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Atacama Large Millimeter/submillimeter Array

•World largest mm/submm interferometer at alt. 5000 m 

•EA (incl. Japan), NA, EU, and Chile collaboration 

•50 × 12m antennas + ACA (12 × 7m + 4 × 12m antennas) 

•Max. baseline: up to ~16 km (→ ~0.02”) 

•Frequency coverage: 31 GHz - 950 GHz (Band 1 to 10) 

•Antennas are reconfigurable
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Basic observables
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東京大 河野研究室HPより

• Molecular rotational lines 
(CO, HCN, HCO+, …)


• Fine structure lines ([CII], 
[OIII], [OI]) 


• Hydrogen recombination 
lines (Hnα)


• Thermal dust continuum 


• Synchrotron continuum


• Free-free continuum



My first paper (Izumi et al. 2013)
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• ALMA Cycle 0 data (PI = K.Kohno) 


• ~100 pc resolution dense 
molecular gas observations 
toward NGC 1097 (nearby LLAGN) 


• Just ~1 hr on-source integration 
(→ ~week-level integration for 
NMA??)

NGC 1097 
(D = 14.5 Mpc)

©ESO

No. 5] ALMA Observations of the Active Nucleus of NGC 1097 100-5

Fig. 1. Continuum map towards the nucleus of NGC 1097 at 860 !m. The units of the scale bar are in Jy beam!1. Contours are !2, 2, 4, 6, 8, 12, and
16 " (black-solid contours are positive and dashed-white contours are negative ones, respectively), where 1 " = 0.37 mJy beam!1 or 2.0 mK in brightness
temperature scale. The maximum is 6.13 mJy beam!1 or 33 mK, located at the nucleus. The white-filled ellipse indicates the beam ellipse at 860 !m
(1:0052 " 1:0021, PA = 108ı). The cross and the star indicate the peak position of VLA 6 cm, and intensity-weighted centroid of the combined 2MASS
(J + H + Ks) image, respectively. It is obvious that the 6 cm peak position and that of 860 !m are identical with each other. The field of view of ALMA
at this frequency is 1800 (indicated by the large white circle), and the attenuation due to the primary beam pattern of each element antenna is not corrected
in this map, i.e., no primary beam correction has been applied.

The overall structure of the continuum emitting region in the
circumnuclear starburst ring consists of several clumps, which
are also visible in maps of CO (J = 2–1), (3–2) observed with
the SMA (Hsieh et al. 2008, 2011). These structures appear
to be very reminiscent of those visible in the 18.7 !m map
in Reunanen, Prieto, and Siebenmorgen (2010), although the
true morphology and the extent of the 860 !m continuum is not
clear due to the primary beam attenuation. Taking these things
into account, we consider that the 860 !m continuum emis-
sion from the circumnuclear starburst ring would be tracing the
massive star-formation.

4. Channel Maps and Integrated Intensities

Figures 2 to 4 show the channel maps of the CO (J = 3–2),
HCN (J = 4–3), and HCO+ (J = 4–3) line emission in
the central 2500 " 2500 region (1.75 kpc " 1.75 kpc) of
NGC 1097. We could not cover the whole CO (J = 3–2)
line due to spectral setting restrictions for ALMA cycle 0

observations, but the detected emission in each channel
is extremely significant (peak flux density is # 300 " ).
HCN (J = 4–3) emission was detected (> 3 " ) over a velocity
range of VLSR = 1160–1450 km s!1, and HCO+ (J = 4–3)
emission was detected (> 3 ") over VLSR = 1215–1440 km s!1

in the nucleus. Note that these are the first detections
of HCN (J = 4–3) and HCO+ (J = 4–3) emission from
NGC 1097. The velocity ranges at a level of 3 " are roughly
consistent among the J = 4–3, 3–2, and 1–0 transitions
(Kohno et al. 2003; Hsieh et al. 2012). The differing velocity
ranges between the HCN and HCO+ molecules are probably
due to the lower S=N ratio of HCO+. It should be noted that
these velocity ranges are 200–300 km s!1 smaller than that of
CO (J = 1–0), (2–1), and (3–2) (Kohno et al. 2003; Hsieh et al.
2008, 2011), but previous CO observations had larger beam
sizes, and thus they might have also observed an outer diffuse,
high-velocity component.

In the channel maps, it is clear that the CO (J = 3–2) emis-
sion originates from locations of the Seyfert nucleus and the
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No. 5] ALMA Observations of the Active Nucleus of NGC 1097 100-9

Fig. 5. Integrated intensity maps in the central 800 ! 800 (560 pc ! 560 pc) region of NGC 1097, derived by calculating the zeroth moment of the ALMA
data cubes. The cross indicates the peak position of the 860 !m continuum. Both maps are shown on the same intensity scale so as to allow easy
comparison. (a) Integrated intensity map of the HCN (J = 4–3) emission over a velocity range from VLSR = 1160 to 1450 km s"1. The value at the
860 !m peak position is 7.5 Jy beam"1 km s"1, and the source size is estimated to be 1:0034 ! 1:0004 with PA = "9:ı1. The beam size is 1:0050 ! 1:0020
with PA = "72:ı4. The contour levels are 5, 10, 20, ###, 70 " , where 1 " is 0.11 Jy beam"1 km s"1 or 0.60 K km s"1. (b) Integrated intensity map of the
HCO+ (J = 4–3) emission over a velocity range from VLSR = 1215 to 1440 km s"1. The value at the 860 !m peak position is 3.7 Jy beam"1 km s"1,
and the source size is estimated to be 1:0031 ! 1:0006 with PA = "14:ı7. The beam size is 1:0049 ! 1:0018 with PA = "71:ı3. The contour levels are 5, 10,
15, ###, 30 " , where 1 " is 0.11 Jy beam"1 km s"1 or 0.60 K km s"1.

Fig. 6. ALMA band 7 spectra at the 860 !m peak of NGC 1097. Indicated spectral lines are marked at the systemic velocity of the galaxy (1271 km s"1:
Koribalski et al. 2004). We detected CO (J = 3–2), HCN (J = 4–3), and HCO+ (J = 4–3) with > 3 " significance. Other lines are undetected by this
observation. Full line names and line parameters are listed in table 4. The velocity resolutions and rms noise levels are in table 2. Colors indicate the
different spectral windows (spw 0, 1, 2, and 3, from left to right) and the continuum emission has already been subtracted.

profile). We assume that the velocity error is ˙1 channel
(8.3 km s"1). The total integrated flux within the central
r $ 2:005 (175 pc) is 13.6 ˙ 0.2 Jy km s"1 for HCN (J = 4–3),
and 7.8 ˙ 0.2 Jy km s"1 for HCO+ (J = 4–3), respectively.
Even at a degraded % 50 km s"1 resolution, no emission
from the lines indicated in figure 6 was detected other than
HCN (J = 4–3), HCO+ (J = 4–3), and CO (J = 3–2). Upper
limits to the integrated intensities were derived for these unde-
tected transitions assuming a Gaussian profile with an FWHM
similar to ∆v derived for HCN (J = 4–3). By using these

derived values, for example, the H12CN to H13CN line ratio
is > 12.7 (3 " ) on the brightness temperature scale, indicating
that our main target line, HCN (J = 4–3), has # < a few, and is
not severely optically thick, considering the 12C=13C isotopic
ratio obtained so far [e.g., % 50 in Galactic sources: Lucas and
Liszt (1998), > 40 in starburst galaxies: Martı́n et al. (2010)].

It should be noted that among the lines listed in table 4,
HCN (J = 4–3) and HCO+ (J = 4–3) could be observed in
high-redshift objects by using ALMA, since these lines are
relatively strong (detectable), and they are still within the
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~200 pc

860 μm cont.



2013 AGN Astrochemistry 2020 AGN Astrochemistry 

Active Galactic Nuclei (AGN) near and far
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2016 CND-scale AGN feeding 2018 Multiphase AGN torus

2021 Highest-z AGN outflow (host galaxy)

• By using ALMA, I’ve been 
studying (mainly cold/cool) 
ISM around AGNs 


• From the central scale up to 
the host galaxy scale 

2023 AGN feeding



Today’s Contents
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1. SMBH Feeding, Feedback, and Obscuration (torus) down to sub-parsec scales


2. Astrochemistry as a tool for astrophysics 


3. Near-future works and beyond 
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1. SMBH feeding, feedback, and obscuration  
down to sub-parsec scales!
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Supermassive black hole feeding
9

• Necessary to form 
supermassive black holes 


• Major mergers, minor 
mergers, non-
axisymmetric structures 
are the key at R > 100 pc 


• Our knowledge at R < 
100 pc is growing (HST, 
ALMA), but little is 
known at r < 10 pc 
(frontier!) 

• What is the role of the 
(hypothetical) nuclear 
structure in SMBH 
feeding?? → need high 
resolution at submmStorchi-Bergmann & Schnorr-Muller 2019

>10 kpc 1-10 kpc
0.1-1 kpc

1-10 pc



1. Scientific Rationale: Circumnuclear feeding and feedback

ṀBH

(MBH)
Supermassive black hole

(Cold) Circumnuclear disk 

(Σgas)

Inner radius
(~1 pc)

Outer radius
(~10-100 pc)

…

H
ost galaxy

ALMA

Ṁwind

X-ray (Swift-BAT)

Warm torus
(?)

Mgas
Wind

Figure 1: A schematic view of the CND-scale (central
! 10− 100 pc) components assumed in this program.

The mass accretion onto a supermassive
black hole (SMBH) produces the enor-
mous amount of energy observed as in ac-
tive galactic nuclei (AGNs). To reveal
the physics of angular momentum trans-
fer of accreting gas at various spatial scales
is thus crucial for understanding SMBH
growth (e.g., Alexander & Hickox 2012). In
addition to the feeding processes, feedback
processes such as outflows would be vital
to realize the so-called co-evolutionary re-
lationship of SMBHs and their host galax-
ies (Kormendy & Ho 2013, for a review). However, as the key physical mechanisms involved occur
on compact scales of ∼ 10–100 pc CND-scale 1 (Fig. 1), they remain poorly understood.
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L2-10keV → MBH
.

← traced by HCN(1-0) herelog(MH2/M⊙)

Figure 2: MH2–ṀBH relation in nearby Seyfert
galaxies (Izumi et al. 2016). Blue circles and black
squares indicate the CND-scale MH2 (median aper-
ture θmed = 220 pc) and the galaxy-scale MH2 (θmed

= 5.5 kpc), respectively. The CND-scale shows
correlation whereas the galaxy-scale does not.

Recent measurements of molecular 2 gas mass
(MH2) suggested a positive and tight correlation
between the CND-scale MH2 and mass accretion
rates onto AGNs (ṀBH), whereas the correlation
was very weak for the galaxy-scale MH2 (Izumi
et al. 2016; Fig. 2): as remaining angular mo-
mentum of inflowing gas eventually forms a CND
even in the case of galaxy-mergers (e.g., Hopkins
et al. 2006), it is reasonable that the CND-scale
gas has a tighter link to the on-going AGN ac-
tivity. Fig. 2 implies that the cold molecular
gas at !100 pc is indeed a key component that
is intimately connected to the SMBH growth,
although the statistics was not good. At the
CND-scale, several physical processes including
a buildup of gravitational torques due to nuclear
bar/spirals (e.g., Combes et al. 2014) and a vis-
cous torque induced by supernova-driven turbu-
lence (e.g., Kawakatu & Wada 2008) have been
proposed as a promising way of removing angu-
lar momentum of molecular gas.
To further study the AGN feeding/feedback

physics, spatially-resolving the CNDs with unprecedentedly high resolutions provided by ALMA,
will be a vital step. However, still a limited number (!20–30) of AGNs (particularly southern ones
observable with ALMA) have been mapped at ! 100 pc resolution so far, which prevents subsequent
sub-CND-scale studies. Moreover, previous observations of nearby AGNs mostly focused on rela-
tively low-luminosity objects with bolometric luminosities of LBol ! 1042−43 erg s−1 (e.g., Izumi et al.
2013; Combes et al. 2013, 2014; Espada et al. 2017), exceptions being a few luminous (LBol " 1044

erg s−1) AGNs such as NGC 1068 (e.g., Garcia-Burillo et al. 2014) and NGC 7469 (Izumi et al.
2015). In other words, our current understanding of the CND-scale structures and SMBH fueling is
limited to slowly-accreting systems, where vigorous fueling may be absent.

1Circumnuclear disk (CND): ∼ 10–100 pc scale gaseous structure at the centers of galaxies as observed in nearby
galaxies including AGN-hosts (e.g., Izumi et al. 2013, 2015; Garćıa-Burillo et al. 2014).

2Note that MH2 of Fig. 2 was measured with HCN(1–0), which selectively traces dense (nH2 ∼ 104 cm−3) gas,
while we will use CO(2–1) in this program. Using either tracer would result in a consistent result (§ 2).

1

Izumi et al. 2016c

Spatial scale: ~100 pc or less (they are not fully resolved)

S. García-Burillo et al.: Molecular line emission in NGC 1068 imaged with ALMA. I.

Fig. 6. a) Overlay of the CO(3–2) ALMA intensity contours (levels as in Fig. 4a) on the Paα emission HST map (color scale as shown in
counts s−1pixel−1). b) Same as a) but zooming in on the CND region. c) Overlay of the CO(6–5) ALMA intensity contours (levels as in Fig. 4c)
on the HST Paα emission map (color scale as shown). The filled ellipses at the bottom right corners represent the CO beam sizes.

Fig. 7. a) Overlay of the CO(3–2) intensity contours (levels as in Fig. 4a) on the dust continuum emission at 349 GHz (color scale in Jy beam−1

units as indicated). b) Same as a) but zooming in on the CND region. c) Overlay of the CO(6–5) intensity contours (levels as in Fig. 4c) on the dust
continuum emission at 689 GHz (color scale in Jy beam−1 units as indicated). The filled ellipses at the bottom right corners represent the CO beam
sizes.

We also report the detection of CO(3–2) emission at different
locations throughout the interarm region. These interarm com-
plexes, which remained undetected in dust emission due to the
lower dynamic range of the Band 7 continuum map, are orga-
nized into a network of filaments that extends out to the edge of
our mapped region.

