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1. Active Galactic Nucleus (AGN)

• 超巨大ブラックホール (SMBH) への質量降着で輝く  
- MBH = 106-1010 Msun 

• 莫大なエネルギー (L > 1012 Lsun: quasar) が、非常にコンパク
ト (< 0.1 pc) な領域から放出されている 

• しばしば (bi-conicalな) ジェットやアウトフローを伴う 
→ 母銀河にも影響を与える？（銀河進化と関係） 

• z = 7.54の宇宙に既に存在 (最遠方記録)
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(memo) SMBHは本当に存在するのか？

Miyoshi et al. 1995, Nature, 373, 127

Nakai et al. 1992, Nature, 361, 45

↓ ↓

NRO 45m + ultra-wide 
Acoustic-optical 
Spectrometer (AOS)

NGC
4258

1000-1000

Detection of high velocity 
water-vapor maser in M106 

(NGC 4258)

68 http://www.nro.nao.ac.jp/~nro45mrt/

Nakai et al. 1993, Nature, 361, 45

• 近傍 (D=6.4 Mpc) 低光度AGNのNGC 4258に
おける、H2Oメーザーの高速度成分の発見


• 続く、VLBI干渉計による超高空間分解能観
測によるサイズ測定


• Enclosed mass ~ 4 × 107 Msun 
→ 密度 (>4E9 Msun/pc3) が恒星では説明不可
能 → SMBH！？

0.3 pc
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From <1 pc to >kpc 
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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

• “銀河への影響”まで考える
と、AGNサイエンスとして
考慮すべき空間スケールは
数桁に及ぶ。


• ミリ波サブミリ波観測を使っ
て、>10 pcの領域でのアレ
コレを研究してきた。


• 本講演ではその内容を（泉
の個人的な昔話？をしなが
ら）概観。
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2. ミリ波サブミリ波観測の意義

東京大 河野グループHPより
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2. ミリ波サブミリ波観測の意義

• 低温物質（特に分子ガス）は、銀河中心 < 1kpcの”ガス質量”の大半を担う 
→ SMBHへの降着物質の供給源であり、星形成活動の母体でもある。 


• 長波長ゆえ、星間塵（ダスト）による減光を受けない。 
→ ダストに埋もれた活動現象（AGN、爆発的星形成）の観測に威力を発揮


• ALMAの登場により、高感度・高分解能が達成可能に。 
→ <10 pc@nearby, ~kpc@high-z


• というか、mm/submmはやっている人が少ない！AGNは本当に少ない！
（世界的にもレア；ある天体の研究者割合は、その天体のcosmic fraction
に比例？）→ レア × レア = スーパーレア = 独壇場！ …鶏口牛後！

独創性かつ優位性の高い仕事をするのが大事（スタートアップ）
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電波干渉計 …そしてALMAへ

Flux density
• The quantity of radiation energy incoming through a cross 

section of unit area, per unit time and unit frequency width.
• Unit = ‘Jansky’

1 Jy = 10-26 W m-2 Hz-1

Radio telescope 
by Karl � "#!$
(1931)

Observing frequency
20.5 MHz

http://www.nrao.edu/
whatisra/hist_jansky.shtml

K. Jansky (1931) @20.5 MHz

→ flux densityの単位 (Jy)の人
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→ flux densityの単位 (Jy)の人
• Atacama Large Millimeter/submillimeter Array (ALMA)


• チリのアタカマ砂漠（標高5000m）に設置。世界最大の電波干渉計。


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


• 54 x 12m + 12 x 7m のアンテナ群（移動可能） 

• 最大基線長：~16 km (→ <0.1”)


• 周波数範囲：84 GHz - 950 GHz
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3. 大学院時代の研究 
- 星間化学＆質量降着 -



11ALMA-native?

2011年

Cycle 0

2018年

Cycle 6

…

2017年

Cycle 5

2012年

Cycle 1

+ ALMAの科学運用 Phase

+ 泉の研究史
2012年

大学院入学

2016年秋

大学院修了 ～ポスドク

ほぼほぼALMAの登場と共に研究を開始。

物心ついたときからALMAがある世代 = ALMA native！

それは空間分解能の向上の歴史でもある → 研究内容に反映



12初論文：高密度ガスを使った熱源診断の提唱
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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150 pc
HCN(4-3)

