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1. Introduction-(1) 
General Background of AGN Tori
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The Idea of AGN Dusty/molecular Torus
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• 広輝線を持つ1型と、持たない2型を「統一」
して考えるための概念。 
(Antonucci 1993 ARA&A, 31, 473; Urry & 
Padovani 1995, PASP, 107, 803)


• 両型が本質的には同じ存在だという思想。 
→  偏光観測による2型AGNでの広輝線の検出 
(Antonucci & Miller 1985, ApJ, 297, 621; Ramos-
Almeida et al. 2016, MNRAS, 461, 1387)


• AGN降着円盤 (Shakura & Sunyaev 1973, A&A, 

24, 337) のUV光を吸収し、IRに変換する機能
を持つ (Barvainis 1987, ApJ, 320, 537)

~a few to 10 pc?

Urry & Padovani 1995, PASP, 107, 803



The Idea of AGN Dusty/molecular Torus
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• 1型 vs 2型の数比 (Maiolino & Rieke 1995, 

ApJ, 454, 95) を説明するため、H/R ~1を
要請


• モデルが満たすべき要件は、 
(1) 力学的安定性 
(2) Scale heightの維持 
これらをself-consistentに説明できるモデ
ルが必要！


• さらに、circumnuclear disk (CND) のcold 
materialによるadditional obscurationも議
論されている。

~a few to 10 pc?

Urry & Padovani 1995, PASP, 107, 803



近年の観測の進展 (1/3): 赤外線干渉計観測
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• VLTI/MIDIによる超高空間分解能観測＠12μm


• ダスト放射は、（薄い円盤に加えて）torus 
polar axis方向に伸びていることが判明 
(e.g., Tristram et al. 2014, A&A, 563, A82; Lopez-
Gonzaga et al. 2014, A&A, 565, A71; Honig et al. 
2013, ApJ, 771, 87; Lopez-Gonzaga et al. 2016, 
A&A, 591, A47) 
- 最も高品質なデータがあるのはCircinus 


• 古典的なトーラスの描像とは全く異なる分布！


• その起源は？AGNに付随するionized gasの
double hollow coneとの関係は？？

A&A 563, A82 (2014)

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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Fig. 4. Correlated fluxes of the Circinus galaxy
at 12 µm for all uv points containing useful in-
terferometric data. The points are colour-coded
according to their correlated flux, Fcor(12 µm),
using a square root colour scaling as indicated
in the colour bar on the right. The uv point at
the origin represents the averaged total flux of
the source, which is outside the plotted range of
colours: Ftot(12 µm) = 10.7 Jy.

3. Results

In total we obtained 152 useful measurements of the correlated
flux spectra and differential phases and 74 useful measurements
of the total flux spectra. This includes 20 correlated flux mea-
surements already published in Tristram et al. (2007).

The new reduction of the previously published data in gen-
eral increases the data quality. The positive bias of the corre-
lated fluxes and visibilities in the ozone feature between 9.5
and 10.0 µm and at the edges of the N-band is reduced, espe-
cially for the data observed in 2004 and 2005. The more accurate
group delay estimation leads to a slight increase in the correlated
fluxes at the long wavelength end, but the overall spectral shape
and flux levels remain unchanged. With correlated flux levels of
more than 0.4 Jy at 12.0 µm in most cases, the result is robust
with respect to the data reduction, and we obtain no contradic-
tions to the values published in 2007. Due to the improved mask-
ing and sky residual estimation, the scatter of the total flux spec-
tra is reduced significantly. The wavelength calibration of the
MIDI spectra in EWS was also corrected slightly, resulting in a
shift of the spectra to shorter wavelengths by about 0.1 µm. All
spectra were corrected for the peculiar redshift of the Circinus
galaxy of z = 0.00145 (vsys = 434 ± 3 km s−1, Koribalski et al.
2004).

All 74 useful measurements of the total flux spectra were
combined by a weighted average to obtain a single estimate for
the total flux spectrum of the Circinus nucleus: F tot. The spec-
trum agrees with the one published in 2007. It is shown as part
of Fig. 10. The spectrum rises from ∼6 Jy at 8 µm to ∼16 Jy
at 13 µm, which is quite “red” (Ftot(8 µm) < F tot(13 µm)) and in-
dicative of emission from warm (T ∼ 290 K) dust. The spectrum
is dominated by a deep silicate absorption feature over almost
the entire N-band. For the following, we will consider the total

flux spectrum as a measurement with a projected baseline length
of BL = 0 m.

We use all measurements of the correlated fluxes and phases
individually and do not average measurements close in uv space.
All useful correlated fluxes at 12 µm are listed in Table A.1
and plotted in Fig. 4. With correlated fluxes at 12 µm ranging
from ∼8 Jy (corresponding to V ∼ 0.8) on the shortest baselines
to ∼0.4 Jy (V ∼ 0.04) on certain long baselines, we clearly re-
solve the mid-infrared emission in the nucleus of the Circinus
galaxy. The uv plane also shows that along certain position an-
gles, the correlated flux is higher than along others. A very
prominent example is the increase at the end of the baseline
UT2-UT4, leading to cyan and green colours (corresponding to
Fcor(12 µm) > 1.5 Jy) in Fig. 4. This increase will be discussed
in Sect. 3.2.

Many of the correlated flux spectra (see Fig. A.1 in the
appendix) have a shape similar to the total flux spectrum.
Especially on short baselines, the correlated flux spectra are sim-
ilar to the total flux spectrum when the spectral change due to the
resolution effect at different wavelengths is taken into account.

On longer baselines, however, this is not always the case.
Most noticeably, the short wavelength emission often either dis-
appears completely or there is a downturn in the correlated flux
shortward of 8.7 µm without any significant signal in the differ-
ential phases (see e.g. C6 in Fig. 2). Interestingly, a similar de-
crease, albeit mainly in the visibilities and for λ < 9.0 µm, might
also be present in certain uv points for NGC 424 (Hönig et al.
2012) and NGC 3783 (Hönig et al. 2013). Contamination of the
total flux by the wings of a spatially extended polycyclic aro-
matic hydrocarbon (PAH) feature at 7.7 µm was discussed as a
possible reason in Hönig et al. (2012). This would, however, only
affect the visibilities and not the correlated fluxes we are consid-
ering here. Furthermore, the 8.6 and 11.3 µm PAH features are
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H2O maser disk

Tristram et al. 2014, 

A&A, 563, A82
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近年の観測の進展 (2/3): 光度依存性
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• Obscurationの光度依存性  
→ Lx ~ 1e43 erg/sでピーク 
(e.g., Burlon et al. 2011, ApJ, 728, 58; 
Ueda et al. 2014, ApJ, 786, 104; Buchner 
et al. 2015, ApJ, 802, 89)


• 低光度側でもトーラスの消滅傾向 
(e.g., Kawamuro et al. 2016, ApJ, 831, 37) 

• 高光度側のobs. fraction低下は、receding torus model (Laurence 1991, MNRAS, 252, 
586) の描像と一致するものの…。

The Astrophysical Journal, 728:58 (20pp), 2011 February 10 Burlon et al.
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Figure 15. Break luminosity (L∗, as in Equation (8)) in units of 1044 erg s−1 vs.
column density. The sample was divided into four equally populated subsamples
of ∼50 sources. Errors are quoted at the 1σ level.