5.2. HCN, HCO+, and CS maps

Figure 8 shows the integrated intensity maps of NGC 1068 ob-
tained with ALMA in the HCO+(4–3), HCN(4–3), and CS(7–
6) lines. In stark contrast with the CO(3–2) map, most of the
emission in these likely denser gas tracers that are characterized
by ∼a factor 100 comparatively higher critical densities, stems

A125, page 9 of 24

F. Combes et al.: CO in NGC 1566

Fig. 9. Rotational velocity model adopted for NGC 1566 (black open
rectangles), based on the CO data points (blue triangles), and minimiz-
ing the residuals of Fig. 8. The Hα kinematic model from Agüero et al.
(2004) is also shown in red circles. Those data were obtained with 2.′′8-
wide slits, with insufficient spatial resolution to resolve the central peak.
The Hα velocity model rises linearly because of the deficiency of HII re-
gions inside a radius of 22′′ (see text).

Fig. 10. Total CO(3–2) spectrum, integrated over the observed map,
with a FoV of 18′′. The vertical scale is in Jy. The green line is the
result of the Gaussian fit with 3 velocity components (see Table 2). The
spectrum is primary beam corrected.

averaged over the 43′′ beam (Bajaja et al. 1995). This is expected
for thermalized excitation and a dense molecular medium. In
that case the CO(3–2) flux should be higher than the CO(2–1)
by up to a factor of 2.2 (flux varying as ∼ν2 for gas at tempera-
ture larger than 25K and density larger than 104 cm−3). Already
the CO(2–1) spectrum of Bajaja et al. (1995) appears broader
in velocity, which indicates some missing flux in our CO(3–2)
map. The SEST observations point to a total molecular mass of
1.3 × 109 M⊙, and in the central 43′′ beam of 3.5 × 108 M⊙. In

Fig. 11. Top: map of the HCO+(4–3) line in NGC 1566. The adopted
center is drawn with a black cross, and the phase center by a yellow
cross. The color scale is in Jy/beam×MHz (or 0.87 Jy/beam× km s−1).
Bottom: same for HCN(4–3). The beam size of 30 × 20 pc is indicated
at the lower left.

the 22′′ beam, the SEST CO(2–1) spectrum, together with the
CO(2–1)/CO(1–0) ratio of 1, yields a mass 1.7 × 108 M⊙, while
we find 0.7 × 108 M⊙ in our FoV of 18′′ assuming thermally
excited gas, and a Milky-Way like CO-to-H2 conversion factor,
of 2.3 × 1020 cm−2/(K km s−1) (e.g. Solomon & Vanden Bout
2005).

3.5. HCO+ and HCN

Along with CO(3–2), we detect the HCO+(4–3) and HCN(4–3)
emission lines, mainly in the center of the galaxy. The corre-
sponding maps are displayed in Fig. 11, and the integrated spec-
tra in Fig. 12. The lines are mainly detected in the nuclear spiral
structure, and are too faint to see the rest of the nuclear disk.
The HCO+ line is 3 times stronger than the HCN line, which
is expected for starburst galaxies such as M82 (e.g. Seaquist &
Frayer 2000). The detection of these lines reveals a high propor-
tion of dense gas, since the critical densities to excite the J = 4–3
transition of HCO+ and HCN are 6.5 × 106 and 1.6 × 108 cm−3,
respectively.

The integrated intensities and profile characteristics dis-
played in Table 2 reveal that the HCO+ line width is compa-
rable to the CO(3–2) width, while the HCN spectrum appears

A97, page 7 of 11

L64 M. Krips et al.: HCN(1–0) emission in NGC6951

Fig. 1. Integrated HCN(1–0) emission (black contours) overlaid on CO(2–1) (color scale; Schinnerer et al., in prep., García-Burillo et al. 2005)
in natural (left; a) and uniform weighting (right; b); the CO and HCN emission have been both integrated from −200 km s−1 to +200 km s−1.
We used a uv-taper for CO to match the angular resolution of our HCN data which is by a factor of ∼2 lower, and obtain identical beamsizes.
Black contours run from 3σ to 23σ (right: 7σ) in steps of 1σ = 0.06 Jy beam−1 km s−1 (right: 1σ = 0.10 Jy beam−1 km s−1); CO(2–1): 3σ =
1.0 Jy beam−1 km s−1(right: 3σ = 1.3 Jy beam−1 km s−1). The black line (left) indicates the major axis of the bar (PA = 100◦) and the grey line the
major axis of the galaxy (PA = 130◦). The black line (right) represents the most extreme central velocity gradients (PA = (160±20)◦). The (0,0)
position is at αJ2000 = 20h37m14.123s and δJ2000 = 66◦06′20.09′′ which is slightly different from the phase centre of the observations.

composite (AGN+SB) galaxies (e.g., Arp 220, M 82,
NGC 6951; Gao & Solomon 2004a,b; Nguyen-Q-Rieu et al.
1992). Inactive galaxies have even lower ratios of RHCN/CO <
0.1. Many different effects can contribute to increased RHCN/CO
in active environments including higher gas opacities/densities
and/or temperatures, non-standard molecular abundances caused
by strong UV/X-ray radiation fields or additional non-collisional
excitation such as IR pumping through UV/X-ray heated dust.
Gao & Solomon (2004a) have ruled out the latter scenario for
large scale HCN emission and the lack of any clear correla-
tion between the hard X-ray and MIR luminosity in AGN (Lutz
et al. 2004) reduces the significances of IR pumping also at small
scales. However, Usero et al. (2004) present strong evidence in
the case of NGC 1068 that the nuclear gas chemistry is dom-
inated by X-ray radiation from the AGN yielding significantly
different molecular abundances than in SB or quiescent environ-
ments (Lepp & Dalgarno 1996; Maloney et al. 1996). Recent
IRAM 30 m observations of several HCN transitions in a sam-
ple of 12 nearby active galaxies also seem to support a signif-
icantly higher HCN abundance in AGN than in SB or inactive
environments, rather than a pure density/temperature or non-
collisional excitation effect (Krips et al., in prep.). If true, this
has a severe impact on the interpretation of RHCN/CO as a mea-
sure of the dense to total molecular gas mass fraction in active
galaxies (e.g., Gao & Solomon et al. 2004a,b) as discussed in
Graciá-Carpio et al. (2006). The study of nearby active galaxies
also reveals the limitations of RHCN/CO as a unique diagnostic in
distant sources whose starburst and AGN components cannot be
separated.

NGC 6951 is an active galaxy of Hubble type SAB(rs)bc at
a distance of 24 Mpc (Tully 1988); its active nucleus is classi-
fied as a transition object between a LINER and a type 2 Seyfert
(Pérez et al. 2000). In addition to its AGN, NGC 6951 also ex-
hibits a pronounced SB ring at a radius of 5′′ (≡480 pc) in Hα

Table 1. HCN(1–0) line parameters, obtained at the various peak (i.e.,
not spatially integrated) by fitting a Gaussian profile to the (naturally
weighted) data. Errors include uncertainties of the fit and calibration.
a From Schinnerer et al., in prep. b From uniformly weighted maps to
avoid contamination by the ring emission. c Spatially integrated over
the entire area of ±9′′; d In mJy; e in Jy km s−1.

Component peak flux FWHM IHCN(1−0) ICO(2−1)
a

(mJy beam−1) (km s−1) (Jy beam−1 km s−1)
N 11 ± 2.0 150 ± 6 1.8 ± 0.2 60 ± 6
W 10 ± 1.0 100 ± 8 1.1 ± 0.1 22 ± 2
E 12 ± 1.0 70 ± 5 1.0 ± 0.1 23 ± 2
S 13 ± 1.0 60 ± 4 0.9 ± 0.1 38 ± 4
Cb 4.8 ± 0.5 170 ± 20 0.9 ± 0.1 2.4 ± 0.2

Total fluxc 36.0 ± 4.0d 320 ± 14 12.0 ± 1.0e 470 ± 50e

(Marquez & Moles 1993; Wozniak et al. 1995; Rozas et al. 1996;
Gonzalez-Delgado & Perez 1997; Perez et al. 2000) and radio
emission (Vila et al. 1990; Saikia et al. 1994, 2002). Strong CO
and HCN emission is associated with the SB ring (e.g., Kohno
et al. 1999a; García-Burillo et al. 2005) while almost no emis-
sion had been hitherto found in the centre of NGC 6951. Only
recently have high angular resolution/high sensitivity PdBI ob-
servations revealed faint CO(2–1) emission in the central 0.5′′
(García-Burillo et al. 2005; Schinnerer et al., in prep.). The latter
observations are part of the PdBI NU(clei of)GA(laxies) project
(e.g., García-Burillo et al. 2003). We observed NGC 6951 in
HCN(1–0) to search for nuclear emission and assess differ-
ences between the SB ring and the AGN; the results of these
observations are presented here.

Dense gas in Seyfert galaxies 1967

0.3 arcsec from a symmetric Gaussian fit to the uv points. Thus, the
line emitting region is compact but nevertheless spatially resolved.

This conclusion is confirmed by comparing the HCN properties
with those of the HCO+ line (Fig. 1, right-hand panel), which has an
integrated flux of 2.13 ± 0.08 Jy km s−1 in a 3 arcsec aperture. The
latter has an FWHM of 1.94 × 1.34 arcsec2 that, given the errors
derived with Monte Carlo realizations listed in Table 3, is consistent
with the corresponding measurement above for the HCN line with
respect to the major axes, but implies a more extended source along
the minor axis. A symmetric Gaussian fitted to the uv table gives
an intrinsic FWHM of 1.7 ± 0.4 arcsec, also in agreement with the
size based on spatial coordinates.

The position angle of the HCO+ major axis appears to differ
slightly from that of the HCN, and their centres are marginally
offset with respect to the continuum. This could reflect different
distributions of the tracers even though the offset observed is of
the same order of the positional accuracy. On the other hand, the
PAs of the red/blue channels for the two lines (see Section 4) are in
much better agreement. The HCN and HCO+ lines are also similar
spectrally. Indeed, a single Gaussian fit to the spectra in Fig. 2 gives
FWHMs of 181 and 175 km s−1 for HCN (top panel) and HCO+

(bottom panel), respectively. We have derived uncertainties of 21
and 16 km s−1 with Monte Carlo techniques.

3.2 NGC 3227

A Gaussian fit to the 3 mm continuum (Fig. 3, left-hand panel) yields
a size of 1.15 × 1.05 arcsec2 FWHM at a position angle of 47◦.
This is very similar to the beam size and indicates the continuum
is spatially unresolved. The 3 mm flux density from the integrated
spectrum (Fig. 4) is 1.56 ± 0.24 mJy, consistent with the 1.79 ±
0.12 mJy obtained from the Gaussian fit to the continuum map.

The HCN line has an integrated flux of 1.86 ± 0.27 Jy km s−1

in a 3 arcsec aperture (Fig. 3, right-hand panel). Comparison with
the previous measurement of 2.1 Jy km s−1 at 2.4 arcsec resolution
(Schinnerer et al. 2000) suggests that very little of the line emission
has been resolved out at our higher resolution, and that most of the
HCN in NGC 3227 does originate from the central compact source.
The compact nature of the HCN emission is in stark contrast to the
CO(2–1) emission, as shown in Fig. 5. Indeed, the CO emission is
distributed around the circumnuclear ring (which is also seen in the
H-band stellar continuum, Fig. 5 and Davies et al. 2006), and very

Figure 3. The 3 mm continuum (left-hand panel, rms = 0.07 Jy beam−1 km
s−1) and HCN (right-hand panel, rms = 0.11 Jy beam−1 km s−1) emission
maps of NGC 3227. Labels are as in Fig. 1. The contour levels in the left-
hand panel are at three, five and seven times the noise level and in the
right-hand panel at two, four and six times the noise level. The white ‘plus’
sign in the right-hand panel indicates the location of the continuum peak.
The continuum is unresolved while the line emission is clearly extended.

Figure 4. Integrated spectrum of NGC 3227 showing the 3 mm continuum
and the HCN line with a Gaussian fit (in blue) showing the large velocity
dispersion of the line (FWHM = 207 km s−1).

little originates from the central arcsec. On the other hand, the HCN
emission is dominated by the nucleus itself.

A symmetric Gaussian fit to the data in the uv plane yields a
projected intrinsic FWHM of 0.8 ± 0.3 arcsec. This is consistent
with the FWHM of 1.5 × 1.04 arcsec2 (at PA 47◦) measured from the
reconstructed image, once the finite beam size is taken into account.
It indicates that the line emission is resolved. However, we note that
the long axis of the nuclear emitting region coincides with the minor
axis of the circumnuclear ring, which as Fig. 5 shows is traced by
the CO(2–1) emission. Along this axis, HCN emission from the ring
may be blended with that from the nucleus, which would bias the
size measurement of the nuclear source. We have therefore separated
these contributions by extracting a profile along this position angle
(see Fig. 6) and fitting three independent Gaussians at fixed positions
– representing the nucleus and a cut through the ring on either side –
to the overall HCN profile. One of these, which would be associated
with the ring to the south-west, has a negligible contribution and
so does not appear in the plot. However, the north-east side of the
HCN profile is clearly broadened by a subsidiary peak. Since the
asymmetry of the full profile can be matched by the addition of a
component at the same location as the CO (which arises from the
ring), we conclude that it is associated with the ring. Accounting
for this reduces the observed FWHM of the nuclear component
slightly to 1.28 arcsec. Quadrature correcting the observed 1.28 ×
1.04 arcsec2 size of this component for the beam indicates that the
intrinsic source size may be as small as 0.5 arcsec along both axes,
a little less than implied by direct fitting of the uv data.

As found in NGC 2273, the HCN line in NGC 3227 has a remark-
ably large velocity width. A simple Gaussian fit to the integrated
spectrum in Fig. 4 gives an FWHM of 207 ± 34 km s−1, where,
as before, we have used Monte Carlo techniques to estimate the
uncertainty.

3.3 NGC 4051

A Gaussian fit to the continuum map of NGC 4051 (Fig. 7, left-hand
panel) gives an FWHM of 1.13 × 0.90 arcsec2 at PA = 82◦. Com-
paring this to the 1.07 × 0.72 arcsec2 beam at 80◦ suggests the 3 mm
continuum is basically unresolved. The mean flux density of 0.9 ±
0.2 mJy measured from the integrated spectra (Fig. 8) is consistent
with the 1.02 ± 0.07 mJy from a Gaussian fit to continuum map.

