6 (in line with the results from Mor et al.
2009) to as large as 105 in order to demonstrate a transition to
the smooth density models. These parameter choices are listed
in Table 2.

Ultimately, we find that it is the volume filling fractions of
the clumpy gas models that correlate most strongly with the
integrated force exerted by the accretion radiation. If we let
f (r) denote the ratio of the volume occupied by at least one
clump to the total volume within a sphere of radius r centered
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Smooth トーラスの模式図 (Roth et al. 2012) 

※	
  Roth	
  et	
  al.自体はAGN	
  SEDの研究で
はありません. 

460 S. F. Hönig et al.: 3D radiative transfer modeling of clumpy Tori and its application to NGC 1068

Finally, first near-infrared K-band long-baseline interferometry
of NGC 1068 with the VLTI and the VINCI instrument was re-
ported by Wittkowski et al. (2004). These VINCI observations
detected a substructure with a size of ≤3 mas (<∼0.2 pc).

First pioneering radiative transfer modeling of AGN dust tori
was carried out by Pier & Krolik (1992, 1993). They studied
a torus with cylindrical geometry and a homogeneous smooth
dust distribution. Further investigations with smooth dust distri-
butions were reported by Granato & Danese (1994), Efstathiou
& Rowan-Robinson (1995), and Granato et al. (1997). Recently,
Schartmann et al. (2005) presented very detailed radiative trans-
fer modeling, introducing a physically motivated geometry and
dust distribution (Camenzind 1995).

Krolik & Begelman (1988) discussed that smooth dust dis-
tributions probably cannot survive in the vicinity of an AGN.
They proposed that the dust is arranged in clouds and that the ob-
served velocity dispersion is actually a result of their orbital mo-
tion within the gravitational potential. First results of radiative
transfer calculations of such a clumpy medium were reported by
Nenkova et al. (2002) and Dullemond & van Bemmel (2005).
They show that a torus consisting of clouds is capable of sup-
pressing the strength of silicate emission and absorption, as has
been observed (e.g., Jaffe et al. 2004; Siebenmorgen et al. 2005;
Hao et al. 2005; Sturm et al. 2005). It also became clear that the
actual cloud distribution is a critical point. Therefore, physically
motivated models of the torus are required.

In this paper we present our 3D Monte Carlo radiative trans-
fer modeling of clumpy AGN tori. We have developed a method
which allows us to obtain high-resolution Monte Carlo simula-
tions with relatively small computation times. We calculate the
radiation fields of individual clouds at various distances from
the AGN and distribute these clouds within the torus region.
After discussing the principle of our method, we present model
spectra and images of clumpy tori and analyze the influence
of various parameters. To illustrate the feasibility of our ap-
proach, we finally model the SED and visibilities of NGC 1068
simultaneously.

2. Monte Carlo simulation of individual dust clouds

This section gives an overview of the Monte Carlo radiative
transfer treatment with our code mcsim_mpi (Ohnaka et al.
2006) and describes its application to dust clouds. In the fol-
lowing, we present cloud SEDs and analyze some aspects of the
Monte Carlo treatment.

2.1. AGN primary radiation

We consider a central super-massive black hole (smBH) which
is fed by an accretion disk. The smBH and its accretion disk are
surrounded by an optically and geometrically thick dust torus.
Krolik & Begelman (1988) argue that the temperature has to be
∼106 K if the velocity despersion is of the order of 100 km s−1.
This temperature greatly exceeds the dust sublimation tempera-
ture. Thus, we arrange the dust in clouds. In Fig. 1, we illustrate
the clumpy composition of the torus.

The primary source of radiation is the accretion disk. We ap-
proximate the SED of the accretion disk by a broken power law:

λFλ ∝
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

λ λ < 0.03 µm
constant 0.03 µm ≤ λ ≤ 0.3 µm
λ−3 λ > 0.3 µm.

(1)

It is illustrated in Fig. 2. The SED is a fit to QSO spectra (Manske
et al. 1998) with a characteristic steep decline towards the MIR.

Fig. 1. Sketch of a clumpy torus. The hot and cold clouds are randomly
distributed around a central accretion disk (blue). The size and optical
thickness varies with radial distance.
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Fig. 2. AGN source spectrum as used in our Monte Carlo simulations.

2.2. Geometry and dust cloud properties

Our radiative transfer code mcsim_mpi allows the model-
ing of dust distributions of arbitrary 3-dimensional geometry.
Since there is no knowledge about the shape of dust clouds
around AGN, we model spherically symmetric clouds. For
our calculations, we assume a standard galactic dust composi-
tion of 53% astronomical silicates and 47% graphite (Draine
& Lee 1984). The absorption and scattering efficiencies Qabs
and Qsca for MRN distributions of grain sizes (Mathis et al.
1977) have been calculated with the DUSTY code (Ivezić et al.
1999). In our Monte Carlo code, we use an average grain size
of 0.1 µm representing the whole distribution (e.g. Efstathiou &
Rowan-Robinson 1994; Wolf 2003; Nenkova et al. 2005).

For the characterization of the cloud radiation field,
three main parameters are needed: the bolometric AGN lumi-
nosity LAGN, the cloud’s optical depth τcl, and its distance r from
the central source. τcl is taken at the reference visual wavelength
of 0.55 µm and denotes the optical depth through the cloud cen-
ter. At other wavelengths, the optical depth is derived from Qabs.
Within a cloud, the dust is distributed homogeneously.

2.3. Radiative transfer code

Our radiative transfer code mcsim_mpi is based on the
Monte Carlo approach by Bjorkman & Wood (2001). A detailed
description of our code is given in Ohnaka et al. (2006). Here
we briefly summarize the concept. As for any Monte Carlo ap-
proach, the luminosity of the central radiation source is divided
into monochromatic photon packages. If a photon package hits
a dust particle, it is either scattered or absorbed. In case the
photon package is scattered, a random scattering angle is de-
termined according to the differential cross section. If it is ab-
sorbed, the dust particle is heated up and the photon is re-emitted
at a frequency determined by its temperature. The approach by

Clumpyトーラスの模式図 (Hönig et al. 2006) 
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radio galaxies and quasars in terms of their intrinsic luminosity
(⟨νLν,178 MHz⟩ = (1.9 ± 0.6) × 1044 erg s−1 for the quasars
and ⟨νLν,178 MHz⟩ = (2.0 ± 0.4) × 1044 erg s−1 for the radio
galaxies; errors indicate standard deviation of the sample). The
data used here have been presented previously in Haas et al.
(2008) and Leipski et al. (2010), and we refer the reader to these
papers for further details on the source selection, data reduction,
and building of the average SEDs. To summarize briefly, we
obtained mid-IR photometry in all six filters from 3.6 µm to
24 µm and spectroscopy from 19 µm to 38 µm utilizing all
three instruments on board the Spitzer Space Telescope (Werner
et al. 2004). After the data reduction in a standard manner, the
individual source SEDs were interpolated onto a common rest-
frame wavelength grid. The quasars and radio galaxies were
then averaged into a mean SED for each class of objects.
The individual SEDs (including observed and interpolated
photometry) as well as the average SEDs are presented in
Leipski et al. (2010, their Figures 1 and 2).

For this paper, additional corrections have been applied to the
radio galaxy data before the averaging process outlined above: at
the shortest wavelengths considered here (∼1–3 µm, rest frame)
the radio galaxy SEDs show contributions from the host galaxy.
Since we want to isolate the emission coming from the active
nucleus, we have to correct for the stellar emission in these cases.
This correction was performed by fitting the observed IRAC
photometry with a combination of a moderately old (5–10 Gyr)
elliptical galaxy SED to represent the stellar emission (taken
from the GRASIL Web site; Silva et al. 1998) and a hot
blackbody for the AGN dust whose temperature we allowed
to vary (see, e.g., Seymour et al. 2007; De Breuck et al. 2010).
The resulting blackbody temperatures in the radio galaxies range
from 600 to 970 K, with a median value of 860 K. The fraction
of host galaxy light contributing to the flux measured at the
observed frame wavelengths 3.6, 4.5, 5.8, and 8.0 µm was found
to be 0.9, 0.6, 0.3, and 0.1, respectively. Despite a negligible
contribution from the host galaxy, we performed similar fits to
the quasar sample as well to obtain characteristics of the hot dust
emission and compare it to the radio galaxies. For the quasars,
we find notably hotter temperatures in the range from 880 to
1250 K (median 1020 K). This is consistent with the idea that
the hottest dust is obscured in radio galaxies, while directly seen
in quasars.

In the radio galaxies, we then subtracted the estimated host
galaxy contribution from the observed IRAC photometry us-
ing the scaled template SED. For the Infrared Spectrograph
(IRS) and Multiband Imaging for Spitzer (MIPS) measure-
ments, the host galaxy contributions were considered neg-
ligible at rest-frame wavelength !7 µm and no corrections
have been applied. We refrain from further corrections related
to possible star formation. As pointed out in Leipski et al.
(2010), neither the individual SEDs nor the averages showed
any PAH features (see also Figure 1), which indicates that
any contribution from star formation to the mid-IR is probably
negligible.

The radio galaxy 3C 368 has a galactic M star superim-
posed close to the position of the radio galaxy nucleus (e.g.,
Hammer et al. 1991; Best et al. 1997). Both sources are partly
blended even at the shortest IRAC wavelengths which makes
the correction for the host galaxy emission in this source
quite uncertain. Consequently, we removed this source from
the sample considered here. This leaves us with 11 quasars
and 8 radio galaxies from which the average SEDs have been
calculated.

Figure 1. Infrared sample average SEDs of quasars (red filled circles) and radio
galaxies (blue filled circles). The gray error bars represent the dispersion (mean
absolute deviation) of each sample while the red- and blue-shaded areas indicate
the total range covered by the quasar and radio galaxy subsamples, respectively.
The red dotted and blue dashed lines are cubic spline fits to the quasar and radio
galaxy average SEDs.
(A color version of this figure is available in the online journal.)

3. INFRARED SEDs OF QUASARS AND RADIO
GALAXIES AT z ∼ 1.2

In Figure 1 we show the average SEDs of 1.0 < z < 1.4
quasars (red) and radio galaxies (blue), respectively. The error
bars reflect the mean absolute deviation while the shaded areas
show the range of the respective subsample at each wavelength
point of the interpolated data (see Section 2). For each of the
object types, we calculated a spline fit through the mean data
points in order to guide the eye. It is obvious that the radio
galaxies are systematically lower in infrared emission than in
the quasars. The discrepancy is largest in the near-IR and flattens
out toward longer wavelengths. Leipski et al. (2010) showed
similar average SEDs. Here we used additional host galaxy
subtraction, which isolates the AGN light much better (see
Section 2). This is most obvious in the near-IR part of the radio
galaxies shortward of 5 µm. The SED keeps on falling toward
shorter wavelengths consistent with the Wien tail from hot dust
emission, instead of making an upward turn (see Leipski et al.
2010, their Figure 2).

Since both types have the same radio luminosities due to our
selection, this difference between quasars (= type 1 AGNs) and
radio galaxies (= type 2 AGNs) is a generic property of the
sample. It either reflects a difference in line-of-sight extinction
(e.g., by cold dust in the host galaxy), or traces the anisotropy in
re-emission of the AGN-heated dust. Leipski et al. (2010) tested
the former possibility and found a surprisingly good match of
the difference between radio galaxies and quasars in the mid-IR
by a single extinction law. This, however, breaks down in the
near-IR. In this paper we will test if, instead, a single absorber
and emitter (= the dust torus) may be responsible for the radio
galaxy/quasar anisotropy (see Section 4.2).

2

AGN IR SEDの特徴 

I型AGN II型AGN 

1-­‐10μm	
  	
  
連続波 

flat steep	
  	
  

9.7μm	
  silicate	
  
feature	
   

emissionの傾向 absorptionの傾向 

122 A. Feltre et al.

The angular distribution of clumps is a Gaussian of width σ given
by

NT (β) = N0e(−β2/σ 2), (4)

where β (=90 − θ using the F06 notation) is the angle with respect to
the torus axis and N0 is the average number of clouds along radial
equatorial rays, where the clouds follow a Poisson distribution.
Model parameters and their respective values can be summarized
as follows:

(i) the width of a Gaussian angular distribution of the clouds, σ ,
ranging from 15◦ to 70◦, determining the spatial distribution;

(ii) the outer-to-inner radius ratio of the cloud distribution, Y =
5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150 and 200;

(iii) the average number of clouds along a given radial direction
within the equatorial plane, N0, taking values between 1 and 15;

(iv) the power-law index determining the radial distribution of
clouds, q, between 0.0 and 3.0;

(v) the optical depth of a single cloud τV = 5.0, 10.0, 20.0,
30.0, 40.0, 60.0, 80.0, 100.0 and 150.0, calculated in the V band at
0.55 µm.

Again, the SEDs are created for different viewing directions with
respect to the equatorial plane from β = 0◦ to 90◦ in steps of 10◦.

2.3 Intrinsic differences between the two dust distributions

The two types of models, though both able to reproduce a variety
of observations, are intrinsically quite different. Fig. 1 shows an
example of smooth (left) and clumpy (right) model SEDs with
matched model parameters (see Section 2.4), viewed at different
angles ranging from 0◦ to 90◦ from the equatorial plane. The sudden
jump of the smooth SEDs occurs at an angle where the dust starts
intercepting the line of sight (70◦ in this particular case). The clumpy
SEDs present a smooth transition from one viewing angle to the
next, due to their Gaussian angular distribution.

As already mentioned, while the F06 models use the silicate ab-
sorption and scattering coefficients given in Laor & Draine (1993),
N08 make use of the values given in Ossenkopf et al. (1992).
Moreover, while the absorption coefficient of the former peaks at
λ ∼ 9.5 µm, that of the latter peaks at 10 µm. In order to keep the
notation of the paper simple but also consistent with other works in

Figure 1. Example of smooth (left) and clumpy (right) model SEDs with
comparable model parameter values, viewed at different inclinations.

the literature, we will refer to the ‘9.7 µm silicate feature’ through-
out but the reader should keep this inaccuracy in mind.

The most important implications of the AGN unified scheme are
that type 1 objects are observed along a dust-free line of sight,
while in type 2 objects the dust intercepts the view to the nucleus.
If the dust has a continuous distribution the chance of seeing the
central source is a mere question of the line of sight. In a clumpy
medium the chance to have a direct view of the central source is in
fact the probability to encounter, on average, zero clouds, which is
less than 1 even for edge-on lines of sight. To simplify the study,
we only consider the two extreme inclinations, i.e. edge-on (θ =
90◦, equation 2) and face-on (θ = 0◦) for smooth models, while
type 1 and type 2 clumpy models are considered as those having a
probability of greater and less than 0.5, respectively, to see directly
the AGN, for each model parameter combination.

2.4 The matched model parameter spaces

The two original model grids cover a large parameter space and
produce SEDs with a considerable overlap when their parameters
are ‘matched’. The selection of the matched parameter space is of
interest here, as it is not always straightforward given the different
nature of the two models. However, good analogies can be found
under a few reasonable assumptions. The inner-to-outer radius ratio,
Y , is a parameter that is common between the two models. The
radial variation of the dust density or that of the clouds, q, can also
be considered as equivalent between the two models. The relation
between the optical depth at 9.7 µm and that in the V band is given
by N08 as τ 9.7 = 0.042 × τV . The equatorial optical depth τ 9.7 for
clumpy models is then equal to 0.042 × τV × N0. The resulting
τ 9.7 are not identical to those used in the smooth models; the values,
however, are very close and the differences they introduce in the
resulting SEDs are negligible. Finally, considering only the two
extreme lines of sight, the torus opening angle is of no relevance
and γ (equation 2) and σ (equation 4) can be taken such that the
distributions of dust and clumps match each other (see Table 1 for
the exact values).

Table 1 summarizes the values of the model parameters that will
be considered henceforth. Fig. 2 shows, for illustration purposes, the
shapes of the model SEDs characterized by the above parameters,
for type 1 and type 2 views.

In matching the model parameters as described above we signif-
icantly restrict the model grids and end up comparing a total of 614
smooth and 480 clumpy models. The difference in the numbers is
due to the fact that often more than one combination of N0 and τV

correspond to the same τ 9.7. Furthermore, since we only consider
the two extreme inclinations (smooth) and probabilities (clumpy),

Table 1. Matched model parameters considered in
the comparative study.

Smooth Clumpy

Y 10, 30, 60, 100, 150 10, 30, 60, 100, 150

q 0, 1 0, 1

γ 2, 4, 6
σ 60◦, 45◦, 35◦

τ 9.7 0.3, 0.6, 1, 2, 3, 6, 10
N0 1–15
τV 5, 10, 20, 30, 40,

60, 80

C⃝ 2012 The Authors, MNRAS 426, 120–127
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS

I型/II型AGNのmean IR spectra 
(Hönig	
  et	
  al.	
  2011) 

9.7μm silicate feature 
(peakの位置はダスト種に依
存:λpeak≈9.5μm	
  [Laor	
  &	
  Driane	
  
1993];	
  λpeak≈10μm	
  [Ossenkopf	
  et	
  
al.	
  1992],	
  詳細はFeltre	
  et	
  al.	
  
(2012)等を参照)	
   

1-10μm 連続波 I型 

II型 

トーラス内のダ
スト吸収のため
減光する. 

SmoothトーラスモデルとClumpyトーラスモデルのSED比較 
(Feltre	
  et	
  al.	
  2012) 
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θ=0°	
  
(face-­‐on) 

観測との比較から、Smooth	
  トーラスでは	
  
①  I型AGNのsilicate	
  emissionが強くなり過ぎる.	
  
②  I型AGNでabsorptionとして観測されることを

説明できない.	
  
一方、Clumpyトーラスならこれらを解決可能. 

どのモデルがよいのか? 

少なくともclumpinessは必要.	
  
(但し、天体ごとにモデルパラメータを強く制限するのは困難) 
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!  hot	
  dustの存在はK-­‐バンド	
  RM観測でも示されているが、Mor	
  &	
  Netzer	
  (2012)[MN12]とその先行研究では
その存在がSEDにも現れていることを示した.	
  

!  MN12では、115個のbroad-­‐line	
  AGNsとnarrow-­‐line	
  AGNsに対して、(1)	
  Nenkova+08のclumpy	
  torusモデル、
(2)	
  hot	
  pure-­‐graphite	
  dust	
  成分、(3)NLR成分の3成分モデルでSED	
  fittingを行い、hot	
  dust成分が普遍的に存
在することを示した.	
  

532 R. Mor and H. Netzer
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Figure 4. Best fit using the three-component model for two representative cases, the NLS1 Mrk 896 (left-hand panels) and the BLS1 Mrk 1146 (right-hand
panels). The top panels show the best-fitting model (magenta) and the observed (grey), and subtracted and binned (black) spectra. We also show individual
components: torus (green), NLR (red) and hot pure-graphite dust (blue). In the bottom panels, we show the quality of the fit in each wavelength bin, by
calculating the ratio between the model and the fitted data.

3.5 Model fitting and fit quality

The fitting procedure starts with the SF template subtracted SED that
is assumed to represent the intrinsic AGN continuum. Although the
SF component is subtracted prior to the model fitting, it introduces
another degree of freedom to the procedure. To fit the SEDs with a
three-component model, we use χ2 minimization in a similar way to
that described in M09. The only difference is that the normalization
of the torus component is now a free parameter.

The fitting algorithm computes χ2 values for all possible com-
binations of torus, NLR and hot-dust models. There are seven free
parameters in the torus model, the normalization parameter and six
others that describe its geometrical properties (Section 3). In the
NLR model, there are two free parameters, the cloud distance and a
normalization factor. The distance is changed in steps of 0.075 dex
between 1 and 850 pc for a source with Lbol = 1045 erg s−1. For
the hot dust, there are also two free parameters similar to the NLR
component, the distance from the cloud and a normalization factor.
For example, for a source with L5100 = 1046 erg s−1 the range of
distances is changed in steps of 0.03 dex between 0.4 and 6 pc.

Fig. 4 shows the best-fitting models for two representative cases,
the NLS1 Mrk 896 and the BLS1 Mrk 1146. The top panels show the
best-fitting model (magenta) and the observed (grey), and subtracted
and binned (black) spectra. We also show individual components:
torus (green), NLR (red) and hot pure-graphite dust (blue). In the
bottom panels, we show the quality of the fit in each wavelength
bin, by calculating the ratio between the model and the fitted data.

4 R ESULTS AND DISCUSSION

The sample described here was collected from the Spitzer archive
with no specific selection criteria. Thus, some sources lack certain
data and/or sufficient quality to be proper analysed. 78 sources in the
sample (38 NLS1s and 40 BLS1s) have near-IR photometry. In the
following analysis related to the hot-dust component (Sections 4.2
and 4.5), we only consider these sources. The IRS spectra of 15
sources in our sample have very low signal-to-noise ratio (S/N). All

silicate and PAH features in these sources are undetected and it is
impossible to constrain the continuum shape. These sources are not
included in the analysis of the intrinsic AGN SED (Section 4.1), the
torus SED (Section 4.3) and the NLR properties (Section 4.4).

4.1 Star formation in the host galaxy and the intrinsic
AGN SED

Our method to construct the SF templates is driven by the intrinsic
scatter in the ratio between the far-IR and mid-IR fluxes found in SF
galaxies. The subtraction procedure uses two criteria to determine
the best SF template and its normalization. The first is the condition
that after the subtraction, any remaining flux at the wavelength
range of the PAH features would be consistent with the noise level.
Since our SF library consists of templates that span a large range in
LIR, only small adjustment of the normalization is needed, and the
normalization values are usually close to 1. The second criterion is
that the SF template would dominate the far-IR part (60 µm) of the
SED.

The SF luminosity (LSF) of each source is calculated from the
subtraction process using the integrated IR luminosity of the tem-
plate and its normalization. Fig. 5 shows LSF versus Lbol for our
sample with different symbols for NLS1s and BLS1s. We also
show the LSF = Lbol line and the relationship LSF = 1043 ×
(Lbol/1043)0.7erg s−1 which is adopted from the correlation shown
in Netzer (2009).

Altogether, 85 sources (37 NLS1s and 48 BLS1s) have high-
S/N IRS spectra and AGN-dominated mid-IR SEDs. For each of
these, the range of different templates that meet the PAH crite-
rion is relatively narrow, and the uncertainty on the shape of the
AGN SED is small. The SF template subtracted spectra are nor-
malized at 14 µm and then used for constructing median intrin-
sic AGN SEDs for two groups divided by FWHM(Hβ), that is,
NLS1s and BLS1s. The choice of the normalization point may
have some effect on the shape of the median SED. We choose
to normalize the spectra at 14 µm since this wavelength is less

C⃝ 2011 The Authors, MNRAS 420, 526–541
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

AGN SED fittingの成果: hot dustが普遍的に存在 (Mor & Netzer 2012) 

3成分モデルによるSED fitting の結果 

hot dust 成分 

NLR成分 

clumpy torus 成分 
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! AGNトーラスの内縁半径は、ダストが昇華する位置(ダスト昇華半径)で決まると考えられている.	
  
ダストはUV/optical波長域に大きな吸収係数を持つので、AGNがUV/opticalで等方放射していれば
ダスト昇華半径のおおよその位置は以下の式で決定される	
  (Barvainis	
  1987;	
  Kishimoto	
  et	
  al.	
  2007):	
  

! もしUV/opticalが非等方放射をしていれば、ダスト昇華半径は存在せず、存在するのはダスト昇華
面.	
  

!  観測的には、内縁半径の位置は赤外線(K-­‐band)のReverberation	
  Mapping	
  観測を行うことで調査さ
れている	
  (e.g.,	
  Minezaki	
  et	
  al.	
  2004;	
  Suganuma	
  et	
  al.	
  2004;	
  Sugamuna	
  et	
  al.	
  2006;	
  Koshida	
  et	
  al.	
  2009;	
  Kishimot	
  et	
  al.	
  2011;	
  

Koshida	
  et	
  al.	
  2014;	
  Pozo	
  Nuñez	
  et	
  al.	
  20014,2015). 

Rsub = 1.3 pc � LUV

1046 erg s−1 �
1�2 � Tsub

1500 K
�−2.8 � a

0.05 µm
�−1�2 LUV:	
  AGNのUV	
  luminosity	
  

Tsub:	
  ダスト昇華温度 (組成・サイズ依存)	
  
a:	
  ダストサイズ 
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In Paper I, we assumed the configuration appropriate for a
typical type 1 AGN. In this study, we investigate the expected
characteristics of NIR emission for various geometries of the
disk, the torus, and the observer. Anisotropic illumination by the
disk and the effect of the torus self-occultation contrast our study
with earlier works. The next section describes the calculational
methods of our model. Then, properties of NIR emission from
an aligned (Section 3) and a misaligned (Section 4) torus
are presented. Finally, we make a summary of this study in
Section 5.

2. MODEL DESCRIPTION

We calculate NIR reverberation/echo from the inner part
of the torus in response to a flash of disk illumination. The
calculational method is essentially the same as Paper I, except
for the incorporation of the torus self-occultation in this study.
By considering the anisotropy of the disk illumination, we
solved the inner structure of the torus and explained why the
observed time delay of NIR emission is systematically shorter
than Equation (1). A large grain size and/or extinction between
the torus and the disk are possibly alternative concepts to reduce
the inner radius of the torus (Maiolino et al. 2001; Gaskell &
Benker 2007; Gaskell et al. 2007; Kishimoto et al. 2007).

While the geometry of the torus, the disk, and the observer
appropriate for a typical type 1 AGN was assumed in Paper I,
we here investigate how the NIR response differs with various
possible geometries. A variety of type 1 objects with a common
Rsub,0 are compared. In other words, we compute for objects
with the same isotropic-equivalent luminosity (“luminosity
presuming isotropic emission”) in optical/UV.

Barvainis (1992) examined the NIR response due to the dust
reverberation of an AGN torus. Since the inner radius of the torus
is an input parameter there, the mean time delay of NIR emission
behind the optical/UV flux variations is simply coupled with
the assumed inner radius. On the other hand, in Paper I and
this study, both the inner radius and the time delay are output
of calculations. Moreover, he supposed that the whole torus, an
ensemble of cube-shaped, optically thick clumps, is optically
thin. Since the inner part of an AGN clumpy torus is likely
optically thick (Appendix), we take into account the torus self-
occultation as well as the anisotropic emission from spherical,
optically thick clumps. Similarities and differences in the results
for the time response between our and his calculations are
discussed in Sections 2.4 and 3.1.

In radiative transfer calculations of dusty clumpy tori (e.g.,
Hönig et al. 2006; Nenkova et al. 2008), the isotropic illumina-
tion, mainly in optical and UV, is assumed for simplicity. We
take into account the fact that the disk emission is inevitably
anisotropic. Then, the broadband color between the optical/UV
radiation from the disk and the NIR emission from the torus can
be computed appropriately. In Sections 3.1 and 3.2, we compare
our results with theirs.

Below, our calculational method is summarized.

2.1. Anisotropic Illumination of Disk

Radiation flux (F) from a unit surface area of an optically
thick disk toward a unit solid angle at the polar angle of θ
decreases with an increasing θ as follows (Netzer 1987):

F (θ ) ∝ cos θ (1 + 2 cos θ ). (2)

Here, the first term represents the change in the projected surface
area, while the latter represents the limb darkening effect for

Figure 1. Radiation flux from the disk F (θ ) as a function of the polar angle
θ , normalized to its pole-on value. The red solid line represents the net θ
dependency (projection plus limb darkening effects; Equation (2)), while the
black dashed line shows the former effect alone.
(A color version of this figure is available in the online journal.)

plasma, whose opacity is dominated by electron scattering over
absorption (Sunyaev & Titarchuk 1985; Phillips & Meszaros
1986). Figure 1 shows the θ dependency of F (θ ), where the
former effect alone is also drawn for comparison. An accretion
disk emits lesser radiation in the direction closer to its equatorial
plane (i.e., larger θ ; Laor & Netzer 1989; Sun & Malkan 1989;
Hubeny et al. 2000). If the torus and the disk are aligned, the
assumption of isotropic emission from accretion disks (e.g.,
Equation (1)) obviously overestimates the radiation flux toward
the torus, leading the overestimation of the inner radius of the
torus.