Finally, we test whether the anti-correlation of the fraction of
obscured AGNs and luminosity (found in the previous section)
can be reproduced by the two different XLFs for absorbed and
unabsorbed AGNs. To this extent we divide the XLF of absorbed
AGNs by the XLF of the entire sample. We computed the 1σ
error on this function via bootstrap with replacement employing
1000 bootstrapped samples. In order not to suffer from biases
derived from the detection of Compton-thick AGNs and also
to avoid the need of correcting for them, we also excluded all
objects with logNH ! 24. As shown in the previous sections
the BAT sample can be considered complete for all AGNs with
logNH " 24. The results of our analysis are shown in Figure 16
along with the observed anti-correlation of the obscured AGN
fraction and luminosity. The agreement within errors is clear
at all luminosities and the decreasing trend in the absorbed
fraction at low luminosity does not depend on the presence or
the absence of Compton-thick AGNs. The trend of the fraction
of obscured AGNs and luminosity can be perfectly reproduced
by the analysis of the XLFs of the absorbed and unabsorbed
AGNs. In turn, this difference can be ascribed to the fact that on
average obscured AGNs appear to be less luminous. Even more
interestingly, the ratio of XLFs predicts (in agreement with the
observations) that the fraction of obscured sources decreases at
low luminosities (i.e., LX < 1042 erg s−1). However, we caution
the reader that, due to the lack of sources, the obscured AGN
fraction is, at low luminosities, compatible within 3σ with a
constant fraction of ∼80%.

7. DISCUSSION

7.1. Compton-thick AGNs and the Cosmic X-ray Background

It is well understood that the shape and the intensity of
the CXB cannot be reproduced successfully if Compton-thick
AGNs (log NH ! 24) are not invoked. They are required
to produce ∼10% of the CXB intensity at ∼30 keV (Gilli
et al. 2007; Treister et al. 2009). However, since the extreme
absorption makes these objects faint at X-rays, Compton-thick
AGNs have to be numerous (e.g., ∼30% of the whole AGN
population) in order to fulfill the above requirement. Despite
this general belief, all searches of Compton-thick AGNs have
so far highlighted a lack of Compton-thick AGNs (see Table 2).
This work, which uses the largest AGN sample collected so

Figure 16. Fraction of the absorbed AGN vs. luminosity in the 15–55 keV
energy range. The lines are obtained by dividing the XLF of obscured AGNs by
the XLF of the whole population. The dashed (solid) line represents the whole
sample (with a cut at 2 × 1042 erg s−1). The shaded bands represent the 1σ
uncertainty computed with a bootstrap analysis, blue for the whole sample and
yellow for the sample with the cut in luminosity.
(A color version of this figure is available in the online journal.)

far above 15 keV, shows that the detected fraction of Compton-
thick AGNs is only 4.6+2.1

−1.5%. At the fluxes currently sampled by
Swift–BAT population synthesis models predict this fraction to
be either ∼16% if one adopts the Gilli et al. (2007) or ∼8% for
the Treister et al. (2009) model. Thus, our measurement appears
to be substantially lower than both predictions, but compatible
within ∼2σ with that reported by Treister et al. (2009).

However, one must take into account that even X-rays with
energies larger than 15 keV are absorbed if the source is mildly
Compton-thick. Figure 11 shows how dramatic this effect is.
Indeed, if the source has log NH ≈ 24 then only ∼50% of the
intrinsic, nuclear, flux is visible above 15 keV. This fraction
becomes much lower (e.g., a few percent) if the source has log
NH ≈ 25. Thus, the extreme low number of Compton-thick
AGNs detected in shallow surveys at hard X-rays is due to the
fact that only the population of intrinsically bright objects is
being sampled. As such these objects are rare. For the first time,
we use the knowledge of how X-rays are absorbed through a
Compton-thick medium to determine the intrinsic absorption
distribution. We find that Compton-thick AGNs are 20+9

−6%
(statistical error) of the whole AGN population. Our result
shows beyond doubt that Compton-thick sources are indeed
intrinsically numerous, but due to the large absorption, very
difficult to detect.

The average spectrum of all Compton-thick AGNs detected
by BAT is, in the 15–195 keV band, compatible with a very
curved spectrum peaking around 40–50 keV (see Figure 4).
Since the peak of the CXB is located at ∼25 keV (Ajello
et al. 2008b), this implies that the bulk of the Compton-thick
AGNs must be located at z≈ 1 in order to explain the missing
fraction of the CXB. We employed the MYTorus model that
fully treats photoelectric absorption and relativistic Compton-
scattering in a toroidal geometry, to fit the BAT spectra of the
Compton-thick AGNs. We derived that in the BAT band the
spectrum of Compton-thick AGNs is very likely dominated by
the scattered component. The photon index is compatible with
2.0 while the absorbing column density is constrained to be
Compton-thick using BAT data alone. We also found out that on
average only ∼30% of the intrinsic nuclear flux is visible in the
BAT band. A more detailed analysis on each of the Compton-

13

Burlon et al. 2011, ApJ, 728, 58



 AGNのCNDはH/R ~ 1であり、遮蔽にも寄
与しうる (Hicks et al. 2013, ApJ, 768, 107)

The Astrophysical Journal, 768:107 (17pp), 2013 May 10 Hicks et al.

Figure 4. Pair 1: NGC 3227(1a) 2D maps of CO absorption (stars) and H2 emission (molecular gas). Maps are as labeled from left to right: observed flux, velocity,
and velocity dispersion. 2D maps of CO are in the top row and H2 in the bottom row, as indicated in the lower right of each set along with the galaxy name and pair
identification. In all maps north is up and east is to the left.
(A color version of this figure is available in the online journal.)