Symmetric Gaussians directly fitted to the uv data give FWHMs
of 0.85 and 1.35 arcsec for the projected intrinsic size of the HCN
and HCO+ lines, respectively (we note that, as before, because
these sizes are derived from the uv data, they are free of beam
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(d) CS(J=7-6)(c) HCO+(J=4-3)

(b) HCN(J=4-3)

330 pc

(a) CO(J=3-2)  
VLSR > 4900 km s-1

Figure 3. Integrated intensity maps of (a) CO(3-2), (b) HCN(4-3), (c) HCO+(4-3), and (d) CS(7-6), in the central 2 kpc region of NGC 7469. The rms noises (1
σ) are 0.23, 0.06, 0.07, and 0.07 Jy beam−1 km s−1 in (a), (b), (c), and (d), respectively. Note that we could not observe CO(3-2) emission at VLSR > 4900 km s−1

due to our spectral setting, thus the displayed map is incomplete (south-east part is deficient). The white filled ellipses indicate the synthesized beams (∼ 0.50′′
× 0.40′′). The central crosses indicate the peak position of the 860 µm continuum (= nucleus). Contours are: (a) -5, 3, 5, 10, 20, 30, ..., and 130 σ, (b) -5, 3, 5,
10, 20, 30, ..., and 70 σ, (c) -5, 3, 5, 10, 20, 30, 40, and 50 σ, (d) -5, 3, and 5 σ, respectively. Negative contours are indicated by dashed lines. See also Section 2
for the velocity ranges integrated over.

is necessary to realize the observed high RHCN/HCO+ in some
AGNs.

6.2.1. XDR, PDR, and MDR chemistry

The molecular abundances and the resultant column-
integrated line intensities of our target molecules under gas-
phase XDRs and PDRs are extensively modeled by Meijerink
& Spaans (2005) and Meijerink et al. (2007). In their XDR
model, RHCN/HCO+ can exceed unity only at the surface of low-
to-moderate density gas (nH ! 105 cm−3) for a hydrogen col-
umn density (NH) of 1022.5 cm−2 or less, where high X-ray
flux (e.g., FX " 10 erg s−1 cm−2) can be expected. However,
for larger NH where the FX is attenuated, the opposite is true.
This is due to the fact that the range of the ionization rate over
which HCO+ abundance is high is much wider than that of
HCN (Lepp & Dalgarno 1996).

We first discuss the RHCN/HCO+ of the CND of NGC 7469
(denoted as N7469 (CND) in Figure 4), which is compara-
ble to those of some SB galaxies such as NGC 253 despite
its high X-ray luminosity (log L2−10keV = 43.2; Brightman &
Nandra 2011). The spectral contamination from the SB ac-
tivity to our beam (∼ 150 pc), on the other hand, would not
be significant considering the age estimated for the most re-
cent star formation episode in the CND (110-190 Myr, Davies

et al. 2007). How is the cooling time scale? For the same rea-
son, we could safely discard the possibility that a mechanical
heating due to SNe being significantly at work there. In addi-
tion, we can not find any morphological and kinematic signa-
ture of a jet-ISM interaction in the high resolution maps of H2
and Brγ emissions (Hicks et al. 2009; Müller-Sánchez et al.
2011). Therefore, at this moment we simply regard that the
CND of NGC 7469 to be a pure giant XDR. The lack of spa-
tial resolution leads us to observe molecular clouds far away
from the nucleus, of which conditions does not meet the Mei-
jerink et al.’s criterion. The geometry of the type-1 nucleus
and the CND with the inclination angle of 30◦-50◦ (Davies
et al. 2004; Hicks et al. 2009; Müller-Sánchez et al. 2011) can
further boost the line-of-sight NH. Under this situation, the
not so high RHCN/HCO+ , which is a spatially integrated one,
would not be inconsistent to the models in Meijerink et al.
2007. Higher resolution observations are desirable to explore
the spatial distribution of the ratio. Probably we can observe
a higher ratio at the innermost regions of the CND.

Here, we also discuss the RHCN/HCO+ in NGC 1068, whose
X-ray luminosity is quite comparable (log L2−10keV = 43.0;
Marinucci et al. 2012) to that of NGC 7469. Again we can
discard the contamination from PDRs or SNe because of the
moderate stellar age in its CND (200-300 Myr; Davies et al.
2007). García-Burillo et al. (2014) found a high RHCN/HCO+ of

No. 5] ALMA Observations of the Active Nucleus of NGC 1097 100-9

Fig. 5. Integrated intensity maps in the central 800 ! 800 (560 pc ! 560 pc) region of NGC 1097, derived by calculating the zeroth moment of the ALMA
data cubes. The cross indicates the peak position of the 860 !m continuum. Both maps are shown on the same intensity scale so as to allow easy
comparison. (a) Integrated intensity map of the HCN (J = 4–3) emission over a velocity range from VLSR = 1160 to 1450 km s"1. The value at the
860 !m peak position is 7.5 Jy beam"1 km s"1, and the source size is estimated to be 1:0034 ! 1:0004 with PA = "9:ı1. The beam size is 1:0050 ! 1:0020
with PA = "72:ı4. The contour levels are 5, 10, 20, ###, 70 " , where 1 " is 0.11 Jy beam"1 km s"1 or 0.60 K km s"1. (b) Integrated intensity map of the
HCO+ (J = 4–3) emission over a velocity range from VLSR = 1215 to 1440 km s"1. The value at the 860 !m peak position is 3.7 Jy beam"1 km s"1,
and the source size is estimated to be 1:0031 ! 1:0006 with PA = "14:ı7. The beam size is 1:0049 ! 1:0018 with PA = "71:ı3. The contour levels are 5, 10,
15, ###, 30 " , where 1 " is 0.11 Jy beam"1 km s"1 or 0.60 K km s"1.

Fig. 6. ALMA band 7 spectra at the 860 !m peak of NGC 1097. Indicated spectral lines are marked at the systemic velocity of the galaxy (1271 km s"1:
Koribalski et al. 2004). We detected CO (J = 3–2), HCN (J = 4–3), and HCO+ (J = 4–3) with > 3 " significance. Other lines are undetected by this
observation. Full line names and line parameters are listed in table 4. The velocity resolutions and rms noise levels are in table 2. Colors indicate the
different spectral windows (spw 0, 1, 2, and 3, from left to right) and the continuum emission has already been subtracted.

profile). We assume that the velocity error is ˙1 channel
(8.3 km s"1). The total integrated flux within the central
r $ 2:005 (175 pc) is 13.6 ˙ 0.2 Jy km s"1 for HCN (J = 4–3),
and 7.8 ˙ 0.2 Jy km s"1 for HCO+ (J = 4–3), respectively.
Even at a degraded % 50 km s"1 resolution, no emission
from the lines indicated in figure 6 was detected other than
HCN (J = 4–3), HCO+ (J = 4–3), and CO (J = 3–2). Upper
limits to the integrated intensities were derived for these unde-
tected transitions assuming a Gaussian profile with an FWHM
similar to ∆v derived for HCN (J = 4–3). By using these

derived values, for example, the H12CN to H13CN line ratio
is > 12.7 (3 " ) on the brightness temperature scale, indicating
that our main target line, HCN (J = 4–3), has # < a few, and is
not severely optically thick, considering the 12C=13C isotopic
ratio obtained so far [e.g., % 50 in Galactic sources: Lucas and
Liszt (1998), > 40 in starburst galaxies: Martı́n et al. (2010)].

It should be noted that among the lines listed in table 4,
HCN (J = 4–3) and HCO+ (J = 4–3) could be observed in
high-redshift objects by using ALMA, since these lines are
relatively strong (detectable), and they are still within the
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CNDs in nearby Seyfert galaxies

Missing link in the scenario of AGN-fueling!!

Example

Striking Role of Circumnuclear Disk (CND)

• We discovered a positive correlation between CND-scale dense molecular mass and AGN power, for the 
first time. CND = direct reservoir of fuel for AGN. 


• Observationally indicate a key direction (= high resolution obs toward the CND-scale). Further higher 
resolution observations are needed to probe the innermost ~10 pc. 
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AGN-driven outflow: key ingredient for galaxy evolution
11

• One possible mechanism to regulate the growth of massive galaxies: co-evolution 


• Multiphase (i.e., ion, atom, molecule) nature. Quantitative assessment of the coupling between AGN 
power and wind properties are investigated in various objects at various redshifts. 


• Little understanding at r < 10 pc (resolution + extinction) → High resolution at sub/mm
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Unite multiphase gas feeding, feedback, and obscuration

• Torus = immediate reservoir of fuel for 
SMBH growth: need to understand
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Robson 1996 
“Active Galactic Nuclei” 
p. 334 

from ~100 kpc 
to less than 1 pc 

Robson 1996

“Active Galactic Nuclei”

p. 334

Urry & Padovani 1995, PASP, 107, 803

Type-1 Type-2

Polarlized

Type-1

Type-2

Hα

λ (Å)

Unified scheme

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

• Torus = nice idea to understand the type-1 and type-2 
variation of AGN appearance in a unified manner. 
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Progress of Torus observations
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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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• 2-components fit 
→ Hot (T > 800 K) & Warm (T 
= 320 K)


• Size (hot) < Size (warm)

Pc-scale structure!

Jaffe et al. 2004, Nature

• NIR/MIR interferometry: direct imaging of 
compact tori


• Observed “visibility” + SED ⇄ Emission 
distribution model

maser disk (PAmaser = 140° ± 5°; GR96, GA01). The minor-
to-major axis ratio of the dust torus is ;0.8 ± 0.1, an indication
that the disk is spatially resolved along its minor axis.
Moreover, the residuals of the fit show polar emission that
extends south to west out to a distance of ∼10 pc relative to the
torus major axis (Figure 1(b)). The enhanced spatial resolution
of the uniformly weighted data set better illustrates the
goodness of the fit (Figure 1(c)).

Figure 2(a) shows the CO(6–5) intensity map of the CND
obtained by integrating the line emission in the velocity interval
- = - +v v 250, 250o [ ] km s−1. The CO emission from the

east and west knots of the CND is comparatively more
prominent than in the continuum image shown in Figure 1,
which likely reflects the higher percentage of flux recovered for
the line on scales �2″.

Figure 2(b) shows the mean-velocity field of the gas in the
CND. The gas kinematics derived from the new observations
are compatible with the picture drawn from GB14: gas motions
in the CND show a superposition of outward radial flows on
rotation. The molecular outflow is responsible for tilting the
kinematic major axis by ;70° from PA ; 260° in the outer
galaxy disk to PA ; 330° in the CND.

Furthermore, ALMA detects the CO emission from a
spatially resolved lopsided disk located at the AGN, as
illustrated in Figure 3. The size (diameter ; 10 ± 1 pc,
minor-to-major axis ratio ;0.5±0.1) and orientation

= n o nPA 112 20major( ) of the CO disk, hereafter referred to
as the CO torus, are close to those derived above for the dust
torus. The orientation of the CO torus is virtually identical to
that of the radio-continuum source S1 resolved in the VLBA
map of Gallimore et al. (2004). Figure 3 shows no significant
CO counterpart for the polar emission of the dust torus.
(2.) The mass of the torus. From the continuum flux of the

dust torus at 432 μm, ;13.8 ± 1 mJy, we estimate a dust mass
of ~M M1600dust

torus
☉, assuming that a maximum of ∼18% of

the flux at 694 GHz may come from other mechanisms
different than thermal dust emission (GB14). To estimate
Mdust

torus we used a modified black-body function with a dust
temperature Tdust ; Tgas = 150 K, an emissivity index β = 2,
and a value for the dust emissivity κ694 GHz = 0.34 m2 kg−1.
The values of Tdust and κ694 GHz are based on the analysis of the
line excitation and SED fitting done in GB14 and Viti et al.
(2014), and on the adoption of a value for
κ352 GHz = 0.0865 m2 kg−1 (Klaas et al. 2001). Assuming that
the gas-to-dust ratio in the central 2 kpc of NGC 1068 is ;60
(GB14), we derive a molecular gas mass for the
torus = o ´M M1 0.3 10gas

torus 5( ) ☉.

4. CLUMPY TORUS MODELS

We combined the ALMA Band 9 continuum thermal flux
with the NIR/MIR continuum and MIR interferometry data
obtained by several groups in apertures �0 05–0 3 to
construct the nuclear SED of NGC 1068 from 1.65 μm to
432 μm (Marco & Alloin 2000; Tomono et al. 2001; Weigelt
et al. 2004; López-Gonzaga et al. 2014; this work). We also
included as an upper limit the ALMA Cycle 0 Band 7
continuum flux from GB14. The 8–13 μm spectrum is the sum
of components 1 and 2 in López-Gonzaga et al. (2014). We

Figure 2. (a) The CO(6–5) intensity map of the CND of NGC 1068. The color
scale and contours span the range: 3σ, 5σ, 9σ, 12σ, 15σ to 40σ in steps of 5σ,
where 1σ = 0.34 Jy km s−1beam−1. The filled ellipse at the bottom left corner
represents the CO(6–5) beam size (0 07 × 0 05 at PA = 60°). (b) The CO
(6–5) mean-velocity map (color scale). The dashed polygon identifies the
region where significant (>5σ) emission was detected in GB14. Velocities refer
to vo(HEL) = 1136 km s−1.

Figure 3. Overlay of the continuum emission contours of Figure 1 on the
CO(6–5) emission (color scale) from the AGN torus. Units are in
Jy km s−1beam−1.
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432μm cont.

CO(6-5)
7 pc

NGC 1068

Figure 2. Integrated intensity (moment 0; top), intensity-weighted mean velocity (moment 1; middle), and intensity-weighted velocity dispersion (moment 2; bottom)
maps of HCN J=3–2 and HCO+ J=3–2 emission lines for the compact nuclear emission components, created from the data (a). The contours are 3σ, 6σ, and 9σ
for the moment 0 maps of HCN J=3–2 and HCO+ J=3–2. For the moment 1 and 2 maps, an appropriate cutoff was applied to prevent the resulting maps from
being dominated by noise. The coordinates are ICRS. The mass-accreting SMBH position at (02h42m40 710, −00°00′47 94)ICRS is indicated by black crosses. The
length corresponding to 5 pc is indicated by the solid line. The synthesized beam sizes (0 04–0 07) are shown as filled or open circles in the lower left part of each
figure.
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Jet

• Finally, ALMA started to detect cold 
parts of tori (line + continuum)!