This effect works even if the disk is infinitesimally thin. As
shown in Section 3.3, a non-zero thickness of the disk brings
about another anisotropy of illumination flux, such that the torus
is not illuminated below the disk height at θ larger than a critical
angle θmax. Except in Section 3.3, we throughout adopt a thin
disk with an aspect ratio of ∼0.01, like the standard accretion
disk model (Shakura & Sunyaev 1973).

The effects of anisotropic emission and orientation have been
discussed in the context of the Baldwin effect in the line fluxes
of photoionized emission (Netzer 1985; Francis 1993; Bottorff
et al. 1997). These effects upon the torus were examined for the
first time in Paper I.

2.2. Inner Structure of Torus

The inner edge of the torus is determined so that the
temperature of a clump (at the irradiated surface) equals Tsub
there. Since the radiation flux from the disk F varies with the
polar angle θ , the sublimation radius of the torus Rsub(θ ) is
also a function of θ . Namely, Rsub(θ ) is the distance between
the torus edge and the central BH for various θ . In contrast,
we express the sublimation radius estimated under the isotropic
emission assumption (Equation (1)) as Rsub,0. The anisotropic
illumination given in Equation (2) results in

Rsub(θ ) = Rsub,0

[
cos θ (1 + 2 cos θ )

cos θobs(1 + 2 cos θobs)

]0.5

. (3)

2
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Figure 1. Schematic view of the inner structure of the torus. On the left side
of the rotational axis, the definitions of θmin (the torus thickness) and θmax (the
disk thickness) are indicated.

emission is introduced. Then, the inner structure of the torus
is examined within the framework of clumpy torus models in
Section 3. In Section 4, we derive the transfer function for NIR
emission of the torus in response to optical/UV flux variation
in the disk. Finally, we make a summary and discussion of this
study in Section 5.

2. ANISOTROPIC EMISSION OF ACCRETION DISK

Now, let us consider the emission from an optically thick,
plain slab (i.e., disk). Radiation flux (F) from a unit surface
area of the disk toward a unit solid angle at the polar angle of
θ decreases with an increasing θ as follows:

F ∝ cos θ (1 + 2 cos θ ). (2)

Here, the first term represents the change in the projected surface
area, while the latter represents the limb darkening effect for
plasma, whose opacity is dominated by electron scattering over
absorption (Netzer 1987, and references therein). In other words,
an accretion disk emits lesser radiation in the direction closer
to its equatorial plane (i.e., larger θ ; Laor & Netzer 1989; Sun
& Malkan 1989). Consequently, the assumption of isotropic
emission from accretion disks (e.g., Equation (1)) obviously
overestimates the radiation flux toward the torus. Therefore, it
overestimates the inner radius of the torus.

We note that this effect works even if the disk is infinitesimally
thin. The fact that the disk has a nonzero thickness brings about
another anisotropy of illumination flux, such that the torus is not
illuminated below the disk height (near the equatorial plane)
at θ larger than a critical angle θmax. Throughout this Letter,
we adopt a thin disk (with an aspect ratio of ∼0.01), like the
standard accretion disk model (Shakura & Sunyaev 1973). The
effects of varying disk thickness as a function of accretion rates
(Abramowicz et al. 1988; Fukue 2000; Kawaguchi 2003) will
be investigated in a forthcoming paper.

The effect of anisotropic emission has already been discussed
and referred to as the orientation effect in the context of emission

Figure 2. Calculated geometry of the innermost region of the dusty torus, where
r and z are the cylindrical coordinates. The central BH and the accretion disk in
the z = 0 plane are located at the origin (not drawn) and are observed with the
polar angle θobs = 25◦. We assume alignment between the disk and the torus.
In the case of an isotropic illumination, the torus edge has been supposed to
stand at r = Rsub,0. Thick solid line indicates the edge of the torus, with the
opening angle of the torus (θmin) assumed to be 45◦. On the right-hand side of
the line, clumps contain dust. Dashed line represents Rsub(θ ) (Equation (3)).
The torus inner edge is located closer to the central BH than in the previous
estimations (Equation (1)) and concave/hollow. The innermost region of the
torus may connect with the outermost radius of the disk.

lines, such as the Baldwin effect (Netzer 1985; Francis 1993;
Bottorff et al. 1997). However, consequences of this effect upon
the torus have not been examined so far. Hereafter, we will
explore how this effect influences the torus structure.

3. INNER STRUCTURE OF DUSTY TORUS

We determine the inner edge of the torus so that the tempera-
ture of a clump (at the irradiated surface) equals the sublimation
temperature at the edge. As mentioned above, radiation flux
from the accretion disk varies with the polar angle θ . Thus, the
sublimation radius of the torus is also a function of θ , which is
indicated by Rsub(θ ) in this study (Figure 1). Namely, Rsub(θ )
is the distance between the torus edge and the central BH for
various θ . To avoid confusion, we express the sublimation ra-
dius estimated under the isotropic emission assumption (i.e.,
Equation (1)), in contrast, as Rsub,0.

Adopting the anisotropic illumination given in Equation (2),
we obtain

Rsub(θ ) = Rsub,0

[
cos θ (1 + 2 cos θ )

cos θobs(1 + 2 cos θobs)

]0.5

. (3)

Here, θobs is the polar angle toward the observer seen from the
central accretion disk, and θobs = 25◦ is assumed throughout this
study. Although various grain sizes result in the sublimation
process occurring over a transition zone rather than a single
distance (Nenkova et al. 2008), we employ a sharp boundary for
simplicity.

Figure 2 shows the calculated structure of the innermost
region of the torus. The central BH and the accretion disk on
the z = 0 plane are located at the origin of the coordinate axes
(not drawn). If the torus is indeed a reservoir of gas for the disk,

①  見かけの面積 ∝	
  cosθ	
  
②  limb	
  darkening	
  ∝	
  (1+2*cosθ) 

◎ 非常に薄いdiskからの放射 

F (µ) = 6

7
F0µ(1 + 2µ)

(斜めから見るとτ=1の面が、よりdisk
の表面付近となる+diskは中央面に近
づくほど熱い) 

(Liu	
  et	
  al.2011	
  and	
  references	
  therein) 

フラックスの角度依存性 θ=0(中央面)に近い
角度ほどフラック
スは小さい. 

ダスト昇華面 

Kawaguchi	
  &	
  Mori	
  (2011)	
   

Kawaguchi	
  &	
  Mori	
  (2010)	
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Figure 4. V-band and K-band light curves of NGC 4593, NGC 5548, Mrk 817, Mrk 509, and NGC 7469. Symbols and others are the same as Figure 2.
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Figure 5. Structure function of the V-band flux variation of NGC 4151. The
filled circle shows the data point for each bin of the time interval τ calculated
from the observed light curve; the solid line shows the regression line in a
power-law form in the range of the time interval in which the structure function
is considered to be significant (between the two dot-dashed lines).

than 30 data pairs for sufficient calculation of significant CCFs.
In Figures 6 and 7, CCFs and CCCDs for the individual light
curve sections are presented for NGC 4151 as examples. As a
result, 49 data of ∆tK were obtained for the 17 target AGNs.
The lag times and their errors for all measurements, in addition

to the weighted averages of the lag times at different epochs for
the individual targets, are listed in Table 7.

To compare the lag times ∆tK , assuming αν = 0 and +1/3
for subtracting the accretion-disk component in the K-band
flux, we plotted all 49 measurements of ∆tK in Figure 8.
The lag times ∆tK in which αν = 0 was assumed and those
in which αν = +1/3 was assumed strongly correlated, and
the best fit linear regression for Figure 8 was log ∆tK (αν =
+1/3) − log ∆tK (αν = 0) = −0.023 ± 0.005. Therefore, the
maximum systematic error for ∆tK caused by the uncertainty of
the spectral shape of the flux variation of accretion-disk emission
in optical and near-infrared spectra for the subtraction of the
accretion-disk component in the K-band fluxes can be estimated
as approximately 5%.

3.3. Measuring the Dust Lag by JAVELIN

Next, we applied an alternative method for measuring lag
times developed by Zu et al. (2011), the JAVELIN software
(formerly known as SPEAR), which is employed in recent
reverberation studies (Grier et al. 2012a, 2012b; Dietrich et al.
2012; Grier et al. 2013; Zhang 2013a, 2013b; Shapovalova
et al. 2013). Its formalism was originally developed by Rybicki
& Kleyna (1994) based on the studies of Press et al. (1992)
and Rybicki & Press (1992), and has the advantage that the
uncertainties in the interpolation of the light curve data and thus
the statistical confidence limits on the lag time including them
can be self-consistently estimated under a statistical model of
variability.

9

!  MAGNUMプロジェクトで観測してきた17個のSeyfert	
  1のIR	
  RM観測の総括的研究 (だと思います).	
  

!  継続的にV-­‐バンド(optical	
  cont.)とK-­‐バンド(UV/optical	
  cont.がreprocessされたもの)で同時観測を行い、V-­‐バンド
の時間変動に対するK-­‐バンドの応答を調べて、遅延時間Δtを測定する. 

V-バンド、K-バンドの光度曲線の例 
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Figure 8. Comparison of the dust lags ∆tK obtained by the CCF analysis
assuming αν = 0 and +1/3 for subtraction of the accretion-disk component in
the K-band flux. The dashed line represents the best-fit regression line.
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Figure 9. Comparison of the dust lags ∆tK obtained by using the CCF analysis
and JAVELIN (assuming αν = 0 for the subtraction of the accretion-disk
component in the K-band flux). The dashed line represents the best-fit regression
line.

a = −2.13 ± 0.04 for ∆tK (CCF) and a = −2.09 ± 0.04 for
∆tK (JAVELIN). Then, we adopt a = −2.11 ± 0.04 for the
parameter of the dust lag–luminosity correlation in Equation (4).
The parameter of a = −2.11 ± 0.04 was consistent with that
presented in a previous study (a = −2.15; Minezaki et al.
2004). In addition, regarding the scatter σ∆t between ∆tK (CCF)
and ∆tK (JAVELIN) as the systematic scatter associated with
the lag-analysis methods, σint =

√
σ 2

add − σ 2
∆t ≈ 0.13 dex can

be interpreted as intrinsic scatter in the dust lag–luminosity
correlation.
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Figure 10. Lag times between the V-band and K-band light curves plotted
against the V-band absolute magnitude. Open circles represent 49 measurements
of the lag times (obtained by the CCF analysis assuming αν = 0 for the
subtraction of the accretion-disk component in the K-band flux) and V-band
absolute magnitude, and the data points are connected with dotted lines for the
same target. Filled circles represent the weighted averaged data for 17 individual
target active galactic nuclei (AGNs). Solid and dashed lines represent the best-fit
regression lines for the data obtained by the CCF analysis assuming αν = 0
and αν = 1/3, respectively. The lag times were corrected for the time dilation
according to the object redshift.

4.3. Possible Origin of Intrinsic Scatter in the Dust
Lag–Luminosity Correlation

Although the central engine of the type 1 AGN is not
considered to be as heavily obscured by the dust torus as that
of the type 2 AGN, a small but different amount of extinction
could exist in type 1 AGNs to create a possible source of scatter
in the dust lag–luminosity correlation. Cackett et al. (2007)
estimated the intrinsic color excess of 14 AGNs by the flux
variation gradient (FVG) method (Winkler et al. 1992) and the
Balmer decrement method. The estimates obtained from both
methods were consistent; therefore, the difference between the
estimates by the two methods could be regarded as the sum of the
intrinsic uncertainties of the methods themselves. We estimated
the standard deviation of the uncertainty of the FVG method
as 0.041 mag. In fact, of the 14 target AGNs of Cackett et al.
(2007), 11 AGNs are in common with our targets. For these
targets, the standard deviation of color excess obtained by the
FVG method was estimated as σE(B−V ),FVG = 0.076 mag, and
the intrinsic standard deviation of color excess was estimated
as σE(B−V ) = 0.064 mag. Assuming AV /E(B − V ) = 3.1, this
value corresponds to the scatter of approximately 0.2 mag in
MV or 0.04 dex in log ∆tK , which is insufficient for explaining
the scatter of σint ≈ 0.13 dex in the correlation.

The difference in the spectral shape of the flux variation
of accretion-disk emission between targets, which would be
caused by a different amount of intrinsic extinction or by other
reasons, would contribute the scatter in the dust lag–luminosity
correlation. For example, the intrinsic standard deviation of
σαν

= 0.1, which could be caused by the intrinsic standard
deviation of color excess of σE(B−V ) = 0.054 mag, would
originate the scatter of approximately 0.01 dex in log ∆tK .
This result is also insufficient for explaining the scatter of
σint ≈ 0.13 dex in the correlation.

We then focused on the changes in dust torus size with the
flux variation as an additional possible source of scatter in the
dust lag–luminosity correlation. Koshida et al. (2009) found
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◯:	
  V-­‐band、●:	
  K-­‐band 

①  V-­‐バンド、K-­‐バンドにある母銀河成分・
狭輝線成分の除去.	
  

②  K-­‐バンドにある降着円盤成分の除去.	
  

相互相関解析 

遅延時間Δtと絶対等級の関係 

明るい天体ほど 
遅延時間が長い 

明るい 暗い 

◯:	
  	
  Each	
  measurements	
  
●:	
  1天体への複数測定を平
均化したもの(全部で17点) 

best-­‐fit	
  (αν=0) 
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Figure 12. Residual of the dust lag from the best-fit regression line plotted
against the Eddington ratio (obtained by the CCF analysis assuming αν = 0 for
the subtraction of the accretion-disk component in the K-band flux).

with the model. The observation of an AGN with a super-
Eddington mass accretion rate is required to investigate the
effect of anisotropic illumination of the slim disk.

5.2. Structure of the BLR and Inner Dust Torus

Reverberation observations for BELs and dust thermal emis-
sion provide an important tool for investigating the structure
of the BLR and innermost dust torus. Suganuma et al. (2006)
compared the results of the dust reverberation with those for
BELs and demonstrated that the innermost dust torus was lo-
cated just outside of the BLR. Infrared interferometry is also
an important tool for investigating the dust torus. Kishimoto
et al. (2011) reported that the radius of the innermost dust torus
obtained by near-infrared interferometry was consistent with
the dust reverberation radius; however, the former tended to be
roughly equal to or slightly larger than the latter. On the basis
of our new results of the largest homogeneous sample of dust
reverberation, we discuss in this section the structure of the BLR
and the innermost dust torus.

In Figure 13, we plotted the radii of the innermost dust torus
obtained by reverberation and near-infrared interferometry, as
well as the reverberation radius of the BLR, against the optical
V-band luminosity. The dust reverberation radii and optical
luminosities were obtained from our results, and those of
the near-infrared interferometry were obtained from the data
compiled by Kishimoto et al. (2011) and Weigelt et al. (2012).
The lag–luminosity correlation of BLR has been investigated
by many authors. Among the data presented in such studies, we
used that obtained by the reverberation observation of Balmer
emission lines (mostly Hβ) compiled by Bentz et al. (2009a),
because they presented an accurate estimation of the optical
luminosity by using the HST images to carefully subtract the
host-galaxy flux.

In Figure 14, the radii of the innermost dust torus and
BLR (Hβ) were plotted against the hard X-ray (14–195 keV)
luminosity, and in Figure 15, they were plotted against the
luminosity of [O iv] λ25.89 µm emission line. Although the
hard X-ray emission and [O iv] emission line are not directly
related to the ionization state of the BLR clouds or dust
temperature, their luminosities are expected to correlate with
that of the accretion disk emission, and they would be far
less obscured by the dust torus. Therefore, they could serve
as luminosity indicators unbiased to dust obscuration (e.g.,
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Figure 13. Radii of the innermost dust torus and the broad emission-line region
(BLR) plotted against the V-band luminosity. Filled circles (colored red in
the online version) represent the K-band reverberation radii of our results
(obtained by the CCF analysis assuming αν = 0 for the subtraction of the
accretion-disk component in the K-band flux); open squares (colored purple
in the online version) represent the K-band interferometric radii obtained from
Kishimoto et al. (2011) and Weigelt et al. (2012), and crosses (colored blue in
the online version) represent the reverberation radii of broad Balmer emission
lines obtained from Bentz et al. (2009a). Solid and dashed lines (colored red
in the online version) represent the best-fit regression lines for the K-band
reverberation radii for the data obtained by the CCF analysis assuming αν = 0
and αν = 1/3, respectively, and the dot–dashed line (colored blue in the online
version) represents the best-fit regression line for the Balmer-line reverberation
radii reported by Bentz et al. (2009a). Dots (colored green in the online version)
represent the radii of the location of the hot-dust clouds obtained from the
spectral energy distribution (SED) fitting of type 1 active galactic nuclei (AGNs)
reported by Mor & Netzer (2012).
(A color version of this figure is available in the online journal.)

Melèndez et al. 2008; Diamond-Stanic et al. 2009; Rigby et al.
2009) and would be useful for estimating the radii of the BLR
and innermost dust torus for type 2 AGNs and ultraluminous
infrared galaxies. We enlarged the data for reverberation radii
of the BLR by adding the results of the recent reverberation
observations for Hβ emission lines (Bentz et al. 2006b, 2007,
2009a, 2009b; Denney et al. 2010; Barth et al. 2011a, 2011b;
Grier et al. 2012b). The hard X-ray luminosity was obtained
from the Swift BAT 58 Month Hard X-ray Survey (Baumgartner
et al., in preparation),11 and that of the [O iv] emission line was
taken from previous research (Deo et al. 2007; Melèndez et al.
2008; Diamond-Stanic et al. 2009; Gallimore et al. 2010; Greene
et al. 2010; Liu & Wang 2010; Tommasin et al. 2010).

As shown in Figures 13–15, the radii of the BLR (Hβ) and
innermost dust torus showed significant correlation with these
luminosities, and the reverberation radius of the BLR was found
to be systematically smaller than that of the innermost dust
torus, as presented by Suganuma et al. (2006). In addition, we
found that the reverberation radius of the innermost dust torus
appeared to be systematically smaller than the interferometric
radius of the innermost dust torus, as presented by Kishimoto
et al. (2011). We then applied the regression analysis for the

11 http://heasarc.gsfc.nasa.gov/docs/swift/results/bs58mon/
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赤外線干渉計から求めた	
  
トーラス内縁半径	
  
(Kishimoto+11;	
  Weigelt+12) 

Mor	
  &	
  Netzer	
  (2012)の
hot	
  dust	
  cloudsの位置 

BLRの位置、正確には、broad	
  
Balmer	
  lines	
  emitting	
  cloudsの位置	
  
(Bentz+09) 

この研究	
  
(Koshida+14) 

様々なRM観測のまとめ 
!  K-­‐バンドRM観測で求めた

半径の1/4~1/5のところに、
Balmer線放射領域がある.	
  

!  Mor	
  &	
  Netzer(2012)でIR	
  SED	
  
fittingで必要とされたhost	
  
dust	
  cloudsは、ちょうど、
K-­‐バンド観測で求めた半径
とbroad	
  Balmer	
  linesで求め
た半径の間に位置.	
  

トーラスと降着円盤外側は
seemlessに接続. 



近/中間赤外線干渉計による 
トーラス観測 
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!  現在のところ、トーラススケールを直接空間分解できる唯一の観測手段で、以下の観測装置を用
いてダスト分布の研究が進められている:	
  

①  Very	
  Large	
  Telescope	
  Interferometer(VLTI)/MIDI	
  (MIR)	
  
②  VLTI/AMBER	
  (NIR)	
  
③  Keck	
  Interferometer	
  (KI)	
  (NIR)	
  

	
  
!  最も大きな成果:	
  

1)  実際に数pcスケールから強いダスト放射が出ていることを示したこと.	
  
2)  トーラスの対称軸と思われる方向にdusty	
  outflowが吹いている可能性を発見したこと.	
  

※	
  後者の点に関しては、天体数が少ないため、どれだけ一般的なことかわからない。 
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NGC 1068 (Jaffe et al. 2004) 
!  比較的近傍のII型AGN	
  (D=14.4[Mpc];	
  z=0.0038;	
  100[mas]=7[pc])の1つであるNGC	
  1068をVLTI/MIDIで観測し、single-­‐

telescope	
  SEDと2つのbaselineで求めたcorrelated	
  fluxを再現するようなダスト分布モデルを作成.	
  

!  2成分モデルでよく再現できる.	
  
"  hot成分(T>800K,	
  0.7x1[pc2])とwarm成分(T=320K,2.1x3.4[pc2]) 

..............................................................

The central dusty torus in the
active nucleus of NGC 1068
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Active galactic nuclei (AGNs) display many energetic phenom-
ena—broad emission lines, X-rays, relativistic jets, radio lobes—
originating frommatter falling onto a supermassive black hole. It
is widely accepted that orientation effects play a major role in
explaining the observational appearance of AGNs. Seen from
certain directions, circum-nuclear dust clouds would block our
view of the central powerhouse1,2. Indirect evidence suggests that
the dust clouds form a parsec-sized torus-shaped distribution.
This explanation, however, remains unproved, as even the largest
telescopes have not been able to resolve the dust structures. Here
we report interferometric mid-infrared observations that
spatially resolve these structures in the galaxy NGC 1068. The
observations reveal warm (320K) dust in a structure 2.1 parsec
thick and 3.4 parsec in diameter, surrounding a smaller hot
structure. As such a configuration of dust clouds would collapse
in a time much shorter than the active phase of the AGN3, this
observation requires a continual input of kinetic energy to the
cloud system from a source coexistent with the AGN.

NGC 10684,5 (Fig. 1) is a well studied Seyfert 2 type AGN at a
distance of only 14.4Mpc (megaparsec; 1 pc ¼ 3.26 light yr). In
contrast to quasars or Seyfert 1 galaxies, we view Seyfert 2 galaxies at
an aspect angle along which the central energetic phenomena and
particularly the hot central accretion disk seem to be blocked by
dust1. The largest single-dish telescopes provide a resolution of 100
milli-arcsec (mas) and fail to resolve the circum-nuclear dust
structure (at 14.4Mpc, 100 mas corresponds to 7 pc). The dust is
heated by the hot accretion disk to temperatures between ,100K
and the dust sublimation temperature, 1,500 K, and thus radiates
thermally between wavelengths l < 2 and 30mm, although dust
absorption will strongly suppress the emergence of any radiation of
wavelength l& 4mm from Seyfert 2 galaxies.

To resolve the dust structures and thus measure their properties
directly at l . 8mm, we used the mid-infrared interferometric
instrument (MIDI)6 coupled to the European Southern Observa-
tory’s (ESO’s) Very Large Telescope interferometer (VLTI)7. The
spatial resolution of the largest two-telescope configuration of the

VLTI is ,10 mas at l ¼ 10 mm, and allows us to resolve thermal
emission from dust to,1 pc inNGC 1068.MIDI/VLTI operates as a
classical astronomical Michelson interferometer. The light beams
from each two of the VLT’s unit telescopes are relayed by a series of

Figure 1 Images and model of emission from NGC 1068 at increasing magnification.

a, Optical image of the central region of NGC 106820. This colour composite taken with the
Hubble Space Telescope shows stellar light in blue, oxygen ionized by the active nucleus

in yellow and ionized hydrogen in red. The black square centred on the dust-obscured

nucleus marks the region of b. In a–c, north is at the top, and east to the left.
b, Single-telescope acquisition image (deconvolved) of NGC 1068 taken by MIDI with a

8.7mm filter penetrating the dust and showing the structures on arcsec scales. These are

similar to those of ref. 9. Also shown is the position of the spectroscopic slit used in the

interferometric observations. The spectra displayed in Fig. 2 are integrated over the

central emission peak only. The dashed line indicates the source axis. c, Model dust
structure in the nucleus of NGC 1068. It contains a central hot component (dust

temperature T . 800 K, yellow) marginally resolved along the source axis. Its finite width

and the dashed circle indicate that its east–west extent is currently undetermined. The

much larger warm component (T ¼ 320 K, red) is well resolved. Single hatching

represents the averaged optical depth in the silicate absorption, kt SiOl ¼ 0.3, while the

higher value t SiO ¼ 2.1 is found towards the hot component (cross-hatched). The

arrows indicate the projected orientation of the two baselines and the spatial resolution

v ¼ kll/2B, where B is the projected baseline.
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Active galactic nuclei (AGNs) display many energetic phenom-
ena—broad emission lines, X-rays, relativistic jets, radio lobes—
originating frommatter falling onto a supermassive black hole. It
is widely accepted that orientation effects play a major role in
explaining the observational appearance of AGNs. Seen from
certain directions, circum-nuclear dust clouds would block our
view of the central powerhouse1,2. Indirect evidence suggests that
the dust clouds form a parsec-sized torus-shaped distribution.
This explanation, however, remains unproved, as even the largest
telescopes have not been able to resolve the dust structures. Here
we report interferometric mid-infrared observations that
spatially resolve these structures in the galaxy NGC 1068. The
observations reveal warm (320K) dust in a structure 2.1 parsec
thick and 3.4 parsec in diameter, surrounding a smaller hot
structure. As such a configuration of dust clouds would collapse
in a time much shorter than the active phase of the AGN3, this
observation requires a continual input of kinetic energy to the
cloud system from a source coexistent with the AGN.

NGC 10684,5 (Fig. 1) is a well studied Seyfert 2 type AGN at a
distance of only 14.4Mpc (megaparsec; 1 pc ¼ 3.26 light yr). In
contrast to quasars or Seyfert 1 galaxies, we view Seyfert 2 galaxies at
an aspect angle along which the central energetic phenomena and
particularly the hot central accretion disk seem to be blocked by
dust1. The largest single-dish telescopes provide a resolution of 100
milli-arcsec (mas) and fail to resolve the circum-nuclear dust
structure (at 14.4Mpc, 100 mas corresponds to 7 pc). The dust is
heated by the hot accretion disk to temperatures between ,100K
and the dust sublimation temperature, 1,500 K, and thus radiates
thermally between wavelengths l < 2 and 30mm, although dust
absorption will strongly suppress the emergence of any radiation of
wavelength l& 4mm from Seyfert 2 galaxies.