Figure 5. Pair 1: IC 5267 (1q) 2D maps. See Figure 4 for details.
(A color version of this figure is available in the online journal.)

emission. The best-fit stellar template, which was generated
from a stellar library (with no reddening applied), consisted of
a combination of only late-type supergiants and no F- or G-type
stars. The best-fit dust temperature was 370 K, which results
in a stellar fraction of 0.33 at 2.29 µm. The observed low CO
bandhead EQW of 5 Å can also be used to roughly estimate the
stellar fraction since, as discussed, its value should intrinsically
be about 12 Å. This approach gives a stellar fraction of 0.42
(=5 Å/12 Å), which is reasonably consistent with the fraction
derived from the spectral fit. The spectrum of NGC 628 is thus
dominated by warm/hot dust emission (potentially heated by a
young stellar population which does not contribute to the near-
IR emission) because of the lack of a significant contribution
from late-type stars. Supporting this picture, Zou et al. (2011)
find evidence for the previously presumed spheroid to actually
be composed of a disk-like stellar component, a nucleus, and
nuclear spiral plus ring structures with young stellar populations.
Interestingly, this conclusion suggests that the observed unique
near-IR photometric and kinematic characteristics might be a
useful way to identify galaxies for which the spheroid is a
misclassified disk-like structure.

4. DIFFERENCES IN GLOBAL PROPERTIES
WITHIN A RADIUS OF 250 pc

An analysis of the global properties of the matched sample
shows some significant differences between the subsamples in
properties that are likely related to fueling of BHs in Seyfert
galaxies. All observed properties derived from the line profile
analyses described in Section 3 (flux distribution, velocity, and
velocity dispersion) were analyzed in both the stars and molecu-
lar gas to identify differences between the Seyfert and quiescent
galaxy subsamples. This was carried out by considering a range
of apertures and annuli, as shown in Figures 15–20. Circular
apertures were used since there is no systematic difference in
the subsample large-scale inclinations, and thus the effect of
using circular versus elliptical apertures will be similar across
the two subsamples. For the luminosities reported the uncertain-
ties are dominated by the 10% accuracy of the flux calibration.
For the kinematics (e.g., velocity dispersion), mean values are
an average of all bins uniformly weighted (i.e., not luminosity
weighted) and uncertainties are taken to be the standard devia-
tion of values within the aperture considered.
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近年の観測の進展 (3/3): CND領域のH2ガス



1. Introduction-(2) 
Wada et al. series 概観

8 © ESO/M. Kornmesser

- TI’s comment -

Hydrodynamical simulationを駆使した”self-consistent”なモデルとして注目されている。



Supernova-driven turbulent model

9

• CND領域での超新星爆発で、ガスのscale heightをあげてH/R ~1を実現。


• Rotationally-supported thin disk → Turbulent-supported thick disk


• 星形成円盤のclumpinessが、そのままtorus clumpinessとなる。


• 疑問：もっと中心核近傍での遮蔽がほしい？SEDの整合性は？

Wada & Norman 2002, ApJ, 566, L21; Wada et al. 2009, ApJ, 702, 63
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.

Wada et al. 2009. ApJ, 702, 63

SN rate ~ 1e-5 yr-1
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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.

Wada et al. 2009. ApJ, 702, 63

SN rate ~ 1e-5 yr-1



Radiation-driven fountain model

10

• 自己重力円盤に対するAGNからのX線放射 (H-chemistry) と輻射圧の影響を計算。


• Supernova feedbackは含めていない。


• 準定常的なガスのcirculationが、実効的なtoroidal structureとなる。Polar elongationも再現。


• Obscured fractionのAGN光度依存性も再現 (Wada+15)

Wada 2012, ApJ, 758, 66; Wada 2015, ApJ, 812, 82; Schartmann et al. 2014, MNRAS, 445, 3878

model can naturally explain the clumpy nature of the torus as well as the polar-elongation of MIR
dust (Fig.2b), but is essentially different from conventional static models since it invokes
the AGN wind as the physical origin of the obscuring material.

(b) MIR (12μm) dust (flux)

polar elongation!

(a) Radiation-driven “fountain” (density)

~64 pc

(ii) hot,dusty,low-density outflow

(i) inflow through a thin disk

(iii) puffed-up torus
by out+backflow

~30 pc

colder dust colder dust

warm dust

Figure 2: (a) The density structure of the radiation-driven fountain model (Wada 2012). There are 3-components
responsible for making this fountain (see text for details). The component-(i), densest part of this model, essentially
corresponds to cold molecular gas like CO. The component-(ii) is a hot/warm outflow containing warm dust. The
component-(iii) (= backflow that was initially an AGN outflow) that finally make up the “puffed-up” torus. The compo-
nents (ii) and (iii) are responsible for the nuclear obscuration. The AGN (MBH = 2 × 106 M⊙) is set to radiate at 10%
of its Eddington-limit (these are comparable to the values of Circinus). The total molecular mass is ∼108 M⊙ within
this image. (b) Spatial distribution of 12 µm dust emission calculated with the fountain model in Fig.2a (Schartmann
et al. 2014). As the warm dust is mostly contained in the outflowing component-(ii), now we can naturally see the
polar-elongation of the 12 µm emission, which is in good agreement with the observations (Fig.1b). This region also
contains ionized/neutral gas, that likely corresponds to the conical feature of Hα in the case of Circinus (Fig.1a).

2. This proposal

We here propose to observe CO(3-2) and [CI](3P1-3P0) = [CI](1-0) emission lines toward the central
∼300 pc region of Circinus galaxy at spatial and velocity resolutions of 0′′.25 = 5 pc (dV = 5 km s−1)
for CO(3-2), 0′′.8 = 16 pc (dV = 30 km s−1) for [CI](1-0), respectively, in order to test the radiation-
driven fountain model. Circinus is the nearest (D = 4 Mpc; Freeman et al. 1977) Seyfert galaxy
hosting a type-2 Compton-thick nucleus (Marinucci et al. 2012). Although several other AGNs show
similar polar elongation, Circinus shows the clearest one likely owing to brightness (Fig.1b), which
makes it a primary candidate to test the fountain model. Moreover, thanks to the richness in molecu-
lar gas (∼108 M⊙ in the central kpc region; Zhang et al. 2014), relatively easy detections of the target
lines even at the proposed high resolutions are expected. Already existing single-dish detections of our
target lines as well as 14′′.8 × 9′′.5 resolution ALMA-ACA measurements of CO(1-0) line (Fig.3a,b)
are in combination useful for our sensitivity estimation. The rich high-resolution, multi-wavelengths
data (e.g., IFU measurements of 2.12 µm H2 line and stellar continuum emissions; Fig.3c, Hicks et al.
2009) will be compared with cold gas properties to reveal the circunmnuclear physical structure. Note
that the 2.12 µm H2 (vib-rotational) emission would not reflect bulk of the gas mass distribution,
while it would rather trace the radiation field/temperature. We thus need cold molecular gas
observations to characterize the genuine circumnuclear mass structure. The moderately
inclined (∼60◦) central ∼10 pc region provides a good place to study gas kinematics in detail (Hicks
et al. 2009). Some fundamental questions are answered below:

• Why these lines?: We use CO(3-2) to probe cold dense molecular gas that corresponds to the
component-(i) in Fig.2a. Although this is not at the peak of the spectral line energy distribution
of CO in the central ∼360 pc of Circinus (Zhang et al. 2014), it is still much brighter than
CO(1-0). Since the CO(3-2) is mostly in the LTE with CO(1-0) in Circinus (Zhang et al. 2014),

2

Wada et al. 2012, ApJ, 758, 66
Schartmann et al. 2014, MNRAS, 445, 3878
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• 円盤をほとんどedge-onで見ないかぎり、9.7μmのsillicate featureがtoo strong emissionで
見えてしまう (観測はweaker emission or absorption) 
→ fountainで高温ダストが上空まで巻き上げられることによる


• Colder materialによる追加の遮蔽を導入したい。→ 次の研究へのmotivation！

IR emission from central obscuring structures 3887

Figure 10. Comparison of model SEDs to the observed templates for
Seyfert 1 galaxies (black stars) and Seyfert 2 galaxies (red triangles) of
Prieto et al. (2010) as well as the composite type 1 SED of Mor & Netzer
(2012), given by the black plus symbols. All SEDs are normalized to their to-
tal bolometric luminosity Lbol, but are otherwise the same as the ones shown
in Fig. 6: ER01 (upper panel), ER10 (middle panel) and ER20 (lower panel)
at inclinations of 0◦ (black solid), 30◦ (blue dotted), 60◦ (green dashed) and
90◦ (red dash–dotted). Only the median SEDs of all time snapshots of the
respective models are shown.

extinction along the line of sight of the Seyfert 1 galaxies in the P10
sample and to the contribution of luminous objects (PG quasars)
that may dominate the MN12 sample in this wavelength regime.
As expected, model ER01 gives a good match neither to the type
1 nor to the type 2 templates. Concerning the type 2 template, the
models either show too little extinction (0◦–60◦) or a deficiency of
flux in the NIR at 90◦. A good match can only be expected for a
very narrow range in inclination angle. The models overpredict the
long-wavelength emission and the silicate feature in absorption is
not as pronounced as in the observations. A detailed comparison
for the type 1 sources is more difficult due to the discrepancy of the
observed composite SEDs. However, an extinction comparable to
the sources in the P10 template can only be achieved for inclinations
larger than 60◦, which is unrealistic for type 1 nuclei. In addition,
the models are not in good agreement with the MN12 template, as
they show a deficiency of emission in the NIR. The models also tend

to produce too much emission at longer wavelengths. The reason for
this behaviour is the morphology of the model, which is dominated
by the thin and dense disc (see Section 2).

A better match with the data is found for model ER10. However,
most of the time snapshots show more extinction than observed
at short wavelengths (λ < 0.3 µm), even for the case of the P10
type 1 template. The fully edge-on view shows on average a too
pronounced silicate absorption feature. This behaviour is expected
for this model, as – due to the failed outflow – the central core is
fully enshrouded with dust, leading to the highest column densities
in polar direction of all models (Fig. 2).

Model ER20 results in a reasonably good comparison of the
edge-on models with the observed type 2 template. The apparent
discrepancy at wavelengths around 2 µm (and related to this the
uncertainty in this wavelength regime due to our choice of a large
inner radius) is mitigated by the fact that the scatter of the SEDs
combined in the type 2 template is larger than the visible knee
structure, which is bracketed by the simulated SEDs for 60◦ and
90◦ inclination. Surprisingly, even the silicate absorption feature
depth is roughly reproduced on average. At the largest simulated
wavelengths (where the obscuring structure is more or less optically
thin), the SEDs show too little flux compared to the P10 templates,
but are in rough agreement with the MN12 template. The differ-
ences in the templates in this wavelength regime most probably
arise from differences in the treatment of the subtraction of star-
burst contributions, spatial resolution and the sample. As already
mentioned, the P10 average SED is made up of Seyfert galaxies
only, the MN12 one is dominated by quasars, which on average
have higher Eddington ratios compared to local Seyfert galaxies.
This also appears to be reflected in our Eddington ratio study, giv-
ing a better comparison of the ER20 model to the MN12 template
and resulting in a closer match of the low Eddington ratio models
to the P10 template. Concerning Seyfert 1 observations, the major-
ity of the ER20 models seem to reproduce the correct absorption
at around 0.2 µm and show NIR emission in-between the P10 and
MN12 templates. However, a clear deficiency of our models is the
emergence of deep graphite features at 0.2 µm, which are never
seen in observations. This is an unsolved problem related to the
dust model used in our simulations. The NIR is also the spectral
range where our models suffer from the largest uncertainties. First
of all, our relatively large inner radius does not allow all dust grain
species to reach their sublimation temperature on the one hand. On
the other, the cut out dust does not contribute to extinction and
clumpiness on small scales, which causes a larger fraction of hotter
dust in the outflow cone. The latter also depends on the assumed
dust-to-gas fraction, which might be spatially varying and signifi-
cantly reduced in the hot outflow cones. Additionally, in this region,
the choice of the central source spectrum can also play a role. All
three model families show too strong silicate emission features (see
also discussion in Section 5.3).

We conclude that the overall best adaptation of the observations
is given by model ER20, leading to the conclusion that a three-
component structure made up of a high column density thin disc plus
a geometrically thick surrounding atmosphere, which collimates
a low-density outflow, is capable to explain these observational
constraints and replaces the classical ‘torus’ in this model.

5.3 The silicate feature strength/column density relation

In Fig. 11, the silicate feature strength is shown as a function of the
neutral hydrogen column density. To calculate NH I, only cells with
a gas temperature below the ionization temperature of hydrogen
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Figure 11. The silicate feature strength plotted as a function of the neutral
hydrogen column density for model ER01 (squares), ER10 (triangles) and
ER20 (stars) at inclination angles of 0◦ (black), 30◦ (blue), 60◦ (green),
70◦ (yellow), 80◦ (orange) and 90◦ (red). The fit to an observed sample of
active galaxies is shown as the black line, whereas the red line is a fit to the
subsample of Seyfert galaxies (Shi et al. 2006). The dashed red lines are
meant to guide the eye concerning the observed scatter around the relation
for the Seyfert galaxies.