• More extended (~10 pc) than the 
hot/warm components  
→ T-dependence


• Rotation motion was also detected
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S. García-Burillo et al.: ALMA images the many faces of the NGC 1068 torus and its surroundings

Fig. 11. Left panel: CO(2–1) map of the central r ≤ 0′′.28 (≃20 pc) region around the central engine of NGC 1068 obtained using the MSR data
set, as defined in Table 1. The image shows the molecular torus or disk and its connections. The map is shown in gray-filled contour levels:
-2.5σ (dashed), 2.5σ, 5σ, 7σ, 10σ, 15σ, 20σ, and 30σ, where 1σ = 13 mJy km s−1 beam−1. Middle panel: same as left panel but showing the
CO(3–2) map. Contour spacing is −2.5σ (dashed), 2.5σ, 5σ, 10σ, 10σ, 20σ, 35σ, 50σ, and 65σ, where 1σ = 27 mJy km s−1 beam−1. Right
panel: same as left panel but showing the HCO+(4–3) map. Contour spacing is −2.5σ (dashed), 2.5σ, 5σ, 7σ, 12σ, 20σ, and 30σ, where
1σ = 33 mJy km s−1 beam−1. The dashed green (red) ellipses represent the FWHM sizes (full-sizes at a 3σ-level) of the Gaussian fits to the
distribution of intensities of the three transitions imaged in the torus prior to deconvolution, as listed in Table 2. The position of the AGN is
identified by the blue star marker. The yellow filled ellipses in the bottom right corners of the panels represent the beam sizes of ALMA.

line emission at the northern region of the CND: Fig. 10 shows
that the mean-velocity predicted by the best-fit model found by
kinemetry (vkin) is shifted by ≃ + 100 km s−1 relative to the
radial velocity attributable to circular motions (vcir). A similar
blueshift of CO lines relative to the predicted motions due to
circular rotation at the southern region CND is also explained.
However, the observed line splitting and the implied extreme
broadening of the spectra illustrated by Fig. 10 strongly suggest
that the molecular gas in the CND has also been forced to leave
the plane of the galaxy and has therefore adopted a 3D shell-like
geometry. We defer to Sects. 6 and 7 for a more detailed dis-
cussion of the kinematics of the large-scale outflow and its rela-
tion to the dynamics of the molecular torus and its immediate
surroundings.

5. Molecular line emission: the torus

5.1. Morphology, size, and orientation

Figure 11 shows a zoom on the inner r ≤ 20 pc region of the
CO and HCO+ maps around the position of the AGN. The maps
were obtained using the MSR data set, as defined in Table 1. We
also show in Fig. 12 the maps obtained using the HSR data set
(see Table 1).

The images shown in Figs. 11 and 12 prove the existence
of a spatially resolved molecular disk or torus that extends over
a significantly large range of spatial scales ≃10−30 pc around
the central engine. This result adds supporting evidence for
the existence of a spatially resolved molecular disk or torus in
NGC 1068, which has been claimed based on previous high-
resolution ALMA images of the galaxy obtained in a different
set of molecular lines and dust continuum emission: CO(6–5)
and dust emission (García-Burillo et al. 2016; Gallimore et al.
2016); HCN(3–2) and HCO+(3–2) (Imanishi et al. 2016, 2018;
Impellizzeri et al. 2019).

Table 2 lists the size, position, and orientation of the molecu-
lar disks identified in Fig. 11, derived using elliptical Gaussians

to fit the images in the plane of the sky8. We also list the sizes
and orientations derived after deconvolution by the correspond-
ing beams at each frequency.

The physical parameters listed in Table 2 differ notably
depending on the line transition used to image the torus, a result
that brings into light the many faces of the molecular torus in
NGC 1068. As a common pattern, the torus is shifted overall
≃0.7−2 pc east relative to the AGN. However, the off-centering is
a factor of ≃2−3 larger in the CO lines compared to that derived
in HCO+(4–3). Furthermore, there is a clear trend showing com-
paratively larger sizes for the torus (Dmajor) imaged in the lower-
density tracers. In particular, the deconvolved FWHM-sizes of
the torus go from ≃15 ± 0.3 pc in CO(2–1) to ≃13 ± 0.3 pc in
CO(3–2), and down to ≃6±0.3 pc in HCO+(4–3). The equivalent
full sizes of the tori, defined as the sizes of the disks measured
at a ≃3σ intensity level of the Gaussian used in the fit, range
from ≃28 ± 0.6 pc in CO(2–1), to ≃26 ± 0.6 pc in CO(3–2), and
≃11 ± 0.6 pc in HCO+(4–3).

The orientations of the molecular tori, measured anticlock-
wise from north, are found within the range PA ⊂ [112◦−138◦] ±
5◦. This range encompasses, within the errors, the values pre-
viously reported for the CO(6–5) and dust continuum tori
(PACO(6−5) = 112◦±20◦; PAdust = 143◦±23◦; García-Burillo et al.
2016; Gallimore et al. 2016), as well as for the maser disk
(PAmaser = 140◦±5◦;Greenhill et al. 1996;Gallimore et al. 2001).

The orientation of the molecular torus, PA= 113◦, derived
from the average of the values listed in Table 2, is roughly per-
pendicular to the orientation of the jet and the ionized wind axes
(PA ≃ 10−30◦ ± 5◦). Furthermore, the molecular torus is closely
aligned with the ≃1–1.5 pc scale disk imaged in radio contin-
uum by Gallimore et al. (2004). The described geometry adds
supporting evidence that this is the orientation of the accretion
disk in NGC 1068. In this context it is noteworthy that a recent
high-resolution radio continuum imaging of four low-luminosity
8 We opted to use the images obtained from the MSR data set to derive
the physical parameters of the torus so as to take advantage of the higher
sensitivity of these data.
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Fig. 13. Overlay of the continuum emission, at the (rest) frequency range 350.6–351.1 GHz (Icont; contours), on the velocity-integrated CO(3–2)
maps (ICO; color scale) in the central ∆x × ∆y = 100 pc × 100 pc regions of the core sample of GATOS galaxies. We also include the CO
and continuum images of NGC 1068 (García-Burillo et al. 2019) and NGC 3227 (Alonso-Herrero et al. 2019). In NGC 1068 we use the 694 GHz
continuum map of García-Burillo et al. (2016) to better identify the dusty torus. The continuum maps are shown using (black) contour levels with
a logarithmic spacing from 3σcont to 90% of the peak intensity in steps of ∼0.16 dex on average. The CO(3–2) maps are displayed in (linear)
color scale spanning the range [3σCO, Imax

CO ] in units of Jy km s−1. The values of σcont and σCO for each galaxy are listed in Table 2. The (gray)
filled ellipses at the bottom left corners of the panels represent the beam sizes of the observations. The AGN positions are highlighted by the star
markers. The orientation, extent, and geometry of the ionized winds are illustrated as in Figs. 2–4. All images have been obtained from the ALMA
MSR datasets.
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and 236° at r=0.4 pc; Greenhill et al. 2003). An inclination
angle estimated from the above deconvolution, by assuming that
the molecular gas is distributed in a circular disk, is ;63°. This
angle is again fully consistent with that of the galactic-scale H I
gas distribution, but is smaller than that of the nuclear MIR disk
(>75°, Tristram et al. 2014). The global inclination angle we
obtained is also smaller than that (∼75°) required in Wada et al.
(2016) to reproduce the continuum SED of Circinus with the
multiphase dynamic torus model. One plausible and simple
explanation is that the CND of Circinus is warped from the center
(i.e., the edge-on disk seen as the H2O maser disk, Greenhill et al.
2003) to the outward edge. This is in agreement with the
observation that the orientation of a large-scale gas/stellar
distribution is unrelated to that of the radio jet, i.e., the polar
direction of a presumed torus (Clarke et al. 1998; Nagar &
Wilson 1999).

We found good spatial coincidence between the Band 7
continuum distribution and the CND. Thus, the CND also
delineates the outer boundary of the warm dust structure
(Mezcua et al. 2016), which would collimate the Hα emission,
as shown in Section 3. Note that we suppose that the
northwestern part of spiral arm 2 (see also Figure 6(b)) is at
the far side with respect to the Hα cone: otherwise, the cone is
obscured by cold dusty gas. The apex of the Hα cone barely
appears because this CND is inclined. Meanwhile, the other
side (i.e., southeastern side) of the Hα cone is completely
obscured by the CND, although that side is partially visible at
longer wavelength emission lines such as Paα (Maiolino
et al. 2000; Mezcua et al. 2016).

Owing to the much higher S/N (Table 2) than the Band 7
continuum map, our CO(3–2) integrated intensity map reveals
a wealth of detail in this CND. The gas distribution there is not
uniform with the off-centered peak position (20.8 Jy
beam−1 km s−1; marked as the diamond in Figure 7) at ∼1″
northeast of the nucleus (18.0 Jy beam−1 km s−1). This offset
would be unaffected by spatial filtering given the much larger
maximum recoverable scale (∼7″) of our observations

(Section 2). The spatial offset of the CO peaks with respect to
the exact AGN position is consistent with the highly
inhomogeneous nature of CO brightness distributions simulated
with our multiphase dynamic torus model (Wada et al. 2018).
We estimate the molecular mass of the CND to be

´ M M3 10H
6

2 , as follows. Here, we define the extent of
the CND as that of the above beam-deconvolved source size
(3 62×1 66, PA=212°.0). We assume that the CO(3–2)
emission there (integrated intensity=805 Jy km s−1) is therma-
lized with that of CO(1–0) and use the standard equation (Solomon
& Vanden Bout 2005) to calculate its line luminosity as
¢ = ´-( )L 3.85 10CO 1 0

6 Kkm s−1 pc2. Then, by applying the
canonical CO conversion factor in active environments
(a =- ( ) M0.8CO 1 0 (Kkm s−1 pc2)−1, Downes& Solomon 1998;
Bolatto et al. 2013), the above MH2 is obtained. In the same
manner, we also estimate the line-of-sight H2 column density
toward the AGN position from the CO(3–2) integrated intensity
(18.0 Jy beam−1 km s−1, or 2675 K km s−1) as = ´N 5.4H2

1023 cm−2. Note that we expect this NH2 to remain the lower limit
of the true line-of-sight column density due to beam dilution. For
example, given the ∼3 K brightness temperature of the Band 7
continuum emission at the AGN position, we may expecta few
to even ∼10× larger NH2 if the true physical temperature of the
cold dust is, e.g.,30K (with a modest opacity). Moreover, if αCO
is larger than the above canonical value by a factor of ∼4–5, as
expected in recent radiative transfer simulations of multiple CO
lines (Wada et al. 2018), we will also obtain a correspondingly
larger MH2 and NH2. Thus, this CND would provide a significant
fraction of the Compton-thick material toward the Circinus AGN
NH=(6.6–10)×1024 cm−2, Arévalo et al. 2014). This is
consistent with the results of our multiphase dynamic torus model
applied to Circinus (Wada et al. 2016), which required additional
nuclear obscuration by the CND-scale cold ISM to the obscuration
by the central warm ISM, to fully reproduce the SED of this AGN.
Hence, we suggest that the CND indeed operates as a significant
part of the nuclear obscurer.

Figure 7. (a) A zoomed-in view of Figure 6(a) at the central 10″×10″ (or ∼200×200 pc2) box, shown in both color scale (Jy beam−1 km s−1) and contours
(5×2(n − 1)/2σ with n=1, 2, ..., and 15, where 1σ=0.026 Jy beam−1 km s−1 or 3.8 K km s−1). The synthesized beam (0 29×0 24) is shown at the bottom left
corner as a white ellipse. The primary beam attenuation is uncorrected. (b) Overlay of the CO(3–2) distribution (contours; levels as in panel (a)) on the Hα image
(color scale in units of counts s−1 pixel−1). In each panel, the central plus sign indicates the AGN location, whereas the diamond indicates the peak position of the
CO(3–2) integrated intensity.
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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

• Polar elongation@MIR continuum!?  
→ Inconsistent with the postulated equatorial distribution in the torus


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


• See more recent images by VLTI/MATISSE

J. W. Isbell et al.: The dusty heart of Circinus

Fig. 3: Compilation of MATISSE images reconstructed independently in each wavelength bin. Pixel scale and field of view are
matched in all panels. The FWHM of the beam is shown in the bottom right corner of each panel. The top row consists of images
of the continuum emission, and the bottom row holds the images within the Si absorption feature. The bottom row also includes the
reconstructed VISIR-SAM image (panel h), which has the field of view of the MATISSE images overlayed. All images are scaled
to the power of 0.6. Contours are drawn at 5× the mean image error in each wavelength channel (see §3.1.1).

Fig. 4: N-band continuum image and component labels. In the (left) panel, we show the flux-weighted mean MATISSE image –
a proxy for an N-band continuum image. Contours are drawn at 5× the flux-weighted mean of the individual image errors. The
cyan dashed ellipses represent the FWHM of the Gaussians fitted to MIDI observations of Circinus by T14. In the (center) panel
we show the same image as a contour map with levels at [5, 10, 20, 40, 80]× the 5× the flux-weighted mean of the individual image
errors. Key morphological features are labeled: the 1.9 pc disk with i ! 83◦, the polar emission, and the polar flux enhancement.
In the (right) panel we show the same image with the Greenhill et al. (2003) masers overplotted. The black dashed line represents
the direction of the radio jet (Elmouttie et al. 1998). The cyan lines show the central PA and opening angle of the optical ionization
cone (Fischer et al. 2013). Pixel scale and field of view are matched in both panels. All images and contours are scaled to the power
of 0.65. The FWHM of the beam is shown in the bottom right corner of each panel. North is up and east is to the left.

which varies with wavelength is the pair of arc-like emission fea-
tures ∼ 100 mas to the NE and SW of the photocenter in the 9.7
µm image. These appear to correspond to the secondary peaks
of the dirty beam (D.1). Finally, we assume that structures in
the continuum should vary smoothly between adjacent imaging

bins, and so we only consider those structures which are present
in both the 8.5 and 8.9 µm images and those structures which
are in all of the 11.3, 12.0, and 12.7 µm images to be real. We
take the flux-weighted average of these five continuum images
to produce a proxy for an N-band image. This is shown in Fig.
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• Dusty cone can reproduce the observed 
MIR distribution → How to make this 
vertical structure??

Stalevski et al. 2017
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Unite multiphase gas feeding, feedback, and obscuration

X-ray + Radiation pressure → Multi-phase Outflow → Failed wind

• Radiation-driven fountain flows can naturally provide a geometrically thick obscuration. 