To resolve the dust structures and thus measure their properties
directly at l . 8mm, we used the mid-infrared interferometric
instrument (MIDI)6 coupled to the European Southern Observa-
tory’s (ESO’s) Very Large Telescope interferometer (VLTI)7. The
spatial resolution of the largest two-telescope configuration of the

VLTI is ,10 mas at l ¼ 10 mm, and allows us to resolve thermal
emission from dust to,1 pc inNGC 1068.MIDI/VLTI operates as a
classical astronomical Michelson interferometer. The light beams
from each two of the VLT’s unit telescopes are relayed by a series of

Figure 1 Images and model of emission from NGC 1068 at increasing magnification.

a, Optical image of the central region of NGC 106820. This colour composite taken with the
Hubble Space Telescope shows stellar light in blue, oxygen ionized by the active nucleus

in yellow and ionized hydrogen in red. The black square centred on the dust-obscured

nucleus marks the region of b. In a–c, north is at the top, and east to the left.
b, Single-telescope acquisition image (deconvolved) of NGC 1068 taken by MIDI with a

8.7mm filter penetrating the dust and showing the structures on arcsec scales. These are

similar to those of ref. 9. Also shown is the position of the spectroscopic slit used in the

interferometric observations. The spectra displayed in Fig. 2 are integrated over the

central emission peak only. The dashed line indicates the source axis. c, Model dust
structure in the nucleus of NGC 1068. It contains a central hot component (dust

temperature T . 800 K, yellow) marginally resolved along the source axis. Its finite width

and the dashed circle indicate that its east–west extent is currently undetermined. The

much larger warm component (T ¼ 320 K, red) is well resolved. Single hatching

represents the averaged optical depth in the silicate absorption, kt SiOl ¼ 0.3, while the

higher value t SiO ¼ 2.1 is found towards the hot component (cross-hatched). The

arrows indicate the projected orientation of the two baselines and the spatial resolution

v ¼ kll/2B, where B is the projected baseline.
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Active galactic nuclei (AGNs) display many energetic phenom-
ena—broad emission lines, X-rays, relativistic jets, radio lobes—
originating frommatter falling onto a supermassive black hole. It
is widely accepted that orientation effects play a major role in
explaining the observational appearance of AGNs. Seen from
certain directions, circum-nuclear dust clouds would block our
view of the central powerhouse1,2. Indirect evidence suggests that
the dust clouds form a parsec-sized torus-shaped distribution.
This explanation, however, remains unproved, as even the largest
telescopes have not been able to resolve the dust structures. Here
we report interferometric mid-infrared observations that
spatially resolve these structures in the galaxy NGC 1068. The
observations reveal warm (320K) dust in a structure 2.1 parsec
thick and 3.4 parsec in diameter, surrounding a smaller hot
structure. As such a configuration of dust clouds would collapse
in a time much shorter than the active phase of the AGN3, this
observation requires a continual input of kinetic energy to the
cloud system from a source coexistent with the AGN.

NGC 10684,5 (Fig. 1) is a well studied Seyfert 2 type AGN at a
distance of only 14.4Mpc (megaparsec; 1 pc ¼ 3.26 light yr). In
contrast to quasars or Seyfert 1 galaxies, we view Seyfert 2 galaxies at
an aspect angle along which the central energetic phenomena and
particularly the hot central accretion disk seem to be blocked by
dust1. The largest single-dish telescopes provide a resolution of 100
milli-arcsec (mas) and fail to resolve the circum-nuclear dust
structure (at 14.4Mpc, 100 mas corresponds to 7 pc). The dust is
heated by the hot accretion disk to temperatures between ,100K
and the dust sublimation temperature, 1,500 K, and thus radiates
thermally between wavelengths l < 2 and 30mm, although dust
absorption will strongly suppress the emergence of any radiation of
wavelength l& 4mm from Seyfert 2 galaxies.

To resolve the dust structures and thus measure their properties
directly at l . 8mm, we used the mid-infrared interferometric
instrument (MIDI)6 coupled to the European Southern Observa-
tory’s (ESO’s) Very Large Telescope interferometer (VLTI)7. The
spatial resolution of the largest two-telescope configuration of the

VLTI is ,10 mas at l ¼ 10 mm, and allows us to resolve thermal
emission from dust to,1 pc inNGC 1068.MIDI/VLTI operates as a
classical astronomical Michelson interferometer. The light beams
from each two of the VLT’s unit telescopes are relayed by a series of

Figure 1 Images and model of emission from NGC 1068 at increasing magnification.

a, Optical image of the central region of NGC 106820. This colour composite taken with the
Hubble Space Telescope shows stellar light in blue, oxygen ionized by the active nucleus

in yellow and ionized hydrogen in red. The black square centred on the dust-obscured

nucleus marks the region of b. In a–c, north is at the top, and east to the left.
b, Single-telescope acquisition image (deconvolved) of NGC 1068 taken by MIDI with a

8.7mm filter penetrating the dust and showing the structures on arcsec scales. These are

similar to those of ref. 9. Also shown is the position of the spectroscopic slit used in the

interferometric observations. The spectra displayed in Fig. 2 are integrated over the

central emission peak only. The dashed line indicates the source axis. c, Model dust
structure in the nucleus of NGC 1068. It contains a central hot component (dust

temperature T . 800 K, yellow) marginally resolved along the source axis. Its finite width

and the dashed circle indicate that its east–west extent is currently undetermined. The

much larger warm component (T ¼ 320 K, red) is well resolved. Single hatching

represents the averaged optical depth in the silicate absorption, kt SiOl ¼ 0.3, while the

higher value t SiO ¼ 2.1 is found towards the hot component (cross-hatched). The

arrows indicate the projected orientation of the two baselines and the spatial resolution

v ¼ kll/2B, where B is the projected baseline.
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mirrors, combined by a semi-reflecting mirror, dispersed by a NaCl
prism to a spectral resolution of l/dl < 30, and finally registered on
the infrared detector. MIDI’s operation in the astronomical N band
(8–13.5 mm) is perfectly suited to estimate the dust composition
from the absorption lines of common dust minerals.
Figure 1b shows our single-telescope acquisition image of the

nuclear region at 8.7 mmwavelength. The corresponding N-band slit
spectrum of the source, as integrated over the beam width of
0.4 arcsec, is shown in Fig. 2a. Figures 2b and c show the spectra
as seen by the two-telescope interferometer operating at two
different projected baselines. We attribute the dip near 10 mm,
visible on all three panels, to absorption by dust minerals.
As our longer baseline is essentially aligned with the north–

south-oriented source axis as defined by the inner radio jet8, we

decided to model the data with a minimum set of emitting
components that are symmetric with respect to this axis—a pro-
cedure borrowed from the early days of VLBI radio astronomy. For
each component, we assume blackbody radiation at a specific
temperature and an elliptical gaussian brightness distribution. In
order to reproduce the dust absorption feature already evident in
our present (and previous9,10) single-telescope observations, we
additionally introduce silicate absorption of various strengths for
each component. We assume an absorption profile derived from
Infrared Satellite Observatory (ISO) observations of the centre of
our Galaxy11, which is consistent with, but of higher signal/noise
than, existing ISO measurements of NGC 106810.

The simplest model that accounts well for the spectra of both the
total and the interferometric flux in our measurements requires
only two gaussian components of different temperature, size and
foreground dust absorption tSiO (see parameters in Table 1 and
sketch in Fig. 1c). The first is a hot (T . 800K) compact com-
ponent. Its length along the source axis is resolved, and well
constrained to 0.7 pc. The interferometric measurement sets only
an upper limit (#1 pc) to its orthogonal width. The second is a
warm, well resolved component with best-fit temperature
T ¼ 320K. Its size is well constrained by our observations with
two baselines.

The silicate absorption feature around 10 mm is much more
pronounced in the interferometric spectra (Fig. 2b, c) than in the
total spectrum (Fig. 2a). In our best-fitting model, we find an
spatially averaged peak silicate absorption depth, ktSiOl, of 0.3 in
front of the extended T ¼ 320K component plus an additional
ktSiOl ¼ 1.8 in front of the hot component. Thus, the hot com-
ponent seems to be embedded within the warm one. Presumably,
much of the absorption towards the hot component actually occurs
in the inner regions of the warm extended component. A ray from
the hot dust, penetrating the full thickness of the larger, outer
component, will suffer more absorption than the radiation from
cooler dust in the outer regions of this component.

The profile of the silicate absorption towards the hot component
does not fit well to the profiles of common olivine-type silicate dust,
because those begin to drop already at ,8 mm, while the inter-
ferometric spectrum with the highest spatial resolution (Fig. 2c)
does not seem to be affected at wavelengths ,9 mm. We obtain a
much better fit by using the profile of calcium aluminium silicate
(Ca2Al2SiO7), a high-temperature dust species found in some
supergiant stars12. Although radiation transfer effects might fill in
some of the dip near 8 mm even with ‘normal’ silicates, our
modelling of this effect does not produce acceptable fits to the
data. Other non-olivine dust compositions, however, cannot cur-
rently be excluded. In any case, our observations require special dust
properties in the innermost 2 pc around the nucleus of NGC 1068.
Indications of non-standard dust properties have also been reported
for other Seyfert 2 galaxies13.

Figure 2 Observed MIDI spectra from the nucleus of NGC 1068 compared with two-

component gaussian model predictions. Spectra were obtained during runs on 15 and 16

June, and 9 and 10 November, 2003. In each plot, the thin jagged line shows the

observed flux as a function of wavelength, the blue hatched area shows its r.m.s. scatter

in independent observations, and the thicker smooth line shows the model predictions.

The red and green lines shown the contribution of the hot and warm components,

respectively. a, The single-telescope, non-interferometric MIDI flux-density spectrum.
The absorption dip near 10mm is caused primarily by ‘astronomically common’, olivine-

type, silicate dust. b, The two-telescope interferometric spectrum from November 2003

with a projected baseline of B ¼ 42m oriented at an angle of 458 (clockwise from north),

giving an effective resolution of ,26 mas. c, The interferometric spectrum from June

2003 with a projected baseline of 78m, orientated 28 anticlockwise from north, giving a

resolution of,13 mas. Here the dip near 10 mm is probably caused by dust of alumino-

silicate or other, non-olivine, composition.

Table 1 Dust emission components in the nucleus of NGC 1068

Component T D k jet D ’ jet tSiO
(K) (mas) (pc) (mas) (pc)

.............................................................................................................................................................................

Hot .800 10 ^ 2 0.7 ^ 0.2 ,12 ,1 2.1 ^ 0.5
Warm 320 ^ 30 30 ^ 5 2.1 ^ 0.4 49 ^ 4 3.4 ^ 0.3 0.3 ^ 0.2
.............................................................................................................................................................................

Each component is taken to be a two-dimensional gaussian aligned with one axis parallel to the
radio jet. Sizes D are given as full-width at half-maximum of gaussian profiles. We have assumed
emission from each component with a blackbody spectrum of the given temperature with
constant emissivity. Emissivity decreasing rapidly with increasing wavelength (,l21 or stee-
per), as might be expected from optically thin dust emission, is not consistent with the data. In
front of this emission we impose an absorption of exp (2t(l)). t(l) varies with l to match known
silicate profiles as described in the text. The peak value of t(l) for each component is given here
as tSiO. The optical depth t in front of the hot component is in fact the sum of the contributions of
the hot and warm components, because the model assumes that the absorption in the warm
component also reduces the hot component. The errors refer to the full range of uncertainty
when varying all parameters simultaneously. We assume the standard distance21 of 14.4Mpc
(that is, 1 pc ¼ 14.3 mas). The temperature of the hot component is a lower bound; the
blackbody profiles from all temperatures above 800K are indistinguishable within the observed
wavelength band.
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Circinus galaxy (Tristram et. al. 2007,2012,2014) 

!  最も近傍にあるII型AGNの1つ(D=4[Mpc];	
  10[mas]=0.2[pc]).	
  

!  Tristram+07以降継続的に干渉計で観測され、uv-­‐planeのcoverageが徐々に増加中. 

840 K. R. W. Tristram et al.: The nuclear dust torus in the Circinus galaxy
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Fig. 1. Coverage of the uv plane obtained for the Circinus galaxy with MIDI, the MID-infrared Interferometric instrument at the VLTI. The left
panel shows the position of the observed fringe tracks in the uv plane for the two shorter baselines, UT2 − UT3 and UT3 − UT4. The points are
coded according to the epoch of observation. The right panel shows all the 21 observed fringe tracks as well as the uv tracks of the baselines for
the three combinations of unit telescopes that were used.

The entire data reduction and calibration was performed in
the same manner for all visibility points without any further in-
dividual adjustment of the parameters, in order not to introduce
any biases.

2.4. uv coverage

The interferometric data collected on Circinus constitute the
most extensive interferometric data in the infrared or at shorter
wavelengths of any extragalactic source to date. The coverage of
the uv plane achieved by all of the MIDI observations is shown
in Fig. 1. Each point represents the position of a fringe track
leading to a visibility point. Because we measure the interfer-
ometric signal of a real function (namely the brightness distri-
bution) which has a symmetric Fourier transform, there are two
points for each measurement, symmetrical to the centre. The dif-
ferent colours denote the different epochs of observation. We ob-
served 21 fringe tracks and 31 usable photometries (note this is
not the double of the fringe track number as it should optimally
be; there are only 15 usable A photometries and 16 usable B pho-
tometries) for Circinus as well as 12 fringe tracks plus 24 pho-
tometries for HD 120404, the calibrator star. From these data, we
were able to reconstruct a total of 21 visibility points.

The distribution of the measurements in the uv plane shown
in Fig. 1 has concentrations at several locations, that is, two or
three points at almost the same location. This was caused by con-
secutive measurements of the interferometric signal. The differ-
ences between such measurements can be considered as indica-
tions for the accuracy of the measurements themselves. Several
measurements also share the same photometry or calibrator data.
In a strict sense, the true number of absolutely independent mea-
surements is thus only on the order of 12, which is the number
of independently measured calibrator data sets.

The observations were performed with only three baseline
configurations: UT2 – UT3, UT2 – UT4 and UT3 – UT4. This

causes the visibility points to lie on arcs in the uv plane, which
correspond to the classical uv tracks known from radio inter-
ferometry. The uv tracks for these three baseline configurations
are plotted as continuous lines in the right panel of Fig. 1. The
uv coverage is far from optimal, as there are several regions lack-
ing measurements: at a position angle of −20◦, no measurements
were obtained at all and at a position angle of +20◦ only one
baseline length (BL = 40 m) was observed. The void regions
therefore need to be filled in by future observations. In fact, the
current coverage is unsuitable to attempt any image reconstruc-
tion as commonly done with radio interferometry data. There, a
flux distribution can be directly determined from the data by an
inverse Fourier transform and a prescription, such as the “clean
algorithm”. We tried applying such an algorithm to our data.
However, the form of the PSF (the “beam”) corresponding to
our uv coverage is very bad and shows strong periodic patterns,
thereby dominating the outcome of the reconstruction process.
The results of such an attempt are poor and hard to interpret,
reflecting only general properties of the source. These general
properties are much better constrained by models (see Sect. 4).

The differential phase (see Sect. 2.3) is less than 20◦ for al-
most all baselines. At the shortest baselines, we find some ev-
idence for a phase shift and there is also weak evidence for
phase shifts at positions where the visibilities show unexpected
behaviour (especially for sudden downturns at the edge of the
spectal range covered). Nevertheless, we find no evidence for a
major asymmetry in the source. We therefore postpone a detailed
analysis of the differential phase information and concentrate in
this paper on the interpretation of the visibility amplitude only.

3. Results

3.1. Total flux

Figure 2 shows the spectrum of the calibrated total flux,
Ftot(λ), of the Circinus nucleus. In several of the individual
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Fig. 1. uv plane with all MIDI measurements of
the Circinus galaxy. The individual uv points
are colour-coded according to the different ob-
serving epochs. Successful measurements are
shown by filled circles, failed measurements by
open circles. The full baseline tracks are plotted
in grey for all the telescope combinations used
and for a minimum elevation of the Circinus
galaxy of 25°. In the baseline names, U stands
for the UTs, A1 to G0 for the stations of the
ATs. Regions used for the comparison of mea-
surements at different epochs are encircled and
labelled in blue (see Sect. 2.3). Every measure-
ment appears twice, symmetric to the centre
of the uv plane, because the Fourier transform
of a real valued function (such as the intensity
distribution on sky) is hermitian. As a conse-
quence, the measurements which seem covered
by the figure key are identical to those on the
other side of the uv plane.

Table 2. Values for the parameters in EWS used for the reduction of the
MIDI data of the Circinus galaxy.

Parameter Value Description
smooth =10 frames width of boxcar for high pass filtering
gsmooth1 =0.36 s 1st pass: coherent smoothing
asmooth1 =2.00 s 1st pass: amplitude smoothinga

msmooth1 =4.00 s 1st pass: median smoothing
gsmooth2 =0.36 s 2nd pass: coherent integration length
msmooth2 =1.00 s 2nd pass: median smoothing
ngrad =2 2nd pass: 2 ngrad+1=5 delay rate fits
maxopd1 =40 µm 2nd pass: maximum search OPD
psmooth =0.18 s smoothing for phase estimation
pgrad =0 2 pgrad+1=1 linear phase rate fit
maxopd2 =100 µm flagging: maximum allowed OPD
minopd =0 µm flagging: minimum allowed OPD
jumpopd =10 µm flagging: maximum jump in delays
jitteropd =1.5 µm flagging: maximum jitter in delays

Notes. (a) Using a Gaussian instead of the default boxcar smoothing.

symmetric with respect to the source spectra, 15 or 16 pixels
(∼1.33 arcsec) apart for the UTs and 11 pixels (∼4.2 arcsec)
apart for the ATs. The calibrator database of EWS, which is
based on the database of calibrator spectra by R. van Boekel
(van Boekel 2004; Verhoelst 2005), was used to calibrate the
data.

In addition to the statistical errors provided by EWS, the un-
certainties due to the variation of the transfer function of the
atmosphere and instrument were estimated from up to five cali-
brators and added to the statistical errors in quadrature. In most

cases, these calibration uncertainties dominate over the statis-
tical errors. They are the main source of uncertainty in our
MIDI measurements, with errors from as low as 5% to more
than 20%, depending on the atmospheric conditions of the night.
Similar results were obtained by e.g. Burtscher et al. (2012). The
errors used in Tristram et al. (2007) are much smaller. There,
only the statistical errors from EWS were used and the uncer-
tainties were, therefore, underestimated.

Due to the imperfect background subtraction by chopping,
the uncertainties in the total flux measurements are significantly
larger than those of the correlated fluxes. These uncertainties
also propagate into the visibilities. Furthermore, the total flux
spectra of the Circinus galaxy observed with the ATs turn out to
be entirely useless. Therefore most of the following analysis is
focused on the correlated fluxes and the differential phases.

2.3. Data consistency

2.3.1. Individual points in the uv plane

Unless the brightness distribution of the object has changed in
intensity or shape, MIDI should always measure the same cor-
related flux and differential phase at the same location in the uv
plane. Furthermore, we expect measurements close in uv space
to be similar or to change continuously for measurements at dis-
tances less than the telescope diameters of 8.2 m for the UTs
and 1.8 m for the ATs (cf. López-Gonzaga et al. 2014).

For the Circinus galaxy, several locations in the uv plane have
been measured more than once in different observing epochs or
using different telescope combinations. For 14 such locations we
check the consistency of our measurements. The locations are
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directly estimated from the bootstrap distribution of the respec-
tive parameter and mark the 68.3% (1σ) confidence intervals.

Our model can fit the data on the shortest baselines very
well, which means that it reproduces the low spatial frequen-
cies of the source adequately. On longer baselines, however, the
data is not well reproduced by our model. This is predominantly
due to small scale variations of the correlated fluxes and differ-
ential phases at longer baselines (cf. Fig. 4), which cannot be
reproduced by our smooth model. We interpret these variations
as signatures for small scale structures that our model obviously
cannot replicate.

Finally, a few remarks on degeneracies: several parameters
of our model are not independent. The clearest example is the
degeneracy between the temperature Ti and the surface filling
factor fi. Because we are fitting a narrow wavelength range
(8 µm < λ < 13 µm), the temperatures of our dust components
are not well constrained. A small change in temperature has a
direct influence on the brightness of the source, which can be
compensated by changing the surface filling factor. Similar de-
generacies are present between the size and the axis ratio of the
source, which all change the emitted flux density. Depending on
how well these parameters are constrained by the interferometric
measurements, these parameters can become degenerate.

5. Discussion

5.1. Morphology

The direct analysis of the data (Sect. 3) and our modelling
(Sect. 4) confirm that the mid-infrared emission in the nucleus
of the Circinus galaxy comes from at least two distinct compo-
nents: a highly elongated, compact “disk-like” component and
a moderately elongated, extended component. To some degree,
the distinction between the two components is suggested by the
two different regimes of the correlated fluxes as a function of
the projected baseline length (see Sect. 3.1). Primarily, how-
ever, the distinction is suggested by the different orientations of
the two components: the two components are elongated roughly
perpendicular to one another. Two clearly separated emission
components have also been found in NGC 1068 and NGC 3783
(Raban et al. 2009; Hönig et al. 2013), and a two-component
morphology in the infrared appears to be common to a large
number of AGN (Kishimoto et al. 2011b; Burtscher et al. 2013).

We interpret the mid-infrared emission as emission from
warm dust in the context of the hydrodynamic models of dusty
tori in AGN by Schartmann et al. (2009), Wada et al. (2009) and
Wada (2012). These models find a relatively cold, geometrically
thin and very turbulent disk in the mid-plane of the torus, sur-
rounded by a filamentary structure. The latter consists of long
radial filaments with a hot tenuous medium in between. We as-
sociate the central, highly elongated component in the Circinus
nucleus with the dense disk in these simulations, and we inter-
pret the extended mid-infrared emission in the context of the fil-
amentary torus structure seen in these models.

A false-colour image of our best fitting model (fit 3) is
shown in Fig. 7, with the model images at 13.0 µm, 10.5 µm
and 8.0 µm mapped to the red, green and blue channels of the
image, respectively.

When interpreting our observations, we have to take into ac-
count that the emission is dominated by the warmest dust at a
certain location, which normally comes from the dust clouds di-
rectly illuminated by the central UV source. There are probably
also considerable amounts of cooler dust. However, the cooler
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Fig. 7. False-colour image of the three-component model for the mid-
infrared emission of the nucleus of the Circinus galaxy (fit 3). The
colours red, green and blue correspond to the model at 13.0 µm, 10.5 µm
and 8.0 µm, respectively. The colour scaling is logarithmic in order to
show both bright and faint features. Clearly the colour gradient of the
extended component due to the increase in the silicate depth towards
the south-east is visible. This colour gradient leads to a chromatic pho-
tocentre shift towards the north-west. Despite the lower surface bright-
ness, 80% of the emission comes from the extended component. Also
plotted is the trace of the water maser disk: the blue and red parts trace
the approaching and receding sides of the maser disk respectively. Note
that the relative offset of the mid-infrared emission with respect to the
maser disk is not known (see text for details).

material only contributes insignificantly to the infrared emission
(see also Sect. 5.3).

5.1.1. The disk-like component

The disk-like component is highly elongated and has a major
axis FWHM of ∆2 ∼ 1.1 pc. Due to the strong position angle
dependency of the correlated fluxes for the longest baselines,
the position angle of the major axis is very well constrained:
ψ2 = 46 ± 3°. The strong elongation of this component with an
axis ratio of more than 6 : 1 at first suggests an interpretation
as a highly inclined disk, as in Tristram et al. (2007). This in-
terpretation is supported by the close agreement in orientation
and size of this component with the warped maser disk from
Greenhill et al. (2003). The masers were modelled by a thin disk
extending from rin ∼ 0.1 pc to rout ∼ 0.4 pc. The maser disk is
warped with the position angle changing from 29° ± 3° at rin
to 56° ± 6° at rout. With a position angle of ψ2 ∼ 46°, our disk-
like component now matches this orientation much better than
previously. The larger size of the mid-infrared disk as compared
to the maser disk could be evidence of the disk extending out
to larger radii than is probed by the maser emission. We em-
phasise that the agreement is only in orientation and size, not in
the absolute position. With MIDI alone, no absolute astrometry
is possible because the absolute phase signal is destroyed by the
atmosphere (see Sect. 2.2). By consequence, the relative position
between the maser disk and our disk-like component cannot be
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define the disk-like component to lie at the origin of our coor-
dinates, that is (α2, δ2) ≡ (0, 0). Furthermore, the offset of the
extended component is not well constrained and it does not lead
to a significant improvement of the fit (see below). We therefore
also assume the extended component to be located at the centre,
(α3, δ3) ≡ (0, 0). The coordinates of the unresolved component
are therefore to be interpreted as offsets with respect to the other
components. We are then left with up to 19 free parameters in
the model. To carry out the fit, the brightness distribution of the
model is calculated for 8.0 µm < λ < 13.0 µm, then Fourier
transformed to obtain the complex correlated fluxes:

F (λ, u, v) =
!

dα dδ F (λ,α, δ) e−2π i (uα+ vδ)/λ. (4)

The moduli of the correlated fluxes, Fcorr = |F | , and the wave-
length differential phases, φdiff , are extracted at the measured
uv points and compared to the measurements. All calculations
are carried out in IDL using custom programmes and employ
the programme MPFIT (Markwardt 2009) for non-linear least
squares fitting.

Because the components are self-similar and can become de-
generate, we first fit certain parts of the uv plane separately. This
approach allows us to understand the source morphology on the
different spatial scales (cf. Sect. 3) first, before fitting for the en-
tire brightness distribution. In fit 1, we fit the data from baseline
U2-U4 only using the two inner components (i = 1, 2); in fit 2,
we fit the data with BL < 20 m (essentially baseline E0-G0)
using the extended component (i = 3). The parameters of the re-
maining components are kept fixed. Only in fit 3, is all the data
fitted by all three components, using the parameters of the pre-
vious fits as first guesses. The best fit parameters for all three fits
are listed in Table 4.

For fit 1, the extended component is suppressed by setting
f3 ≡ 0. It can be omitted entirely because the flux from this
component is almost completely resolved out (V < 2%) for
BL > 70 m. Therefore, the correlated fluxes on the baseline
U2-U4 primarily depend on the inner two components. The
two components can reproduce the general trends of the data
(χ2

red = 5.2, dashed lines in the right panel of Fig. 6). The strong
increase in the correlated flux at PA ∼ 130° is well reproduced
by the strong elongation of component i = 2. For this reason, it
is called “disk-like”, which will be discussed in more detail in
Sect. 5.1.1. Due to the well measured position angle dependence
of this peak, the position angle of this elongated component is
well determined. On the other hand, second order variations of
the correlated flux, such as the second peak at PA ∼ 60° (see
Sect. 3.2) or changes in the spectral shape, are not reproduced
by our simple model. They require a more complex brightness
distribution. The differential phases can be at least qualitatively
reproduced to some degree by an offset of the unresolved com-
ponent from the disk-like component.

For fit 2, the two inner components are included in the
fit because they contribute significantly to the correlated flux.
However, their parameters are held fixed at the (approximate)
values of fit 1. Because the AT data changes more smoothly as
a function of position in the uv plane and because it has larger
uncertainties, both the correlated fluxes as well as the differen-
tial phases can be well modelled by the extended component
(χ2

red = 1.1, dashed lines in the left panel of Fig. 6). In fact,
the extended component alone is sufficient to achieve the good
fit; the inner two components are not required to model the
AT data.

Finally, in fit 3, all free parameters are fitted using
the 152 correlated flux spectra and differential phases as well

Table 4. Parameters of the three-component Gaussian fits.