(1.7 × 104 K) are integrated along the given line of sight. The
strength of the silicate feature is determined in analogy to Shi et al.
(2006) as

!feature = Ffeat − Fcont

Fcont
, (1)

where Ffeat is the flux at the wavelength of the silicate feature (taken
where the maximum deviation from the continuum is reached) and
Fcont is the spline fitted continuum at the same position, anchored
at wavelengths between 5.0 and 7.5 µm and from 25.0 to 40.0 µm.
These wavelength ranges are chosen such to be outside the two broad
silicate features at 9.7 and 18.5 µm. Being partly in the decreasing
region of the SED, this choice slightly affects the determined sili-
cate feature strengths, but we consider it the cleanest option. The
distribution of observed AGN in this diagram has been determined
by Shi et al. (2006). They compiled a sample of 85 AGN of various
types for which Spitzer Infrared Spectrograph (IRS; Houck et al.
2004) observations or ground-based measurements from the Roche
et al. (1991) sample were available and H I column density informa-
tion from X-ray spectra through the Chandra data archive3 or from
literature. The resulting relationship for the full sample is shown
by the black line, whereas the red line depicts the observed rela-
tion for the Seyfert galaxy subsample. Both show significant scatter
(roughly accounted for by the red dashed lines, but compare to fig.
3 in Shi et al. 2006 for the actual observed distribution) which was
interpreted as clumpiness of the absorbing gas and dust distribution.
Overplotted in Fig. 11 is the resulting distribution for our models.
The inclination of the simulations is colour coded (0◦ – black; 30◦

– blue; 60◦ – green; 70◦ – yellow; 80◦ – orange; 90◦ – red) and the
various symbols refer to the three models (ER01 – squares; ER10
– triangles; ER20 – stars). For model ER10, we find a too steep
slope with only a small amount of scatter up to an inclination angle
of 80◦, followed by a jump in column density. The reason for this
is again the failed wind, leading to a geometrically thick shell of
gas surrounding the central region. Such a configuration fails to
explain the observed trend, as was also found in the analysis of

3 http://cxc.harvard.edu/cda/

smooth torus models (Schartmann et al. 2005), which was done in
fig. 11 of Schartmann et al. (2009). The jump in column density
(but not in silicate feature strength) can be explained by the thin but
very dense disc component in all the models. Whereas the neutral
column density probes only the line of sight, the silicate feature
strength is a superposition of the effects from the full model space
(depending on optical depth along the individual lines of sight). For
the same reason, the edge-on views for models ER01 and ER20
– although having similar column densities – end up on or close
to the observed relation in contrast to ER10. Whereas the scatter
is too small for ER01, it is comparable to the observed scatter for
the higher Eddington ratio model ER20. The reason for this can be
found in the stronger time variation/intermittency of ER20 (which
in the steady state is identical to a rotation of the obscuring structure
along the symmetry axis), caused by the more filamentary/clumpy
nature of this model (see Figs 1 and 5).

All of the models produce too strong silicate emission features
compared to the observed relation. The best adaptation of the data
is given by model ER20, which seems to follow a broken power-law
distribution, providing a good representation of the observations at
large inclination angles, but a too steep slope at small inclination
angles. The latter is related to the fact that the warm gas emission
seems to be too extended above the high-density region of the ob-
scuring structure and probably missing clumpiness in the central
region (see discussion in Schartmann et al. 2008), which might be
related to too low resolution (0.125 pc) of the underlying hydro-
dynamical simulations in this central part. Another reason for the
discrepancy might also be related to the observations. Given the
low spatial resolution of the Spitzer observations, the true nuclear
emission feature strength of the central dusty component heated
by the central source can also easily be diluted due to additional
flux contributions from within the beam, e.g. caused by the host
galaxy or a circumnuclear starburst. Concerning the absorption fea-
ture strength, the problem is confusion caused by additional dust
extinction due to dusty filaments or clumps along the line of sight,
as is e.g. the case in Centaurus A, where a prominent circumnuclear
dust lane might cause additional extinction (see also discussion in
Section 5.1; Goulding et al. 2012; P14).

5.4 The obscured fraction

In this subsection, we introduce two methods for determining the
obscured fraction of AGN, which we subsequently apply to our set
of simulations. First, we use 1000 randomly chosen lines of sight
to directly determine the optical depth at 0.55 µm along radial rays
(see Fig. 2). The obscured fraction is then given by the ratio of the
number of rays with an optical depth larger than one (as indicated
by the horizontal line in Fig. 2) to the total number of rays and
is shown in Fig. 12 along the y-axis. The second method we use
follows the approach of Lusso et al. (2013) (as already mentioned
in Section 1) and derives the obscured fraction from the SEDs.
The results of this derivation are given along the x-axis of Fig. 12
and will be discussed below. Concerning the first method, all data
from model ER01 (black squares) – resembling the thin disc initial
condition for the whole simulation time – show the expected very
low obscuration fraction. For the case of model ER10 (red triangles),
the obscuration fraction scatters around a high, constant value and
later decreases (symbols get smaller with increasing time). This
matches well the increasing trend of the 0.1 µm light curve (Fig. 8,
middle panel, squares). The correspondence of the obscured fraction
to the light curve is even more evident for model ER20 (blue stars)
with a maximum in fobs, direct at the same time (t = 0.9 Myr) as the
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ABSTRACT

The structures and dynamics of molecular, atomic, and ionized gases are studied around a low-luminosity active
galactic nucleus (AGN) with a small ( ´ :M2 106 ) black hole using three-dimensional (3D) radiation–
hydrodynamic simulations. We studied, for the first time, the non-equilibrium chemistry for the X-ray-
dominated region in the “radiation-driven fountain” with supernova feedback. A double hollow cone structure is
naturally formed without postulating a thick “torus” around a central source. The cone is occupied with an
inhomogeneous, diffuse ionized gas and surrounded by a geometrically thick ( 2h r 1) atomic gas. Dense
molecular gases are distributed near the equatorial plane, and energy feedback from supernovae enhances their
scale height. Molecular hydrogen exists in a hot phase (>1000 K) as well as in a cold (<100 K), dense
(> -10 cm3 3) phase. The velocity dispersion of H2 in the vertical direction is comparable to the rotational velocity,
which is consistent with near-infrared observations of nearby Seyfert galaxies. Using 3D radiation transfer
calculations for the dust emission, we find polar emission in the mid-infrared band (12 μm), which is associated
with bipolar outflows, as suggested in recent interferometric observations of nearby AGNs. If the viewing angle for
the nucleus is larger than 75°, the spectral energy distribution is consistent with that of the Circinus galaxy. The
multi-phase interstellar medium observed in optical/infrared and X-ray observations is also discussed.