• MIR polar elongation is also reproduced (due to dusty warm outflows) 

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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Our previous work: Multiphase Gas Distribution

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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The Astrophysical Journal Letters, 828:L19 (7pp), 2016 September 10 Wada, Schartmann, & Meijerink

Wada et al. 2016,  
ApJL, 828, 19

• Target: Circinus galaxy  
(D = 4.2 Mpc; 1” = 20 pc)

•MBH, λEdd, CND-scale Mgas: 

matched to the values of 
Circinus

•Hydrodynamic simulation 

+ XDR chemistry + 
radiative transfer 

•NAOJ’s supercomputer 

“ATERUI”

• Prepared for ALMA 

observations by post-
processed radiative 
transfer calculations.
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Spatially Resolved Picture of the Circinus Galaxy

ATCA HI map (Jones et al. 1999)

• Zoom-in view from the large HI disk 
(~50’) all the way down to the central 
HCN(3-2) disk (~0.1”). 


• Now we travel over 30,000× scales! 


• Demonstrate the great capability of 
ALMA. Finally we did it!! 

• MBH = 1.7 × 106 Msun, 


• L2-10keV ~4 × 1042 erg/s 
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Dense Molecular Gas: HCN(3-2)

• Deep cont. absorption → “inverse P-Cygni” profile = inflow! 

• Simple two-layer model indicates Vin = 7.4 ± 1.0 km/s 

• Mdot,in ~ 0.20 - 0.34 Msun/yr (assumed density = ncrit)

• c.f. Mdot,BH = 0.006 Msun/yr (from 2-10 keV X-ray): ~3% of Mdot,in

Fr
on

t l
ay

er

Re
ar

 la
ye

r

(C
M

B)

~0.20 - 0.34 Msun/yr

fit region 

(Vsys +100 km/s)

Vin = 7.4 ± 1.0 km/s

First detection!
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Fig. 3.— Greenhill et al.,

ResidualModelHCN(3-2) Data

+

Greenhill et al. 2003

22GHz H2O maser

(VLBI)

20
3D Modeling of Gas Dynamics (tilted ring scheme)

• Tilted-ring model (3DBarolo; Di Teodoro & 
Fraternali 2015)  
→ Decompose Vrot and σdisp 


• HCN(3-2) clearly shows Kepler motion that is 
consistent with the H2O maser dynamics. 
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Rotation Curve

MBH = (2.0 ± 0.1) × 106 Msun  
→ Consistent with H2O maser

• Successfully constrained from ~100 
pc scale down to the central sub-pc 


• Keplerian motion is evident around 
the SMBH
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Gravitational Instability Drives Accretion!

• Gas mass: from HCN(3-2) critical 
density 


• Gas velocity: from Vrot curve 


• Disk geometry: from σ/Vrot


• Toomre-Q < 1 at r > 1 pc: 
gravitational instability can drive 
the accretion 


• But it is NOT sufficient at r < 1 pc! 


• Maybe, a very dense (n > 108 cm-3) 
disk is not well captured by 
HCN(3-2). 
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Parsec-scale Ionized Gas: H36α

H36α

white contour: HCN(3-2)

• Conical distribution is found, consistent with [OIII] and Hα. 


• H36α is very broad → innermost part of the ionized outflow! 


• Almost symmetric profile, which is not the case for NIR coronal 
lines → Submm-RLs as an extinction-free probe of ionized gas!  


• Ionized outflow rate ~ 0.04 Msun/yr (w/ LTE) 
(c.f., Mdot,in ~ 0.20-0.34 Msun/yr, Mdot,BH = 0.006 Msun/yr)

1 pc

(a) H36α
distribution 35°

Vsys = 446 km/s

Broad comp.  
(blue-side)

(b) H36α

Blue tail 
up to -450 km/s

(c) NIR coronal line
(Jy/beam*km/s unit)

No red tail  
(obscured?)Broad comp.  

(red-side)

Vsys 

= 446 km/s

dusty torus?

Fig.2. (a) Same as Fig.1d, but eye-guide to the conical horn-like feature is shown. The half opening
angle is ∼ 35◦. The central plus indicates the AGN position. (b) H36α line profile measured with
a synthesized beam (0′′.06 × 0′′.04) at the AGN position. The peak flux density is 1.61 mJy beam−1

(1σ = 0.22 mJy beam−1 at a velocity resolution of 75 km s−1). Also shown is the CO(3-2) profile
normalized by its peak, taken with a 0′′.14 beam. The H36α line is much broader than the CO(3-2)
line, with significant extents on both the blue- and the red-side. (c) NIR coronal line profiles measured
with a 0′′.2 aperture (Müller-Sánchez+06). There is only a blue-tail, and no red-tail is seen.

Moreover, the high angular resolution of ALMA (< 0′′.1) will allow us to probe the central subpc-
scale region for the case of the nearest AGNs, which should provide an epoch-making view on the
detailed structures and dynamics of the innermost dusty part of the NLR and associated outflows.

The Circinus galaxy: an ideal laboratory to demonstrate the power of submm-RLs

Our target of this program is the Circinus galaxy, one of the nearest AGNs (D = 4.2 Mpc, 1′′ = 20
pc). It contains a type-2 Compton-thick nucleus with an intrinsic 2–10 keV luminosity of ∼ 3 × 1042

erg s−1 (Arévalo+14). A rotating H2O maser disk at the central r < 0.4 pc indicates a nearly edge-on
geometry of dense molecular gas there (Greenhill+03). It shows a one-sided ionization cone with
outflowing gas perpendicular to the maser disk, extending up to kpc-scale in Hα, [OIII], and coronal
emission lines (e.g., Marconi+94; Muller Sanchez+06, Fig.1a). The r < 100 pc star formation rate is
very small (∼ 0.1 M⊙ yr−1; Esquej+14), manifesting that the AGN is the main driver of the ionized
outflows. The central r ∼ 30− 40 pc region is particularly rich in molecular gas (MH2 ∼ 3× 106 M⊙)
as seen in the CO(3-2) map (Izumi+18; Fig.1b), which provides a substantial dust extinction. The
proximity and these characteristics make the Circinus galaxy an ideal laboratory to demonstrate the
power of submm-RL as a new probe of the (sub)pc-scale ionized outflows.

Discovery of the obscured ionized outflow: With the above motivation, we inspected two
very high resolution (θ < 0′′.1) archival ALMA data of the Circinus galaxy. First, we found that
HCN(3-2) emission (#2018.1.00581.S), a tracer of very dense gas (critical density ∼ 4 × 106 cm−3),
is clearly concentrated toward the central pc-scale (Fig.1c). This is consistent with the H2O maser
distribution (Greenhill+03), which is likely to be the mid-plane of the obscuring torus. Relative to
this, we found that submm-RL H36α (νrest = 135.286 GHz, 0′′.06×0′′.04 = 1.2 pc × 0.8 pc resolution;
#2017.1.00575.S) distribution is almost perpendicular (Fig.1d), with a conical horn-like shape.
Its direction and the half opening angle (∼ 35◦, Fig.2a) are well consistent with those of the large-
scale NLR as seen in, e.g., [OIII] (Fig.1a). In addition, the H36α line profile is much broader than
CO(3-2) profile taken at a much larger beam (Fig.2b). This H36α line profile looks almost symmetric
relative to the systemic velocity. This is inconsistent with NIR coronal line profiles measured at 0′′.2 (4
pc) resolution (Müller-Sánchez+06; Fig.2c), which is highly skewed to the blue-side: it is conceivable
that the red wing (receding outflow) is obscured by a dusty torus, making it invisible at this short
wavelength. All of these strongly support that this H36α emission traces the (sub)pc-scale
region (launching point) of the AGN-driven ionized outflow in the extinction-free manner.
However, due to the limited resolution (0′′.06× 0′′.04) and sensitivity (0.22 mJy beam−1 at a velocity
resolution of 75 km s−1), we cannot investigate the followings with the current data.
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Where is the Remaining Mass? Atomic-dominant Outflow
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PVD along kin. min. axis

• Offset peaks in the minor axis PVD: prominent in [CI]  
→ indication of atomic-dominant outflow!  


• Geometry is unresolved, but is well-constrained by H36α cone.  
→ Atoms reside outside of the ionization cone


• Outflow velocity < 40 km/s @r~1-2 pc (slow)  
→ Backflow to the disk (circulation)

Izumi et al. 2018c
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Multiphase Torus Geometry

(~
H

/R
)

[CI](1-0) = thick disk

HCN(3-2) = thin disk

• Geometrical structure, or disk scale height/
radius, depends on the phase/density of the 
gas → multiphase obscuring structure!  

• Turbulence induced by the backflow would 
support the thickness of the CI disk. 

[CI](1-0)

• Expected H-column density and/or AV above the 
nearly edge-on disk (LTE)  
→ NH = (4–9) × 1023 cm-2 or AV = 210—440 mag. 


• This thick disk provides a substantial obscuration 
= obscuring torus. 



Circumnuclear multiphase gas flows
26

•We have for the first time ever detected 
the pc-scale dense molecular inflow. 

• Only a tiny portion (< 3%) of this inflow is 

consumed as the actual SMBH growth. 

•We have for the first time ever detected 

pc-scale ionized outflows w/o severe 
dust extinction: root-part of outflows 

• A bulk portion of the inflow must be 

carried by atomic (+ molecular) 
outflows: eventually become backflows. 

• Atomic gas forms a geometrically thicker 

volume than dense molecular disk → 
multiphase nature of obscuration (torus) 

In AGN: Izumi et al. 2023



Significant Advancement over the past ~25 yrs
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864 S.J. Curran et al.: A molecular ring in the Circinus galaxy

at 115 GHz, 1500 K (Schottky) and 800 K (SIS) at 230 GHz,
and 700 K at 345 GHz. The HPBWs are 45′′, 22′′ and 15′′,
respectively. The backends were acousto-optical spectrometers
with 1440 or 1600 channels and a channelwidth of 0.7MHz.We
used dual-beam switching with a throw of about 12′ in azimuth,
with pointing errors being typically 3′′ r.m.s. on each axis. The
intensity was calibrated using the chopper-wheel method.

Between 1988 and 1993 several attempts were made to im-
prove the surface accuracy of the telescope, so we expect the
beamparameters to have changedbetween the two epochs. In or-
der to account for this discrepancy, we have used the CO 2 → 1
data, taken in 1988 and 1993, to get a consistent intensity scale
over the whole frequency range. The main beam efficiencies
applied to the data are 0.72, 0.60 and 0.33 for the CO 1 → 0,
2 → 1 and 3 → 2 transitions, respectively. For a more de-
tailed discussion of SEST beam efficiencies see Johansson et
al. (1991).

2.2. Results

In Figs. 1 and 2we showcontourmaps of the integrated emission
and central spectra, respectively, of the three lowest rotational
transitions of CO. In Fig. 1 the contour map shows the inte-
grated CO 1 → 0 emission (the contour levels range from 20 to
96 K km s−1 in steps of 19 K km s−1) observed with a position
angle of 210◦ Freeman et al. (1977), the middle and the bottom
figures are corresponding maps for the 2 → 1 (the contour lev-
els range from 28 to 128 K km s−1 in steps of 25 K km s−1) and
3 → 2 (the contour levels range from 16 to 80 K km s−1 in steps
of 16 K km s−1) transitions, respectively. The contour levels are
in the T ∗

A
scale and the observed points are indicated. The con-

tour maps indicate slightly different peak positions. However
the differences are within the pointing errors and are thus not
considered to be significant, although excitation effects cannot
be ruled out.

Assuming that the CO emission follows aGaussian distribu-
tion in radius and correcting for the beam smearing, the emission
extents are 40′′, 35′′ and 20′′ for the CO 1 → 0, 2 → 1 and
3 → 2 transitions, respectively. This shows that the excitation
of the CO varies with distance from the centre; whether the ki-
netic temperature or the hydrogen density or both follow this
decrease cannot be determined from the CO data alone.

Since the CO 3 → 2 beam width of 15′′ corresponds to
a linear resolution of ∼ 300 pc, compared with >

∼ 400 pc for
the CO 2 → 1 beam, we expected the ring apparent in the de-
convolved 2 → 1 map of Johansson et al. (1991) to be visible
in a map of this data. As seen from Fig. 1 any complex structure
apparent in the map of Johansson et al. (1991) is not seen in
the CO 3 → 2 data. Again varying excitation conditions may
provide an explanation to the observed discrepancy.

3. Discussion

3.1. General

Figs. 3 and 4 (left) show the observed radial velocity distribu-
tions of the CO 3 → 2 and 2 → 1 emission. In these figures

Fig. 1. Contour maps of the integrated CO emission; 1 → 0 (top),
2 → 1 (middle) and 3 → 2 (bottom). See the main text for details

the fuller contours represent emission integrated over velocities

Curran et al. 1998

300 pc

Izumi et al. 2023
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2. Astrochemistry as a tool for Astrophysics

Arp220 / NASA, ESA, and C.Wilson

AV ~ 2000 mag (!?)

My motivation: to identify the obscured activity

Trouille et al. 2011
AGN

Starburst

(HII)

Composite



29

Arp220 / NASA, ESA, and C.Wilson

Toward a diagnostic method of nuclei behind the curtain of dust

• Different heating mechanisms (AGN, starburst) will produce different signature 
on ISM


• Photo dissociation region (PDR), X-ray dominated region (XDR), Cosmic-
ray, Mechanical heating  
 → chemical feedback



Hopkins et al. 2008

SFR

BH accretion

Role of Obscured AGN in the cosmological SMBH growth?
30

Kormendy & Ho 2013, ARA&A, 51, 511

MBH/Mbulge ~ 1/1000-1/100 • Obscured, rapid growth phase in 
the co-evolution of SMBHs and 
galaxies. 