NGC 1097 • サブミリ波帯の高密度分子ガス放射を~100 
pc分解能で観測（低光度AGNでは初めて） 
- 指導教官にもらったdata & idea


• θ ~100 pcなので詳細な構造は分からず…



13初論文：高密度ガスを使った熱源診断の提唱
100-14 T. Izumi et al. [Vol. 65,

Fig. 11. HCN (J = 4–3) to HCO+ (J = 4–3) and HCN (J = 4–3) to CS (J = 7–6) integrated intensity ratios of the Seyfert (circles) and starburst
galaxies (triangles) in brightness temperature scale . Note that all three Seyfert galaxies here contain contributions of star formation due to, e.g., nuclear
star formation and/or a lack of angular resolution. Two Seyfert galaxies, NGC 1097 and NGC 1068, exhibit enhanced HCN (J = 4–3) emission with
respect to the HCO+ (J = 4–3) and CS (J = 7–6) lines. NGC 4418 is thought to have an AGN, however, the line ratios are similar to those of starburst
galaxies. This galaxy shows many unusual features (e.g., Spoon et al. 2001; González-Alfonso et al. 2012), and the interpretation is therefore not
straightforward.

AGN. Additionally, we derived the RHCN=HCO+ ratio of these
galaxies, since this ratio has been proposed to be a discrimi-
nator for AGN and starburst activity (e.g., Kohno et al. 2001;
Kohno 2005; Krips et al. 2008; Davies et al. 2012).

Then, by using these two line ratios, we constructed
a diagram, referred to as the “submm–HCN diagram” here-
after, displayed in figure 11. To avoid confusion with the
previous “HCN diagram” proposed by Kohno et al. (2001),
we refer to that as the “mm–HCN diagram.” Note that one
advantage of this submm–HCN diagram over the mm–HCN
diagram is that it is much more applicable to high-redshift
galaxies because its lines are within the frequency coverage of
ALMA up to a redshift of z ! 3. At first inspection, we find
that both starburst galaxies are located in the bottom-left region
of the diagram. On the other hand, the two AGN-host galaxies,
NGC 1097 and NGC 1068, are located in the top-right region,
although NGC 1097 has a compact nuclear star-forming region
(Prieto et al. 2005; Davies et al. 2007); also, the low angular
resolutions of the NGC 1068 observations (Bayet et al. 2009;
Pérez-Beaupuits et al. 2009) are likely to be contaminated
by the circumnuclear starburst ring (the case of NGC 4418
is discussed separately later). From the diagram, one might
deduce that a galaxy where an AGN contributes resides in the
top-right region. However, this is a tentative view, since we do
not have any clear theoretical evidence to support the use of
this diagram, and it is based on only few samples. Clearly, we
need large samples and theoretical models to extensively test
this diagram.

To obtain some insight on why AGN host galaxies seem to
exhibit high line ratios in this diagram, let us first consider

only the excitation conditions. Considering the critical density
[ncrit = 8.5 " 106 cm#3 for HCN (J = 4–3), 1.8 " 106 cm#3

for HCO+ (J = 4–3), and 2.9 " 106 cm#3 for CS (J = 7–6),
respectively;2 Greve et al. (2009)] and the level energy
(Eu=kB, see table 4) of each line, a galaxy that shows
a high RHCN=CS in figure 11 is expected to have a higher
gas density and a lower temperature, compared to those that
show low RHCN=CS. From the same perspective, a galaxy that
shows a high RHCN=HCO+ is expected to also have a higher
gas density, although the temperature is not tightly restricted,
because the level energies of HCN (J = 4–3) and HCO+

(J = 4–3) are almost the same.
In addition to these excitation conditions, different relative

molecular abundances and/or the effect of IR-pumping could
also lead to the different line ratios being seen in this diagram.

For example, in the case of starburst galaxies, which are
located in the bottom-left region, the fractional abundance
of HCO+ can be increased due to frequent SNe explosions
(more generally, high ionization effects from cosmic rays;
Nguyen-Q-Rieu et al. 1992; Meijerink et al. 2006; Papadopoulos
2007), which would lead to a low RHCN=HCO+ . This supernovae
effect can also explain a smaller RHCN=HCO+ in M 82 than in
NGC 253. Since the starburst age in NGC 253 is younger than
that in M 82, the molecular gas heating would be dominated
by shocks in NGC 253 (e.g., Martı́n et al. 2006), whereas it
seems to be dominated by PDRs and/or SNe in M 82.

In the case of NGC 1097, although the cause of the high
ratios is not clear at this stage, at least non-collisional excitation

2 Calculated for the kinetic temperature Tk = 100 K in the optically thin limit.
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AGN周辺環境におけるHCN分子の大量合成 
→ 極限環境での星間化学

泉 他、2013年プレスリリース（©東京大）



14初論文：高密度ガスを使った熱源診断の提唱

• 星間化学の知見を活かして天体物理に貢献する（熱源診断etc）という
ことから、案外このネタは受けた（国際的にも）。


• 以降、パラメータスペースを拡げたりサンプルを増やしたりと、その後
~2-3年（今も）このネタを追求。 
- Izumi et al., 2015, 2016a, 2018d in prep. 