Key words: galaxies: active – galaxies: ISM – galaxies: nuclei

1. INTRODUCTION

Recent observations of nearby active galactic nuclei (AGNs)
suggest that the long-standing standard picture, i.e., bright
emission from a central source is obscured by a dusty “donut-
like” torus, needs to be reconsidered. For example, mid-
infrared (MIR) interferometric observations showed that the
bulk of MIR is emitted from the dust in the polar region, not
from the dusty torus (Tristram et al. 2014; Asmus et al. 2016).
However, it is not clear how this MIR emission is related to the
double (or single) hollow cones of ionized gas that are often
observed in many AGNs. The observed properties of AGNs are
related to the conditions of the interstellar medium (ISM) near
the nucleus, but its multi-phase structure in the context of the
standard picture is still unclear.

Recently, we have proposed a novel mechanism of the
obscuring structures around AGNs in which outflowing and
inflowing gases are driven by radiation from the accretion disk,
forming a geometrically thick disk on the scale of a few to tens
of parsecs (Wada 2012, hereafter W12). The quasi-steady
circulation of gas, i.e., the “radiation-driven fountain,” may
obscure the central source, and thereby the differences in the
spectral energy distributions (SEDs) of typical type-1 and type-
2 Seyfert galaxies are consistently explained (Schartmann et al.
2014) (hereafter Sch14). We also showed in Wada (2015,
hereafter W15) that the observed properties of obscured AGNs
change as a function of their luminosity due to the fountain
flows, which is consistent with recent observations (e.g.,
Burlon et al. 2011; Lusso et al. 2013; Ueda et al. 2014; Aird
et al. 2015; Buchner et al. 2015).

There are many instances in which AGNs are associated with
circumnuclear starbursts (e.g., Davies et al. 2007; Chen et al.
2009; Hicks et al. 2009; Imanishi et al. 2011; Diamond-Stanic
& Rieke 2012; Woo et al. 2012; Durré & Mould 2014; Esquej
et al. 2014; Bernhard et al. 2016). The nuclear starbursts
themselves could inflate the circumnuclear disk and obscure the
central source (Wada & Norman 2002; Wada et al. 2009).
Therefore, the interplay between the radiation-driven fountain
and the feedback from nuclear starbursts should be an
important process to be understood for the multi-phase nature
of the ISM around AGNs.
In this Letter, we apply the radiation-driven fountain model to

the case of a low black hole (BH) mass (~ :M106 ), which was
not studied in our previous papers. We expect that the nuclear
starburst would have more impact on structures of the circum-
nuclear disk around smaller BHs (Wada & Norman 2002; Wada
2004). For the first time, we solve the X-ray-dominated region
(XDR) chemistry with three-dimensional (3D) gas dynamics
under the effect of the radiation from AGNs and and the energy
feedback from supernovae (SNe). The selected parameters are
close to those in the nearest Seyfert galaxy, the Circinus galaxy,
and we compare the results with multi-wavelength observations
using 3D radiative transfer calculations.

2. NUMERICAL METHODS AND MODELS

2.1. Numerical Methods

We follow the same numerical methods as those given in
W12 and W15, i.e., 3D Eulerian hydrodynamic code with a
uniform grid that accounts for radiative feedback processes
from the central source using a ray-tracing method. One major
difference from our previous papers is that we include the non-
equilibrium XDR chemistry (Maloney et al. 1996; Meijerink &
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hydrodynamic simulations. We studied, for the first time, the non-equilibrium chemistry for the X-ray-
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molecular gases are distributed near the equatorial plane, and energy feedback from supernovae enhances their
scale height. Molecular hydrogen exists in a hot phase (>1000 K) as well as in a cold (<100 K), dense
(> -10 cm3 3) phase. The velocity dispersion of H2 in the vertical direction is comparable to the rotational velocity,
which is consistent with near-infrared observations of nearby Seyfert galaxies. Using 3D radiation transfer
calculations for the dust emission, we find polar emission in the mid-infrared band (12 μm), which is associated
with bipolar outflows, as suggested in recent interferometric observations of nearby AGNs. If the viewing angle for
the nucleus is larger than 75°, the spectral energy distribution is consistent with that of the Circinus galaxy. The
multi-phase interstellar medium observed in optical/infrared and X-ray observations is also discussed.

Key words: galaxies: active – galaxies: ISM – galaxies: nuclei

1. INTRODUCTION

Recent observations of nearby active galactic nuclei (AGNs)
suggest that the long-standing standard picture, i.e., bright
emission from a central source is obscured by a dusty “donut-
like” torus, needs to be reconsidered. For example, mid-
infrared (MIR) interferometric observations showed that the
bulk of MIR is emitted from the dust in the polar region, not
from the dusty torus (Tristram et al. 2014; Asmus et al. 2016).
However, it is not clear how this MIR emission is related to the
double (or single) hollow cones of ionized gas that are often
observed in many AGNs. The observed properties of AGNs are
related to the conditions of the interstellar medium (ISM) near
the nucleus, but its multi-phase structure in the context of the
standard picture is still unclear.

Recently, we have proposed a novel mechanism of the
obscuring structures around AGNs in which outflowing and
inflowing gases are driven by radiation from the accretion disk,
forming a geometrically thick disk on the scale of a few to tens
of parsecs (Wada 2012, hereafter W12). The quasi-steady
circulation of gas, i.e., the “radiation-driven fountain,” may
obscure the central source, and thereby the differences in the
spectral energy distributions (SEDs) of typical type-1 and type-
2 Seyfert galaxies are consistently explained (Schartmann et al.
2014) (hereafter Sch14). We also showed in Wada (2015,
hereafter W15) that the observed properties of obscured AGNs
change as a function of their luminosity due to the fountain
flows, which is consistent with recent observations (e.g.,
Burlon et al. 2011; Lusso et al. 2013; Ueda et al. 2014; Aird
et al. 2015; Buchner et al. 2015).

There are many instances in which AGNs are associated with
circumnuclear starbursts (e.g., Davies et al. 2007; Chen et al.
2009; Hicks et al. 2009; Imanishi et al. 2011; Diamond-Stanic
& Rieke 2012; Woo et al. 2012; Durré & Mould 2014; Esquej
et al. 2014; Bernhard et al. 2016). The nuclear starbursts
themselves could inflate the circumnuclear disk and obscure the
central source (Wada & Norman 2002; Wada et al. 2009).
Therefore, the interplay between the radiation-driven fountain
and the feedback from nuclear starbursts should be an
important process to be understood for the multi-phase nature
of the ISM around AGNs.
In this Letter, we apply the radiation-driven fountain model to

the case of a low black hole (BH) mass (~ :M106 ), which was
not studied in our previous papers. We expect that the nuclear
starburst would have more impact on structures of the circum-
nuclear disk around smaller BHs (Wada & Norman 2002; Wada
2004). For the first time, we solve the X-ray-dominated region
(XDR) chemistry with three-dimensional (3D) gas dynamics
under the effect of the radiation from AGNs and and the energy
feedback from supernovae (SNe). The selected parameters are
close to those in the nearest Seyfert galaxy, the Circinus galaxy,
and we compare the results with multi-wavelength observations
using 3D radiative transfer calculations.