• Now we see this class of object 
even at z > 7 (Fujimoto+22)
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Figure 1: | Hubble Space Telescope near-infrared images and spectrum of GNz7q. The spectrum and
photometry show a strong Lyman break at λobs ∼ 1.0 µm. The top panels show the HST image cutouts
(5′′ × 5′′). The source is unresolved in all deep HST images up to the reddest filter available at 1.6 µm
(WFC3/IR F160W). In the bottom panel, the black squares and gray dots respectively show the broadband
photometry and the slitless spectrum binned by a factor of 4 relative to the nominal pixel scale. The error
bars denote 1σ uncertainties. The labeled black bars indicate the expected wavelengths for the main emission
lines based on the [C II] 158-µm line redshift of GNz7q at z = 7.1899. The blue curve represents a
composite spectrum of SDSS optically luminous blue quasars10 at 1 < z < 2, while the red curve shows
a red quasar at z = 3.11 (SDSS spec-6839-56425-146)11 whose FUV spectrum resembles that of GNz7q.
Both of the lower-z quasar spectra are shifted to z = 7.1899, normalized at 1.2 µm, and binned to the same
spectral resolution as the GNz7q spectrum. The large open circles show the quasar templates integrated
through the HST filter passbands. The bandpasses of the ACS/F850LP and WFC3/F105W filters shown at
the bottom straddle the spectral break, explaining the faint detection in the former and the suppressed flux
density relative to the continuum in the latter.
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Figure 2: | The spectral energy distribution of GNz7q from optical to radio wavelengths. Photome-
try is shown for data from HST (0.8–1.6µm), Spitzer (3.6–24µm), Herschel (80–500µm), JCMT (450 and
850µm), NOEMA (1 and 3 mm) and VLA (3 and 20 cm) in the GOODS-North field (Extended Data Ta-
ble 1). Triangles indicate 3σ upper limits. The sum of the best-fit quasar/AGN (black solid) and galaxy
(black dashed) templates is shown as a red curve. The radio detection at 20 cm is consistent with the enor-
mous implied SFR of the host galaxy (see Methods). For comparison, we also show the SEDs of other source
populations at similar redshifts: optically-luminous blue quasars at z = 7.54 (J1342+09284; blue squares)
and z = 7.08 (J1120+06413; blue stars), and a dusty starburst at z = 6.90 (SPT0311-58W29; orange cir-
cles). The blue curve is drawn with the quasar/AGN template normalized to J1120+6410’s rest-frame UV
emission. The orange curve is the best-fit SED for SPT0311-58W, taken from the literature29. The SED of
GNz7q falls between these two categories of the dusty starburst and the blue quasar, representing a transient
phase between them.

10

Fujimoto et al. 2022
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2148 Y. Ni et al.

Figure 14. 2D histogram of optical depth in the UV band (τ 1450) due to
dust grains versus the corresponding NH for the entire AGN population with
LX > 1043 erg s−1 at z = 7. The histogram is based on all lines of sight (i.e.
972 lines of sight for every AGN with LX > 1043 erg s−1 at z = 7.0).

more likely to yield higher levels of dust extinction. This in turn
implies that the variations in metallicity along the lines of sight is
subdominant compared to the density variations.

With knowledge of UV-band extinction for each line of sight, we
can predict the dust-extincted UVLF of QSOs taking into account
the angular variation of dust extinction. The solid blue line in Fig. 15
shows the intrinsic UVLF at z = 7. To predict the dust-extincted
UVLF, we collect all the realizations of the dust-extincted UVLF
observed from the 972 different lines of sight and take the average
value, which we plot with a black solid line in Fig. 15. The grey
shaded area gives the estimated error from the 2σ bounds of the
972 collections of dust-extincted UVLFs.

We can see that the dust-extincted UVLF is about 1.5 dex lower
than the intrinsic UVLF, implying that more than 99 per cent of the
z ∼ 7 AGNs are heavily dust extincted and might be missed by
UV-band observations. Observations of z > 7 QSOs also lead to
inference of a high level of obscuration in the UV band. Analysis
based on the UV spectra of two z > 7 QSOs (Davies et al. 2019)
indicates that, given the total number of ionizing photons and the
accreted black hole mass, the QSO could be obscured over more than
82 per cent of its lifetime (with the assumption of similar radiative
efficiency as for low-redshift QSOs). However, since our simulation
does not keep enough snapshots to track the time evolution of all
QSO hosts, we cannot directly compare with this result by properly
tracking the obscuration for specific QSOs on a time averaged basis.

In Fig. 15, we also show some observational data for high-z
QSO populations, using dashed and dotted lines. The red dotted
line shows the UVLF fitting result of Jiang et al. (2016), which
is based on observations of z ∼ 6 QSOs. The orange data points
with error bars are the measured binned UVLF from Wang et al.
(2018). The purple dashed line shows the UVLF from Matsuoka
et al. (2018) based on observations of 5.7 < z < 6.5 QSOs. The
cyan dashed line is the LF given by Vito et al. (2018), inferred from
X-ray observations on z = 4 AGN population and extrapolated to
z = 7. The X-ray LF is converted to UV-band LF via equations (5)
and (6). Note that the X-ray-band LF also includes the obscured
AGN population while the UVLFs are only for optically selected
QSOs.

Figure 15. UVLF of QSOs. The blue solid line is the intrinsic UV-band
luminosity of QSOs predicted by BLUETIDES at z = 7.0. The black solid
line is the result of taking dust obscuration into consideration. The grey
shaded area gives the range of realizations with respect to different lines of
sight (i.e. the result for the UVLF observed along 972 different directions).
The green solid line gives the UVLF for QSO population that have intrinsic
UV-band luminosity higher than that of their host galaxies, and the red solid
line is the corresponding dust-extincted LF. The orange solid symbols with
error bars are the measured z ∼ 6.7 UVLF from Wang et al. (2018). The red
dotted line is the z ∼ 6 fitted UVLF measured by Jiang et al. (2016). The
purple dashed line gives the luminosity function of Matsuoka et al. (2018)
based on the 5.7 < z < 6.5 quasar population and extrapolated to z = 7. The
cyan dashed line shows the QLF by Vito et al. (2018) extrapolated to z = 7
(from z = 4 AGN population).

As indicated by the blue and purple dashed lines, some observa-
tions of QSO luminosity functions favour a flattened feature at the
faint end. To explore the possible factors that might affect the shape
of the UVLF at faint end, we select the QSOs that have an intrinsic
UV-band luminosity higher than that of their host galaxy (i.e. the
points below the dashed line in Fig. 1) and plot the intrinsic and
corresponding dust-extincted UV luminosity functions as green and
red solid lines, respectively. This gives us an estimate of how the
shape of UVLF changes if we take account of the fact that fainter
AGNs might be outshone by their host galaxy and therefore missed
by UV observation.

4 SU M M A RY

In this work, we study the galactic obscuration surrounding the
z = 7 QSO population based on the BLUETIDES cosmological
hydrodynamic simulation, which in its latest run has just reached
these redshifts. We examine the angular variations of the gas
obscuring AGNs as well as its correlation with the gas outflows
driven by the AGN feedback. With the large size of the BLUETIDES

simulation, we are able to study the obscuration state of QSOs
on a statistical basis. We explore the relationship between the NH

distribution and AGN properties (intrinsic luminosity, BH mass,
and the Eddington accretion ratio) and host properties (gas outflow,
stellar mass, molecular gas mass, and the SFR), as well as tracing
the time evolution of the overall NH distribution. We also evaluate
the UV-band dust extinction and make predictions for the UV-band
QSO luminosity function.

MNRAS 495, 2135–2151 (2020)
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Figure 2. Illustration of the host environment of the four sample QSOs at z = 7.0. The top panels give the gas density field colour coded by temperature (blue
to red indicating cold to hot, respectively, as shown by the colour bar aside). The boxes are 400 ckpc h−1 (comoving unit) per side, with BHs residing in the
centre (marked by the red cross in the top panels). The middle panels paint the stellar density field for the host galaxy (in face-on orientation) colour coded
by the age of stars (from blue to red indicating young to old populations, respectively). The bottom panels give the density field of the cold molecular gas
surrounding the BHs, in contrast with the mean surface density of the host gas ρave. The middle and bottom boxes are all 30 ckpc h−1 per side.

We study the relationship between angular variations of the
obscuration and QSO properties using larger, statistical samples
in Section 3.3.

3.2.2 Radial distribution

Studying the length-scales that make the highest contribution to
galactic obscuration can give us more physical insight. To do this,
we use the differential NH profile dNH/dr, which shows the radial
distribution of NH along each line of sight. In Fig. 6, we select
192 evenly distributed lines of sight (using HEALPY) for the four
sample QSOs at z = 7 and plot the corresponding differential NH

profiles as grey lines. The x-axis indicates the distance (in co-moving
coordinates) from the central QSO. Integration of the profile over r
gives the column density NH of the corresponding line of sight. For
each panel, the blue/green line marks the most/least obscured line
of sight, with corresponding NH given in the legends. Comparing
the blue and green lines, we can see that the galactic obscuration
surrounding a certain QSO can vary by over 2–3 orders of magnitude
between different lines of sight, because of spatial variations in the
density field.

The differential NH radial profiles show clearly that for sight-
lines with large column density, the NH is mostly contributed
by high-density gas clumps (e.g. those with dNH/dr > 1022

[cm−2/ckpc h−1]) that mostly reside within r < 10 ckpc h−1

(corresponding to r < 1.8 kpc in physical units) of the QSO. More
quantitatively, using the mean NH values (black dotted lines), we
find that NH(< 10 ckpc h−1) ! 90 per cent NH(< 30 ckpc h−1).

The pink lines in each panel denote the lines of sight with strongly
outflowing gas (vr > 300 km s−1) for the sample QSOs. We can
see that they mostly channel through the directions without high-
density clumps and indeed have low NH values compared to the
overall populations.

We would also like to compare the radial NH distribution to the
stellar density distribution of the host galaxy. The black dashed
lines in each panel of Fig. 6 show the averaged stellar density
profile converted to an equivalent hydrogen number density in units
of nH/[cm2 ×ckpc h−1]. (To convert to hydrogen number density,
we divide the mean stellar density by the hydrogen mass mp.) Since
the star-forming gas in our model is the source of obscuration, it is
straightforward to understand why the radial profile of the stellar
density approximately traces the NH profile, indicating that most of
the obscuring gas resides in the host galaxy.

We emphasize that the NH radial profile in Fig. 6 clearly shows
that, for z = 7 QSO, the host ISM is able to produce absorption up
to Compton-thick level (NH > 1024 cm−2) on scale of a few ckpc.
This is due to the ISM at these high redshifts being much denser
than that around the AGN at low redshifts (z " 2), where Compton-
thick absorption can only be produced by the parsec-scale gas/torus
in the nuclear region (Buchner & Bauer 2017). In particular, these
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•Recent hydro simulations indeed predict such obscured growth 
phase → 「Obscured AGN/quasar」


•BLUETIDES simulation predicts 1.5 dex more abundant obscured 
AGNs than non-obscured normal AGNs.（Subaru/HSC survey 
finds n ~0.1/deg2 unobscured quasars at z > 6. Hence there could 
be ~1/deg2 obscured quasars)

A&A 666, A17 (2022)

Fig. 9. ISM column density vs. redshift for different samples of M∗ > 1010 M⊙ galaxies as labeled. For ASPECS and COSMOS z ∼ 3.3 galaxies,
ISM masses were derived from dust masses, and ISM sizes from UV/optical stellar sizes. For ALPINE galaxies and for z ∼ 6 QSO hosts both
ISM masses and sizes were derived from [C ii] data. For comparison, we also show for the ALPINE sample the results obtained using ISM masses
derived from dust mass and ISM sizes derived from UV/optical stellar sizes (green open pentagons; see text for details). The upper bound of the
light blue shaded area shows the median NH values obtained for the different samples (ASPECS was divided into two redshift bins). The lower
bound shows the median NH values after including a conservative correction for incompleteness and observational biases (see Sect. 5.2). The
NH ∝ (1 + z)4 solid curve is obtained by combining empirical trends for the gas mass and galaxy size and is normalized to NH = 1021 cm−2 at
z = 0, which is consistent with the angle-averaged column density of the Milky Way (Willingale et al. 2013) and with the upper limit to the median
column density of local massive galaxies as derived from the EDGE-CALIFA survey (Bolatto et al. 2017; big square at z = 0.1). The long-dashed
curve running through the light-blue shaded area corresponds to (1 + z)3.3. The gold shaded area is from Buchner et al. (2017) as derived from the
Illustris-1 simulation: lower and upper bounds are for galaxies with M∗ > 1010 M⊙ and M∗ > 1011 M⊙, respectively. The horizontal dashed line
shows the column density corresponding to Compton-thick absorption.

the lowest possible median column density of the entire popu-
lation of massive galaxies at z = 0.5−3 (i.e., both detected and
undetected by ALMA), we considered all of these 23 objects
to lie below the lower envelope of the NH versus z distribu-
tion of ASPECS galaxies. By dividing the sample into two red-
shift bins, we found that, when ALMA undetected galaxies are
included, the median NH,ISM value decreases from 4× 1022 cm−2

to 7×1021 cm−2 at z = 1, and from 6×1022 cm−2 to 3×1022 cm−2

at z = 2 (see Fig. 9). The quoted NH ranges can therefore be
considered as bracketing the true median values in both redshift
bins.

The six COSMOS z ∼ 3.3 galaxies detected at 1.2 mm are
drawn from the sample of Suzuki et al. (2021), who observed
with ALMA twelve star-forming galaxies (11 with M∗ >
1010 M⊙) with reliable gas phase metallicity measurements
based on near-IR spectroscopy. Incidentally, by means of the
dust-to-gas mass ratio δGDR versus gas-phase metallicity relation
derived by Magdis et al. (2012), Suzuki et al. (2021) estimated
an average δGDR = 210 for their sample, in excellent agreement
with what is assumed throughout this work (δGDR = 200). The
median column density of the six ALMA-detected galaxies is
logNH,ISM ∼ 23.6. Assuming that the five ALMA-undetected
massive galaxies in Suzuki et al. (2021) have gas masses and col-
umn densities smaller than ALMA-detected galaxies, the median
ISM column density of the whole sample in Suzuki et al. (2021)
would then coincide with the lowest column density measured,
log NH,ISM ∼ 22.9 (see Fig. 9). All star-forming galaxies in
Suzuki et al. (2021) lie on the main sequence. Since quiescent,
gas-poor systems represent only a few percent of the whole pop-
ulation of massive galaxies at z > 3 (Girelli et al. 2019), we con-

sider the median NH,ISM estimated above as representative of the
whole population.

