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~a few to 10 pc?

Urry & Padovani 1995, PASP, 107, 803

(Strict-) Unified scheme

(e.g., Antonucci 1993, ARA&A, 31, 473)

Type-1

Type-2

Hα

λ (Å)

SMBH obscuration: Torus

Type-1 Type-2

Q. Physical origin of the torus??



3Big challenge to the paradigm

• Polar elongation in MIR continuum of the Circinus galaxy!?


• Statistical confirmation (e.g., Lopez-Gonzaga et al. 2016)
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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

A82, page 8 of 30
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Tristram et al. 2014, A&A, 563, A82

Circinus galaxy



4Multi-phase Dynamic Torus model

Wada 2012, ApJ, 758, 66 



5Fountain scheme + Dust rad. transfer

Schartmann et al. 2014, 
MNRAS, 445, 3878

IR emission from central obscuring structures 3883

Figure 3. Wavelength dependence of model ER20 at a time 2.0 Myr after the central radiation has been switched on. The various columns correspond to
inclination angles of 0◦, 30◦, 60◦ and 90◦ (from left to right). The rows correspond to wavelengths of 0.1 (upper row), 12 (middle row) and 500 µm (lower
row). The dynamic range is chosen to scale from the maximum intensity of dust emission (excluding the central source) down to the 10−6th fraction of it.
Labels are given in parsec.

Figure 4. Ratio of intensity maps at a wavelength of 10 and 20 µm – indicative of dust temperature – of model ER20 at a time 2.0 Myr after the central
radiation has been switched on, where brighter colours correspond to higher temperatures. The panels correspond to inclination angles of 30◦, 60◦ and 90◦

(from left to right). The dynamic range is chosen to scale from the maximum ratio down to the 10−3rd fraction of it. Labels are given in parsec.

appearance of the dust configuration. An example can be seen in
the middle panel.

4.3 Time-resolved spectral energy distributions

Fig. 6 shows a compilation of SEDs of all models and time steps
discussed in this paper. The different panels refer to the three Ed-
dington ratios taken into account: from 1 per cent (upper panel,
ER01) to 10 per cent (middle panel, ER10) and 20 per cent (lower
panel, ER20). Inclinations are colour coded (black solid – i = 0◦,
face-on; blue dotted – i = 30◦; green dashed – 60◦; red dash–dotted
– 90◦, edge-on), where the thin lines in light colour refer to the
individual SEDs from the time series and thick lines show the SEDs
averaged over the available time steps. In general two bumps are
visible: (i) the ‘big blue bump’ – peaking at roughly 0.1 µm – and
(ii) the ‘IR bump’ – peaking at around 10 µm. The first represents
the SED of the central source, which acts as the only source of
energy in our simulations (see Section 3 and fig. 3 b in Schart-
mann et al. 2005 for details). It is partially absorbed due to dust on

the line of sight and slightly altered by scattering off dust grains.
Heating the surrounding dust to temperatures close to the subli-
mation temperature results in re-emission of the grains in the IR
wavelength regime, visible in the form of the ‘IR bump’. Overlaid
over the two bumps are spectral features: most prominent and also
most important for our analysis is the 10 µm feature (peaking more
accurately at 9.7µm, see discussion in Section 5.3), arising due
to stretching modes in silicate tetrahedra (Si–O stretching modes).
Only slightly visible is the second resonance of silicate dust, namely
the 18.5 µm feature (attributed to O–Si–O bending modes). The very
pronounced absorption feature at around 0.08 µm has contributions
both from the small graphite grains and small silicate grains. At
0.2175 µm, graphite shows a significant feature. Given the temper-
ature constraints at these wavelengths, the latter only show up as
absorption features against the background of the flux from the cen-
tral source SED. As the dust extinction properties and the central
source SED peak at roughly 0.1 µm, dust gets heated very efficiently
to temperatures up to the sublimation temperature (approximately
1500 K for graphite grains and 1000 K for silicate grains). When

MNRAS 445, 3878–3891 (2014)
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• Indeed, MIR polar elongation 
was reproduced


• IR SED is well-explained, too.