• 解析手法（データの整約、モデル技法等）に習熟 + 星間化学の知識を深
めた → いざというときに頼れる”地面”を早く作る！

良き指導教官に出会う。学生の特権を活かし、色々教えてもらう！
とにかくそれなりの成果の出る、上手いスタートアップを切る。
（その後の研究人生へのモチベーションが全然違う！...と思う）
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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.
Empty: Low-res.

AGN-dominated

SB-dominated

Izumi et al. 2016a, ApJ, 818, 42



15Childhood’s end…
与えられたテーマは面白い。
だけど他のこともやってみたい！• 自分で研究テーマを設定するの

が研究の第一歩（にして、おそ
らく最も重要な項目）。 

• 自分から新しい課題に挑戦した
い！と思うのは非常に健全。 

• 幼年期が終わり、独り立ちへの
準備をする大事な期間。 

• （ただし、一人で勝手に暴走す
るのは避けましょう！）



16AGN質量降着の研究（2015~）
150 pc
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from ~100 kpc 
to less than 1 pc 

Robson 1996

“Active Galactic Nuclei”

p. 334

合体銀河 孤立系

Host →  
~100 pc 衝突合体 棒状構造 

etc

100 pc →  
~1 pc ? ?

sub-pc 降着円盤

銀河中心の~100pc領域の降着過程
はろくに研究されていない！ 
→ ALMAならいけるやろ!

Circumnuclear 
disk = CND



17AGN質量降着の研究（2015~）
150 pc

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 Pa↵ 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 Pa↵ 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 di↵erent
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
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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
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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.
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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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DO CNDS DRIVE THE ACCRETION ONTO SEYFERT NUCLEI? 7

Figure 3. Observed scatter plot of (a) L′HCN −L2−10keV and (b)Mdense − ṀBH, on a logarithmic scale. Blue circles and black squares indicate that the HCN(1−0)
emission was obtained with interferometers (median aperture θmed = 220 pc; IT sample) and single-dish telescopes (θmed = 5.5 kpc; SD sample), respectively.
The best-fit regression lines are shown by the blue solid and the black dashed line for the IT and SD samples, respectively. See also Section 2 for the derivation of
each parameter and Section 3 for the details of the regression analysis. The best-fit regression parameters can be found in Table 3. Note that the interferometric
data of NGC 6951 was not plotted in (a) because of the lack of absorption-corrected 2−10 keV X-ray luminosity in the literature.
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• 降着率とCND-scaleガスの間
に正の相関。


• 銀河スケールのガスでは相
関は弱い（ほぼ無相関）。


• CND = 降着物質の直接的な
供給源 

• ということで、CNDスケー
ルで降着モデルを色々試す
のは本質的に重要と主張で
きた。

※ Seyfert galaxies
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Figure 7. Schematic picture for a supernova-driven turbulent accretion model. The vertical height of the circumnuclear disk (CND) is supported by the turbulent
pressure due to supernova explosions. rin,eff and rout are the effective innermost radius and the outermost radius of the CND (see also the text for details). This
CND with the gas mass of Mdense fuels the nuclear events at the rate of Ṁacc as the form of black hole mass accretion (ṀBH) or nuclear wind (Ṁwind). We sum up
these two events into Ṁnuclear.

Figure 8. Scatter plot of the mass accretion rate at the effective innermost radius (rin,eff) of the CNDs (Ṁacc) predicted by SN-driven turbulence model (Kawakatu
& Wada 2008), and the total nuclear mass flow rate at the nuclear region (Ṁnuclear ≡ ṀBH + Ṁwind). The overlaid lines indicate that Ṁnuclear is 1000% (green,
dashed), 100% (cyan, dot-dashed), and 10% (magenta, dotted) of Ṁacc. There is a remarkable agreement between Ṁnuclear and Ṁacc in these galaxies.
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ṀBH

(MBH) (Mdense)
Supermassive black hole Circumnuclear disk

rin,eff
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Figure 7. Schematic picture for a supernova-driven turbulent accretion model. The vertical height of the circumnuclear disk (CND) is supported by the turbulent
pressure due to supernova explosions. rin,eff and rout are the effective innermost radius and the outermost radius of the CND (see also the text for details). This
CND with the gas mass of Mdense fuels the nuclear events at the rate of Ṁacc as the form of black hole mass accretion (ṀBH) or nuclear wind (Ṁwind). We sum up
these two events into Ṁnuclear.