Fit 1 Fit 2 Fit 3
i parameter baseline U2-U4 BL < 20 m all baselines

1:
un

re
so

lv
ed

α1 [mas] 2.9+15
−18 (3.0) −8.5+7.0

−2.8

δ1 [mas] 6.5+10
−24 (6.0) 11.6+2.6

−4.4

∆1 [mas] 10+14
−1.2 (10) 12 ± 2

τ1 0.80+1.0
−0.5 (0.8) 1.23+0.15

−0.24

T1 [K] 264+35
−22 (260) 317 ± 22

f1 (1.00) (1.0) 0.49+0.29
−0.17

2:
di

sk
-l

ik
e

∆2 [mas] 45 ± 11 (45) 57 ± 15
r2 0.17+0.20

−0.06 (0.17) 0.16 ± 0.04
ψ2 [°] 44 ± 6 (44) 46 ± 3
τ2 1.92+0.19

−0.43 (2.00) 1.88 ± 0.40
T2 [K] 288+32

−11 (290) 290+22
−13

f2 (1.00) (1.00) 0.55+0.24
−0.14

3:
ex

te
nd

ed

∆3 [mas] – 92+10
−4 93+6

−12

r3 – 0.60 ± 0.12 0.45+0.07
−0.05

ψ3 [°] – 114 ± 3 107 ± 8
τ3 – 2.71+0.36

−0.08 2.40+0.1
−0.6

ξ3 [arcsec−1] – 30+3
−4 27 ± 6

T3 [K] – 297+145
−3 304+62

−8

f3 (0.0) 0.33+0.08
−0.26 0.34+0.03

−0.22

χ2
red 5.22 1.06 6.32

Notes. Parameters held fixed at certain values are enclosed in parenthe-
ses. The parameters for each of the three components i = [1, 2, 3] are:
(αi, δi) – position; ∆i – FWHM; ri – axis ratio; ψi – position angle; τi
– silicate optical depth; ξi – gradient of the silicate optical depth; Ti –
temperature; fi – surface filling factor. See text for details.

as the averaged total flux spectrum. For this fit, we obtain a
relatively high value of the reduced chi-squared, χ2

red = 6.3.
This means that our simple model is not a “good” fit to the
full data set; it only traces the general structure of the emission.
Nonetheless the quality of our fit is comparable to the similar
fit (also using three components) of the correlated fluxes and
differential phases in NGC 1068, where χ2

red(NGC 1068) = 6.2
(López-Gonzaga et al. 2014). To determine a possible offset of
the extended component like in NGC 1068, we carried out a
parameter scan for α3 and δ3. Although we find a best fit for
(α3, δ3) = (−45, 3) mas with χ2

red = 6.0, we also find very dif-
ferent offsets with similarly good values of χ2

red. Due to this am-
biguity and the only small improvement of the fit, we see no
compelling evidence for a particular offset of the extended com-
ponent and therefore set (α3, δ3) ≡ (0, 0). The correlated fluxes
of fit 3 are compared to the data as a function of the position an-
gle in Fig. 6 (continuous curves). The dispersed correlated fluxes
and differential phases of this fit for all uv-points are plotted in
red in Figs. A.1 and A.2.

The formal fit errors calculated from the covariance matrix
are very small and not representative of our fit of a smooth model
to a more complex emission distribution. To determine more re-
alistic uncertainties for the fit parameters of all three fits, we use
the non-parametric bootstrap with replacement (Efron 1979). We
employ a block bootstrap (Hall 1985) due to the correlation of
consecutively observed uv points, i.e. we resample the data using
small sequences of uv points instead of individual uv points be-
fore fitting the resampled data. The errors listed in Table 4 are
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  Gaussian)の重ね合わせでモ
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3成分モデルのパラメータ 

fit3の擬似カラーイメージ 
"  (R,G,B)は(13,10.5,8)[μm]から決定. 

maser disk 
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ため?) 
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NGC 424 (Hönig et al. 2012) 
!  比較的近傍にあるSeyfert	
  2	
  SB0/a	
  galaxy	
  (D=45.7[Mpc];10[mas]=2.22[pc])で、これまで

の研究からNH>2×1024[cm-­‐2]のCompton-­‐thick	
  regimeにあると考えられている.	
  
"  その他情報:	
  MBH=107.78[M⦿]、Eddington比は0.13と推定されていて、radio-­‐quiet。	
  

!  VLTI/MIDIで観測し、(各波長の)visibility分布から(ダスト放射の)輝度分布を推定
し、以下の結果を得た:	
  

①  短波長ほど(輝度分布の)(elliptical)Gaussian	
  sizeは小さい	
  

HST optical image 

PA=70° 
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when dust is exposed to the BBB radiation field (e.g., Phinney
1989).

NGC 424 is a type 2 AGN and it certainly has an obscuring
medium along the line of sight to the accretion disk and BLR
given the observed high X-ray column density in spite of
displaying a silicate emission feature (a mismatch in column
density versus optical/IR obscuration is common in AGNs;
Maiolino et al. 2001). This means that it offers support for the
validity of the unification scheme in this source. The unification
scheme also requires a geometrically thick torus—for which
we did not find evidence in the mid-IR here. However, angle-
dependent obscuration does not require that the scale height is
large at all distances from the AGN, although this is what most
torus models assume. It is well possible that the geometrically
thick part that gives rise to the required torus covering factor
in the unification scheme is limited to the innermost dusty
region. Indeed, as mentioned before, type 1 AGNs show a
distinct near-IR “3–5 µm bump” in the SED from hot dust, and
this component has different emission characteristics than the
mid-IR emission (Mor et al. 2009; Kishimoto et al. 2011b). The
size of this component is consistent with AGN-heated, large
graphite grains near their sublimation temperature (Kishimoto
et al. 2011a). Moreover, IR interferometry suggests that this hot-
dust component has a surface filling factor at least comparable
to or even larger than the cool dust (see Figure 11 of Kishimoto
et al. 2011b). One interpretation of this result is a considerable
covering factor of the hot-dust component (see also Mor et al.
2009 for an SED-based argument on the covering factor of the
hot component). We may, therefore, speculate that the classical,
obscuring torus is, in fact, related to the hot-dust emitting dust
component rather than the mid-IR-emitting component.

In Figure 9, we show a sketch of the dust distribution around
NGC 424 as this scenario would suggest. The torus flares
strongly in the innermost part, but becomes geometrically thin in
the outer regions. In this picture, the near-IR emission originates
from the obscuring part of the torus while the mid-IR emission
comes primarily from the polar region. The IR-emitting sources
in the polar regions have been drawn as clouds, but they could
also be filamentary. This inhomogeneous structure of the dust
is motivated by the mid-IR interferometry of Circinus (Tristram
et al. 2007), but also mid-IR imaging of NGC 1068 (e.g.,
Galliano et al. 2005). Moreover, in Circinus (but not necessarily
in NGC 1068), the extended mid-IR emission in the single-
telescope images seems to be associated with the edge of the
outflow region (Tristram et al. 2007, 2012). We also see an
offset of 20◦ between mid-IR P.A. and the polarization angle
in NGC 424. This could be a sign of an edge-brightening
effect as expected in a cone-like region filled with optically thin
dust. Therefore, we placed the polar-region clouds preferentially
around the edges of the opening cone in the sketch. Note that
this is not a full picture of the distribution of the dust but only
a sketch for the IR-emitting material and the polar region may
well be filled more homogeneously with dust clouds.

5.5. Further Implications

This picture also has several implications related to the phys-
ical mechanisms around the AGN. The new observations pre-
sented here can be interpreted as strong support for a dusty
wind (as used in models for the X-ray emission of some
AGNs; e.g., Komossa & Fink 1997; Komossa & Bade 1998;
Turner et al. 2003). This wind could be driven by radia-
tion pressure on dust grains in the AGN environment. For an
AGN in the Seyfert regime radiating at about a tenth of its

Near-IR

Mid-IR

Figure 9. Sketch of the dust distribution that contributes to the near- and mid-
IR emission around AGN like NGC 424 and Circinus. The classical torus that
provides the angle-dependent obscuration is geometrically thick only in the
inner region that radiates primarily in the near-IR. In the mid-IR the emission
is dominated by dusty clouds or filaments in polar region that cover a larger
surface compared to the torus at these wavelengths. The dashed and dotted annuli
indicate the approximate scales from which the near- and mid-IR emission,
respectively, originate.

Eddington luminosity LEdd (defined by electron scattering), ra-
diation pressure is sufficient to unbind dust from the gravita-
tional potential (the corresponding dust Eddington luminosity
is LEdd;dust ∼ 10−4...−5 LEdd; Pier & Krolik 1992; Hönig &
Beckert 2007). The mid-IR spectra also hint toward the source
of the dust that is driven outward in polar direction: as discussed
in Section 5.4 the dust seems to be deficient of silicate grains.
Silicates have a lower sublimation temperature than graphite
grains (Phinney 1989), making them disappear from a dusty
medium at generally larger distances from the heating source
than graphite grains (for a given grain size). This is consistent
with the near-IR interferometry and reverberation mapping sizes
in AGNs that favor large graphite grains for the hottest dust at
the sublimation temperature (Kishimoto et al. 2007, 2009b),
and similar requirements from optical extinction curves in type
1 AGNs (Gaskell et al. 2004). This inner region is also the one
closest to the AGN where the dust is directly exposed (i.e.,
without significant self-obscuration) to the strongest radiation
field. It is therefore plausible to expect that the dust is driven
away from this inner part of the torus. This scenario seems
qualitatively in agreement with recent radiation feedback
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Figure 5. Sizes of the mid-IR emission of NGC 424 for different wavelengths from 8.4 µm (red circles) to 12.5 µm (blue circles), determined from our MIDI
interferometry data using different methods. Left: Gaussian HWHM sizes (in mas) at a fixed baseline of 58 ± 3 m for a range of position angles (P.A.s). Center:
Gaussian HWHM sizes (in mas) at a fixed baseline of 100 ± 3 m for a range of P.A.s. Where no individual data were available, data pairs of similar P.A. have been
interpolated or extrapolated. The colored-dashed lines are elliptical fits to the data at the corresponding wavelength bin. Right: half-light radius for a range of P.A.s.
The black-dashed line is an elliptical fit to the wavelength-averaged data.
(A color version of this figure is available in the online journal.)

half-light size of (2.0 ± 0.3) pc × (1.5 ± 0.3) pc would make
a variability origin of the difference between the MIDI and
Spitzer+ISAAC fluxes physically possible (see Section 3.1), but
we note again that the difference spectrum is cool. Therefore,
a final conclusion about the origin of the flux difference cannot
be made. For the sizes please note that due to the uv-coverage,
the largest (relative) uncertainties in the sizes are toward the
semi-minor axis for the 58 m fit and toward the semi-major axis
for the 100 m fit.

We present the sizes in observed (milliarcseconds) and
physical (pc) units, as well as in intrinsic units, i.e., in units
of the sublimation radius. The latter one is very useful when we
want to compare properties in different objects with different
luminosities (Kishimoto et al. 2009a, 2011b). For that we have
to establish an inner radius, rin of the dust distribution (also
referred to as sublimation radius). Usually, this is inferred
either from reverberation mapping or near-IR interferometry
(e.g., Suganuma et al. 2006; Kishimoto et al. 2009b, 2011a).
Since we do not have either information in this type 2 AGN, we
use an estimate based on the 12 µm luminosity as discussed
in Hönig et al. (2010). Taking the mean between Spitzer and
MIDI total flux, we obtain rin ∼ 0.065 pc for a luminosity of
νLν(12 µm) = 5.4 × 1043 erg s−1.

The ellipse fits illustrate some key characteristics of the
mid-IR emission source. They confirm the obvious trend that the
source size increases with wavelength, as illustrated in Figure 6.
Although the error bars are large (dominated by systematic
errors in the visibility), a systematic trend of larger mid-IR
emission sources for longer wavelengths is seen.

3.2.2. Position-angle Dependencies of the Mid-IR Source

The elliptical fits also provide information of the direction of
elongation. In Table 3, we list the P.A. of the half-light radius
for those fits that allow for such a constraint. While the formal
fitting errors are considerable, all P.A.s systematically indicate
an elongation toward the NW/SE direction. The fits that average
over all wavelengths give approximately −5◦ < P.A. < −40◦.
There may be a trend that the P.A. changes slightly from the
lower-resolution data at 58 m to the 100 m data. While such
a trend would be reminiscent of interferometry data of the

Figure 6. Wavelength dependence of the Gaussian HWHM size along the major
axis (filled circles) and the minor axis (open circles) at a fixed-baseline length
of 58 m. Please note that the error bars are larger than the bin-to-bin variance
because they are dominated by systematic errors in the visibility. The dashed
and dotted lines are linear fits to the data at >9 µm for the semi-major and
semi-minor axes, respectively.

Circinus (Tristram et al. 2012), the uncertainty in the geometric
determination of the P.A. does not allow us to formally establish
such a skew (see also the P.A. for the half-light radius), in
particular because the 100 m data do not have any coverage in the
direction of the major axis. Therefore, any P.A. determined for
the major axis in the 100 m data must be considered uncertain.

We note that this elongation is not affected by the inhomoge-
neous uv-coverage, since this has been taken care of as discussed
above. However, when deriving sizes for each wavelength, only
the spatial information of the interferometric data is used. We
will now include the spectral information in our analysis to
test the result from the geometric model fitting. For that we

6

予想されるダスト分布 

輻射駆動の 
ダスト風? 

各波長の放射領域に対応した 
近似的なスケール 

hotなダストほど内側に存在することと無矛盾 

②  輝度分布のelongationの方向が偏光観測から求めた対称
軸の方向に一致.	
  

radiation-­‐driven	
  polar	
  dusty	
  wind? 



AGNの金属量 
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!  AGN環境の金属量は、AGN環境の星間ガスの性質・進化やAGNと母銀河の星形成史との関係を
考える上で重要な情報になる.	
  

!  AGN環境の金属量、或いは、relative	
  abundanceの推定は1960年頃から行われ始め、主にBLRと
NLRからの広輝線/狭輝線の輝線フラックス比を光電離計算からの予測と比較することによって
推定されている.	
  

恒星内のCNO過程でCとOから形成:	
  	
  
	
  
	
  

◎ 窒素の化学進化 

P1: FHS/FDR/fgm P2: FhN/fgp QC: FhN/tkj T1: FhN

September 9, 1999 20:49 Annual Reviews AR088-12

?
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continua in QSOs is a complicated issue, but the UV-to-X-ray slopes are roughly
consistent with ↵ ⇠ �1.5, near the center of the range shown (see Laor 1999,
Korista et al 1997a for recent discussions). The results in Figure 5 mainly reflect
the conservation of energy in the cloud. Harder spectra (less negative ↵) provide
more heating per photoionization, leading to higher temperatures. The increased
heating requires more line cooling via collisionally excited lines like CIV. The
ratio of a collisionally excited line to a recombination line, such as CIV/Ly↵,
is proportional to the cooling per recombination or equivalently the heating per
photoionization (Davison & Netzer 1979). Such ratios therefore have a strong
continuum-shape dependence. The strengths of collisionally excited lines relative
to the adjacent continuum (i.e. their equivalent widths) also depend on the spectral
slope because of the temperature sensitivity and because the continuum below
the lines might be very different from that controlling the ionization. Ratios of
collisionally excited lines, such as NV/CIV, can similarly depend on the spectral
shape if their ionization or excitation energies are different. In dense BELRs, these
simple behaviors can be moderated by other effects. For example, the Ly↵ equiv-
alent width increases with spectral hardening at fixed U (Figure 5) because it has
a significant collisional (temperature-sensitive) contribution.

2.5.5 Line Dependence on Abundances The left-hand panel of Figure 6 shows
a series of calculations for clouds with different metallicities, Z (scaled from solar
and preserving solar ratios among the metals). The strengths of the collisionally
excited lines relative to Ly↵ change little with Z . In particular, CIV/Ly↵ varies
negligibly for 0.1 . Z . 30 Z

�
(see also Hamann & Ferland 1993a). We have

already noted that these ratios are more sensitive to the continuum shape (Section

Figure 6 Predicted line flux ratios for photoionized clouds with different metallicities
Z . All of the metals are scaled together (preserving solar ratios) in the left-hand panel,
whereas nitrogen is scaled selectively like Z2 in the right panel. Other parameters are
the same as those in Figure 3. See Figure 5 for line notations.
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N/H	
  ∝	
  (O/H)2	
  ∝	
  Z2 N/O	
  ∝	
  O/H	
  ∝	
  Z 、或いは、 

有用な輝線フラックス比:	
  
1)  NIII]	
  λ1750/OIII]	
  λ1664、	
  
2)  NV	
  λ1240/(CIV	
  λ1549+OVI	
  λ1034)、	
  
3)  NV	
  λ1240/HeII	
  λ1640	
  
(Hamann	
  et	
  al.	
  2002)	
  

N/Oは化学進化の指標 

銀河系のHII領域の観測でも、銀河
中心に近いものほど、大きなN/Oを
示すことがわかっていて、この比
例関係はZ>0.2[Z⦿]で成立	
  (Shields	
  
1976).	
  

log(金属量) 

Hamann	
  &	
  Ferland	
  (1999) 
N/O=一定の場合 

N/O ∝ Zの場合 

後は、観測可能な強さの輝線かどうか、
輝線比の2つのイオンが同じ放射領域に
属しているかどうか等が問題. 

lo
g(
輝
線
比
) 
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有用な輝線フラックス比の条件 
①  輝線の強さが観測可能である.	
  

②  2つの輝線のフラックスの測定が容易である.	
  
"  他の輝線とoverlapしていないこと;	
  overlapしていたとしても、deblendが容易いこと.	
  
"  輝線だけでなく、complex	
  emission	
  featuresとoverlapしていないこと.	
  

③  輝線の臨界密度が十分に高く、2つの輝線の臨界密度が近い値となっていること.	
  
"  BLRの個数密度はnH=108-­‐1012[cm-­‐3];	
  臨界密度が小さいと衝突脱励起の影響を受ける.	
  
"  片方の輝線だけが臨界密度を超える状況が発生すると、その輝線だけがoptically-­‐thickになる可能性

がある.	
  

④  2つの輝線の放射領域が空間的に同じであること.	
  
"  同一の電子温度が期待できるので、電子温度による不定性を軽減.	
  
"  空間的に同じというのは、輝線を放射するイオンの電離ポテンシャルが互いに近いことを意味す

る.	
  

⑤  金属量のみにsensitiveであること.	
  
"  AGNのincident	
  spectrum、ionization	
  parameter、ガス温度に大きく依存すると推定が困難.	
  	
  

解析的に良い輝線比を見つけるのが難しいので光電離計算を活用. 
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FIG. 1.ÈIonization fractions and gas temperature vs. spatial depthT4into a ““ typical ÏÏ BELR cloud (U \ 0.1, cm~3, solar abundances,nH \ 1010
and an incident spectrum deÐned by MF87). The temperature is indicated
in the upper panel by the dotted curve and by the vertical scale at the right.
Ionization fractions are plotted in the upper panel for helium ions (solid
curves) and hydrogen (dashed curves), and in the lower panel for nitrogen
(solid curves), carbon (dashed curves), and oxygen (dash-dotted curves). See
° 3.1.

candidates for abundance diagnostics. The Ðgure shows, for
example, that N`4 resides within the He`` zone, that the
C`3 and O`5 zones bracket the N`4 region, and that
C`2ÈN`2 and C`3ÈN`3 deÐne cospatial zones that both
overlap with O`2 (see also Netzer 1997).

Figure 2 shows more speciÐcally where the di†erent lines
form within our ““ typical ÏÏ BELR cloud (as deÐned above
for Fig. 1). In particular, the plot shows the line emissivities
J multiplied by the local line escape probabilities b as a
function of spatial depth into the cloud. The emissivities are
further multiplied by the spatial depth D in Figure 2 to
o†set the tendency for the logarithmic scale to exaggerate
the emission from small depths. Lines whose emission
regions signiÐcantly overlap in Figure 2 may be good abun-
dance diagnostics (see also F96).

3.2. Predicted L ine Strengths and Ratios
Figures 3 and 4 show theoretical BEL equivalent widths

and Ñux ratios, respectively, emitted by clouds with di†erent
and Other input parameters are the same as FigurenH 'H.

1. (See Korista et al. 1997a, Baldwin et al. 1995, and Ferland
1999 for many more plots similar to Fig. 3.)

We next consider the e†ects of di†erent continuum
shapes and metallicities ranging from Z \ 0.2 to 10 Z

_
.

Table 3 lists the abundances used for each Z (see also the
Appendix). The metals are all scaled keeping solar propor-
tions except for nitrogen, which is scaled according to equa-
tion (1) with q \ 0. Note that by choosing q \ 0, we will
derive maximum nitrogen line strengths for a given Z,
leading to conservatively low estimates of Z when com-
pared to the measured line ratios (° 7). The change in rela-

FIG. 2.ÈDepth-weighted line emissivities, multiplied by the escape
probability (DbJ), are plotted against spatial depth into the same ““ typical ÏÏ
BELR cloud described in Fig. 1. The lines can be identiÐed by reference to
Table 1. The solid curves represent lines of nitrogen, the dashed curves
represent carbon lines, the dash-dotted curves represent oxygen lines, and
the dotted curve represents He II.

tive helium abundance is small and therefore unimportant.
We scale He from solar such that the change in He mass
fraction *Y equals the change in metallicity, i.e.,
*Y /*Z \ 1 (Baldwin et al. 1991 ; HF93b and references
therein).

If BELRs include simultaneously wide ranges in andnHthen each line will form primarily in regions that most'H,
favor its emission. This situation has been dubbed the
locally optimally emitting cloud (LOC) model (Baldwin et
al. 1995). It is consistent with observational results and a
natural extension of multizone models (Rees, Netzer, &
Ferland 1989 ; Peterson 1993 ; Brotherton et al. 1994a ;
Baldwin et al. 1996 ; Hamann et al. 1998). It also has the
tremendous advantage of not requiring speciÐc knowledge
of and The total line emission is simply an integralnH 'H.

TABLE 3

MODEL ABUNDANCESa

Zb N / O N He

0.2 . . . . . . . 0.2 0.04 0.94
0.5 . . . . . . . 0.5 0.25 0.96
1.0 . . . . . . . 1.0 1.0 1.00
2.0 . . . . . . . 2.0 4.0 1.07
5.0 . . . . . . . 5.0 25.0 1.29
10.0 . . . . . . 10.0 100.0 1.66

a All quantities are relative to solar
values.

b Z here is the metals scale factor m
(see Appendix).
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tive helium abundance is small and therefore unimportant.
We scale He from solar such that the change in He mass
fraction *Y equals the change in metallicity, i.e.,
*Y /*Z \ 1 (Baldwin et al. 1991 ; HF93b and references
therein).

If BELRs include simultaneously wide ranges in andnHthen each line will form primarily in regions that most'H,
favor its emission. This situation has been dubbed the
locally optimally emitting cloud (LOC) model (Baldwin et
al. 1995). It is consistent with observational results and a
natural extension of multizone models (Rees, Netzer, &
Ferland 1989 ; Peterson 1993 ; Brotherton et al. 1994a ;
Baldwin et al. 1996 ; Hamann et al. 1998). It also has the
tremendous advantage of not requiring speciÐc knowledge
of and The total line emission is simply an integralnH 'H.

TABLE 3

MODEL ABUNDANCESa

Zb N / O N He

0.2 . . . . . . . 0.2 0.04 0.94
0.5 . . . . . . . 0.5 0.25 0.96
1.0 . . . . . . . 1.0 1.0 1.00
2.0 . . . . . . . 2.0 4.0 1.07
5.0 . . . . . . . 5.0 25.0 1.29
10.0 . . . . . . 10.0 100.0 1.66

a All quantities are relative to solar
values.

b Z here is the metals scale factor m
(see Appendix).

光電離計算の例 (Hamann et al. 2002) 

!  Cloudy	
  (Ferland	
  et	
  al.	
  1998)を使用して、U=0.1、nH=1010[cm-­‐3]のBLR	
  cloudの光電離計算.	
  
!  N+4とHe++の放射領域が空間的にoverlapしていたり、C+3とO+5の放射領域がN+4放射領域を

囲んでいるのがわかる. 

各元素の電離度の空間分布 

重複 

重複 

各輝線フラックスの空間分布 

そこそこ重複? 
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FIG. 5.ÈTheoretical line Ñux ratios derived from LOC integrations are shown as a function of the metallicity for three di†erent incident continuumZ/Z
_shapes. The solid curve in each panel corresponds to the MF87 spectrum, while the dashed and dotted curves represent the a \ [1.0 and segmented power

laws, respectively (see ° 3.2). The symbols in each panel mark the average measured line ratios from di†erent literature sources. Asterisks : Wills et al. (1995) ;
diamonds : Laor et al. (1994, 1995) ; squares : Dietrich & Wilhelm-Erkens (2000) ; crosses : Boyle (1990) ; triangles : Uomoto (1984). The symbols are shown at
arbitrary horizontal locations in each plot. The vertical bars associated with each symbol show the range of ratios in the middle of the measuredD23distribution (after excluding the highest and lowest of measured values).D16 D16

et al. 1997). All of the model spectra have a steep decline at
wavelengths longer than 1È10 km to prevent signiÐcant
free-free heating in dense clouds (Ferland et al. 1992). The
true spectral shape is not well known. The MF87 spectrum
remains a good guess for the continuum incident on BEL Rs,
in spite of its di†erences with recent observations (Korista,
Ferland, & Baldwin 1997b). In any event, the three spectra
used for Figure 5 span a wide range of possibilitiesÈfrom a
strong ““ big blue bump ÏÏ in the MF87 continuum to none at
all in the a \ [1.0 power law. Figure 5 shows that the
uncertainty in the continuum shape has little e†ect on the
line ratios considered here (except, perhaps, for N V/He II,

which is discussed extensively by F96 and HF99 ; see also
°° 3.3.4 and 4).

It is important to note that the results in Figure 5 do not
depend on the validity of the LOC model. Most of the line
ratios, notably N III]/O III], do not vary sharply with ornHin the regions where the lines individually are strong'H(Figs. 3 and 4). The LOC integrations are therefore simply a
convenient way of summarizing the information in plots
like Figure 4. For line ratios that do have signiÐcant nH-'Hsensitivities, such as N V/C IV, the LOC results should mini-
mally represent the average properties of diverse quasar
samples.

金属量と輝線比の関係 (Hamann et al. 2002) 

$  現実のBLR	
  regionは様々な条件のclouds
の集まりと考えられるので、(最も単純
な)LOCモデルを適用している.	
  

$  図から輝線比はAGNのintrinsic	
  SEDにあ
まり依らないことがわかる.	
  

$  温度依存性、或いは、LOCモデル依存
性を考慮すると、信頼できる輝線比は
以下(とされている):	
  

①  NIII]/OIII]	
  
②  NV/(CIV+OVI)	
  
③  NIII/CIII	
  
④  NV/HeII	
  

$  QSOの金属量はZ=1-­‐3[Z⦿]. 

MF87 SED 

power-law(α=-1) 
segmented 
power-law 

◎LOCモデル 

観測データ 

半禁制線の中では
最も信頼できる 

ガス温度にsensitive 

ガス温度にsensitive	
  
(採用したLOCモデルに
sensitive) 

衝突励起線の中で
最も信頼できる 

衝突励起線の中で
最も信頼できる 

[個人的見解]これらはSEDが
よくわかっている場合に使用
するべき. 

(Baldwin	
  et	
  al.	
  1995) 
BLRからの放射を複数のcloudsからの重
ね合わせで計算する: 

ここで、	
  
F(r)：単一cloudからの輝線フラックス	
  
f(r)：半径rに関する分布関数	
  
g(n)：個数密度nに関する分布関数	
  

Lline ∝� r2F (r, n)f(r)g(n)dndr

しばしば、f(r)	
  ∝	
  rΓ、g(n)	
  ∝	
  nβと仮定さ
れる.	
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Fig. 38. Estimated metallicities from our composite spectra, averaged
in the luminosity range −25.5 > MB > −28.5, as a function of redshift.
The estimation of the metallicity given in this figure is derived from
the fit with the varying β and Γ, which are presented in Tables 12–16.