• Consistent with observations 
(morphological/photometric 
manner)

12μm

30 pc
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Out Study: 
Multi-phase circumnuclear obscuring structures  
studied with ALMA

• Atomic vs molecular gas dynamics?  
→ geometrically thicker structure in an 
atomic disk than a molecular disk? 

• Geometrical thickness due to outflows? 



7ALMA Cycle 4 Observations (Band 7 + 8)

• Compton-thick AGN (Arevalo+2014) 
- NH ~(6-10) × 1024 cm-2 

- L2-10keV ~ (2-5) × 1042 erg/s


• Low SFR (i.e., weak SN-feedback)  
→ Test the fountain scheme


• High resolution CO(3-2) + [CI](1-0) in 
ALMA Cycle 4 (PI: T.Izumi) 
→ molecular + atomic structures and their 
dynamical differences


• θ ~ 5 pc (CO) & ~15 pc (CI)

66 S. J. Curran, B. S. Koribalski and I. Bains

Figure 1. High-resolution H I moment maps of the Circinus galaxy. Left: the H I distribution; the contour levels are 0.4, 1, 2, 3, 4, 6, 8, 10, 12, 18 and
20 Jy km s−1 beam−1. Right: the mean H I velocity field; the contour levels range from 300 (NE) to 570 km s−1 (SW) in steps of 10 km s−1. The synthesized
beam (124 × 107 arcsec2) is shown in the bottom left-hand corner.

Figure 2. Low-resolution H I moment maps of the Circinus galaxy as obtained from the deep Parkes H I survey of the Zone of Avoidance (Juraszek et al.
2000; Henning et al., in preparation). Left: the H I distribution; the contour levels are (0.5, 1, 2, 5, 10, 20, 30, 40, 50, 60 and 66) × 7 Jy km s−1 beam−1, where
7 Jy km s−1 beam−1 correspond to an H I column density of 1019 cm−2. The contour levels were chosen to match those by Freeman et al. (1977, their fig. 6)
above their detection limit of NH I = 5 × 1019 cm−2; our detection limit is a factor of ∼10 lower. Right: the mean H I velocity field (masked at NH I = 5 ×
1018 cm−2); the contour levels range from 324 (NE) to 534 km s−1 (SW) in steps of 10 km s−1. The cross marks the centre of the Circinus galaxy as given in
Table 1. The gridded beam of 15.5 arcmin is shown in the bottom left-hand corner.

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 389, 63–74
Downloaded from https://academic.oup.com/mnras/article-abstract/389/1/63/992361
by guest
on 20 February 2018

HI 21cm

Curran et al. 2008, 

MNRAS, 389, 63

18 kpc

The Circinus Galaxy (4.2 Mpc)



8Molecular & Atomic gas distributions

• CND (D ~70 pc) + Spirals


• MH2 ~ 3×106 Msun (CND) 
- c.f., MBH ~ 2×106 Msun 

• NH2 ~ 5×1023 cm-2  (AGN) 
- beam-averaged 
- NH (Xray) ~ 6×1024 cm-2


• CND will be a significant 
nuclear obscurer!

12CO(3-2)

CND

+

Spiral arm

Izumi et al. 2018c, to be submitted
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[CI](1-0)

+

Molecular & Atomic gas distributions
Izumi et al. 2018c, to be submitted

• Similar 2D distribution 
to the CO(3-2)


• Tracing the same 
volume???


• But we don’t know 3D 
structures! 



10Decomposition of Cold Gas Dynamics

• Global motion is dominated by rotation


• We decomposed the dynamics with tilted-ring models  
- Vrot, σ, inclination, P.A.

16 T. Izumi et al.

(a) (b) (c)

(d) (e) (f)