Out of the 27 galaxies with M∗ > 1010 M⊙ in the ALPINE
sample of Fujimoto et al. (2020), 21 were detected in [C ii].
The median column density of the nine galaxies with a reli-
able [C ii]-based size estimate is logNH,ISM = 23.5 (see Fig. 9,
we plot it at z = 5). We verified that the 12 galaxies with no
good [C ii]-size estimate have an NH,ISM distribution similar to
that shown in Fig. 9, and we have assumed that the six [C ii]-
undetected galaxies all have NH,ISM below the lowest measured
value for the detected galaxies. This brings the corrected median
logNH,ISM value of the whole sample to 23.2. Similarly to the
COSMOS z ∼ 3.3 sample, ALPINE galaxies lie on the main
sequence (Fujimoto et al. 2020), and therefore we consider the
corrected median NH,ISM as representative of the whole popula-
tion of massive galaxies at z ∼ 5. We repeated the same exercise
on the ALPINE sample by considering the ISM column densi-
ties derived from dust mass and UV/optical sizes. The median
column density of the 7 continuum detected galaxies with reli-
able HST size is logNH,ISM ∼ 24. When considering the whole
sample of 13 dust-detected galaxies without requirements on the
size reliability, we found that the lowest column density of the
sample is about logNH,ISM = 22.8. By conservatively assum-
ing that the 14 continuum undetected galaxies all have column
densities below this value, we estimate that a plausible range for
the median dust-based NH,ISM is 22.8–24, which is larger than
the range derived from [C ii] data and fully encompasses it (see
also Fig. 9).

For the sample of z ∼ 6 QSO hosts, we note that any
correction to account for ALMA undetected objects does not
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Fig. 10. Comparison between the evolution of the median column density of the ISM (light blue shaded area and black dashed curve – same
meaning as in Fig. 9) and of the median absorption column density measured in different AGN samples through X-ray spectroscopy (see text for
details). At z ! 1.5−2 the ISM column density becomes comparable to that measured in the X-rays.

affect significantly the mean NH,ISM derived from ALMA detec-
tions only. As a matter of fact, all of the seven low-luminosity
QSOs observed by Izumi et al. (2018, 2019) are detected in
[C ii], and six of them also in the continuum. The sample
of high-luminosity QSOs in Venemans et al. (2020) instead
includes only objects that were previously known to be FIR-
bright. We evaluate the non-detection rate of high-luminosity
QSOs hosts based on the sample discussed in Venemans et al.
(2018) and Decarli et al. (2018), which largely overlap with the
Venemans et al. (2020) sample and include targets selected by
UV luminosity only. The non-detection rate in that sample is
less than 15% for both [C ii] and continuum observations. As
the ALMA observations in Venemans et al. (2020) are on aver-
age more sensitive than in Venemans et al. (2018), this non-
detection rate can be considered as an upper limit. Nonetheless,
we checked that assuming a 15% non-detection rate for lumi-
nous high-z QSOs would change the median NH,ISM estimates,
either based on [C ii] or continuum emission, by less than 10%,
and therefore we neglected this correction. To derive a represen-
tative median NH,ISM for the entire population of z ∼ 6 QSO
hosts, one has instead to consider that the number of ALMA
observations of low-luminosity and high-luminosity QSOs do
not reflect the actual abundance of the two populations. Bright
QSOs were indeed discovered earlier and are easier targets, and
then dominate the statistics of currently observed objects. As
shown in Fig. 4, luminous QSOs are also the ones with larger gas
masses and column densities, and therefore their median NH,ISM
cannot be considered as representative of the whole population.
To correct for this, we considered the UV-rest luminosity func-
tion (LF) of z ∼ 6 QSOs published by Matsuoka et al. (2019),
which combines the results from SHELLQs with those of shal-
lower, wider-area optical surveys. By first integrating the QSO
LF in the range MUV = [−22,−25] covered by the Izumi et al.
(2018, 2019) samples, and then at magnitudes MUV < −25, as
typical of the Venemans et al. (2020) sample, we estimate that
low-luminosity QSOs are about 9 times more abundant than
high-luminosity QSOs. We then smoothed the observed NH,ISM
distributions of high- and low-luminosity QSOs with a boxcar

of 1 dex in logNH,ISM, and resampled each distribution 1000 and
9000 times, respectively. The corrected median value of the final
distribution is logNH,ISM = 23.7, which we consider as represen-
tative of the observed population of z > 6 QSOs, that is, of z ∼ 6
massive galaxies. When compared with the allowed ranges for
the median column density of massive galaxies at lower redshifts
(see Fig. 9), this calls for an increase of the median ISM column
density with redshift as (1 + z)δ, where δ is in the range 2.3–3.6.
When the median column density of local galaxies is fixed to
NH = 1021cm−2, as observed in the Milky Way (Willingale et al.
2013), the cosmic evolution of the corrected median ISM column
density is best described by δ = 3.3 (see Fig. 9).

5.3. Comparison with the median AGN X-ray column density

In Fig. 10 we compare the evolution of the median ISM col-
umn density derived in the previous section, both as measured
and corrected for selection biases, with the median column den-
sities derived from X-ray observations of large AGN samples.
To minimize the biases against heavily obscured AGN we con-
sidered either results from the deep Chandra and XMM-Newton
observations of the CDFS (Iwasawa et al. 2012, 2020; Liu et al.
2017; Vito et al. 2018), or, for the local Universe, results
from AGN samples selected at energies above ∼10 keV with
Swift/BAT (Burlon et al. 2011) or NuSTAR (Zappacosta et al.
2018).

As shown in Fig. 10, the median column densities derived
for the X-ray nuclear obscuration are on the same order of the
ISM column densities, especially at z ! 1.5−2. This indicates
that the ISM may in fact produce a substantial fraction of the
nuclear obscuration measured around distant SMBHs. Instead,
in the local Universe, and likely up to z ∼ 1.5−2, the median
X-ray derived column densities appear in excess of what can be
produced by the ISM, suggesting that most of the nuclear obscu-
ration is produced on small scales by the AGN torus.

We note that several caveats apply to the above comparison:
first, the considered AGN samples generally do not contain any
cut in host stellar mass, whereas our ISM density computations
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On average NH > 1023 cm-2 at 

z > 3? Host galaxy-scale 
obscuration must happen.

Role of Obscured AGN in the cosmological SMBH growth?
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Submm-HCN Diagram (ALMA Band 7)

Figure 2.2: Same as Figure 2.1, but the whole sample including both the high resolution (spatial
resolution < 500 pc; filled symbol) and the low resolution (spatial resolution > 500 pc; empty
symbol) data are plotted. The red circles, green diamonds, and the blue squares indicate AGNs,
buried-AGNs, and SB galaxies, respectively (see also Table 2.1). The abbreviated names of
AGNs and buried-AGNs are shown. See Table 2.1 for the details of the data. The systematic
errors are included here.

33

Filled: High-res.
Open: Low-res.
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No. 5] ALMA Observations of the Active Nucleus of NGC 1097 100-9

Fig. 5. Integrated intensity maps in the central 800 ! 800 (560 pc ! 560 pc) region of NGC 1097, derived by calculating the zeroth moment of the ALMA
data cubes. The cross indicates the peak position of the 860 !m continuum. Both maps are shown on the same intensity scale so as to allow easy
comparison. (a) Integrated intensity map of the HCN (J = 4–3) emission over a velocity range from VLSR = 1160 to 1450 km s"1. The value at the
860 !m peak position is 7.5 Jy beam"1 km s"1, and the source size is estimated to be 1:0034 ! 1:0004 with PA = "9:ı1. The beam size is 1:0050 ! 1:0020
with PA = "72:ı4. The contour levels are 5, 10, 20, ###, 70 " , where 1 " is 0.11 Jy beam"1 km s"1 or 0.60 K km s"1. (b) Integrated intensity map of the
HCO+ (J = 4–3) emission over a velocity range from VLSR = 1215 to 1440 km s"1. The value at the 860 !m peak position is 3.7 Jy beam"1 km s"1,
and the source size is estimated to be 1:0031 ! 1:0006 with PA = "14:ı7. The beam size is 1:0049 ! 1:0018 with PA = "71:ı3. The contour levels are 5, 10,
15, ###, 30 " , where 1 " is 0.11 Jy beam"1 km s"1 or 0.60 K km s"1.

Fig. 6. ALMA band 7 spectra at the 860 !m peak of NGC 1097. Indicated spectral lines are marked at the systemic velocity of the galaxy (1271 km s"1:
Koribalski et al. 2004). We detected CO (J = 3–2), HCN (J = 4–3), and HCO+ (J = 4–3) with > 3 " significance. Other lines are undetected by this
observation. Full line names and line parameters are listed in table 4. The velocity resolutions and rms noise levels are in table 2. Colors indicate the
different spectral windows (spw 0, 1, 2, and 3, from left to right) and the continuum emission has already been subtracted.

profile). We assume that the velocity error is ˙1 channel
(8.3 km s"1). The total integrated flux within the central
r $ 2:005 (175 pc) is 13.6 ˙ 0.2 Jy km s"1 for HCN (J = 4–3),
and 7.8 ˙ 0.2 Jy km s"1 for HCO+ (J = 4–3), respectively.
Even at a degraded % 50 km s"1 resolution, no emission
from the lines indicated in figure 6 was detected other than
HCN (J = 4–3), HCO+ (J = 4–3), and CO (J = 3–2). Upper
limits to the integrated intensities were derived for these unde-
tected transitions assuming a Gaussian profile with an FWHM
similar to ∆v derived for HCN (J = 4–3). By using these

derived values, for example, the H12CN to H13CN line ratio
is > 12.7 (3 " ) on the brightness temperature scale, indicating
that our main target line, HCN (J = 4–3), has # < a few, and is
not severely optically thick, considering the 12C=13C isotopic
ratio obtained so far [e.g., % 50 in Galactic sources: Lucas and
Liszt (1998), > 40 in starburst galaxies: Martı́n et al. (2010)].

It should be noted that among the lines listed in table 4,
HCN (J = 4–3) and HCO+ (J = 4–3) could be observed in
high-redshift objects by using ALMA, since these lines are
relatively strong (detectable), and they are still within the
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Abstract

We present the first 100 pc scale view of the dense molecular gas in the central " 1.3 kpc of the type-1 Seyfert
NGC 1097, traced by HCN (J = 4–3) and HCO+ (J = 4–3) lines afforded with ALMA band 7. This galaxy shows
significant HCN enhancement with respect to HCO+ and CO in the low-J transitions, which seems to be a common
characteristic in AGN environments. Using the ALMA data, we consider the characteristics of the dense gas around
this AGN, and search for the mechanism of HCN enhancement. We find a high HCN (J = 4–3) to HCO+ (J = 4–3)
line ratio in the nucleus. The upper limit of the brightness temperature ratio of HCN (v2 = 11f , J = 4–3) to
HCN (J = 4–3) is 0.08, which indicates that IR pumping does not significantly affect the pure rotational population
in this nucleus. We also find a higher HCN (J = 4–3) to CS (J = 7–6) line ratio in NGC 1097 than in starburst
galaxies, which is more than 12.7 on the brightness temperature scale. Combined with similar observations from
other galaxies, we tentatively suggest that this ratio appears to be higher in AGN-host galaxies than in pure starburst
ones, similar to the widely used HCN to HCO+ ratio. LTE and non-LTE modeling of the observed HCN and
HCO+ lines using J = 4–3 and 1–0 data from ALMA, and J = 3–2 data from SMA, reveals a high HCN to HCO+

abundance ratio (5 # [HCN]=[HCO+] # 20: non-LTE analysis) in the nucleus, and that the high-J lines (J = 4–3
and 3–2) are emitted from dense (104:5 cm$3 # nH2 # 106 cm$3), hot (70 K # Tkin # 550 K) regions. Finally we
propose that “high-temperature chemistry” is more plausible to explain the observed enhanced HCN emission in
NGC 1097 than pure gas-phase PDR/XDR chemistry.

Key words: galaxies: active — galaxies: individual (NGC 1097) — galaxies: ISM — galaxies: Seyfert
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Gas spatial distributions in NGC 7469

12CO(1-0) 12CO(2-1) 12CO(3-2)

13CO(2-1) [CI](1-0) 860 μm

500 pc

① Similar 
Distribution!

② Faint at the 
nucleus ③ Very bright 

at the nucleus!

Izumi et al. 2020b



34[CI](1-0)

13CO(2-1)

500 pc

vs

[CI](1-0) 13CO(1-0)

Ori-A30’

• A sort of spatial “anti-correlation” 
between [CI](1-0) and 13CO(2-1) 


• Not the case in Galactic molecular 
clouds (e.g., Orion-A).

[CI](1-0) vs CO(2-1) distributions

12CO(2-1) [CI](1-0)

100 pc 100 pc

AGN

• CI probes a closer vicinity of AGN 
than CO. 

• [CI](1-0) luminosity > 12CO(1-0) + (2-1) 

+ (3-2) + 13CO(2-1) luminosity.  
→ Very important ISM coolant around 
this AGN. 
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[CI](1-0) diagnostics

12CO(2-1)

Izumi et al. 2020b (TB unit)

Starburst

50 K

100

200

300

500

Izumi et al. 2020b

AGN

• Extremely high [CI](1-0)/
13CO(2-1) ratio at the 
NGC 7469’s AGN is 
found, when spatially 
resolved. 


• No single dish data 
shows this high ratio.  
→ Thanks to the high 
resolution of ALMA.


• AGN’s joint influence 
(XDR): 
i) Super-high 
excitation (high-T) 
ii) CO dissociation
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3. Near-future works and beyond

(part of this section is confidential!!)



Color: CO(2-1) in Jy/b*km/s, 

Contour: Band 6 continuum

Systematic Survey of Molecular Gas
37

• CO(2-1) survey toward 32 nearby luminous Swift/BAT AGNs (LBol > 1044 erg/s) 


• Resolution ~ 100 pc (0.2”-0.3”): largest high resolution CO survey toward AGNs 


• Scope = Feeding from the CND, Feedback (outflow) from the AGN…in a statistical manner! 

Yu Ikeda, TI+ in prep.



JWST observations of warm torus 38

•MIRI MRS observation of various molecular/atomic/ionized lines 

• To detect warm part of the torus (H2 mass, warm mol. outflow, extinction)

32 pc
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Spatially resolved study of XDR
39

•Now we can spatially isolate and resolve X-
ray dominated region (XDR), where gas 
physics & chemistry are governed by X-ray 
radiation. 

•What is the characteristic feature there?? 
→ Interplay of astronomy and chemistry 

[CI](1-0)

CO(3-2)

Izumi et al. 2023

Izumi et al. in prep.



example, under the assumption of Te = 104 K and [He/H] abundance ratio = 0.1 (both are typical
in the nearby universe), SM13 computed EMHe++/EMH+ = 1.34× 10−2 and = 2.75× 10−4 for the
AGN SED and starburst SED 2 shown in Fig.1a, respectively. This factor ∼ 50× difference in
EM will be mirrored to the He+/H RL ratios, making the RL ratios strong discriminants
of AGN and starburst 3.