Fig. 39. Estimated metallicities from our composite spectra, averaged
in the redshift range 2.0 ≤ z < 3.0, as a function of luminosity. The
estimation of the metallicity given in this figure is derived from the fit
with the varying β and Γ, which are presented in Tables 12 and 13.

other predictions and thus the metallicity inferred by each one
of the observed emission-line flux ratios would change accord-
ingly. In order to derive a more accurate metallicity for each
composite spectrum, a better approach is to vary the indices
of Γ and β to fit as many as emission lines as possible through
the model predictions with a certain metallicity. Therefore we
performed a fit of all available flux ratios for each composite
spectrum by varying gas metallicity, SED, Γ and β. We first
associated errors on the line fluxes with the following recipe:
(i) we set the minimum relative error to 5% and (ii) in any
case, absolute errors cannot be less than 1% of the absolute
flux of CIVλ1549. The best fit β and Γ are obtained by min-
imizing χ2 computed using the logarithm of model and ob-
served line fluxes. This allows us to give more weight to the
points where the ratio between model and observed values is
smaller. We then perform the optimization on β and Γ for each
spectral composite, using all continua and abundance sets. In
Tables 12–16 we show, for each spectral composite, the model
with the lowest χ2 and the corresponding abundances set, as
well as the β and Γ values. For comparison, we also show the
best models with the classical β = −1 and Γ = −1. The mod-
els with optimized β and Γ provide a much better description
of the observed data but in most cases the inferred metallicities
are similar: Z/Z⊙ = 5.0 for most cases, and Z/Z⊙ = 2.0 or 10.0
for some other cases. In a few cases the metallicity obtained
by varying β and Γ are lower than inferred by the models with
fixed β = −1 and Γ = −1. Our results may be partly affected
by the lack of the resolution of metallicity in our model calcu-
lation, but they suggest that the typical metallicity of the gas in
the BLRs is ∼5Z⊙, or at least a super-solar value. In all cases

the optimized β values are lower, but close to, –1. Γ is gener-
ally in the range −2.0 < Γ < −1.5, and always Γ < −1. It is
interesting that the dispersions of the best-fit β and Γ is very
small. The averaged values are β = −1.08 and Γ = −1.52, and
their rms’s are 0.05 and 0.13, respectively. This result suggests
that the commonly adopted values of β = −1 and Γ = −1 are
not the best choice. The best-fit values of β and Γ may imply
some specific physical properties for the BLR, although we do
not discuss this issue further in this paper. Best-fit models and
observations are compared graphically in Fig. 37. NIV]/CIV is
not shown because its weighting factor in the fitting process is
very low (the errors are very large with respect to the NIV]/CIV
flux ratios; Table 12–16) and thus the fitting results are nearly
meaningless for this flux ratio. For the same reason, the results
for CII/CIV are not good. Apart from these two flux ratios, the
fitting results appear in better agreement with the observations
when allowing β and Γ to be free. Interestingly, large NV/CIV
ratios can be rather easily explained when the weighting func-
tions are varied. This suggests that the BLR metallicity cannot
be determined uniquely by using just NV/CIV (or NV/HeII).

In order to illustrate our results on the metallicity trends
in a graphical way, for the reader’s convenience, Fig. 38
shows the metallicity, averaged in luminosity, as a function of
redshift. Here we use the metallicities derived by the fit with
varying β and Γ given in Tables 12–16. To avoid biases when
calculating the average metallicity, we have only used the lu-
minosity bins for which a metallicity determination is available
at all redshifts. This limits the range of usable luminosities to
−25.5 > MB > −28.5, where the averaged metallicity are cal-
culated. The errorbars are the estimated errors on the mean ob-
tained by combining the uncertainty in the metallicity determi-
nation for each luminosity bin. The resulting plot shows what
was already clear from Tables 12–16 and from our earlier dis-
cussion, i.e., there is no significant evolution of the metallicity
as a function of redshift. Figure 39 shows the complementary
diagram, i.e., the metallicity, averaged in redshift, as a func-
tion of luminosity. Again, to avoid biases when calculating the
averaged metallicity, we have only used the redshift bins for
which a metallicity determination is available at all luminosi-
ties, which limits the range of usable redshifts to 2 < z < 3. The
resulting diagram shows that the averaged metallicity increases
significantly with absolute magnitude, as already inferred from
the individual results in Tables 12–16.

Another possibility which may cause the discrepancies
among the gas metallicities inferred from each emission-line
flux ratio is the elemental abundance ratios. In our model, the
relative elemental abundances are assumed to scale proportion-
ally to solar, except for nitrogen which is assumed to scale as
the square of other metal abundances. However these assump-
tions are an oversimplification. In more realistic metallicity
evolutionary scenarios abundances never scale linearly with the
global metallicity (e.g., Pipino & Matteucci 2004). The inclu-
sion of more realistic abundance pattern in our photoionization
models will be presented in a forthcoming paper.

Our analysis on the composite spectra shows that there is no
apparent dependence of emission-line flux ratios on redshift up
to z ∼ 4.5, which is consistent with the results of Dietrich et al.
(2002). This suggests that the chemical composition of the gas
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other predictions and thus the metallicity inferred by each one
of the observed emission-line flux ratios would change accord-
ingly. In order to derive a more accurate metallicity for each
composite spectrum, a better approach is to vary the indices
of Γ and β to fit as many as emission lines as possible through
the model predictions with a certain metallicity. Therefore we
performed a fit of all available flux ratios for each composite
spectrum by varying gas metallicity, SED, Γ and β. We first
associated errors on the line fluxes with the following recipe:
(i) we set the minimum relative error to 5% and (ii) in any
case, absolute errors cannot be less than 1% of the absolute
flux of CIVλ1549. The best fit β and Γ are obtained by min-
imizing χ2 computed using the logarithm of model and ob-
served line fluxes. This allows us to give more weight to the
points where the ratio between model and observed values is
smaller. We then perform the optimization on β and Γ for each
spectral composite, using all continua and abundance sets. In
Tables 12–16 we show, for each spectral composite, the model
with the lowest χ2 and the corresponding abundances set, as
well as the β and Γ values. For comparison, we also show the
best models with the classical β = −1 and Γ = −1. The mod-
els with optimized β and Γ provide a much better description
of the observed data but in most cases the inferred metallicities
are similar: Z/Z⊙ = 5.0 for most cases, and Z/Z⊙ = 2.0 or 10.0
for some other cases. In a few cases the metallicity obtained
by varying β and Γ are lower than inferred by the models with
fixed β = −1 and Γ = −1. Our results may be partly affected
by the lack of the resolution of metallicity in our model calcu-
lation, but they suggest that the typical metallicity of the gas in
the BLRs is ∼5Z⊙, or at least a super-solar value. In all cases

the optimized β values are lower, but close to, –1. Γ is gener-
ally in the range −2.0 < Γ < −1.5, and always Γ < −1. It is
interesting that the dispersions of the best-fit β and Γ is very
small. The averaged values are β = −1.08 and Γ = −1.52, and
their rms’s are 0.05 and 0.13, respectively. This result suggests
that the commonly adopted values of β = −1 and Γ = −1 are
not the best choice. The best-fit values of β and Γ may imply
some specific physical properties for the BLR, although we do
not discuss this issue further in this paper. Best-fit models and
observations are compared graphically in Fig. 37. NIV]/CIV is
not shown because its weighting factor in the fitting process is
very low (the errors are very large with respect to the NIV]/CIV
flux ratios; Table 12–16) and thus the fitting results are nearly
meaningless for this flux ratio. For the same reason, the results
for CII/CIV are not good. Apart from these two flux ratios, the
fitting results appear in better agreement with the observations
when allowing β and Γ to be free. Interestingly, large NV/CIV
ratios can be rather easily explained when the weighting func-
tions are varied. This suggests that the BLR metallicity cannot
be determined uniquely by using just NV/CIV (or NV/HeII).

In order to illustrate our results on the metallicity trends
in a graphical way, for the reader’s convenience, Fig. 38
shows the metallicity, averaged in luminosity, as a function of
redshift. Here we use the metallicities derived by the fit with
varying β and Γ given in Tables 12–16. To avoid biases when
calculating the average metallicity, we have only used the lu-
minosity bins for which a metallicity determination is available
at all redshifts. This limits the range of usable luminosities to
−25.5 > MB > −28.5, where the averaged metallicity are cal-
culated. The errorbars are the estimated errors on the mean ob-
tained by combining the uncertainty in the metallicity determi-
nation for each luminosity bin. The resulting plot shows what
was already clear from Tables 12–16 and from our earlier dis-
cussion, i.e., there is no significant evolution of the metallicity
as a function of redshift. Figure 39 shows the complementary
diagram, i.e., the metallicity, averaged in redshift, as a func-
tion of luminosity. Again, to avoid biases when calculating the
averaged metallicity, we have only used the redshift bins for
which a metallicity determination is available at all luminosi-
ties, which limits the range of usable redshifts to 2 < z < 3. The
resulting diagram shows that the averaged metallicity increases
significantly with absolute magnitude, as already inferred from
the individual results in Tables 12–16.

Another possibility which may cause the discrepancies
among the gas metallicities inferred from each emission-line
flux ratio is the elemental abundance ratios. In our model, the
relative elemental abundances are assumed to scale proportion-
ally to solar, except for nitrogen which is assumed to scale as
the square of other metal abundances. However these assump-
tions are an oversimplification. In more realistic metallicity
evolutionary scenarios abundances never scale linearly with the
global metallicity (e.g., Pipino & Matteucci 2004). The inclu-
sion of more realistic abundance pattern in our photoionization
models will be presented in a forthcoming paper.

Our analysis on the composite spectra shows that there is no
apparent dependence of emission-line flux ratios on redshift up
to z ∼ 4.5, which is consistent with the results of Dietrich et al.
(2002). This suggests that the chemical composition of the gas

BLR金属量の光度依存性とredshift依存性 
!  複数の研究者によって、BLRの金属量の光度/redshift依存性が調べられている(e.g.,	
  Hamann	
  &	
  Ferland	
  

1993;	
  Dietrich	
  et	
  al.	
  2002;	
  Nagao	
  et	
  al.	
  2006;	
  Juarez	
  et	
  al.	
  2009).	
  
①  redshift	
  依存性無し.	
  
②  明るいAGNほど、大きな金属量.	
  

!  典型的にはZBLR~4-­‐5[Z⦿]で、中にはZ~10-­‐15[Z⦿]も(quaser	
  Q0353-­‐383,	
  Baldwin	
  et	
  al.	
  2003;	
  Bentz	
  et	
  al.	
  2004)	
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Fig. 1. (Upper) (SiIV+OIV)/CIV flux ratio as a function of redshift
for quasars observed in this work. Squares indicate non-BAL quasars,
while diamonds indicate BAL quasars. (Lower) (SiIV+OIV)/CIV ratio
inferred from quasar stacked spectra, both for the high-redshift quasars
presented here (filled symbols) and for the lower redshift quasars stud-
ied in Nagao et al. (2006a) (empty symbols).

Fig. 2. Stacked spectra of quasars in different redshift bins (all normal-
ized to λ = 1450 Å). The red solid line and the blue dashed line are the
stacked spectra from our sample in the redshift intervals 5.5 < z < 6.4
and 4.0 < z < 5.5, respectively. The black dotted line is the SDSS
quasars stacked spectrum in the redshift interval 2.5 < z < 3.5.

of the BLR in quasars that are accreting at the given redshift, but
does not trace the evolutionary path of individual quasars. The
apparent lack of evolution in the BLR metallicity observed in
Fig. 1 likely results from a combination of the BH-galaxy co-
evolution and selection effects. Indeed, to cross the detection

threshold of the SDSS magnitude-limited survey, high-redshift
quasars must have high luminosities, hence (even if accreting at
the Eddington limit) high black hole masses. Most models pre-
dict that high black hole masses must have been accompanied
by the formation of a massive host galaxy (e.g. Granato et al.
2004; Di Matteo et al. 2005; Hopkins et al. 2008; Li et al. 2007),
which would result into the local MBH − Mspheroid relationship.
Therefore, by the time a quasar at any redshift is detectable in
a magnitude-limited survey, its host galaxy must have evolved
significantly and enriched its ISM significantly. The quasar feed-
back is another evolutionary effect that may yield to observa-
tional biases resulting in an apparent lack of metallicity evolu-
tion. Indeed, according to many models, during the early phases,
when the host galaxy is still metal poor, the accreting black hole
is embedded within the dusty ISM, and therefore difficult to de-
tect in optical surveys. Only during the late evolutionary phases,
when the galaxy is already metal rich, the quasar develops winds
powerful enough to expel large quantities of gas and dust, so that
the quasar becomes visible to optical observations.

To show these combined effects in a more quantitative way,
we exploited the quasar-galaxy evolutionary models reported
in Granato et al. (2004). In Fig. 3 we show the evolution of
the gas metallicity in a massive galaxy forming in a dark halo
of Mhalo = 1013.2 M⊙, along with the evolution of the quasar
bolometric luminosity and the total gas mass. While the host
galaxy forms stars, the gas metallicity increases. At the same
time the black hole accretion increases, yielding an increasingly
high quasar luminosity. At z > 5 the SDSS magnitude limit
translates into a minimum quasar bolometric luminosity of about
1046 erg s−1 for detection. Figure 3 shows that by the time the
quasar reaches such high luminosity (shaded region), the metal-
licity in the host galaxy is already higher than ∼3 Z⊙. At this
time the model expects the quasar to be probably still embed-
ded in gas and dust, although the quasar has already developed a
wind expelling gas. It is not easy to identify the stage when the
quasar becomes unobscured and detectable in optical surveys,
since it depends on the detailed distribution of dust. We assume
that the quasar becomes optically visible when more than half
of the gas mass has been expelled. This is a somewhat arbitrary
assumption, but we note that it is roughly consistent with what
obtained by Lapi et al. (2006), who identify the epoch of un-
obscured accretion as starting a few 107 yrs before the epoch
of maximum luminosity. In Fig. 3 we note that by the time the
quasar is unobscured (hatched region), the gas in the host galaxy
has already reached a metallicity of about ∼4 Z⊙. Summarizing,
the co-evolution of black holes and galaxies, combined with ob-
servational selection effects (mostly in optical surveys), naturally
explains the finding that unobscured quasars of a given luminos-
ity appear to have on average the same metallicity at any redshift.

4.2. The extreme metallicities in the BLR

According to Nagao et al. (2006a), the ratio (SiIV+OIV)/
CIV∼0.4 observed in the stacked spectrum of the most distant
quasars corresponds to a gas metallicity of ∼7 Z⊙. Such huge
metallicities were also inferred by Nagao et al. (2006a) based
on a much wider set of lines of lower redshift quasars. These
high gas metallicities are not unrealistic. Indeed, the BLR is a
small nuclear region (less than a few pc in the most luminous
QSOs) with masses of a few times ∼104 M⊙, which can be en-
riched in situ to super-solar metallicities within less than 108 yrs
by having a supernova explosion less often than every 104 yrs.
More troublesome is that such high metallicities are not found in
the stellar population of local massive galaxies, not even in their

redshift	
  依存性無し(2<z<4.5) 

明るいAGNほど高い金属量 

Nagao et al.(2006) 
#  5344個のSDSS	
  QSOsから、各MB,zビンについて、

composite	
  SEDsを作成して輝線比を解析.	
  
#  これまでの窒素イオン輝線に加え、(SiIV	
  λ1397+OIV]	
  

λ1402)/CIV	
  λ1549等、CIVλ1549を分母に取る輝線も
metallicityにsensitiveであることを示した(論文図29). 

Nagao	
  et	
  al.(2006) 

Juarez et al.(2009) 
#  30個のhigh-­‐z	
  QSOを解析. 

Juarez	
  et	
  al.(2009)の
データ. 

redshift依存性無し(z<6) 

※	
  但し、redshift依存性無しの理由は、選択効果とSMBH-­‐銀河
共進化で説明しうる(Juarez	
  et	
  al.	
  2009の図3の議論参照)	
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Fig. 6. Metallicity sensitive emission line flux ratios normalized by the
value measured in the composite spectra with −0.6 ≤ log(L/LEdd) <
−0.4 for the individual black hole mass bins, as a function of black
hole mass (left-hand panels). Emission line flux ratios normalized by
the value at 9.2 ≤ log(MBH/M⊙) < 9.4 for the individual Eddington
ratio bins, as a function of Eddington ratio (right-hand panels). Symbols
are the same as those in Fig. 5.

Pittsburgh, University of Portsmouth, Princeton University, the United States
Naval Observatory, and the University of Washington.
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ZBLRの光度依存性の原因はL/LEddかMBHか？ 
(Matsuoka et al. 2011) 

!  2383個のSDSS	
  QSOs	
  (2.3<z<3)の(MBH,L/LEdd)を以下の式
で推定し、(MBH,L/LEdd)-­‐空間をbinに分割してcomposite	
  
SEDを作成して、金属量診断. 

log �MBH

M⊙ � = 0.66 + 0.53 log �
�L�(1350Å)
1044 erg s−1 � + 2 log �

FWMHCIV

km s−1 �

log � L

LEdd
� = 5.82 + 0.47 log ��L�(1350Å)

1044 erg s−1 � − 2 log �
FWMHCIV

km s−1 �

!  ZBLRの光度依存性はMBH依存性が主な原因.	
  

!  NV/CIVやNV/HeIIはL/LEdd依存性を示すが、これはSMBHへ
のガス降着がpost-­‐starburstのAGB星から放出されたガ
スを主材料としていることを示唆?	
  

"  O,Ne,Mg,Si,Al等は、II型超新星;	
  速やかにenrichment.	
  
"  AGB星によるnitrogen	
  enrichmentは、~108[yr]遅れる.	
  
"  低質量星によるcarbon	
  enrichmentは、~109-­‐10[yr]の遅れ. 



15/07/29 2015年度 第45回 天文・天体物理若手夏
の学校 24 

NLR金属量の光度依存性とredshift依存性 
!  NLRの広がり(~1[kpc])から推定した金属量はより母銀河の情報を含んでいると考えられ、母銀河

の化学進化を調べるのに重要(	
  De	
  Breuck	
  et	
  al.	
  2000;	
  Nagao	
  et	
  al.	
  2006;	
  Matsuoka	
  et	
  al.	
  2009;	
  Matsuoka	
  et	
  al.	
  2011). 
K. Matsuoka et al.: Chemical properties in the most distant radio galaxy

Table 1. Emission-line properties of TN J0924−2201.

Line ID Flux λc
a z FWHMb

[10−17 erg cm−2 s−1] [Å] [Å]
Lyα 16.10 ± 0.56 7533.2 5.195 28.9
NV <1.25c – – –
CIV 5.46 ± 0.52 9579.2 5.184 16.1
HeII <5.54c – – –

Notes. (a) Central wavelength; (b) observed FWHM (includes instru-
mental broadening); (c) 3σ upper-limit fluxes.

4. Discussion

4.1. Metallicity

The detection of the C IV emission allows us to investigate the
NLR metallicity at z = 5.19. First, the detection of C IV indi-
cates that there is plenty of C3+ ions even at z = 5.19. The CO
detection in Klamer et al. (2005) supports the suggestion that
TN J0924−2201 had already experienced a significant metal en-
richment in the NLR gas clouds at z > 5.19.

To investigate a redshift evolution of the metallicity, we com-
pared some emission-line flux ratios of TN J0924−2201 with
those of lower-z HzRGs. We compiled emission-line flux data
of HzRGs from the literature (De Breuck et al. 2000; Matsuoka
et al. 2009) and plot their Lyα/C IV, N V/C IV, and C IV/He II ra-
tios as a function of redshift (Fig. 2). Because the emissiv-
ity of collisionally-excited emission lines such as C IV increase
at low metallicity (e.g., Nagao et al. 2006b), the Lyα/C IV ra-
tio of TN J0924−2201 is expected to be lower than that of
lower redshift radio galaxies if there is any significant evolu-
tion of the NLR metallicity. As shown in Fig. 2, the Lyα/C IV
ratio of TN J0924−2201 is somewhat lower than the average
value observed in radio galaxies at lower redshifts, suggest-
ing some metallicity evolution. However, the Lyα/C IV ratio in
TN J0924−2201 is still within the scatter observed in lower
redshift radio galaxies, which prevents us from making any
strong claim on the metallicity evolution based on this line ra-
tio. Moreover, the Lyα/C IV flux ratio is highly uncertain as a
consequence of the IGM absorption of Lyα, which increases at
higher redshift. Another source of uncertainty is that the Lyα
flux may be partly associated with star formation in the host
galaxy. De Breuck et al. (2000) reported that Lyα is unusually
strong in some HzRGs, especially at z > 3. Villar-Martín et al.
(2007) also confirmed that z > 3 radio galaxies tend to show
higher Lyα luminosities than lower-z ones. These results sug-
gest that the radio galaxy phenomenon is more often associ-
ated with massive starbursts at z > 3 than at z < 3. However,
TN J0924−2201 does not follow the trend reported by Villar-
Martín et al. (2007). More specifically, the Lyα luminosity of
TN J0924−2201 is 4.8 × 1043 erg s−1, comparable with the me-
dian of Lyα luminosity of HzRGs at z < 3, i.e., 4.4×1043 erg s−1

(Villar-Martín et al. 2007).
The middle panel of Fig. 2 shows the emission-line flux ratio

of N V/C IV as a function of redshift. The N V line is sometimes
regarded as a metallicity indicator for NLRs (e.g., van Ojik et al.
1994; De Breuck et al. 2000; Vernet et al. 2001; Overzier et al.
2001; Humphrey et al. 2008) and therefore it is interesting to
examine the redshift dependence of the N V/C IV flux ratio as an
indicator of the chemical evolution of HzRGs. Our upper limit
on the N V/C IV ratio is below many detections at low redshift, but
also consistent with several other upper limits. Hence our upper
limit on N V/C IV cannot really indicate whether or not the metal-

Fig. 2. Flux ratios of Lyα/C IV, N V/C IV, and C IV/He II in HzRGs, as a
function of redshift. TN J0924−2201 is shown with the red-filled cir-
cle. The blue-open and black-open circles show the previous data of
HzRGs given in Matsuoka et al. (2009) and De Breuck et al. (2000),
respectively. The 3σ upper and lower limits are shown with arrows.

licity of the NLR of TN J0924−2201 is lower than observed in
lower redshift galaxies.

The bottom panel of Fig. 2 shows the emission-line flux ra-
tio of C IV/He II as a function of redshift. Because the luminos-
ity of the C IV line increases at low metallicity, as mentioned
above, this lower limit indicates that the NLR metallicity of TN
J0924−2201 at z = 5.19 is comparable to or lower than that at
z < 5, as in the case of the N V/C IV.

4.2. Carbon abundance

In this section we use the observational constraints dis-
cussed above to investigate the relative carbon abundance in
TN J0924−2201. The [C/O] abundance ratio is particularly inter-
esting to investigate galaxy evolution in the early universe, since
carbon enrichment is delayed compared to α elements because
a significant fraction of carbon is produced from intermediate-
mass stars, hence [C/O] can be considered a “clock” of star for-
mation (e.g., Hamann & Ferland 1993; Matteucci & Padovani
1993). In particular, a significant decrease in the carbon relative
abundance should be expected at high redshifts if galaxies are
indeed in a chemically young phase.

Motivated by this scenario, we examined the dependence
of the carbon abundance on the emission-line flux ratios, e.g.,
N V/C IV and C IV/He II, by running photoionization models us-
ing the Cloudy (version 08.00; Ferland et al. 1998). We used
the “table AGN” command for the input SED of ionizing pho-
tons. We then assumed NLR clouds, with hydrogen density in
the range nH = 101.0−104.0 cm−3, ionization parameters in the
range U = 10−2.5−10−1.5, and (total) metallicity in the range
ZNLR = 0.5−2.0 Z⊙. These parameter ranges are typical of low-z
AGNs (e.g., Nagao et al. 2001, 2002), though it has not been
confirmed observationally that these parameter ranges can be
adopted for NLRs at z > 5. Note that very low or very high
metallicities are not expected for the NLR in TN J0924−2201,
as discussed in Sect. 4.1. For the chemical composition, we as-
sumed that all metals scale by keeping solar ratios except for
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Matsuoka	
  et	
  al.	
  (2011) 

ZNLR≈1[Z⦿] 

!  NLRの輝線比は、redshiftに依存
しない.	
  

!  金属量はかなり広い範囲の値を
取る：ZNLR=0.1-­‐10[Z⦿].	
  

ZNLR~10[Z⦿] 

ZNLR~0.1[Z⦿] 
※Hamann	
  et	
  al.(2002)の図5を使用して、輝線比をZに変換. 

※	
  但し、Nagao	
  et	
  al.	
  (2006)では、
~103[cm-­‐3]の低密度ガスを仮定すれば、
subsolarでも説明可としている. 
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!  AGN環境におけるダストの情報(組成,	
  サイズ分布,	
  存在量)は、AGNトーラスの性質を考える上で非常
に重要.	
  

!  K-­‐バンド	
  RM観測やAGNのSED	
  fittingから、ダスト昇華半径付近にhot	
  dustが存在していることが
わかっているが、ダストの性質がトーラス/NLRでどのように空間変化しているのかはよくわ
かっておらず、様々な議論がある.	
  

!  ダストを研究する方法:	
  
1)  減光曲線を測定する	
  
2)  Balmer	
  decrementを用いる	
  
3)  IR	
  SEDを理論モデルと比較	
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Fig. 1. EB−V /NH ratio as a function of the intrinsic 2–10 keV
luminosity for the objects in our sample. The dust reddening
EB−V is estimated assuming a Galactic standard extinction
curve as discussed in the text. The gaseous column density NH

is derived from the photoelectric cutoff in the hard X-rays

graphically shown in Fig. 1 where the EB−V /NH ratio
relative to Galactic is plotted as a function of the intrinsic
X-ray luminosity. Figure 1 does not really show a corre-
lation between the two quantities, but rather a bimodal
behavior: AGNs with luminosities higher than 1042 erg s−1

are systematically characterized by EB−V /NH lower than
Galactic, though they show a large spread, while those
few Low Luminosity AGNs (LLAGNs) in our sample, with
LX < 1042 erg s−1, are characterized by EB−V /NH con-
sistent with, or even higher, than Galactic. The markedly
different behavior of LLAGNs with respect to the other
AGNs in the sample, might reflect the fact that the physics
of these objects is intrinsically different from the “classi-
cal” AGNs, as suggested by various authors (e.g. Ho 1999).
In the following we will focus on the other AGNs in our
sample, which have luminosities more typical of classical
Seyfert galaxies or of QSOs.

Admittedly, our sample is not very large and is not
representative of the population of obscured AGNs, given
that we had to select our objects in a relatively narrow
range of absorptions. In particular, the absorption must
be low enough to enable us to detect the broad lines. We
cannot exclude the existence of AGNs (in the normal-high
luminosity range > 1042 erg s−1) with an EB−V /NH con-
sistent with Galactic. For instance, objects with NH higher
than a few times 1022 cm−2 and Galactic EB−V /NH would
be characterized by an extinction AV so high to make
broad lines undetectable, possibly even in the IR, and
therefore would be excluded from our sample. Nonetheless,
we would like to stress the following results: 1) the exis-
tence of a population of AGNs characterized by a value
of EB−V /NH significantly lower than Galactic is proven
beyond any doubt; 2) with the exception of the three
LLAGNs discussed above, we could not find AGNs whose

EB−V /NH is consistent with the Galactic standard value1.
Determining if this is a property common to all AGNs or
determining what fraction of them is characterized by this
feature cannot be done with the current sample alone.

3. Evidences for a low AV/NH

The evidence for a low EB−V /NH discussed above might
be translated into evidence for a low AV /NH if a stan-
dard conversion factor AV /EB−V = 3.1 applies to these
objects. Indeed, such a conversion factor might not apply
and, therefore, a reduced reddening does not necessary
imply a reduced absorption. However, there are other ob-
servational evidences supporting the idea that also the
AV /NH ratio AGNs is generally significantly lower than
the Galactic standard value.