2. NUMERICAL METHODS AND MODELS

2.1. Numerical Methods

We follow the same numerical methods as those given in
W12 and W15, i.e., 3D Eulerian hydrodynamic code with a
uniform grid that accounts for radiative feedback processes
from the central source using a ray-tracing method. One major
difference from our previous papers is that we include the non-
equilibrium XDR chemistry (Maloney et al. 1996; Meijerink &
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• 3D multi-phase hydrodynamic simulation (Eulerian) 
- 2563 grid = 643 pc (0.125 pc resolution: uniform)


• 中心AGNからのradiative feedback: ray-tracing methodで追う。 
- ダストへの輻射圧 
- ガスへのX-ray heating/ionization (XDR; Meijerink & Spaans 2005, A&A, 436, 397)


• 中心AGNからの放射はnon-spherical: 2563本のrayをもって各点でのfluxを計算。


• Cold gas (CND)では、 
- 超新星爆発のfeedback 
- 20 < T [K] < 1e8 でのradiative cooling w/ Zsun 
- Uniform FUV radiation field of 1000 G0 （光電加熱）


• ダストとガスの運動は同期させている。


• Meijerink & Spaans 05のchemical networkを用いて、いくつかの代表的なイオン/原子
/分子存在量を計算：H,H2,H+,H3+,C,C+,CO,H2O,H3O+, HCO+, etc.

Numerical Methods
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• MBH = 2e6 Msun 
→ 比較的小さいMBH、ALMA観測も視野に入れてCircinusをモデル化。 

• Mgas of the CND = 2e6 Msun 

• 一様密度の軸対象回転円盤を作成し、力学的に落ち着いたら各種
feedback (AGN radiation, SNe) を作用させ始める。 

• AGNの性質：LBol = 5e43 erg/s, λEdd = 0.2  
→ (1) FUV :cosθ(1+2cosθ)の角度依存性あり  
         (Netzer 1987, MNRAS, 225, 55)  
→ (2) LX (等方的): 今の場合は、~3e42 erg/s

初期条件: Circinus galaxy
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Results: Gas Distribution (Density)

Figure 1. Distributions of (a) H0, (b) H2, (c) H+, and (d) gas temperature on the equatorial plane and x−z plane. The arrows represent velocity vectors of the gas. The
average supernova rate is 0.014 yr−1.
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Results: Gas Temperature

Figure 1. Distributions of (a) H0, (b) H2, (c) H+, and (d) gas temperature on the equatorial plane and x−z plane. The arrows represent velocity vectors of the gas. The
average supernova rate is 0.014 yr−1.
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円盤midplaneの分子ガスの温度は<100 K程度
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Results: Phase-diagram
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are consistent with the structure in the outer part of our model
with the SN feedback.

We found that CO and C0 are distributed similarly to H2 and
H0, respectively, as shown in Figure 1. On the other hand, H2O
mostly concentrates in a thin disk at 1r 5 pc (Figure 4(a)).

This is also the case for the OH molecule. The column density
distributions for various species are plotted as a function of the
viewing angle in Figure 4(b). We found that the opening angles
of the ionized and atomic gas disk are small for a given column
density; in other words, their scale heights are large. On the
other hand, molecular gases are more concentrated in the thin
disk. If the supernova feedback is not included, then the
molecular gases form a thin, dense disk (dashed lines).

4. COMPARISON WITH THE NEAREST
SEYFERT GALAXY

The recent development of new observational methods
enables us to illuminate the internal structures of nearby AGNs,
especially by using infrared and submillimeter/millimeter
interferometers such as VLTI, Keck, and the Atacama Large
Millimeter/submillimeter Array (ALMA). The nearest well-
observed prototypical Seyfert 2 galaxy is the Circinus galaxy.
Its black hole mass suggested by H2O kinematics is

o ´ :M1.7 0.3 106 (Greenhill et al. 2003), which is a few
orders of magnitude smaller than those in typical Seyfert
galaxies, but close to the present model ( = ´ :M M2 10BH

6 ).
In this section, we discuss the implications from a comparison
between the multi-wavelength observations of the Circinus
galaxy and the present model. All numerical results below are
for the model with supernova feedback, if it is not explicitly
stated otherwise.

4.1. Dust Emission

Using the snapshot of the radiation–hydrodynamic model
shown in Section 3, we run 3D Monte Carlo radiative transfer
simulations for dust emission,6 as performed in Sch14.
Figure 5(a) shows SEDs for different viewing angles. As
shown in Sch14, the SEDs are sensitive to the choice of the
viewing angle. In the present case, the 10 μm feature appears in
the emission when the viewing angles qv are close to face-on
(q < n30v ), but the feature appears in the absorption for
.q n60v . The model SED fits the Circinus galaxy (Prieto et al.

2010) fairly well if 2q n70v in a range between l m~ 2 m and
l m~ 60 m. Tristram et al. (2014) suggested that the nuclear
disk-like dust emission revealed by VLT/MIDI has an
inclination of ~ ni 75 , which is consistent with our SED
analysis.7

Figure 5(b) shows 12 μm images observing the system from
two directions, i.e., 75° and edge-on. Notably, the cold
molecular disk observed in Figure 1 is visible as a “clumpy
dark lane” in these infrared images, which obscures the nuclear
bright IR core. Without supernova feedback the scale height of
the dense disk is not large enough to obscure the core.8

We also found that the dust emission forms a bright region
that is elongated along the rotational axis with a dimmer
counterpart in the <z 0 direction. The structures are
inhomogeneous and originate from the hot dust in the bipolar
outflows. Recent MIR interferometric observations of nearby

Figure 2. (a) Phase-diagram for molecular hydrogen and (b) for ionized
hydrogen. The contours represent mass-weighted abundances of H2 or H+

relative to their maximum values.

Figure 3. Radial distribution of svc z, where sz is the velocity dispersion for the
z-direction and vc is the rotational velocity weighted to the hot (>1000 K)
molecular hydrogen density: with SNe feedback (thick line) and without
feedback (dashed line). 6 The simulation code is RADMC-3D, http://www.ita.uni-heidelberg.de/

∼dullemond/software/radmc-3d/.
7 Ruiz et al. (2001) concluded that the radius of the dusty torus in the Circinus
galaxy is 2–12 pc, which is consistent with our result.
8 The assumed supernova rate, i.e., 0.014 yr−1 is about a factor of 10 larger
than that suggested by the observed star formation rate in the Circinus galaxy
(Hicks et al. 2009). However, the supernova feedback in numerical simulations
with a sub-parsec resolution could be less efficient than in reality (Gentry
et al. 2016).
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Results: Column density vs Viewing angle

Seyferts showed that the bulk of the MIR emission is emitted
by dust in the polar region and not by the torus (Hönig
et al. 2013; Tristram et al. 2014; Asmus et al. 2016; López-
Gonzaga et al. 2016). Our results naturally expect the observed
polar emission of dust. The hollow cones are not actually
“empty.” However, in the Circinus galaxy, Tristram et al.
(2014) also detected a disk-like MIR emission. This might
correspond to an inner part of the thin, dense disk seen in
Figure 1 at <r 5 pc; however, additional physics and higher
spatial resolution would be needed in order to study the 3D
structures of this component in our simulations. Note that the
size of the extended polar dust emission in Tristram et al.