Figure 12. (Top row) (a) Intensity-weighted mean velocity map of CO(3–2) in the central 10′′ × 10′′ (200 pc × 200 pc) box
of the Circinus galaxy. The central plus marks the AGN position, which applies to the other panels too. Contours indicate the
line-of-sight velocity of 300–600 km s−1 in steps of 15 km s−1. (b) Same contours as in (a), but are superposed on the CO(3–2)
integrated intensity map. (c) Intensity-weighted velocity dispersion (Gaussian sigma) map of CO(3–2) shown by the contours
(10–60 km s−1 in steps of 10 km s−1), superposed on the CO(3–2) integrated intensity map. (Bottom row) (d) Intensity-weighted
mean velocity map of [C I](1–0) in the same region and with the same contour levels as in (a). (e) Superposition of (d) in contours
on the [C I](1–0) integrated intensity map. (f) Intensity-weighted velocity dispersion (Gaussian sigma) map of [C I](1–0) shown
in contours (same levels as in (c)) overlaid on the [C I](1–0) integrated intensity map. The systemic velocity (445.8 km s−1)
estimated from our single Gaussian fit to the CO(3–2) spectrum (Figure 10) is highlighted by the red line in both (a) and (d).
The integrated intensities are shown in the unit of Jy beam−1 km s−1.

are formed in situ within the AGN outflow, as recently912

indicated by the hydrodynamic plus chemical simula-913

tion (Richings & Faucher-Giguère 2018). Further high914

resolution multi-phase gas observations of AGNs with915

molecular outflows are desired to reveal their physical916

and chemical origin.917

5.2. Tilted-ring models918

In order to extract basic beam-deconvolved dynami-919

cal information, particularly the rotation velocity (Vrot)920

and dispersion (σdisp), we fitted titled rings to the921

observed velocity structures with the 3DBarolo code922

(Di Teodoro & Fraternali 2015). The main parame-923

ters are dynamical center, systemic velocity (Vsys), Vrot,924

σdisp, galactic inclination (i), and P.A., all of which can925

be varied for each ring. Here we fix the dynamical center926

to the AGN position and Vsys to 446 km s−1 based on927

our Gaussian fits to the observed nuclear spectra (Table928

5): Vrot, σdisp, i, and P.A. are thus the free parameters929

in our study. Note that the code itself will not account930

non-circular motions, those can be revealed by subtract-931

ing the modelled rotation map from the observed one932

(e.g., Salak et al. 2016).933

Through our experiments, however, we noticed that934

the results of the fitting are sensitive to the spatial reso-935

lution of the data. Given that the spatial resolutions are936

significantly different between the CO(3–2) cube and the937

[C I](1–0) cube, we first present the results with using938

the full-resolution CO(3–2) cube in § 5.2.1 to describe939

the details of the gas dynamics as much as possible, then940

do with using the beam-matched CO(3–2) and [C I](1–941

0) cubes in § 5.2.2. The latter results are used to delin-942

eate qualitative difference of molecular and atomic gas943

dynamics and/or geometry.944

5.2.1. The CO(3–2) full-resolution data945

The full-resolution CO(3–2) cube (θ = 0′′.29× 0′′.24,946

dV = 10 km s−1) is used here. We modelled 50 con-947

centric ring with the separation ∆r = 0′′.15, which is948

roughly the half size of the major axis of its synthe-949

CO(3-2) Izumi et al. 2018c, to be submitted



11CI vs CO: Multi-phase Torus Dynamics
18 T. Izumi et al.

(a)

(b)

Figure 17. (a) Radial profiles of the rotation velocity (Vrot;
circles) and the velocity dispersion (σdisp; diamonds) derived
with the CO(3–2) (blue) and [C I](1–0) (red) emission lines,
in the central r ! 100 pc of the Circunus galaxy. (b) Radial
profiles of the σdisp/Vrot ratios traced by the CO(3–2) and
the [C I](1–0) lines, at the same region as in (a). The uv-
ranges and the beam sizes are matched between the CO(3–2)
cube and the [C I](1–0) cube here.