3.1. The intermediate 1.8–1.9 type Seyferts

The intermediate type Seyferts discussed in the former
section are only a small fraction of those available in vari-
ous Seyfert samples; in particular the discussion in Sect. 2
is limited to the sources for which enough information
is available to derive both reddening and gaseous column
density. In some of these objects the weakness of the broad
Hβ or Hα lines is due to intrinsic properties of the BLR
(Goodrich 1995), but more often the weakness of the broad
lines lines is ascribed to dust absorption (Maiolino & Rieke
1995). In the latter case the extinction must be about
AV ≈ 3, given that usually in these objects the faint broad
lines have a flux similar to the narrow components, while
in type 1 objects broad lines are about 10 times stronger
than the narrow lines. On the other hand, most of the in-
termediate type Seyferts are characterized by an absorbing
column density between 1022 cm−2 and 1023 cm−2 and,
in some cases, even higher than 1023 cm−2 (Risaliti et al.
1999). With a Galactic conversion factor such column den-
sities would imply an extinction of AV ≈ 30, which would
obviously make any broad line undetectable (unless re-
flected, Paper II). This suggests that, at least in this class
of objects, the AV /NH ratio must be about a factor of 10
lower than Galactic.

3.2. QSOs with hard X-ray absorption

Local Seyfert 1 galaxies are generally characterized by an
X-ray spectrum with low or no cold absorption, in agree-
ment with the extinction inferred by their optical spectra.
However, at higher luminosities, there is evidence for a
population of QSOs whose hard X-ray spectrum is char-
acterized by significant cold absorption along the line of
sight although their optical spectrum has prominent broad

1 Note that even with the bias discussed above we would
have expected to find some object with Galactic EB−V /NH, at
least in those cases with NH ≥ 1022 cm−2 and observed in the
near-IR.
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Fig. 3. UV spectra of four type 1 AGN whose broad lines ratios
and continuum suggest dust absorption along the line of sight.
The thin dashed line is the average spectrum of type 1 AGNs
(mostly QSOs) reddened with a standard Galactic extinction
curve with an EB−V consistent with that inferred from the
broad lines ratio and adapted (within the uncertainties of the
EB−V measured with the broad lines) to match the shape of
the continuum in those regions not affected by the carbon dip
around 2175 Å. Note that the Galactic extinction curve always
predicts a significant absorption by this feature which is not
observed

studies ascribe most of the profile of this absorption fea-
ture to even smaller dust particles (PAHs, Weingartner &
Draine 2000). Observing this feature in absorbed AGNs
is really difficult since even a small amount of dust gen-
erally suppresses nearly completely the UV emission. On
the other hand unabsorbed AGNs are generally free of any
dust absorption. Yet there are a few type 1 Seyferts and
QSOs whose optical and near-IR broad line ratios suggest
the presence of some dust reddening along the line of sight
(Lacy et al. 1982; McAlary et al. 1986; Puetter et al. 1981).
Some of these objects are still relatively bright in the UV
and have been observed with the HST spectrometers (FOS
and STIS); these are therefore among the best suited ob-
jects to look for the carbon dip feature at 2175 Å. In Fig. 3
we show the UV spectra of five of these slightly reddened
type 1 AGNs for which we could retrive HST archival spec-
tra. Since we are mostly interested in the continuum shape

and in the broad carbon absorption feature the spectra
were smoothed to a resolution of about 1000 km s−1. The
thin dashed line shows the template of type 1 AGNs ob-
tained by Francis et al. (1991) reddened with the stan-
dard Galactic extinction curve by EB−V consistent both
with the reddening of the broad lines and with the shape
of the UV continuum outside the carbon dip. The most
important result is that the Galactic extinction curve sys-
tematically predicts a deep feature around 2175 Å which
is undetected or much weaker in the observed spectra3.

As discussed in Paper II, this observational evidence
supports the idea that small grains are depleted in the
dusty medium responsible for the reddening.

5. Evidences for EB V/NH higher than Galactic?

Finally, we shall discuss whether there is any evi-
dence in other previous studies for an EB−V /NH higher
than Galactic in any AGNs, besides the three LLAGNs
discussed in Sect. 2.

Veilleux et al. (1997) found a few AGNs whose AV /NH

is higher than Galactic (some of which are also included in
our sample). For most of these objects a high lower limit
to AV was obtained by comparing a broad Paβ with an
upper limit on the broad component of Hα. Paradoxically,
as acknowledged by the same authors, for the same objects
the comparison between broad Paβ and broad Brγ gives
little or no reddening. We believe that this result reflects
problems with estimating the upper limits for the broad
component of Hα which, most probably, was underesti-
mated. The only object in their paper for which AV /NH

seems larger than Galactic and for which they do not use
upper limits on the broad line components is NGC 2992.
However, the much higher quality optical and near-IR (si-
multaneous) spectra obtained by Gilli et al. (2000) clearly
indicate an absorption significantly lower than inferred by
Veilleux et al. (1997).

A significant fraction of Sy1s shows evidence for highly
ionized gas along our line of sight, identified through the
presence of absorption edges of OVII and OVIII in the
soft X-rays, referred to as “warm absorber” (Reynolds
1997; George et al. 1998). In some cases the X-ray spec-
tra also show evidence for neutral gas in addition to the
highly ionized gas. For some of these Sy1s with warm ab-
sorbers there is also evidence for dust reddening (Komossa
& Fink 1997a, 1997b; Leighly et al. 1997; Komossa & Bade
1998; Reynolds & Fabian 1995). The comparison between
the EB−V and the column of neutral gas suggesting an
EB−V /NH higher than Galactic. However, we note that
there is no reason for the highly ionized gas to be dust-
free if it is located at a distance larger than the sublima-
tion radius. Indeed, the columns inferred for the highly
ionized component are in agreement (or higher) with the

3 Note that some of the objects show a small FeII bump
at 2500 Å which is stronger than in the template; however,
such an emission feature cannot account for the missing dip
expected at 2175 Å.

AGN環境はlarge grainが支配的? 
(Maiolino 2001a,b) 

①  小さい減光量EB-­‐V/NH.	
  
②  silicate	
  9.7μm	
  absorption	
  featureが弱い,	
  or,	
  無い.	
  
③  carbon	
  2175Å	
  absorption	
  featureが存在しない. 

Balmer	
  decrementから推定 

硬X線観測から
太陽組成を仮定
して推定 

LX>1042[erg s-1]のAGNは、銀河系
の値よりも3-100倍小さい. 

銀河系の減光曲線を適用し
た場合 (EB-­‐VはBalmer	
  
decrementから推定) 

顕著な2175Å dipがな
いことから、ダストサイ
ズ a=100-200Åの
graphite grainsが欠
乏していることを示唆. 

large	
  grainをfavour	
  (例えば、amax≈10[μm],	
  n(a)	
  ∝	
  a-­‐3) 

※	
  最近の研究だと、多くの2型AGNがsilicate	
  9.7μm	
  absorption	
  
featureを持つことがわかっていて、②は傍証としては弱いが、
EB-­‐V/NHを小さくするためには大きなダストサイズが必要. 
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Blanco et al. (1990) who, another 3 years earlier, measured a 4
times lower broad Pa� flux. The caveat of variability might also
apply to NGC 2992, though here the measurements were much
closer in time (2 years) and the data from Gilli et al. (2000)
have higher accuracy. Additional, simultaneous measurements
of the broad components of the infrared hydrogen lines are re-
quired to unambiguously test the “large grains” scenario.

We note that a population of large grains in the dense cir-
cumnuclear regions of AGN is not an ad hoc requirement, but
in line with the flattened extinction curves in Galactic dense
molecular clouds (e.g. Cardelli et al. 1989) which are ascribed
to grain coagulation. However, grain growth may yield the for-
mation of complex flu↵y aggregrates (e.g., Dominik & Tielens
1997) rather than the simply larger but spherical grains, which
are assumed in the simplified model of Fig. 5. Finally, a dust
distribution biased for large grains may also come from the
preferential destruction of small grains by sublimation or sput-
tering in the circumnuclear region of AGN. Depending on the
mechanism producing a dust distribution that is biased toward
large grains, the absolute extinction A4 µm/NH may di↵er. In
case of destruction of small grains it will be below but similar
to the Galactic value, while for coagulation at a fixed dust mass
it will rise above the Galactic value. Figure 4 is consistent with
modest deviations in either direction.

The current data do not allow to discriminate between the
“geometrical” and the “large grains” scenario. Both are plau-
sible within the unified scenario for AGN. A better under-
standing, at least for the intermediate type Seyferts with mod-
erate AV could be gained through simultaneous observations
of the main optical to 4 µm recombination lines, in order to
directly trace the flattening of the extinction curve expected
in the large grain scenario. Line ratios formed by the broad
components of Brackett ↵, Brackett �, and Paschen � (Fig. 5)
are better suited than a similar diagram invoking the Balmer
decrement, because of the reduced susceptibility to departures
from case B (e.g. Netzer 1990 and references therein). While
Fig. 5 proposes a direct test for the presence of large grains, fu-
ture quasi-simultaneous and accurately calibrated data will be
needed for a conclusive result.

6. Conclusions

We have presented new 4 µm spectroscopy of a sample of
12 Seyfert 2 galaxies that are well-studied in the X-ray, and
combine these data with previous spectroscopy of NGC 1068.
The observations are designed to probe for the presence of op-
tically obscured Broad Line Regions. The main results are:
(i) Broad components to Brackett ↵ are detected in 3 to 4 of
these 13 galaxies.
(ii) The detections and limits are consistent with a Galactic ra-
tio of infrared and X-ray obscuring columns. This result can
be reconciled with the low ratios of optical to X-ray obscuring
columns observed for several AGN if either the obscuring dust
consists of large grains leading to a modified extinction curve,
or if variation in dustiness or dust properties exists between di-
rections probing right through the putative torus and directions
closer to its opening.

Fig. 5. Top: Changing the dust size spectrum from a standard
“Galactic” one to one dominated by large grains may flatten the ex-
tinction curve in the optical and induce a knee in the near-infrared
(see text for details). Bottom: Expected near-infrared broad line ra-
tios for increasing obscuration and the two cases of standard Galactic
grains and large grains. The adopted intrinsic ratios are for case B and
Te = 20 000 K, ne = 109 cm�3. The two objects from our Br↵ sam-
ple for which non-simultaneous Pa� and Br� data are available are
indicated. Future quasi-simultaneous and accurately calibrated spec-
troscopy is needed to actually execute this test.

(iii) A survey of the coronal [Si IX] 3.94 µm line shows
considerable variation in its ratio to Brackett ↵.
(iv) Two coronal lines of [Ca VII] and [Ca V] are detected for
the first time in an extragalactic object, the Circinus galaxy.
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Blanco et al. (1990) who, another 3 years earlier, measured a 4
times lower broad Pa� flux. The caveat of variability might also
apply to NGC 2992, though here the measurements were much
closer in time (2 years) and the data from Gilli et al. (2000)
have higher accuracy. Additional, simultaneous measurements
of the broad components of the infrared hydrogen lines are re-
quired to unambiguously test the “large grains” scenario.

We note that a population of large grains in the dense cir-
cumnuclear regions of AGN is not an ad hoc requirement, but
in line with the flattened extinction curves in Galactic dense
molecular clouds (e.g. Cardelli et al. 1989) which are ascribed
to grain coagulation. However, grain growth may yield the for-
mation of complex flu↵y aggregrates (e.g., Dominik & Tielens
1997) rather than the simply larger but spherical grains, which
are assumed in the simplified model of Fig. 5. Finally, a dust
distribution biased for large grains may also come from the
preferential destruction of small grains by sublimation or sput-
tering in the circumnuclear region of AGN. Depending on the
mechanism producing a dust distribution that is biased toward
large grains, the absolute extinction A4 µm/NH may di↵er. In
case of destruction of small grains it will be below but similar
to the Galactic value, while for coagulation at a fixed dust mass
it will rise above the Galactic value. Figure 4 is consistent with
modest deviations in either direction.

The current data do not allow to discriminate between the
“geometrical” and the “large grains” scenario. Both are plau-
sible within the unified scenario for AGN. A better under-
standing, at least for the intermediate type Seyferts with mod-
erate AV could be gained through simultaneous observations
of the main optical to 4 µm recombination lines, in order to
directly trace the flattening of the extinction curve expected
in the large grain scenario. Line ratios formed by the broad
components of Brackett ↵, Brackett �, and Paschen � (Fig. 5)
are better suited than a similar diagram invoking the Balmer
decrement, because of the reduced susceptibility to departures
from case B (e.g. Netzer 1990 and references therein). While
Fig. 5 proposes a direct test for the presence of large grains, fu-
ture quasi-simultaneous and accurately calibrated data will be
needed for a conclusive result.

6. Conclusions

We have presented new 4 µm spectroscopy of a sample of
12 Seyfert 2 galaxies that are well-studied in the X-ray, and
combine these data with previous spectroscopy of NGC 1068.
The observations are designed to probe for the presence of op-
tically obscured Broad Line Regions. The main results are:
(i) Broad components to Brackett ↵ are detected in 3 to 4 of
these 13 galaxies.
(ii) The detections and limits are consistent with a Galactic ra-
tio of infrared and X-ray obscuring columns. This result can
be reconciled with the low ratios of optical to X-ray obscuring
columns observed for several AGN if either the obscuring dust
consists of large grains leading to a modified extinction curve,
or if variation in dustiness or dust properties exists between di-
rections probing right through the putative torus and directions
closer to its opening.

Fig. 5. Top: Changing the dust size spectrum from a standard
“Galactic” one to one dominated by large grains may flatten the ex-
tinction curve in the optical and induce a knee in the near-infrared
(see text for details). Bottom: Expected near-infrared broad line ra-
tios for increasing obscuration and the two cases of standard Galactic
grains and large grains. The adopted intrinsic ratios are for case B and
Te = 20 000 K, ne = 109 cm�3. The two objects from our Br↵ sam-
ple for which non-simultaneous Pa� and Br� data are available are
indicated. Future quasi-simultaneous and accurately calibrated spec-
troscopy is needed to actually execute this test.

(iii) A survey of the coronal [Si IX] 3.94 µm line shows
considerable variation in its ratio to Brackett ↵.
(iv) Two coronal lines of [Ca VII] and [Ca V] are detected for
the first time in an extragalactic object, the Circinus galaxy.

!  A(IR)/NHを調べるため、12個のII型AGNに対して、Brackett	
  α	
  4.05μmの広輝線成分の観測を行った.	
  

!  3個のAGNでbroad	
  Brαを検出し、A(4.05	
  μm)/NHを調べてみると、銀河系の減光曲線とconsistentで
あるという、一見、Maiolino	
  (2001a,b)のAV/NHの結果とは矛盾する結果を得た.	
  

!  この一見矛盾する2つの結果はlarge	
  grainモデルで説明可能.	
  但し、large	
  grainモデルを検証するに
は、赤外線帯の水素再結合線の広輝線成分(Paschen,Brackett系列)の同時観測が重要. 

larger grainを検証するのに必要なこと (Lutz et al. 2002) 

銀河系の減光曲線とlarge	
  grainモデルの減光曲線 

Brαでは減光量が同程度 

短波長に向かうほど、
2つの減光曲線の違い
が大きくなる. 

数10倍	
  
(UV/可視光) 

large grainモデル
と矛盾しない. 

どちらとも矛盾 
(この天体はvariabilityの
影響を受けていると思
われる) 

同時観測が重要 
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On the anomalous silicate feature of NGC 1068 L7

Figure 1. (a) A schematic illustration of the dust torus around AGNs. The unified model of AGNs predicts the silicate feature to appear in emission in type
1 AGNs (which are viewed face-on) and in absorption in type 2 AGNs (which are viewed edge-on). (b) A schematic illustration of the innermost ∼2 pc dust
structure of the near nuclear region of the prototypical Seyfert galaxy NGC 1068. The interferometric observations of Jaffe et al. (2004) resolved this dust
structure into two components: a well-resolved 2.1 × 3.4 pc2 warm component and an inner hot component of ∼0.7 pc along the jet and <1 pc across. (c) A
comparison of the Galactic centre silicate absorption optical depth profile (Kemper et al. 2004) with the interferometric mid-IR spectrum of the innermost
∼2 pc near the nuclear dust region of NGC 1068 (Jaffe et al. 2004).

is considerably shifted to longer wavelengths (from the canonical
9.7 to ∼11.5 µm; hereafter we call it ‘redshift’) and broadened
in comparison with the Galactic silicate profile (Hao et al. 2005;
Siebenmorgen et al. 2005; Sturm et al. 2005; Kemper et al. 2007;
Li et al. 2008; Smith et al. 2010), with the degree of redshifting and
broadening varying from one AGN to another.

Some AGNs, e.g. 3C 273 (Hao et al. 2005) and NGC 7213 (Wu
et al. 2009), exhibit an unusually strong red tail of the 18 µm O–Si–O
bending band, incomparable with the Galactic silicate profiles. The
silicate absorption profiles of some AGNs also show appreciable
deviations from those of the Galactic ISM. More specifically, using
the Mid-Infrared Interferometric Instrument (MIDI) on the Euro-
pean Southern Observatory’s Very Large Telescope Interferometer
(VLTI), Jaffe et al. (2004) for the first time spatially resolved the
parsec-sized dust torus around NGC 1068 (see Fig. 1b) and found
that the 10 µm silicate absorption feature of the innermost hot com-
ponent exhibits an anomalous profile differing from that of the ISM
(see Fig. 1c): the 9.7 µm silicate absorption spectrum of NGC 1068
shows a relatively flat profile from 8 to 9 µm and then a sharp drop
between 9 and 10 µm, while the Galactic silicate absorption pro-
files begin to drop already at about 8 µm. Jaffe et al. (2004) found
that the profile of the silicate absorption towards the hot component
does not fit well to the profiles of common olivine-type silicate dust
(also see Raban et al. 2009). They obtained a much better fit using
the profile of gehlenite (Ca2Al2SiO7), a calcium aluminium silicate
species (a high-temperature dust species found in some supergiant
stars; e.g. see Speck et al. 2000).

As a part of a systematic study of the nature of the dust in AGNs
and particularly of the AGN dust mineralogy, we quantitatively
model the anomalous silicate absorption feature associated with the
innermost hot component of the dust torus of NGC 1068.

2 N G C 1 0 6 8

At a distance of only 14.4 Mpc, NGC 1068 is one of the closest and
probably the most intensely studied Seyfert 2 galaxy. It has played
a key role in the establishment of the unified model of AGNs:
classified as Seyfert 2 based on the presence of narrow emission
lines and absence of broad emission lines in its optical spectrum,
NGC 1068 is known to also harbour an obscured Seyfert 1 nucleus
as revealed by the detection of broad emission lines in polarized light

(Antonucci & Miller 1985). As expected from an edge-on geometry
of the proposed dust torus for type 2 AGNs, NGC 1068 has long
been known to display a strong absorption band at 9.7 µm, attributed
to amorphous silicate dust (Rieke & Low 1975; Kleinmann et al.
1976; Roche et al. 1991; Lutz et al. 2000; Le Floc’h et al. 2001;
Siebenmorgen et al. 2004).

Jaffe et al. (2004) obtained the 8–13.5 µm N-band spectra of the
nuclear region of NGC 1068, using the MIDI instrument coupled to
the VLTI (with a spatial resolution of ∼10 mas at λ = 10 µm, corre-
sponding to ∼0.7 pc). Their interferometric mid-infrared (mid-IR)
observations for the first time spatially resolved the central parsec-
sized circumnuclear dust structure of NGC 1068 (see Fig. 1b).

Rhee & Larkin (2006) obtained spatially resolved mid-IR spectra
of the nucleus of NGC 1068, using the Long Wavelength Spectro-
graph (7.71–12.48 µm) of the Keck I 10 m telescope (with a spa-
tial resolution of 0.25 arcsec, corresponding to ∼18 pc in physical
scale). They found that the silicate absorption feature varies over
the nuclear region: the depth of the feature reaches its maximum
in the nucleus and decreases with distance from the central engine.
Spatially resolved mid-IR spectra of the nucleus of NGC 1068 were
also obtained by Mason et al. (2006), using the Michelle N-band
(7–14 µm) spectrometer of the Gemini North 8.1 m telescope (with
a spatial resolution of 0.4 arcsec, corresponding to ∼30 pc). They
also found that the silicate feature profile and depth exhibit striking
spatial variations.

The interferometric observations of Jaffe et al. (2004) resolved
the near-nuclear mid-IR emission into a warm component (∼320 K)
in a (well-resolved) structure of ∼2.1 pc thickness and ∼3.4 pc in
diameter, surrounding a smaller (marginally resolved) hot structure
(>800 K) of ∼0.7 pc in size along the jet and <1 pc across (also see
Raban et al. 2009). They found that the silicate absorption feature
could not be fitted with the Galactic silicate profile or the profiles of
common olivine-type silicate dust (see Fig. 1c), as they begin to drop
already at ∼8 µm, while the interferometric spectrum of NGC 1068
(with the highest spatial resolution) shows a relatively flat profile
from 8 to 9 µm (and then a sharp drop between 9 and 10 µm).
Therefore, they concluded that their observations would require
special dust properties in the innermost 2 pc around the nucleus of
NGC 1068. They obtained a quite satisfactory fit with the profile of
gehlenite Ca2Al2SiO7, a high-temperature dust species. However,
the approach taken by Jaffe et al. (2004) seems to us too simplified
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L8 M. Köhler and A. Li

(see Section 5). This stimulates us to present a more physical model
(see Section 3) to interpret the unusual silicate absorption spectrum
of NGC 1068 obtained by Jaffe et al. (2004).

3 TH E M O D EL

Following Jaffe et al. (2004), we assume that the nuclear dust re-
gion of NGC 1068 consists of two components: a hot component
and a warm component. Let Nw

H and Nh
H be the hydrogen column

densities of the warm and hot components, respectively; Tw and Th

be the (mean) dust temperatures of the warm and hot components,
respectively; and Cw

abs(a, λ) and Ch
abs(a, λ) be the absorption cross-

sections of the dust species of size a at wavelength λ of the warm
and hot components, respectively. For simplicity, we will assume
a single grain size of a = 0.1 µm for both the warm and hot com-
ponents. Let Nw

dust and N h
dust be the column densities of the dust (of

size a) of the warm and hot components, respectively. Let σ w
abs(λ)

and σ h
abs(λ) be the total absorption cross-sections per H nucleon of

the dust at wavelength λ of the warm and hot components, respec-
tively. Apparently, we have σ w

abs(λ) = Cw
abs(a, λ) × (Nw

dust/N
w
H ) and

σ h
abs(λ) = Ch

abs(a, λ) × (N h
dust/N

h
H). Let #w and #h be the solid an-

gles extended by the warm and hot components, respectively. The
flux emitted by the warm and hot components received at the Earth
is given by1

Fλ = #w

4π
Bλ(Tw)

{
1 − exp

[
−Nw

H σ w
abs(λ)

]}

+ #h

4π
Bλ(Th)

{
1 − exp

[
−Nh

Hσ h
abs(λ)

]}

× exp
[
−Nw

H σ w
abs(λ)

]
. (1)

The exp
[
−Nw

H σ w
abs(λ)

]
term in equation (2) accounts for the fact

that the emission from the inner hot component is further absorbed
by the dust in the warm component (like a screen). The solid angles
of the warm and hot components are taken to be #w = 30 ×
49 mas2 ≈ 3.45 × 10−14 sr and #h = 10 × 12 mas2 ≈ 2.82 ×
10−15 sr, respectively (Jaffe et al. 2004).

We take the column density of the dust of a given species to be
limited by the cosmic abundance of the rarest element contained in
a given species (e.g. Ca in gehlenite Ca2Al2SiO7). Therefore, the
total number of gehlenite grains (per H) cannot exceed

Ngeh

NH
= 1

2
[Ca/H]

(4π/3) a3ρgeh/(µgehmH)
, (2)

where [Ca/H] is the Ca abundance (relative to H), ρgeh =
2.91 g cm−3 is the mass density of gehlenite (Mutschke et al. 1998),
µgeh = 274 is the molecular weight of gehlenite (Ca2Al2SiO7) and
mH is the atomic mass of H. Similarly, for amorphous olivine-type
(MgFeSiO4) silicate dust, the total numbers of silicate and SiC
grains (per H) are limited to

Nsil

NH
= [Si/H]

(4π/3) a3ρsil/ (µsilmH)
,

NSiC

NH
= [Si/H]

(4π/3) a3ρSiC/ (µSiCmH)
, (3)

1Consider a dusty system with a hydrogen column density of NH. Let
σ abs(λ) be the total dust absorption cross-section per H nucleon. Let pλ

be the power radiated per solid angle in [λ, λ + dλ] per H. With the dust
self-absorption being taken into account, the emission intensity is Iλ =∫ NH

0 pλ exp[−N ′
Hσabs(λ)]dN ′

H = pλ{1 − exp[−NHσabs(λ)]}/σabs(λ). If the
dusty system is optically thin [i.e. NHσ abs(λ) ≪ 1], Iλ ≈ pλNH.

where [Si/H] is the Si abundance (relative to H), ρsil = 3.5 g cm−3 is
the mass density of MgFeSiO4, µsil = 172 is the molecular weight of
MgFeSiO4, ρSiC = 3.2 g cm−3 is the mass density of silicon carbide
dust and µSiC = 40 is the molecular weight of SiC.

In modelling the interferometric mid-IR absorption spectrum,
we first need to specify the dust compositions for the warm and hot
components. Once the dust compositions are specified, we obtain
their absorption cross-sections from Mie theory (Bohren & Huffman
1983). We are then left with only four parameters: Tw, Th, Nw

H and
N h

H.

4 RESULTS

We have considered a wide variety of dust materials, including
amorphous olivine (Dorschner et al. 1995), amorphous pyroxene
(Jäger et al. 1994), amorphous carbon (Rouleau & Martin 1991), α-
SiC (Laor & Draine 1993), glassy gehlenite (Mutschke et al. 1998)
and spinel (Fabian et al. 2001). We have also considered mixtures
of these materials, with their absorption properties calculated from
Mie theory in combination with the Bruggeman effective medium
theory (Bohren & Huffman 1983). For the abundance constraints
(see equations 3 and 4), we adopt the solar abundance of [Ca/H] ≈
2.2 × 10−6 and [Si/H] ≈ 31.6 × 10−6 (Asplund et al. 2009). With
a = 0.1 µm, Ngel/NH ≈ 4.1 × 10−14, Nsil/NH ≈ 6.2 × 10−13, and
NSiC/NH ≈ 1.6 × 10−13 (see equations 2 and 3).

As shown in Fig. 2, the best fits to the interferometric mid-IR
spectrum of Jaffe et al. (2004) are provided by models which all
require SiC (see Table 1 for the model parameters): either with
pure SiC in both the hot region and the surrounding warm region
(see Fig. 2a), with gehlenite in the hot region and SiC in the warm
region (see Fig. 2b) or with amorphous olivine in the hot region and
SiC in the warm region (see Fig. 2c). The composition of the inner
hot component is less well constrained as the large column density
required for the inner component causes the dust there to emit
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Figure 2. Comparison of the interferometric spectrum of the innermost,
parsec-sized dusty nuclear region of NGC 1068 (Jaffe et al. 2004) with
the model spectra calculated from various dust species: (a) SiC (red line) or
amorphous olivine silicate dust (green line) for both the inner hot component
and the surrounding warm component; (b) gehlenite in the hot
component and SiC in the warm component (red line), or SiC in the hot
component and gehlenite in the warm component (green line); (c) amor-
phous olivine in the hot component and SiC in the warm component (red
line), or SiC in the hot component and amorphous olivine in the warm com-
ponent (green line); and (d) gehlenite in the hot component and amorphous
olivine in the warm component (red line), or gehlenite in both the hot and
warm components (green line).
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ダストの組成: NGC1068 (Köhler & Li 2010) 
!  2型AGN	
  NGC	
  1068の特異なsilicate	
  9.7μm	
  	
  absorption	
  

profileを、様々なダストモデルと比較してダスト
組成について調査. 