(2014) is smaller (1–2 pc) than the polar emission in
Figure 5(b). The MIDI observation could correspond to the
innermost bright 12 μm emission in our model. A more
detailed comparison with the MIDI data will be discussed in a
subsequent paper.

4.2. Cold Molecular Gas

Zhang et al. (2014) reported molecular gas in the nuclear
region ( <r 360 pc) with a kinetic temperature of ∼200 K and
density of ~ -10 cm3.2 3 using the multi-J transition of 12CO
observed by the Atacama Pathfinder EXperiment (APEX)
telescope. Figure 2 shows that there is a dominant phase of

Figure 4. (a) Same as Figure 1, but for the number density distribution of H2O. (b) Column density distribution as a function of the viewing angle (0° means edge-on)
for H0, H2, CO, C

0, C+, OH, and H2O. The dashed lines are the models without supernova feedback for CO (red) and C0 (blue).

5
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• CO → H2, CI → HIと分布が似ていることが分かる。ALMAを用いた構造探査に期待。


• Meijerink & Spaans 05のXDRモデルを利用している点に注意。
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Comparison with the Circinus galaxy: IR-SED

• SN-feedbackのおかげでmol. gasのscale heightが上がり、高温ダスト放射を隠す。


• 過去の研究同様に、bipolar outflowがdust emissionのpolar elongationを作り出している。

dense molecular gas, whose temperature correlates with density
as ~T 100 Kgas ( )- -n 10 cm3 3 1 2. For =T 200 Kgas , gas
density is ~ ´ -n 2.5 10 cm2 3. As shown in Figure 1(b), this
high-density molecular gas forms a clumpy disk that is affected
by energy feedback from the nuclear starburst. Origin of the
warm molecular gas is not clear in the APEX result, but it can
be verified using high-resolution observations with ALMA in
the near future.

4.3. Hot Molecular Gas

The hot molecular gas (1000–3000 K) can be traced by the
near-infrared region, such as H2 at 2.12 μm. Using VLT
/NaCo, Mezcua et al. (2015) obtained 2.12 μm images with a
resolution of 0.09–0.16 arcsec in the central 1 kpc of seven
nearby Seyfert galaxies. They found that the hot H2 is highly
concentrated toward the central 100 pc and that its morphology
is often symmetrical. The mass fraction of hot H2 to the total
cold gas mass in the central several tens of parsecs of nearby
Seyfert galaxies is a few´ -10 6 . For example, in the Circinus
galaxy, = :M M40hot for <r 26 pc. In our model, the total
mass of hot H2 is 470 :M , and the total cold gas ( -T 40 K) is
´ :M1 10 ;6 therefore, the mass fraction is ´ -4.7 10 5 for
<r 16 pc, a factor of 10 larger than the observation.

4.4. Ionized Diffuse Gas and Compton-thick Material

It is widely believed that the conical ionized gas structure
(Prieto et al. 2005 and references therein) provides indirect
evidence for the existence of a geometrically and optically

thick tori. Our model, however, naturally reproduces a double
hollow cone structure of ionized gas as a result of the radiation-
driven outflows without a torus. The opening angle of the
ionized gas is about 120° (Figure 1(c)), which is similar to the
observed ionization cone in the Circinus galaxy (Marconi et al.
1994; Veilleux & Bland-Hawthorn 1997; Greenhill
et al. 2003).
We found that the ionized gas in the biconical outflows is not

uniform with –~ -n 10 100 cm 3 (Figure 1(c)). This is similar to
the situation expected in a model of the coronal line region of
Seyfert galaxies (e.g., Murayama & Taniguchi 1998). The
spectroscopic properties of the ionized gas in our models will
be studied in detail by applying Cloudy (Ferland et al. 2013) to
the hydrodynamic model in a subsequent paper.
Marinucci et al. (2013) found a Compton-thick, clumpy

structure that is axisymmetric with respect to the nucleus of the
Circinus galaxy, producing the cold reflection and the iron Kα
line. They suggested that this could be the outer part of the
dusty region responsible for the infrared emission. Arévalo
et al. (2014) suggested that the “torus” has an equatorial
column density –= ´N 6 10 10H

24 cm−2, and the intrinsic
X-ray luminosity is –– = ´ -L 2.3 5.1 10 erg s2 10 keV

42 1 using
NuSTAR, XMM-Newton, and Chandra. The column density
and X-ray luminosity are consistent with our model. Our model
shows that the Compton-thick gas ( > ´N 1.5 10H

24 cm−2)
obscures the nucleus, if the viewing angle is ~ n75 . Therefore,
the cold reflection gas found in the X-ray observations would
be the clumpy gas in the outer part of the circumnuclear disk
shown in the H2 map (Figure 1(b)).

Figure 5. (a) Dust continuum radiative transfer SEDs for various inclination angles (top to bottom: 0°, 30°, 60°, 70°, 80°, 90°) assuming a distance to the Circinus
galaxy of 4.2 Mpc. The open diamonds refer to the observed nuclear SED, and the crosses represent large aperture IRAS data (compiled by Prieto et al. 2010). (b)
Simulated 12 μm images for an inclination angle of 75° (left) and for the edge-on view (right). Labels are given in parsecs.
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• θv > 70 degで、2-60 μmのSED
はCircinusの観測とよく合う。 
→ VLTI/MIRIによるi = 75 degと
いう結果と整合。

点：観測

線：モデル
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まとめ

• 近年の観測技術の進展に伴い、古典的なトーラスモデルでは説明のできな
い現象が近傍AGNで発見されている。


• モデルの峻別には力学情報を加味することも必須。


• 力学的情報も含めた、self-consistentなモデル構築と観測との綿密な比較
が重要！


• 一例として、Wada et al.による一連の仕事を紹介。


• 現状、モデル結果は観測を”かなりよく再現” 
→ fountainの存在の証明など、ALMA観測への期待がかかる。 
→ Chemistryも考慮して、望みの構造をtraceするのに適したlineを判断。