to puff-up the disk) should be weak given the low SFR927

(∼ 0.1 M⊙ yr−1; Esquej et al. 2014).928

Meanwhile, the discrepancy of the σdisp/Vrot ratios at929

r ! 10 pc (∼ 0.15 in CO(3–2) and ∼ 0.4 in [C I](1–0) ,930

respectively) is more evident, which indicates the exis-931

tence of multi-phase dynamical structures in the torus.932

Note that it is hard to distinguish coherent outflow mo-933

tion that can widen the line profile from isotropic tur-934

bulent motion due to failed winds, based simply on the935

observed σdisp that mixes up these motions. However,936

as the outflows are preferentially seen at ionized and/or937

atomic gas at the very nuclear region in our model938

(Wada et al. 2016), we expect that such outflows are939

the prime source of the geometrically thicker nature of940

the C I disk than the CO disk at this very central re-941

gion around the AGN. Indeed, we found that adding942

two more components (i.e., triple Gaussians) can fit the943

observed nuclear [C I](1–0) spectrum significantly better944

Figure 18. Line profile of the [C I](1–0) measured at
the AGN position (with the single 0′′.71 × 0′′.66 beam) of
the Circinus galaxy. Three-component Gaussian fit was per-
formed: each component is indicated by the black-dashed
lines, and the total model is shown by the red-solid line, re-
spectively. The derived line properties are summarized in
Table 6.

Table 6. Results of the three-component Gaussian fit to the
[C I](1–0) spectrum

Peak Centroid FWHM

(mJy beam−1) (km s−1) (km s−1)

Central 1107.9 ± 1.6 453.7 ± 5.6 97.7 ± 0.6

Blueshifted 466.4 ± 5.6 379.1 ± 0.2 56.7 ± 0.5

Redshifted 365.9 ± 4.4 512.3 ± 0.1 28.3 ± 0.4

Note—These fits were performed for the spectra at the
AGN position, measured with the single synthesized beam.

Results of the single Gaussian fit are listed in Table 5.

(reduced χ2 = 656.2 for the single Gaussian, but 64.3 for945

the triple Gaussians) 8 as shown in Figure 18 (see also946

Table 6). The central Gaussian component has almost947

the same centroid velocity and FWHM as the CO(3–948

2) spectrum (Table 5), suggesting that this traces the949

same region as the CO(3–2) line does. We also found950

that the blueshifted and redshifted components appear951

almost symmetrically with respect to the central com-952

ponent, with the velocity offset of ∼ 75 km s−1 (blue)953

and ∼ 60 km s−1 (red), respectively: this is sugges-954

tive of a coherent atomic gas motion around the AGN.955

These results therefore support the view that the diffuse956

atomic gas is distributed in a geometrically thicker vol-957

ume than the dense molecular gas at around the AGN,958

due to atomic outflows, as is expected in our multi-phase959

dynamic torus model. As this argument is a rather qual-960

itative, however, we will perform a more quantitative961

8 The goodness of the fit was evaluated at the velocity range of
250 to 650 km s−1.
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• Geometrically thin mol. & atomic disks at 
r > 20 pc (c.f., low-SFR in Circinus)


• Geometrically thicker atomic disk than 
the dense mol. disk at r < 10 pc!  
→ Multi-phase geometrical structures!

Izumi et al. 2018c, to be submitted
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Table 4. The [C I](1–0)/CO(3–2) line ratio

AGN CND 10′′ box

Jy km s−1 unit 1.80 ± 0.25 1.03 ± 0.15 0.97 ± 0.14

K km s−1 unit 0.89 ± 0.13 0.51 ± 0.07 0.48 ± 0.07

Note—The “AGN” indicates that the ratio is measured at
the exact AGN location with the single

[C I](1–0) synthesized beam (0′′.71× 0′′.66). The CND
refers to the 3′′.62× 1′′.66 (P.A. = 212◦) region defined in
the CO(3–2) map (§ 4.1.2). The 10′′ box contains both the

CND and the spiral arms. The 10% absolute flux
uncertainties are included here.

CND + spiral arms), the [C I](1–0) emission clearly be-695

comes brighter than the CO(3–2) emission at the AGN696

position. The relevant RCI/CO measured at several spa-697

tial scales are listed in Table 4: this high RCI/CO at698

the AGN position is uncommon in star-forming galax-699

ies, suggesting an efficient CO dissociation due to hard700

X-ray irradiation from the AGN (XDR, Maloney et al.701

1996; Meijerink & Spaans 2005).702

Based on the one-zone XDR model of Maloney et al.703

(1996), we estimated the X-ray energy deposition rate704

per particle (HX/n) with705

HX ∼ 7× 10−22L44r
−2
2 N−1

22 erg s−1, (2)