AGN

Starburst

ν-1.7

ν-4.5

(a) He+

H

(Te = 10000K)
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+ /
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Fig.1. (a) Ionizing continua of AGN and starburst (SM13). The AGN EUV is approximated as
Lν ∝ ν−1.7. The starburst SED is computed from Starburst99 with Kroupa IMF, solar metallicity,
and a constant star formation rate, which is then approximated as Lν ∝ ν−4.5. (b) Emissivity ratios
of He+ or H at various density and temperature, all normalized to the emissivity of H at ne = 104

cm−3 and Te = 104 K (SM13). The cases of Te = 104 K are shown. but T -dependence is small.

3. The detection of submm-RL at the heart of the Circinus galaxy
Our target of this program is the Circinus galaxy, one of the nearest AGNs (D = 4.2 Mpc, 1′′ = 20.4
pc). It contains a type-2 Seyfert nucleus with an intrinsic 2–10 keV luminosity of ∼ 3× 1042 erg s−1

(Arévalo+14). The gas-rich spiral arms converge to form the central ∼ 100 pc-scale circumnuclear
disk (CND; Fig.2a). The small star formation rate of this CND (∼ 0.1 M⊙ yr−1; Esquej+14)
manifests that the dominant heating source of the region is the AGN itself. Recently,
Izumi+23 found a central pc-scale concentration of HCN(3–2) emission (Fig.2b), a tracer of dense
gas (critical density ∼ 106 − 107 cm−3). Relative to this dense disk, Izumi+23 also found that
submm-RL H36α distribution is almost perpendicular (Fig.2c), with a conical horn-like shape. Its
direction and the half opening angle are well consistent with those of the large-scale narrow line
region seen in, e.g., [OIII] 5007Å map (Fig.2d). The H36α line profile is much broader than CO(3-2)
profile taken at a larger beam (Fig.3). Unlike the NIR coronal line profiles (Müller-Sánchez+06)
that are highly skewed to the blue-side, this H36α profile looks almost symmetric relative to the
systemic velocity likely because the dust obscuration at the red wing (receding side) is small. All of
these clearly indicate that this H36α emission traces the (sub)pc-scale root part of the AGN-driven
ionized outflow in the extinction-free manner (Izumi+23). These characteristics, along with its
proximity, make the Circinus galaxy an ideal laboratory to measure submm-RL ratios
in the region that is solely affected by the AGN.

4. This proposal: benchmark test of the submm-RL diagnostics
We here propose to observe a set of paired H-RL and He+-RL toward the Circinus galaxy, namely,
(A) H32α (νrest = 191.657 GHz) and He+51α (192.693 GHz) pair at Band 5,

at an angular resolution θ ∼ 0′′.2 ∼ 4 pc, a velocity resolution dV = 50 km s−1, and a sensitivity of
1σ = 0.22 mJy beam−1, to test whether the He+/H RL ratio is really high in this well-
defined AGN environment. As there is no attempt to observe submm He+ RLs so far in AGNs,

2The EUV SED of AGN is well-known (Lν ∝ ν−1.7), but the corresponding starburst SED depends on the assumed
population. For simplicity, we use the SED in Fig.1a (SM13 model), which can be approximated by Lν ∝ ν−4.5.

3Contrary to this large difference, EMHe+/EMH+ is different only by a factor of ∼ 10% between AGN and starburst
for the SEDs in Fig.1a (SM13), making He/H RL ratio a “poor” discriminant of these heating sources.

2

Sub/mm recombination lines
40

• Clear detections of Hnα and Hnβ lines. And possible detection (or upper limit) on He+ line. 


• In principle, He+/H ratio depends on the hardness of the FUV radiation.  
→ Extinction-free constraint on the shape of the FUV SED! 

Scoville & Murchikova 2013

H40β

H32α

+ He32α

C34S(4-3)?

He+51α?

Izumi et al. in prep.



Synergy with hard X-ray obs.
41

• Strong positive correlation between hard X-ray luminosity 
and mm continuum luminosity  
→ same physical origin?? 


• Candidate physical origin = AGN corona (synchrotron)


• SED analysis also supports this idea (although there are 
numerous free parameters) 

12 Kawamuro et al.

Figure 12. Correlation of mm-wave and 14–150 keV luminosities, derived by using ALMA and BAT, respectively. AGNs with

upper limits are shown as black circles. The black dashed line indicates the best-fit linear regression line, while the gray region

denotes the ±1σscat range.

We study the relations of the nuclear peak mm-wave
luminosity with representative AGN ones: 14–150 keV,
2–10 keV, 12µm, and bolometric luminosities, and also
their flux relations. For quantitative discussions, we cal-
culate the p-value (Pcor) and the Pearson correlation co-
efficient (ρP) by using a bootstrap method (e.g., Ricci
et al. 2014; Gupta et al. 2021; Kawamuro et al. 2021).
This method draws many datasets from actual data,
considering their uncertainties, and we derive the sta-
tistical values for each drawn dataset. For actual data
with upper and lower errors, we randomly draw values
from a Gaussian distribution where the mean and stan-
dard deviation are the best value and the 1σ error, re-
spectively. For data with only an upper limit, we use a
uniform distribution between zero and the upper limit.
For each draw, we also derive a regression line of the
form logY = α× log X+β, based on the ordinary least-
squares bisector regression fitting algorithm (Isobe et al.

1990). Moreover, an intrinsic scatter (σscat), considering
the uncertainties in actual data, is derived. By drawing
1000 datasets, we adopt the median value of the distri-
bution for a parameter (i.e., Pcor, ρP, α, β, or σscat) as
the best and their 16th and 84th percentiles as its lower
and upper errors, respectively.
Figures 12 and 13 show the correlations of the peak

mm-wave luminosity for L14−150, L2−10, λLAGN
λ,12µm, and

Lbol. All are found to be significant as quantified by
very low p-values (Pcor ≪ 0.01; Table B). Also, for the
fluxes, significant correlations are confirmed. These are
supplementarily shown in Section B of the appendix.
Among the intrinsic scatters of the four luminos-

ity correlations, that for the 14–150 keV luminosity
(0.36 dex) is the smallest compared to the others (i.e.,
0.48 dex for L2−10, 0.59 dex for λLAGN

λ,12µm, and 0.44 dex
for Lbol). The smaller scatter compared with that for

14 Kawamuro et al.

Figure 15. Mm-wave-to-X-ray luminosity ratio as a function of the physical resolution achieved in our ALMA data. AGNs

with upper limits are shown as black circles. No significant correlation is found with Pcor ∼ 0.19. An important point of this

plot is that the slope of the regression line (dashed line) is ≈ 0.0007. Thus, the difference in the ratio is ≈ 0.1 dex between

200 pc and 10 pc. The flat slope can be interpreted as the ubiquitous presence of a compact component on a scale of ! 10 pc

that is related to AGN X-ray emission.

fairly compared with those found for our targets. As a
result, the comparison suggests that Blazar-like AGNs
are more mm-wave luminous by approximately three or-
ders of magnitude.

5.2. Insignificant Impact of Malmquist Bias

As our sample was originally based on the flux-limited
Swift/BAT catalog (Baumgartner et al. 2013), we exam-
ine whether the Malmquist bias produces the correlation
of the mm-wave and 14–150 keV X-ray luminosities. For
this purpose, we create a subsample by selecting 25 ob-
jects with log[L14−150/(erg s−1)] > 42 and z < 0.01,
corresponding to the area covered by the dashed lines in
Figure 1. For the subsample, we assess the correlation
between the mm-wave and 14–150 keV luminosities, and
then find a significant one with Pcor ≈ 4 × 10−3. The
Pearson correlation coefficient is ρP = 0.56. Although
that is less than what was obtained for the entire sam-
ple (ρP = 0.74), no statistical difference is found be-
tween the two values, quantified as Prz = 0.18. Thus,
the Malmquist bias would not strongly affect the corre-
lation.

5.3. Mm-wave Luminosity vs. Physical Resolution

It is important to discuss whether or not the origin
of the nuclear mm-wave emission that is significantly
correlated with the 14–150 keV emission is diffuse emis-
sion that can be resolved with our spatial resolutions (∼
1–200 pc). Here, we assess how much diffuse emission
is resolved depending on the spatial resolution. Fig-
ure 14 shows the ratio of a flux measured within an
aperture of 250 pc to a peak flux as a function of the
beam size achieved. The aperture diameter is deter-

mined to be larger than any of our average beam sizes.
In the figure, objects in a range above θavebeam ∼ 150 pc
tend to show flux ratios below ∼ 1, but this would be
just due to the method adopted to calculate the flux
density within the aperture. The flux density is calcu-
lated as ΣSi/N × N/n, where ΣSi/N is the average of
the flux densities Si (Jy/beam) in each pixel within the
aperture composed of N pixels, and N/n indicates the
number of beams, each having n pixels. Thus, for ex-
ample, if an aperture and a beam are comparable in size
(i.e., N ∼ n), the flux density can be smaller than the
peak one as ΣSi/N may be less than Speak

i . In addition
to this, a clear trend seen in Figure 14 is that half of
the 30 objects below θavebeam = 50pc show ratios greater
than 2. One might suggest that there appears to be a
significant contribution of diffuse emission, such as that
observed at θavebeam < 50 pc, to the flux measured with a
larger beam. However, this result can be explained if the
sensitivities achieved are similar among different sources
and a high spatial resolution is achieved preferentially
for closer objects (i.e., brighter objects). To confirm
this, we make high-resolution and low-resolution sub-
samples consisting of targets observed at θavebeam < 50 pc
and those observed at θavebeam > 100 pc, respectively. Us-
ing the KS-test, we find that the subsamples have similar
sensitivity distributions, and the high-resolution sample
is significantly biased for closer objects. The original
expectation (more diffuse contribution for larger beams)
thus is not necessarily true. A consistent result can be
obtained by deriving regression lines between νLpeak

ν,mm
and L14−150 for the two subsamples. By fixing their
slopes to 1.17, the average of the slopes of two inde-
pendently determined regression lines, we find that the

Kawamuro et al. 2022

η=0.04. The obtained parameters for both systems are
summarized in Table 3.

4. Discussion

4.1. Variability

Both IC4329A and NGC985 are known to be relatively
steady in X-ray (∼50% of flux variability) during NuSTAR and
ALMA observations (Kawamuro et al. 2018; Oh et al. 2018).
Such small variabilities will vary B and R for about 10%, which
is smaller than 1σ uncertainties of parameters. Here, compact
jets explaining the centimeter data are also potentially variable.
But, the multiepoch centimeter data are consistent with a single
power law, indicating no significant variability in the jet
components in both Seyferts.

4.2. Contribution of Other Components

Thermal dust emission might contribute to the millimeter
flux (e.g., Doi & Inoue 2016). However, given the ALMA
spectral shapes, the dust scenario is clearly disfavored because
the graybody spectrum from thermal dust shows a much harder
spectrum. IC4329A is known to have a hot nuclear dust
component (Mehdipour & Costantini 2018). The expected

compact nuclear dust contamination into the ALMA bands is
less than 1.6×10−2 mJy.
Would a pure thermal coronal synchrotron emission scenario

explain the observed spectra (Inoue & Doi 2014; Raginski &
Laor 2016)? Considering the X-ray measurements (temperature
and Thomson scattering optical depth), the required size for
pure thermal coronae becomes R∼2600rs with B∼330 G for
IC4329A and R∼3100rs with B∼180 G for NGC985.
Such large coronal size is naturally expected for pure thermal
synchrotron cases (Inoue & Doi 2014; Raginski & Laor 2016).
However, the inferred coronal sizes are too large compared to
the expected coronal size from other measurements. For
example, a combined optical and X-ray study of 51 unobscured
AGNs revealed the average corona radii of (27±18)rs (Jin
et al. 2012). Microlensing observations toward the Lensed
Quasar Q J0158-4325 also inferred the half-light radius for
X-ray emission of ∼10rs (Morgan et al. 2012). Given these size
constraints, pure thermal electron distribution would be
difficult to explain the measured radio spectral data of the
two Seyferts.
Here, the SSA peak flux (∼10 mJy) and frequency

(∼100 GHz) position are observationally fixed, while the
number of high-energy electron (γe?1) in pure thermal

Figure 3. Left: the centimeter–millimeter spectrum data of IC4329A. The magenta, blue, and green points show the VLA, ATCA, and ALMA data, respectively. The
error bars correspond to 1σ uncertainties. A circle around each data point represents the scaled synthesized beam size. The beam size dependency is presented as
circles in the panel for the cases of 10″, 1″, and 0 1. Right: same as the left panel but for NGC985. The ATCA measurements at 19 and 21GHz were averaged
throughout three consecutive days.

Figure 4. Left: the centimeter–millimeter spectrum of IC4329A after subtracting extended emission due to galactic star formation activity. The square, circle, and
triangle points show the VLA, ATCA, and ALMA data, respectively. The error bars correspond to 1σ uncertainties where we take into account flux measurement
uncertainties and galactic component model uncertainties. The dashed and dotted lines show the fitted hybrid corona and jet component, respectively, with parameters
shown in Table 3. The solid line shows the sum of these two components. Right: same as the left panel but for NGC985. The ATCA measurements at 19 and 21GHz
were averaged throughout three consecutive days.
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Key element for (nearby) AGN study: high resolution!
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•We need pc-scale resolution (< 20 mas) to 
detect inflows via absorption.  
(note: more compact AGN itself is the 
background continuum source) 

•We need pc-scale resolution & high 

sensitivity to probe the innermost part of 
the AGN-driven outflow


• Future ALMA upgrade and/or ngVLA?

NGC 1068

NGC 5506
NGC 7469

• Expand the pc-scale 
exploration to many more 
AGNs. 

• Resolution matters, always.

Izumi et al. 2023



Summary (ALMA nearby AGN studies; my works-only)
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ngVLA©NRAO

• ALMA plays a key role in studying various aspects of nearby AGNs.  

• Feeding and feedback are now considered in a unified manner  
→ Circumnuclear multiphase gas flows that form different dynamical structures 

• ISM properties in extreme environments start to be revealed at sub/mm 
→ An ideal laboratory to study XDR chemistry, for example.  

• Further progress focusing on new aspects of AGN can be anticipated!  
+ Sub/mm recombination line  
+ Time variability  
+ etc  

• But we are also aware of possible limitations of the current facility.  
→ Strong demand for the next-generation radio interferometers!