F� = ⌦w

4⇡
B�(Tw){1 − exp[−Nw

H�w
abs(�]}

+ ⌦h

4⇡
B�(Th){1 − exp[−Nh

H�
h
abs(�)]} exp[−Nw

H�w
abs(�)]

!  特異なabsorption	
  profileを説明するのはSiCで、SiC
を含むものがfavourされる. 

◎モデル 
2成分のダスト(warm,hot)による放射・吸収を考える: 

hotダストからの
放射がwarmダスト
に吸収される効果 

観測を説明できるのは3つのパネ
ルの赤線 

pure SiC 

amorphous olivine + SiC 

gehlenite + SiC 
(Ca2Al2SiO7) 

warmダスト 

hotダスト 

銀河系中心とNGC1068の吸収線輪郭の比較 
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観測内容 主な結果 課題 

可視光/赤外線サーベイ	
  
可視光/X線サーベイ 

Covering	
  factorの光度依存性 

K-­‐バンド	
  RM観測 トーラス内縁半径の位置 

IR	
  SED観測 トーラスはclumpy構造を持つ モデルパラメータに強い制限
を付けられない 

干渉計観測 1)  数pcスケールから強いダ
スト放射	
  

2)  polar	
  方向にdusty	
  outflow	
  ? 

サンプル数が少ない 

BLR/NLRの輝線比 ZBLR:	
  solar	
  or	
  super-­‐solar	
  
ZNLR:	
  様々な範囲のmetallicity 

selection	
  effectsの除去 

水素再結合線の輝線比	
  
+X線観測	
  

+9.7μm	
  silicate	
  吸収線輪郭  

ダストサイズが系統的に大き
いかもしれない?? 

複数の水素再結合線の同時観
測 
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receding torus モデル (Lawrence et al. 1991; Simpson 1998,2005) 
AGN光度の上昇とともにobscuration	
  materialが輻射でexpelされる等して、II型AGN	
  fractionが下がるとする
モデル.	
  AGNのcovering	
  factorが光度とともに減少する観測結果を説明するために導入された. 

2 M E T H O D

2.1 The receding torus model

The receding torus model, as proposed by Lawrence (1991) and

illustrated in Fig. 1, is fairly simple. Dust evaporates at a tempera-

ture of about 1500 K, and cannot survive closer to the nucleus than

the radius where the temperature of the nuclear radiation field is

hotter than this. All quasars display a near-infrared bump longward

of 1 !m that is believed to be caused by thermal emission from dust,

and the constancy of wavelength at which this bump appears

indicates that dust is always present at the hottest possible tem-

peratures. The inner radius of the torus is therefore determined by

the radius at which dust evaporates, which scales as r " L0:5. If the

half-height, h, of the torus is independent of the source luminosity,

then the half opening angle v ¼ tan¹1 r=h will be larger in the more

luminous objects. Hill et al. (1996) find that this model fits the

observed nuclear extinctions in radio galaxies very well.

We are more likely to be viewing the luminous objects within

their cones, and are consequently more likely to classify them as

quasars. Qualitatively then, this simple model could explain the

tendency for quasars to have a higher [O III] luminosity than radio

galaxies. We therefore undertake a quantitative investigation using

Monte Carlo simulations.

2.2 Simulations

We consider an ensemble of objects with the same redshift and radio

power, which could reasonably be assumed to have similar torus

properties (e.g. torus height). Their intrinsic optical–ultraviolet

luminosities will have a well-defined mean, L0, determined by the

strong correlation between optical and radio luminosity, but will

show scatter owing to the intrinsic dispersion in this relationship.

We assume this dispersion to be Gaussian in log L, with standard

deviation j. We define v0 to be the half opening angle for an object

with the mean luminosity, L0. An object with luminosity L with

therefore have an half opening angle,

v ¼ tan¹1½ðL=L0Þ0:5 tan v0ÿ;

and the probability that such an object will be observed as a radio

galaxy (i.e. our line of sight is outside the opening angle of the cone)

is

pRG ¼ cos v ¼ ð1 þ tan2
vÞ¹0:5

:

Obviously, pQSO ! 1 ¹ pRG.

For our ensemble of objects, we can therefore determine the ratio

of the mean optical–UV luminosities of quasars and radio galaxies

(we evaluate the mean in log space), for a given j and v0. However,

there exist observational data which allow us to fix these free

parameters. First, Serjeant et al. (1998) measure the scatter about

the mean optical–radio luminosity correlation for steep-spectrum

L40 C. Simpson

! 1998 RAS, MNRAS 297, L39–L43

Figure 1. Schematic representation of the receding torus model. The

opening angle, v, for the low luminosity object (top) is fairly small. In the

high-luminosity object (bottom), the inner radius of the torus, r, is larger,

producing an increased opening angle provided the half-height of the torus,

h, remains constant.

Figure 2. Observed dispersion in a radio-selected quasar sample as a function of the dispersion in the parent AGN population. v0 is the half opening angle for the

mean luminosity, L0, and the solid lines are for v0 ¼ 30#, 40#, 50#, 60#, 70# and 80#. The dashed line is the equality relationship.

Simpson	
  (1998) 低光度 

高光度 

✓ = tan−1[(L�L0)0.5 tan ✓0]

トーラスの内縁半径がダスト昇華半径だと思うと、 

r ∝ L0.5

このとき、トーラスの開き角θは 

のような依存性を持つ.	
  ここで、θ0はL0での開き角.	
  
これが正しいとすると、II型AGNの割合は、 

f2 = cos ✓ = (1 + tan2 ✓)−0.5
= (1 + (L�L0) tan2 ✓20)−0.5

	
  Simpton	
  (2005)はCovering	
  factionの光度依存性を説
明するため、scale	
  height	
  h	
  も光度依存性をもつと仮
定	
  (h	
  ∝	
  Lξ): 

f2 = (1 + (L�L0)1−2⇠ tan2 ✓20)−0.5
観測との比較からξ=0.23.	
  理論的根拠は今のところ
なし. 
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true type-II AGNの説明 (Nicastro 2000, Laor 2003) 
(隠れた)BLRを持たないII型AGNのこと;	
  optical/NIRの偏光観測をしても偏光の中に広輝線が見つからない. 

#   Nicastro (2000): m < mmin でBLRが形成されない 

#  Laor (2003): Δv > ΔvmaxでBLRを形成できない 
観測から広輝線の線幅(Δv)の最大値がせいぜい23000[km/s]であることが知られている.	
  
周りの(高温希薄)ガスとの相互作用、非常に大きなshear/tidal	
  force等の理由によって、Δvに最大値
(=25000[km/s])があると仮定すると、BLRが消失する条件は以下のようになる: 

Lbol < Lbol,min = 1041.8(MBH�108 M⊙)2
ṁ ≡ Lbol

LEdd
< ṁmin = 10−4.3(MBH�108 M⊙)

◎補足 ビリアル定理から、 
MBH = 10−21.7�v2L1�2

bol M⊙
これをΔvについて解き、Δv	
  <	
  Δvmax=25000[km/s]から左
の不等式が求まる.	
   

・ ・ 

Shakura	
  &	
  Sunyaev	
  (1973)で、輻射圧優勢からガス圧優勢に転じる半径 rtrans付近から高速なwindが発生
するという示唆が与えられていて、このwindがBLR	
  cloudsの起源とするモデル.	
  
	
  
mが小さいほどrtransは小さくなり、(熱不安定な)輻射優勢領域が小さくなる.	
  Nicastro	
  (2000)では、m<	
  
mmin=(1-­‐4)×10-­‐3	
  (for	
  106-­‐109[M⦿])で降着円盤が最終安定軌道まで安定と仮定している. 

rtrans(1 − r−0.5trans)16�21 = 15.2(↵m)
2�21 �1

⌘
ṁ�16�21

・ ・ 
・ 

いずれも仮定を支持するような
強い理論がない. 



AGNトーラスの理論モデル 

15/07/29 2015年度 第45回 天文・天体物理若手夏
の学校 32 

1)  Warped	
  disk	
  モデル	
  (Phinney	
  1989;	
  Sanders	
  et	
  al.	
  1989;	
  Lawrence	
  &	
  Elvis	
  2010)	
  

2)  高速度分散のcloud/clump	
  モデル	
  (Krolik	
  &	
  Begelman	
  1988;	
  Vollmer	
  et	
  al.	
  2004;	
  Beckert	
  &	
  
Duschl	
  2004)	
  

3)  MHD	
  disk	
  wind/磁気圧サポートモデル	
  (Emmering	
  et	
  al.	
  1992;	
  Königl	
  &	
  Kartje	
  1994;	
  Kartje	
  
&	
  Königl	
  1996;	
  Lovelace	
  et	
  al.	
  1998;	
  Bottorff	
  et	
  al.	
  2000;	
  Everett	
  2005;	
  Elitzur	
  &	
  Shlosman	
  2006;	
  
Elitzuer	
  &	
  Ho	
  2009)	
  

4)  星形成、または、超新星爆発駆動の乱流モデル	
  (Collin	
  &	
  Zahn	
  1999;	
  Wada	
  &	
  Norman	
  
2002;	
  Vollmer	
  et	
  al.	
  2004;	
  Schartmann	
  et	
  al.	
  2005;	
  Collin	
  &	
  Zahn	
  2008;	
  Vollmer	
  et	
  al.	
  2008;	
  Kawakatu	
  
&	
  Wada	
  2008,2009;	
  Schartmann	
  et	
  al.	
  2009;	
  Wada	
  et	
  al.	
  2009)	
  

5)  輻射圧サポートモデル	
  (Thompson	
  et	
  al.	
  2005;	
  Krolik	
  2007;	
  Shi	
  &	
  Krolik	
  2008)	
  

6)  輻射駆動	
  outflow/wind	
  モデル	
  (Krolik	
  &	
  Kriss	
  1995;	
  Krolik	
  &	
  Kriss	
  2001;	
  Dorodnitsyn	
  et	
  al.	
  
2008a,b;	
  Dorodnitsyn	
  &	
  Kallman	
  2009;	
  Czerny	
  &	
  Hryniewicz	
  2011;	
  Keating	
  et	
  al.	
  2012;	
  Dorodnitsyn	
  &	
  
Kallman	
  2012;	
  Wada	
  2012;	
  Gallagher	
  et	
  al.	
  2015)	
  
"  降着円盤(外側)からのdisk	
  wind、X-­‐ray	
  heated	
  wind、UV/optical	
  radiation	
  driven	
  wind,	
  IR	
  radition	
  

driven	
  windなど. 

解析的・準解析的モデルと数値計算によるモデリングを合わせると、非常に多数のモデルが提案されている: 
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超新星爆発駆動の乱流モデル (Wada & Norman 2002; Wada et al. 2009)  

66 WADA, PAPADOPOULOS, & SPAANS Vol. 702

(a)

(b)

(c)

Figure 2. Cross sections (a) gas density [M⊙ pc−3], (b) temperature [K] and (c) H2 density [M⊙ pc−3] on x–y and x–z planes of model H10a (t = 4.38 Myr).
(A color version of this figure is available in the online journal.)

Table 1
Model Parameters

Model G0 ∆ [pc] SN rate [10−5 yr−1]

H10a 10 0.125 5.4
L10a 10 0.25 5.4
H100a 100 0.125 5.4
L100a 100 0.25 5.4
L100b 100 0.25 54.0
L100b* 100 0.25 54.0
L100c 100 0.25 540.0

Notes. “H/L” represents “High/Low” resolution (∆, size of a numerical grid
cell), “100/10” represents intensity of far ultraviolet radiation in the Habing unit
(G0), and suffix “a-c” represent the average supernova rate (SN rate). L100b*
is the same as L100b, but energy from supernovae is injected in a larger scale
height, i.e., |z| ! 10 pc.

is included in the ISM+stars model, and we intend to do so in a
future paper.

3. RESULTS

3.1. Structures of a Fiducial Model

In a quasi-steady state (t ! 3.5 Myr), as reported by
WN02, the gas forms a highly inhomogeneous, flared disk,
as seen in Figure 2, which shows gas density, temperature
and molecular hydrogen density in model H100a at t = 4.38
Myr. The temperature map shows that cold (Tg " 100 K)
gas is mainly distributed in the high-density regions. In the
central funnel-like cavity, the temperature of the gas is hot
(Tg ! 106 K). Hot gases are also patchily distributed in the
cold, flared disk. Typical size of these hot cavities is a few
parsecs. A large fraction of the volume is occupied by warm
gas (Tg ≃ 8000 K). As expected, distribution of H2 roughly
follows the cold, dense gas, and therefore it forms a high-density
circum nuclear disk whose radius is about 5 pc, surrounded
by a porous torus which extends to ∼5–10 pc above the disk
plane.

!  乱流の圧力でガス円盤外側(R>5[pc])が膨らみ、遮
蔽構造を作る (中央面からの角度|θ|<50°の視線に対
して、柱密度はNH>1022[cm-­‐2])	
  

!  この構造を維持するのに必要な超新星爆発率は
5×10-­‐5[yr-­‐1]程度.	
  	
  

!  角運動量輸送は、自己重力不安定トルク＋乱流粘
性による (Wada	
  &	
  Normal	
  2002). 
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(a)

(b)

Figure 4. (a) Column density of the gas, Ng and column density of H2, NH2 as
a function of the viewing angle in model H10a at t = 4.38 Myr. The solid line
represent an azimuthally averaged column density.

FUV can easily dissociate H2 in the relatively diffuse regions at
high latitudes. However, those differences in the two models
are not significant. Even in the strong FUV model, H2 is
inhomogeneously distributed in the central tens pc.

We compare vertical velocity dispersion of the gas below
Tg = 2000 K in three models (L100a, L100b, and L100c) with
different SN rates in Figure 8. It shows that velocity dispersion
tends to increase with higher SN rate. However its dependence
in the torus region is less than factor of 2 when the SN rate
is 100 times larger. The effect is more significant in the inner
region, where there is a bipolar outflow from the central funnel
(Figure 3).

4. DISCUSSION

4.1. Comparison with Observations

Hicks et al. (2009) recently revealed structures of the ISM
in local AGNs traced by a S(1) ν = 1 − 0 line of molecular
hydrogen at 2.1 µm using the near-infrared field spectrograph
SINFONI at ESO Very Large Telescope (VLT) and OSIRIS

at Keck Observatory. They found that ISM with a radius of
r ∼ 30 pc forms a rotating disk with a high-velocity dispersion
(several tens km s−1), and suggested that star formation is
concomitant with clumpy molecular gas. The average gas mass
is estimated to ∼107 M⊙, assuming a 10% mass fraction to the
dynamical mass. The size, mass, and dynamics of these nuclear
molecular gas disk around AGNs are very similar to what we
found here. The turbulent-like velocity field revealed by their
observations qualitatively resembles to those seen in our models
(Figure 3). They also suggest a positive correlation between the
velocity dispersion of the hot molecular gas and the SFR, which
is consistent with our result (Figure 8), and it is reasonable
if turbulent velocity is energized by SNe and balanced by gas
dissipation (WN02). Although ν = 1 − 0S(1) is emitted from
warm gas, it is expected from our simulations that the cold
molecular gas have also similar random velocity field.

Hsieh et al. (2008) observed a Seyfert 1 galaxy, NGC 1097
using 12CO(J = 2 − 1) by the submillimeter array at angular
resolution of 4.′′1 × 3.′′1 (290 pc × 220 pc), and deduced a total
mass of molecular hydrogen of MH2 ≃ 6.5 × 107 M⊙, with
column densities NH2,CO ≃ 5.9 × 1022 cm−2, and NH,CO ≃
1.2 × 1023 cm−2. They suggest a clumpy disk configuration
to explain inconsistency between the large column density
suggested by their observations and 2 orders of magnitude
smaller column density (NH,X ≃ 1.3 × 1021 cm−2) suggested
by X-ray observations (Terashima et al. 2002). If the nucleus
of this galaxy surrounded by a torus consisted of high density,
small gas clumps, it would be possible to observe the broad line
region through gaps between the clumps. On the other hand,
the H2 column density represents an average one in the large
beam size (∼250 pc), which should be much larger than than the
value suggested by X-ray observations. Could this be the case
in the clumpy H2 in our results? The ratio NH2,CO/NH,X is ≃45
in NGC 1097. Among our models, model H10a, in which the
moderate star-forming activity is assumed (G0 = 10 and SN
rate = 5.4 × 10−5 yr−1), would be appropriate for comparison.
If one supposes that the H2 column density inferred from the CO
line observations represents an average column density of all the
molecular gas present in the central several tens parsecs (⟨NH2⟩),
and column density of H suggested by X-ray reflects the amount
of material along the line of sight (its viewing angle is θv) for
the nucleus (NH(θv)). In Figure 9, we plot ⟨NH2⟩/NH in model
H10a at t = 4.38 Myr. It is clear that we have smaller chances
to observe small NH if the line of sight is closer to the edge-on.
⟨NH2⟩/NH ! 10 can be achieved for θv ∼ 50◦ or larger. One
should note again that the scatter of the ratio is significant for
any given viewing angles, and it also depends on the structure
of molecular gas around the nucleus. It is therefore hard to
conclude at this moment on structures of the circumnuclear
region of NGC 1097. Future observations of AGNs using CO
or other lines with much higher resolutions, at least with a few
pc beam, by for example ALMA are necessary.

Jaffe et al. (2004) observed the central region of NGC 1068 by
the Very Large Telescope Interferometer (VLTI), and suggested
a dusty “torus” of thickness 2.1 pc, diameter 3.4 pc, and
temperature of Tg = 320 K. This could correspond to the
central, relatively smooth molecular dense disk typically seen
in our models (Figure 2). Due to the strong gravity and shear
caused by the central BH, it is natural that molecular gas forms a
thin, smooth disk in the central few pc. However, if the observed
central disk of NGC 1068 is geometrically thick, a strong heating
source, e.g., infrared radiation would be necessary (Pier &
Krolik 1993; Krolik 2007). Tristram et al. (2007) suggested

各視線に対するlog10(NH) 

中央面からの角度[°] 

"  MBH=1.3×107[M⦿]	
  
"  Mgas,ini=6×106[M⦿] 

NH>1022[cm-­‐2]をII型AGNとする
と、covering	
  factorは0.75程度
になる. 
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輻射圧サポートモデル (Krolik 2007; Shi & Krolik 2008) 
!  ダスト再放射による輻射圧を考慮して、大きなスケールハイトを持つ静水圧平衡解が存在しうることを

示した研究.	
  

!  "トーラス"が存在するためには、Eddington比が0.03-­‐1、トーラスの中央面に沿った(Compton散乱に関す
る)光学的厚みが1程度でなければならない	
  (Krolik	
  2007).	
  

!  AGNからのX線加熱と母銀河の星の光による加熱の効果を考慮しても、静水圧平衡解は存在;	
  影響は密度
分布がよりshallowになるだけ	
  (Shi	
  &	
  Krolik	
  2008). 

unperturbed. Here we choose X-ray heating. The correction
factor f! for X ¼ 0:06 is#1.05. Taking into account this factor,
we find that an unperturbed solution withQ # 4:2 possesses the
same LUV as that of the perturbed, and ! for this solution is 1.6.
Because there is more support at large radius with X-ray heat-
ing, the density profile becomes flatter both radially and verti-
cally than the source-free one (Fig. 5). Meanwhile, X-ray heating
also causes the energy density to decrease less rapidly away from
(rin; 0) than in the unperturbed case, because we are comparing at
fixed LUV and there is now additional internally generated flux
due to the local heating.

Further investigation of the distribution of j2 provides a clearer
picture of the perturbed and unperturbed solutions (Fig. 6). In the
interior of the torus near the inner edge, the infrared radiation pres-
sure is large enough to balance gravity, so the presence of internal
sources does not affect j 2 toomuch; however, at large radius, con-
tributions from the local sources are relatively strong, while in-
frared flux from the inner edge diminishes. Particularly in the
equatorial plane, the additional radiation support in the radial
direction reduces the need for rotational support. As a conse-
quence, the radial gradient of j 2 becomes shallower than in the
case without local heating.

4.3. Exploring Parameter Space

Holding X or P fixed, the allowed solutions in the Q-! plane
fall onto a track with small thickness. The thickness is due to the
imprecision of the boundary condition required at the photo-
sphere. Following the track, the parameter ! grows asQ increases.
There are no solutions above or below the track. Parameters in the
region below it fail the outer boundary criterion that j ¼ 1 at the
maximum radius; those above the track do not satisfy the bound-
ary condition at the photosphere. There is also a starting point for
each track (Qmin; !min ), such that no solutions can be found with
smaller ! and Q. This fact, too, is an example of converged solu-
tions that fail the boundary condition on the photosphere. In par-
ticular, whenQ < Qmin, jF/cEj is too small, which means gravity
is too weak in the torus, so that no hydrostatic balance can be
achieved. The starting point moves toward larger ! and Q when
X or P increases, while the track rises a bit due to the change of
the energy density contributed from the local sources. This re-
sult is a corollary of the general picture we have presented; if
UV-derived radiation support can, on its own, balance gravity,
equilibrium in the presence of additional radiation force requires a
smaller UV luminosity.

Fig. 2.—Solution with jin ¼ 0:5, " ¼ 1:5, #! ¼ 10, Q ¼ 4, ! ¼ 1:43, and X ¼ 0:02. Left: Radiation energy density. Right: Matter density. In both, the scale is
logarithmic, and the thin white lines show the photospheres on the top of the torus. The white dashed line marks the radius outside of which we solve the combined
hydrostatic and radiation diffusion equations; it is not a physical edge.

Fig. 3.—Solution with jin ¼ 0:5, " ¼ 1:5, #! ¼ 10, Q ¼ 4, ! ¼ 1:43, and P ¼ 2:5 ; 10$2. Left: Radiation energy density. Right: Matter density. In both, the scale is
logarithmic, and the thin white lines show the photospheres on the top of the torus. The white dashed line marks the radius outside of which we solve the combined
hydrostatic and radiation diffusion equations; it is not a physical edge.

AGN TORI WITH X-RAY AND STELLAR HEATING 1023No. 2, 2008
輻射エネルギー密度分布 密度分布 
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X-ray heated torus モデル (Dorodnitsyn et. al. 2008a,b; Dorodnitsyn & Kallman 2009) 
!  AGNのwarm	
  absorber	
  (X線を吸収する高階電離ガス)	
  をtorus	
  windで説明しようとした研究で、トーラス

そのものの研究ではない.	
  
	
  
!  初期においたtorusはX線加熱でその形状が保たれ、torus表面からtorus	
  windが起こり、warm	
  

absorberの特徴をよく再現する.	
  

log(nH/nH0)の分布 (Dorodnitsyn	
  et	
  al.	
  2008a) 

"  MBH=106[M⦿]	
  
"  Eddington比0.4.	
  
"  LX:LUV=1:1を仮定. 

①  ダストが考慮されていない.	
  
②  ダストが生き残れない可能性有り.	
  
③  X線光度のfractionが大きすぎる(?).	
  
④  AGN放射が等方的.	
  

torus wind 

◎	
  注意点 
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The Astrophysical Journal, 758:66 (10pp), 2012 October 10 Wada

Figure 4. Gas density in the quasi-steady state of two models: (top) LAGN/LE = 0.1 at t = 4.55 Myr and (bottom) LAGN/LE = 0.01 at t = 4.59 Myr. The vertical
slices indicate the x–z planes.
(A color version of this figure is available in the online journal.)

∂(ρv)/∂t + (v · ∇)v + ∇p = − ρ
(
∇Φ + f r

rad

)
, (2)

∂(ρE)/∂t + ∇ · [(ρE + p)v] − ρv · ∇Φ = ρΓUV(G0)
+ ρΓX − ρ2Λ(Tgas, fH2 ,G0), (3)

∇2Φsg = 4πGρ, (4)

where Φ(x) ≡ Φext(r) + ΦBH(r) + Φsg(x); ρ, p, and v denote
the density, pressure, and velocity of the gas, and the specific
total energy E ≡ |v|2/2 + p/(γ − 1)ρ, with γ = 5/3.
We assume a time-independent external potential Φext(r) ≡
−(27/4)1/2[v2

1/(r2+a2
1)1/2+v2

2/(r2+a2
2)1/2], where a1 = 100 pc,

a2 = 2.5 kpc, v1 = 147 km s−1, v2 = 147 km s−1, and
ΦBH(r) ≡ −GMBH/(r2 + b2)1/2, where MBH = 1.3 × 107 M⊙
(see Figure 1 in Wada et al. 2009 for the rotation curve). The
potential caused by the BH is smoothed within r ∼ b = 4δ,
where δ denotes the minimum grid size (= 0.25 pc), in order
to avoid too small time steps around the BH. In the central grid
cells at r < 2δ, physical quantities remain constant.

We solve the hydrodynamic part of the basic equations using
the advection upstream splitting method (Liou & Steffen 1993).
We use 2563 grid points. The uniform Cartesian grid covers
a 643 pc 3 region around the galactic center (i.e., the spatial

resolution is 0.25 pc). The Poisson equation, Equation (4), is
solved to calculate the self-gravity of the gas using the fast
Fourier transform and the convolution method with 5123 grid
points along with a periodic Green’s function. We solve the
non-equilibrium chemistry of hydrogen molecules along with
the hydrodynamic equations (Wada et al. 2009).

We consider the radial component of the radiation pressure:

f r
rad =

∫
χν Fr

ν

c
dν, (5)

where χν denotes the total mass extinction coefficient due to
dust absorption and Thomson scattering, i.e., χν ≡ χdust,ν + χT .
The radial component of the flux at the radius r, Fr

ν is

Fr
ν ≡ Lν(θ )e−τν

4πr2
er , (6)

where τν =
∫

χνρds.
The only explicit radiation source used here is an accretion

disk whose size is five orders of magnitude smaller than the
grid size in the present calculations. Therefore, we assumed
that radiation is emitted from a point source. However, the ra-
diation flux originating from the accretion disk is not neces-
sarily spherically symmetric (e.g., Netzer 1987). In our study,

4

輻射圧駆動 outflow モデル ① (Wada 2012) 

!  核周ガス円盤の3次元輻射流体計算.	
  
%  輻射は降着円盤からの直接光のみ	
  
%  降着円盤の放射の非等方性	
  
%  X線加熱	
  
%  自己重力有り	
  

!  トーラス的な構造は、failed	
  windの落下
のエネルギーで駆動される乱流が維持.	
  

!  スナップショットに対して、SED計算す
ると、一部のspectral	
  featureを除いて、
観測とconsistent	
  (Schartmann,	
  Wada,	
  et	
  al.	
  
2014)	
  

!  中心1[pc]領域へのガス供給率は、
2×10-­‐4～10-­‐3[M⦿/yr].	
  

60[pc] 

Lbol/LEdd=0.1 

Lbol/LEdd=0.01 

格子数2563、Δx=0.25[pc]	
  >	
  ダスト昇華半径. 
赤は、nH≈4.5×106[cm-3]程度で、 
λJ=0.05[pc]@Tgas=100[K]. 

˙ 
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The Astrophysical Journal, 761:70 (12pp), 2012 December 10 Dorodnitsyn & Kallman

Figure 1. Color plot of the density, log ρ, in g cm−3 for the model with L = 0.6 LEdd shown at different times given in years. Axes: z: distance from equatorial plane
in parsecs; R: distance from the BH in parsecs.
(A color version of this figure is available in the online journal.)