where L44 is the 1–100 keV X-ray luminosity in the unit706

of 1044 erg s−1, r2 is the distance from the AGN to the707

point of our interest in the unit of 100 pc, and N22 is708

the X-ray attenuating column density in the unit of 1022709

cm−2, respectively. Here we adopted L44 = 0.13 (with710

the photon index = 1.31 and the cutoff energy = 160711

keV) from Arévalo et al. (2014), as well as nH2 = 105712

cm−3 as a typical value in the molecular part of CNDs of713

Seyfert galaxies (e.g., Izumi et al. 2013; Viti et al. 2014).714

Then, we estimated the HX/n at r = 7 pc from the cen-715

ter (i.e., half-major axis of the [C I](1–0) synthesized716

beam) as log(HX/n) = −27.3. According to the mod-717

els in Maloney et al. (1996), this rate is almost exactly718

the one at which the fractional abundance of C I (XCI)719

becomes equal to that of CO (XCO). At the regions720

with log(HX/n) > −27.3, we can expect XCI/XCO > 1.721

Thus, we argue that the molecular dissociation due to722

X-ray irradiation is significant at the close vicinity of723

this Circinus AGN, which can cause the high RCI/CO724

there.725

However, the actual 3-dimensional geometrical struc-726

ture of the XDR needs careful consideration: it does727

not necessarily form a simple one-zone structure. In-728

deed, single Gaussian fits to the observed CO(3–2) and729

[C I](1–0) spectra measured at the AGN position (Figure730

11b and Table 5) revealed that the [C I](1–0) spectrum731

(a)

(b)

Figure 11. Line profiles of the [C I](1–0) and the CO(3–2)
measured at (a) the inner 10′′ × 10′′ box and (b) the AGN
location (with the single 0′′.71×0′′.66 beam) of the Circinus
galaxy. The uv-range and the beam size of the CO(3–2) data
are matched to those of the [C I](1–0) data. The multiple
horn-line profile in (a) is due to the spiral arms. Results of
single Gaussian fits to the CO(3–2) and [C I](1–0) spectra
at the AGN position (indicated by the dashed line and dot-
dashed line, respectively) are summarized in Table 5.

Table 5. Results of the single Gaussian fit

Peak Centroid FWHM

(mJy beam−1) (km s−1) (km s−1)

CO(3–2) 807.9 ± 0.9 445.8 ± 0.1 100.3 ± 0.1

[C I](1–0) 1115.1 ± 4.6 446.1 ± 0.1 134.3 ± 0.2

Note—These fits were performed for the spectra at the
AGN position, measured with the single
[C I](1–0) synthesized beam (Figure 11b).

has a wider FWHM than the CO(3–2) spectrum, as well732

as deviated components from the single Gaussian pro-733

file at about ±70 km s−1 to the systemic velocity (446734

km s−1). Both of these imply that the [C I](1–0) emis-735

sion also traces a different gas volume that the CO(3–2)736
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12Then, what makes the geometrical thickness?

• Nuclear [CI](1-0) spectrum shows a 
larger FWHM than CO(3-2). 


• Multi-Gaussians yielded a better fit 
→ Almost symmetric emergence of the 
additional blue- and red-components


• Coherent motion like outflows?? 
- consistent with the fountain model 
- will fall back to the disk (failed wind)

FWHM ~ 240 km/s

FWHM ~ 320 km/s

18 T. Izumi et al.

(a)

(b)

Figure 17. (a) Radial profiles of the rotation velocity (Vrot;
circles) and the velocity dispersion (σdisp; diamonds) derived
with the CO(3–2) (blue) and [C I](1–0) (red) emission lines,
in the central r ! 100 pc of the Circunus galaxy. (b) Radial
profiles of the σdisp/Vrot ratios traced by the CO(3–2) and
the [C I](1–0) lines, at the same region as in (a). The uv-
ranges and the beam sizes are matched between the CO(3–2)
cube and the [C I](1–0) cube here.

to puff-up the disk) should be weak given the low SFR927

(∼ 0.1 M⊙ yr−1; Esquej et al. 2014).928

Meanwhile, the discrepancy of the σdisp/Vrot ratios at929

r ! 10 pc (∼ 0.15 in CO(3–2) and ∼ 0.4 in [C I](1–0) ,930

respectively) is more evident, which indicates the exis-931

tence of multi-phase dynamical structures in the torus.932

Note that it is hard to distinguish coherent outflow mo-933

tion that can widen the line profile from isotropic tur-934

bulent motion due to failed winds, based simply on the935

observed σdisp that mixes up these motions. However,936

as the outflows are preferentially seen at ionized and/or937

atomic gas at the very nuclear region in our model938

(Wada et al. 2016), we expect that such outflows are939

the prime source of the geometrically thicker nature of940

the C I disk than the CO disk at this very central re-941

gion around the AGN. Indeed, we found that adding942

two more components (i.e., triple Gaussians) can fit the943

observed nuclear [C I](1–0) spectrum significantly better944

Figure 18. Line profile of the [C I](1–0) measured at
the AGN position (with the single 0′′.71 × 0′′.66 beam) of
the Circinus galaxy. Three-component Gaussian fit was per-
formed: each component is indicated by the black-dashed
lines, and the total model is shown by the red-solid line, re-
spectively. The derived line properties are summarized in
Table 6.

Table 6. Results of the three-component Gaussian fit to the
[C I](1–0) spectrum

Peak Centroid FWHM

(mJy beam−1) (km s−1) (km s−1)

Central 1107.9 ± 1.6 453.7 ± 5.6 97.7 ± 0.6

Blueshifted 466.4 ± 5.6 379.1 ± 0.2 56.7 ± 0.5

Redshifted 365.9 ± 4.4 512.3 ± 0.1 28.3 ± 0.4

Note—These fits were performed for the spectra at the
AGN position, measured with the single synthesized beam.

Results of the single Gaussian fit are listed in Table 5.

(reduced χ2 = 656.2 for the single Gaussian, but 64.3 for945

the triple Gaussians) 8 as shown in Figure 18 (see also946

Table 6). The central Gaussian component has almost947

the same centroid velocity and FWHM as the CO(3–948

2) spectrum (Table 5), suggesting that this traces the949

same region as the CO(3–2) line does. We also found950

that the blueshifted and redshifted components appear951

almost symmetrically with respect to the central com-952

ponent, with the velocity offset of ∼ 75 km s−1 (blue)953

and ∼ 60 km s−1 (red), respectively: this is sugges-954

tive of a coherent atomic gas motion around the AGN.955

These results therefore support the view that the diffuse956

atomic gas is distributed in a geometrically thicker vol-957

ume than the dense molecular gas at around the AGN,958

due to atomic outflows, as is expected in our multi-phase959

dynamic torus model. As this argument is a rather qual-960

itative, however, we will perform a more quantitative961

8 The goodness of the fit was evaluated at the velocity range of
250 to 650 km s−1.

[CI](1-0)
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• CO(3-2) → mid-plane of the CND/torus


• [CI](1-0) → mid-plane + puffed-up component due to outflows 

Quantitative comparison with our model
CO(3-2): TB [CI](1-0): TB

Izumi et al. 2018c, to be submitted
(inclination = 75°)

• MBH, Eddington ratio, CND-scale Mgas: Circinus-like values


• Hydrodynamic simulation + XDR chemistry (Wada+16) + rad. transfer
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• Indeed, we found different line profiles for the simulated CO(3-2) and [CI](1-0)


• Triple-Gaussians can well fit the profile → outflow components stand out 


• Good consistency between ALMA obs. and our simulation 
→ Support the fountain scheme, where atomic outflows play the key role in 
determining the “torus” geometry.

Quantitative comparison with our model

Izumi et al. 2018c, to be submitted



Summary
15

• Now we are testing the multi-phase dynamic torus model with 
ALMA: ~5-15 pc resolution CO(3-2) and [CI](1-0) data are in hand. 


• Gas (and dust) distributions = CND/torus + spiral arms.


• The CND can provide a significant nuclear obscuration (as a torus).


• CI (atom) gas is in a geometrically thicker volume than the CO 
(molecule) gas at r < 10 pc.  
→ multi-phase gas dynamics in the torus! 


• The thickness of the atomic disk would be due to nuclear atomic 
outflows, as expected in our fountain model   
→ Physical origin of the torus!?