Figure 2. Color plot of the gas temperature, log T , in K for the model with L = 0.6 LEdd, after 4.2 × 105 yr. Axes: z: distance from equatorial plane in parsecs; R:
distance from the BH in parsecs.
(A color version of this figure is available in the online journal.)

warm absorber flow. An apparent feature of our models is that
the hot wind consists of large-scale inhomogeneities. The cold
flow does not show such large-scale structure. Note that we
have a very simple test if the gas is in the cold, molecular-dusty
phase, ξeff < ξm, and that if the hot component is not shown, the
density structure is much more pronounced in the temperature
plot.

It is of interest to address the question of whether there can be
cold gas in a hot wind as well. However, the limited resolution of
our studies does not allow us to provide a reliable answer to this
question. We do not find the coexistence of hot and cold phases
of gas in any appreciable quantities, but this does not exclude
the possibility of such coexistence on length scales smaller than
we can resolve.
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warm absorber flow. An apparent feature of our models is that
the hot wind consists of large-scale inhomogeneities. The cold
flow does not show such large-scale structure. Note that we
have a very simple test if the gas is in the cold, molecular-dusty
phase, ξeff < ξm, and that if the hot component is not shown, the
density structure is much more pronounced in the temperature
plot.

It is of interest to address the question of whether there can be
cold gas in a hot wind as well. However, the limited resolution of
our studies does not allow us to provide a reliable answer to this
question. We do not find the coexistence of hot and cold phases
of gas in any appreciable quantities, but this does not exclude
the possibility of such coexistence on length scales smaller than
we can resolve.

6

輻射圧駆動 outflow モデル ② (Dorodnitsyn & Kallman 2012) 
!  MBH=107[M⦿]の周りのAGNトーラスの軸対称輻射流体計算をLbol/LEddを変えて行い、トーラス構

造のダイナミスを調べた.	
  
!  IR-­‐driven	
  windによる質量損失率は、failed	
  windを含めて、0.1-­‐1.5[M⦿/yr].	
  

Lbol/LEdd=0.6の場合の密度分布の時間進化	
  (DK+12) 

①  仮定されている密度が大きすぎる (FLD近似を正当化させるため?).	
  
②  自己重力不安定な密度・温度にも関わらず、自己重力が考慮されていない.	
  

Lbol/LEdd=0.6の場合のガス温度の分布	
  (t=420[kyr]) t=250[kyr] t=420[kyr] 

t=670[kyr] t=920[kyr] 

R=0.5-3[pc] 

Tgas=200-300[K] 

Tgas=数10[K] log10	
  ρ	
  [g/cm3] 

◎	
  注意点 
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!  AGN放射(X線~UV/optical)や超新星爆発のフィードバックで、数-­‐数十[pc]スケールのトー
ラス的構造が作れる.	
  このスケールでの角運動量輸送は自己重力不安定トルクと乱流粘性
が担う (Wada	
  &	
  Norman	
  2002;	
  Wada	
  et	
  al.	
  2009;	
  Wada	
  2012).	
  

!  X線が十分に強ければ、R=a	
  few	
  [pc]のところにトーラス構造を形成すること可能 (e.g.,	
  
Dorodnitsyn	
  et	
  al.	
  2008a,b;	
  Dorodnitsym	
  &	
  Kallman	
  2009).	
  しかし、ダストが溶ける可能性有り.	
  

!  トーラス構造にダスト再放射による輻射圧がどれほど効くかはいまいちわからない.	
  
"  τComp~1ならトーラス構造可能	
  (Krolik	
  2007;	
  Shi	
  &	
  Krolik	
  2008).	
  
"  Dorodynitsyn	
  &	
  Kallman	
  (2012)のモデルは1つのセルがτComp>>1となっている.	
  

# 理論研究のまとめ 

# AGNの活動性を理解する上での今後の課題 
①  ~1pcスケールから降着円盤外側へのガス供給過程の解明	
  

"  角運動量輸送メカニズムは何か？輸送率は？	
  
"  ~1[pc]スケールへのガス供給率=降着円盤外側へのガス供給率としてよい？	
  

	
  
②  SMBH降着円盤物理の解明	
  

"  放射強度、放射スペクトル、角度依存性,	
  etc.	
  
"  相対論的ジェットの生成条件、ジェットパワー、持続時間,	
  etc. 

我々の興味 



研究目的 
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X線 

紫外線 

表層のガスを光
電離し、ガス・
ダストを加熱.	
  

内部まで浸透
してガスを電
離・加熱. 

ガス供給 

ダスト再放射 
輻射圧がトーラスの構造に 
影響を与えるかも? 
(Krolik 2007) 

主な吸収体:H,He 

①  サブパーセクスケールの密度・温度構造	
  
②  ガス供給率と表裏一体であるアウトフロー率	
  
を調べる. 

◎ 研究目的 
AGNからの直接放射とダスト再放射を考慮して、 
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モデルと数値計算方法 
!  流体計算：M-­‐AUSMPW+/MLP5法	
  
!  輻射流体計算:	
  Hybrid法	
  	
  

1)  降着円盤・コロナからの直接光:	
  
Long-­‐characteristics法	
  

2)  ダスト再放射:	
  有限体積法	
  

ISMモデル 

数値計算方法 

!  化学反応ネットワーク 

!  加熱・冷却過程 
(1)  H,He,He+のCase	
  B	
  再結合放射	
  
(2)  (H+,He+,He++)の制動放射	
  
(3)  HIとH2の衝突電離/衝突励起冷却	
  
(4)  He,He+の衝突電離/衝突励起冷却	
  
(5)  H2の潜熱	
  
(6)  H−形成・H−の衝突脱電子に伴う冷却	
  
(7)  H2

+形成に伴う冷却	
  
(8)  ガスとダストの衝突熱交換	
  
(9)  Compton加熱・冷却	
  

(e−,p+,H,H−,H2,H2
+,He,He+,He++,Dust)

のネットワーク,	
  反応数:	
  43 

モデル 
"  SMBH(MBH=107[M⦿])と母銀河外部ポテンシャル.	
  
"  nH(中央面)=107[cm-­‐3]のガス円盤.	
  
"  典型的なQSO	
  spectrum	
  を仮定.	
  
"  Eddington光度の場合を調査.	
  

参考)	
  
•  nBLR=108-­‐1011	
  [cm-­‐3]	
  
•  nNLR=104-­‐106	
  [cm-­‐3] 
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# 典型的なモデルの時間進化 (graphite, a=0.1[μm], Tsub=1800[K], fgr=0.01) 

!  密度の高いガスを大きな|z|までダスト再放射で持ち上げるのは極めて困難.	
  
"  高いダスト温度が実現されるのはガス円盤表層で、内部はあまり加熱されない.	
  
"  X線で光蒸発したガスが瞬時にダスト吸収で高速なアウトフローに変わる;	
  光蒸発流が円盤ガスをkickする

ことで円盤をconfine.	
  
	
  
!  アウトフロー率は時間平均すると約0.13[M⦿/yr]で、Eddington質量降着率(η=0.1;	
  1.67[M⦿/yr])に匹敵.	
  
	
  

!  アウトフローの速度はガス円盤の直上で200-­‐300[km/s]、大きな|z|では1000-­‐3000[km/s]に達する.	
  

減衰・吸収層 

数10[pc]スケールでfailed	
  windにならずに、もっと遠方まで飛ぶかもしれない. 

~1pcスケールへのガス供給率	
  ≠	
  降着円盤外側へのガス供給率. 
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# ダストサイズの効果 
!  ダストの吸収係数は、大雑把にサイズに反比例する: 

↵⌫ = ngr�
gr
abs(⌫) = ⇢Ygr

4
3⇡a

3⇢gr
×Qabs(⌫, a)⇡a2 ∝ a−1

Ygr:	
  ダストのガスに対するmass	
  fraction、	
  
ρgr:	
  ダスト粒子の質量密度、	
  
a:	
  ダスト粒子の半径、	
  
Qabs(ν,a):	
  吸収効率 

ダストサイズが大きいほど、ダストに働く輻射圧加速度が小さい. 

a=0.1[μm] a=1[μm] 

!  ダストサイズが大きなモデルでは、光蒸発流はより大きな|z|に達することが可能になる.	
  
"  a=1[μm]でθ≈45°;	
  より大きなCFを実現するためには、LX/LUV比を大きくする必要があり

そう. 
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# ダスト昇華温度の効果 
1)  非常に大きなX線フラックスにさらされたダストはion	
  field	
  emission、或いは、Cloumb	
  

explosionで破壊される	
  (Laor	
  &	
  Draine	
  1993;	
  Perna	
  2003	
  and	
  references	
  therein).	
  
2)  Thermal	
  sputteringによるダストの破壊	
  

	
  
!  ダスト昇華面が外側に移動するので、円盤の先端部分から光蒸発したガスの一部はダスト昇華

面の内部に入る.	
  この結果、かなり高い|z|までガスを持ち上げることが可能. 

ダスト昇華温度を小さく設定して近似的に効果を見てみる(toy	
  modelとして). 

正確な円盤上空のガス分布予測のためには、ダストの正確な取り扱いが必要. 

Tsub=1000[K] 



15/07/29 2015年度 第45回 天文・天体物理若手夏
の学校 44 

# 今後... 
!  正確な円盤上空のガス分布予測のために、より詳細なISMモデルの構築が必要:	
  

①  重元素の考慮	
  
②  ダストの形成・破壊過程の考慮	
  
③  円盤から発生したphotonによるCompton	
  cooling	
  

!  降着円盤外側まで迫るためには、nested	
  grids	
  等の数値計算技術や磁場の効果を取り入れ
る必要がある. 



付録 

15/07/29 2015年度 第45回 天文・天体物理若手夏
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The Astrophysical Journal Letters, 794:L19 (5pp), 2014 October 20 Xie, Hao, & Li

Table 1
Basic Parameters for the Three Sources

Sources R.A. Decl. Redshift AORKEY dL
a LUV

b

(Mpc) (1043 erg s−1)

IRAS F10398+1455 10h42m33.s32 +14d39m54.s1 0.099 22132992 456 2.05
IRAS F21013−0739 21h03m58.s75 −07d28m02.s5 0.136 23017216 640 16.5
SDSS J0808+3948 08h08m44.s27 39d48m52.s36 0.091 23014144 416 8.50

Notes.
a Luminosity distance.
b GALEX near-ultraviolet (NUV) luminosity (taken from NED).

Figure 1. (a) Comparison of the IRS spectra of SDSS J0808+3948 (blue),
IRAS F21013−0739 (magenta), and IRAS F10398+1455 (orange) with the
average spectrum of quasars (red; Hao et al. 2007) and the average spectrum
of starburst galaxies (green; Brandl et al. 2006). All spectra are normalized at
14.5 µm. (b) Comparison of the IRS spectra of SDSS J0808+3948 (blue), IRAS
F21013-0739 (magenta), and IRAS F10398+1455 (orange) with that of IRAS
FSC 10214+4724 (green; Teplitz et al. 2006), a lensed ULIRG. Also shown
are the IRAS 60 µm and 100 µm photometry of IRAS FSC 10214+4724 (filled
green circles) with its redshift of z ≈ 2.29 taken into account. All spectra are
normalized at 10 µm.
(A color version of this figure is available in the online journal.)

typical AGNs or quasars. The slope of the 5–8 µm continuum,
defined as d ln Fν/d ln λ (where Fν is the observed flux and λ
is the wavelength), is ∼4.1–4.6 for the three sources, while the
5–8 µm continuum is flat or “gray” for AGNs (with a slope of
∼0.8). The “red” 5–8 µm emission continuum and the strong
PAH emission features seen in these galaxies are also seen in
starburst galaxies. However, the 9.7 µm and 18 µm emission
features seen in these galaxies are never seen in starburst
galaxies. Type 1 AGNs (and some type 2 AGNs; see Sturm et al.
2006; Mason et al. 2009; Nikutta et al. 2009; Shi et al. 2010)
exhibit the silicate emission features seen in these galaxies, but
their 5–8 µm emission continuum is often much flatter and does
not show the PAH emission features which are prominent in
these three galaxies.

The exact profiles and strengths of the derived silicate emis-
sion features are sensitive to the assumed underlying continuum
(e.g., see Sirocky et al. 2008; Baum et al. 2010; Gallimore et al.
2010). To subtract the continuum, we adopt two approaches: (1)
we select five points at 5–7 µm, 14.5–15.0 µm, and 29–30 µm
to define an underlying continuum which is calculated with
a spline function (see Figure 2); (2) we modify the PAHFIT

software of Smith et al. (2007) to fit the observed IRS spec-
trum of each source with a combination of PAH features, amor-
phous silicate features, modified blackbodies, and starlight with
the sum of the modified blackbodies and starlight representing
the continuum underneath the PAH and silicate features (see
Figure 3). Not surprisingly, the silicate emission features de-
rived from these two approaches differ substantially: the 9.7 µm
feature derived from the spline method is considerably weaker
than that derived from the PAHFIT method, while this is op-
posite for the 18 µm feature. Nevertheless, it is clear that both
the 9.7 µm and 18 µm amorphous silicate emission features are
present in these three sources.

Crystalline forsterite silicates are also present in these galax-
ies as revealed by the sharp features at ∼19, 23, and 27.5 µm
(see Figures 2 and 3). The detection of crystalline silicate dust
in extragalactic sources has been reported for some ULIRGs
(Spoon et al. 2006), for PG 2112+059, a broad absorption line
quasar (Markwick-Kemper et al. 2007), for a distant absorber
at redshift zabs ≈ 0.886 along the line of sight toward the gravi-
tationally lensed quasar PKS 1830−211 (Aller et al. 2012), and
for a zabs ≈ 0.685 absorber toward the gravitationally lensed
blazar TXS 0218+357 (Aller et al. 2014).

In the Galactic ISM, the silicate dust is predominantly
amorphous (Li & Draine 2001; Kemper et al. 2004; Li et al.
2007). As shown in Figures 2 and 3, the silicate features of
these three galaxies are broad and smooth with sharp crystalline
silicate features superimposed, suggesting that the silicate dust
in these sources is mainly amorphous.

4. DISCUSSION

These three galaxies are found when cross-matching
the SDSS and Spitzer/IRS low-resolution spectra (L.
Hao et al. 2014, in preparation). Y. Xie et al. (2014,
in preparation) have studied the multiwavelength proper-
ties of these three galaxies and demonstrated that they
may harbor a young AGN at the center. Among these
galaxies, IRAS F21013−0739 and SDSS J0808+3948 are
Lyman Break Analogs (LBAs; Heckman et al. 2005, Hoopes
et al. 2007). LBAs are rare in the local universe. They are se-
lected based on their far-UV properties and they show properties
similar to those of high-redshift Lyman Break Galaxies (Steidel
et al. 1999). Among the 30 LBA galaxies, 6 are found to con-
tain a young, very compact ( ∼102 pc), highly massive (several
109 M⊙) Dominant Central Object (DCO; Overzier et al. 2009).
Interestingly, both F21013−0739 and SDSS J0808+3948 are
found to have DCOs. It appears that the occurrence of the anoma-
lous mid-IR spectral character is associated with the galaxies
with a DCO. IRAS F10398+1455 is not an LBA. This galaxy is
very faint in the GALEX Far-UV (FUV) band but it is bright in
the GALEX NUV band. We list the NUV luminosity in Table 1
for the three galaxies. It is unresolved in the NUV image and its

2

ダストの組成: 典型的なQSOとスターバスト銀河の中間のSED持つAGN 
(Xie et al. 2014) 

特徴①: 顕著なPAH輝線 (similar to SB gal.)  

特徴②: QSOと同程度の
9.7μm silicate emission. 

特徴③: λ<8μm cont.がSB gal.に類似. 

左に示す特徴の他、	
  
④  18μm	
  silicate	
  emission	
  
⑤  ~19,23,27.5μmの結晶性

silicate	
  emissions	
  
等も存在. 

J0808+3948	
  
F21013-­‐0739 

SDSS-­‐Spitzer/IRS	
  cross-­‐matching 

LBA+DCOの可能性 

(F10398+1455:	
  unknown) 

活発な星形成銀河にある若い
AGNを見ている? 

z≈0.1 
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Figure 4. (a) Normalized IR emission spectra of spherical “astronomical silicates” of radius a = 0.1 µm with temperatures of T = 100 K (green solid), 250 K (blue
dashed), and 500 K (red dot-dashed). (b) Mass absorption coefficients of “astronomical silicates” (red solid) and amorphous pyroxenes of varying iron contents:
MgSiO3 (blue dashed), Mg0.7Fe0.3SiO3 (purple dotted), and Mg0.4Fe0.6SiO3 (green dot-dashed). All dust species are taken to be spherical with a = 0.1 µm.
(c) Mass absorption coefficients of “astronomical silicates” (red solid), amorphous carbon (blue dashed), and graphite (green dot-dashed). All dust species are taken
to be spherical with a = 0.1 µm. (d) Mass absorption coefficients of spherical “astronomical silicates” of various sizes: a = 0.1 µm (red solid), a = 0.5 µm (blue
dashed), a = 1 µm (green dot-dashed), a = 2 µm (purple dotted), and a = 5 µm (magenta long dashed).
(A color version of this figure is available in the online journal.)
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a)  AGNトーラスがより大きな半径に存在	
  (ダスト温度を小さくできる).	
  
b)  iron-­‐poor	
  なsilicateは、λ<8μmの吸収係数が小さいのでsteepな5-­‐8[μm]を作れる.	
  
c)  carbon	
  dustが通常のAGNよりも欠乏している.	
  
d)  通常のAGN/QSOではa>1[μm]のダストが支配的で、今回の銀河ではsubmicronサイズのダストが支配的? 

steepな5-­‐8μm連続波の原因として考えられること: 

規格化されたIR SED 
(astronomical silicate) 

ダスト温度➔大で、	
  
短波長側が強くな
り、2-­‐8	
  μm	
  SEDは
よりflatになる. 

silicateダストに含まれる鉄の量の影響 

よりiron-­‐poor 

ダスト種によるKabs(λ)の違い 

carbonダスト 

ダストサイズによるκabs(λ)の違い 

ダストサイズが大き
いと、よりflatになる.	
  
(QSOのflatなIR	
  SEDを
説明?) 
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often predict silicates in stronger emission than observed and
because, with the exception of a couple of smooth model
parameter combinations, only clumpiness can explain the
feature in absorption in unobscured AGNs. However, and even
though not producing the feature in absorption, a continuous
dust distribution can also give rise to silicates in only weak
emission for a large variety of parameters, as shown in Figure 4
of Feltre et al. (2012). Furthermore, Sirocky et al. (2008)
showed that the use of the Ossenkopf et al. (1992) dust
absorption and scattering coefficients result in considerably less
prominent silicate emission features compared to other dust
models like Draine (2003). We therefore interpret the behavior
of S9.7 AGN alone as favoring the Ossenkopf et al. (1992)
silicates over the Draine (2003) silicates, but this property
alone cannot provide much insight into the morphology of
the dust.

The transition of the mean values of S9.7 from weak emission
to absorption from Sy1.2 to Sy1.9 can be explained by either
dust morphology: in a smooth medium, it can be attributed to
an increase of the inclination (as measured from the poles), and
hence the intervening material with the silicate feature at
9.7 μm that arises from the inner, hotter parts of the torus being
increasingly blocked by the bulk of the dust as the viewing
angle increases. In a clumpy medium, on the other hand, this
could simply be attributed to different levels of obscuration
along the LOS, independent of the orientation.

The combined strength of the silicate features at 9.7 and
18 μm is sensitive to the chemistry and morphology of the dust
surrounding the AGN, i.e., the torus (Sirocky et al. 2008;
Thompson et al. 2009; Feltre et al. 2012). To test this, we
created three grids of models, two clumpy and a smooth,
following Nenkova et al. (2008) and Feltre et al. (2012),
respectively. All three sets of models share the same primary
source, described in Nenkova et al. (2008). One of the clumpy
grids was created using the silicate absorption and scattering
coefficients from Draine (2003), while the other clumpy and
smooth grids were created using the Ossenkopf et al. (1992)
silicates. The models have been created to have matched
parameters, as defined in Feltre et al. (2012), i.e., each of the
smooth models in the grid has an equivalent model (in terms of
geometrical properties) in the clumpy grid. The parameter
space explored by the model grids is briefly described in the
Appendix.

Figure 10 shows the distributions of S18 AGN and S9.7 AGN,
compared to model predictions. The top (bottom) panel shows
type 1 (type 2) AGNs (in blue). Smooth models are shown in
green, and clumpy models using the Ossenkopf et al. (1992)
and Draine (2003) silicates are shown in gray and pink,
respectively. The spread of observed data points indicates the
variety of torus geometries in nature in terms of size, shape, and
optical depths.

As previously noted by other authors, the so-called
“astronomical” silicates (Draine 2003) produce stronger
emission features at 9.7 μm and a wider range of S18 AGN/S
9.7 AGN than what is observed compared to the Ossenkopf et al.
(1992) silicates. The bulk of type 1 objects lie in the region of
overlap between smooth and clumpy models. Overall, models
reproduce in a better fashion the silicates in type 2 AGNs.
However, both smooth and clumpy models, albeit covering a
large parameter space, fail to reproduce the deep absorption
features seen in type 1 AGNs (lower left quadrant in top panel
of Figure 10). At the same time, as already suggested by

Imanishi et al. (2007), a continuous dust distribution is the only
morphology that can reproduce the deepest absorption features
seen in the sample for type 2 views (lower left quadrant of
bottom panel in Figure 10), at least without resorting to
additional obscuration by the host galaxy. In fact, Levenson
et al. (2007) suggested that a deep silicate absorption feature at
9.7 μm requires the primary source to be embedded in a
continuous, optically and geometrically thick dusty medium,
while a clumpy medium with clouds illuminated from the
outside will result in a much shallower feature, as the emission
from these clouds will fill the absorption trough.
We visually inspected all AGNs with < -S 1.59.7 AGN for

which we could find sufficiently high-resolution images and
established that they are predominantly hosted in galaxies with
high inclinations, galaxies with very visible dust lanes crossing
the center (e.g., NGC 5793 or NGC 7172), or in interactive
systems at various stages of their interaction (e.g., Mkr 273,
Mrk 331, NGC 2623). In fact, Goulding et al. (2012) reached
this same conclusion in their study of 20 nearby ( <z 0.05)
bona fide Compton-thick AGNs. This implies that the source of
the deepest silicate absorption features is dust in the host galaxy
rather than dust in the torus (see also Deo et al. 2007). In favor
of this view, Lagos et al. (2011) find that type 1 AGNs have a
strong preference in residing in face-on galaxies, while type 2

Figure 10. S18 AGN as a function of S9.7 AGN, overplotted on model predictions.
The top (bottom) panel shows type 1 (type 2) objects (in blue). Smooth
models are shown in green, and clumpy models with the Ossenkopf et al.
(1992) and Draine (2003) silicates are shown in gray and pink, respectively.
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silicate featureのcensus 
(Hatzminaoglou et al. 2015) 

!  784個のAGNを解析し、I型/II型のsilicate	
  features	
  (9.7μm,
18μm)の性質について調査を行い、torusモデルによる
理論予測と比較.	
  

#  AGNのI型/II型への分類はNEDによる.	
  

	
  
	
  
!  観測の(S9.7,AGN、S18,AGN)の分布とtorusモデルの比較から、	
  

①  astronomical	
  silicate(Draine	
  2003)よりも、cosmic	
  
silicate	
  (Ossenkopf	
  et	
  al.	
  1992)が合う(と述べられている).	
  

②  clumpinessは必要.	
  

4.2.1. AGNs of Intermediate Types

Among the 784 AGNs of our sample, 96 have an NED
classification of intermediate-type Seyfert galaxies. The
number of objects per type (comparable in all four subsamples)
is shown in Table 1. Figure 7 shows the distribution of S9.7 AGN
for the four subsamples.

The mean average S9.7 AGN decreases from Sy1.2 toward
later types with Sy 1.2, 1.5, and 1.8 showing on average the
silicate feature in very weak or no emission, while Sy1.9 has a
negative average value. Additionally, as we move to later
intermediate types, the dominance of the AGN component to
the MIR emission decreases; while 96% of Sy1.2 objects have

>f 0.7AGN , the fraction drops to 55% for Sy1.9 s. This is in
agreement with Deo et al. (2007), who found the MIR spectra
of Sy1.8 and Sy1.9 to be dominated by starburst features
(PAH). The mean values of S9.7 AGN and the fraction of objects
with >f 0.7AGN for each intermediate type are shown in
Table 2. Note that the shift toward lower values of S9.7 AGN
when moving toward later Seyfert types persists even when
only objects with >f 0.7AGN are considered, as seen in the
right-most column of Table 2. Finally, the lpeak of intermediate

Seyfert types shows the same behavior as for the rest of the
AGN sample, i.e., as described in Section 4.1.

4.2.2. SDSS Quasars

Of the 784 AGNs, 141 are spectroscopically confirmed
SDSS quasars for which estimates of the mass of the central
black hole, MBH, derived from emission line measurements as
well as bolometric luminosities, Lbol, derived from fitting
techniques are available (Shen et al. 2011). Maiolino et al.
(2007) reported an increase of S9.7 with increasing MBH from
low-luminosity, low-redshift type 1 AGNs to high-luminosity,
high-redshift quasars. Thompson et al. (2009), on the other
hand, found no trend with luminosity. MBH for the 141 SDSS
quasars in question spans the range [10 - 107.3 10

:M ], i.e.,
almost identical to that of the Maiolino et al. (2007) sample,
but we do not find any correlation of S9.7AGN with MBH, as
shown in Figure 8. Note, however, that the bolometric
luminosities of the SDSS quasars of our sample are all above
8.2 ´1010 L: (1044.5 erg s−1), i.e., the two samples are not
directly comparable. In the quasar subsample, S9.7 AGN and Lbol
are completely uncorrelated (see color-coding in Figure 8), in
agreement with Thompson et al. (2009).

4.3. The Silicate Feature at 18 Micron

The silicate feature at 18 μm, although predicted by models
and observed in many of the low-to-intermediate redshift
AGNs (z typically ⩽0.5; e.g., Hao et al. 2005; Sirocky
et al. 2008; Thompson et al. 2009), has received less attention
than its lower wavelength counterpart as its measurement
presents a greater challenge. For one, it often overlaps with the
MIR bump of the AGN SED (e.g., Prieto et al. 2010). Also, the
steep mid-to-far-IR emission from the host implies that it
contributes a higher fraction to the continuum emission at these
longer wavelengths, making the measurement of the feature a
tedious job. Following the procedure described in Section 3 but
extending the wavelength range to 22 μm rest frame, we
perform spectral decompositions and measure the strength of
the 18 μm silicate feature in the AGN component, S18 AGN, for

Figure 2. S9.7 distribution for type 1 (blue solid histogram) and type 2 (red
dashed histogram) before (top panel) and after (bottom panel) the subtraction
of the host galaxy.

Figure 3. lD peak as a function of fAGN for type 1 and type 2 objects (filled and
open symbols, respectively). The symbols are color-coded based on the value
of S9.7 tot. The quantization of lD peak is an artifact of the algorithm that
measures lpeak .
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S� = ln F (�peak)
Fc(�peak)silicate	
  featureの強さ: 

母銀河成分(PAH輝線含む)をsubtractし
た後のS9.7,AGNの分布 

Sλ>0:	
  輝線	
  
Sλ<0:	
  吸収線 

I型 

II型 

"  I型AGNの大部分は輝線として観測さ
れるが、吸収線として見えるものも
存在.	
  

"  II型AGNの大部分は吸収線を持つが、
輝線を持つものもいる. 

clumpiness 

観測データ 

clumpy	
  torusモデル	
  
(Draine+03) 

clumpy	
  torus	
  モデル	
  
(Ossenkopf+92) 

smooth	
  torus	
  モデル 