Figure 8. Scatter plot of the mass accretion rate at the effective innermost radius (rin,eff) of the CNDs (Ṁacc) predicted by SN-driven turbulence model (Kawakatu
& Wada 2008), and the total nuclear mass flow rate at the nuclear region (Ṁnuclear ≡ ṀBH + Ṁwind). The overlaid lines indicate that Ṁnuclear is 1000% (green,
dashed), 100% (cyan, dot-dashed), and 10% (magenta, dotted) of Ṁacc. There is a remarkable agreement between Ṁnuclear and Ṁacc in these galaxies.
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• “mm/submmでAGN”という主軸は維持しつつ、
これまでと違う毛色のテーマをやってみた。 

• 新しい研究をする or 新しい論文を書く、という
ことくらいでしか、おそらく別テーマの勉強を
じっくりすることはない。 
→ 見聞を広める良い機会 

• “観測と理論の協働”の重要性・威力を痛感 
→ 今に至る研究スタイルの土壌となった
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4. ポスドクになりまして その1 
- 迎えた高分解能時代 -



23ALMAの本気

• 高分解能観測の幕開けは、
やはりHL Tau（2014冬; 研
究会にて激震が走る）


• PDになった頃 (2017年) に
は、ALMAの高分解能観測
は”当たり前”に行われるよ
うな時期だった。 
→ AGN環境でも、高分解能
観測が始まりつつあった。


• AGN＆分子ガス＆高分解能
とくれば、狙うはAGNトー
ラスの直接撮像！©ALMA (ESO/NAOJ/NRAO)
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Urry & Padovani 1995, PASP, 107, 803

 統一モデル

(e.g., Antonucci 1993, ARA&A, 31, 473)
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ALMAで挑むトーラスサイエンス

• 直接撮像 
- 本当に分子・ダストのコンパクトな構造が存在するか？ 
→ 高空間分解能 = ALMA


• 力学状態の測定 
- 回転が支配的？速度分散が支配的？ 
- 幾何構造の指標になる (σ/Vrot ~ H/R; 静水圧平衡) 
→ 高速度分解能 = ALMA


• トーラスの物理的起源の探査 
- いったいどうやって分厚い構造を宇宙で作るのか？ 
- 構造の各種物理パラメータへの依存性の調査
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COトーラス in NGC 1068 (LBol ~ 2e45 erg/s)

• COガスが明確に中心集中している (サイズ ~ 7 pc) 
- Mgas ~ 1e5 Msun; σ/Vrot > 1 (幾何学的に厚い) → トーラス


• (Memo: σ/Vrot ⇄ scale-height to radius = H/R; 静水圧平衡)

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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• NGC 1068より~1000倍暗い低
光度AGN (Low-luminosity AGN)


• AGNの位置にCO源がない！！


• Mgas ~ a few × 104 Msun   
(~1/2 - 1/3 of NGC 1068)


• AGN自身の放射にしろ、インフ
ローにしろ、星形成活動にしろ、
とにかく”熱源”はNGC 1068よ
り弱い。


• 予測：NGC 1097では、NGC 

1068よりも幾何学的に薄いトー
ラスがあるのだろう。

12CO(3-2)Izumi et al. 2017,  
ApJL, 845, L5

AGN

10 pc

COトーラス in NGC 1097? (LBol ~ 8e41 erg/s)



28有為転変は世の習い？ — AGNトーラスの消失

• σ/Vrot = 0.5 in NGC 1097 (LLAGN) vs. >1 in NGC 1068


• 確かにNGC 1097の方が薄い…！


• AGNトーラスは決して定常的ではなく、動的に構造を変えるのだろう。 
→ 多くの理論予測と整合する。

σ/
V r

ot
 ~

H/
R

The 10 pc scale molecular view of the LLAGN of NGC 1097 7

Figure 4. Intensity-weighted (a) mean velocity and (b) velocity dispersion maps of the CO(3–2) emission in the central 400
pc of NGC 1097. The stars mark the AGN location. The systemic velocity is 1254 km s−1 (thick line). Thin contours indicate
1080 to 1400 km s−1 in steps of 20 km s−1 for (a), and 10 to 40 km s−1 in steps of 10 km s−1 for (b), respectively.

(a) (b)

Figure 5. (a) Radial profiles of the rotation velocity (Vrot; squares) and the velocity dispersion (σ; circles) of the cold molecular
gas estimated from our tilted-ring modelings to the CO(3–2) velocity field. (b) Radial profiles of the σ/Vrot ratio derived from
CO(3–2) emission line (squares) and NIR H2 emission (circles; divided by three).

2006), 1.2 × 108 M⊙, which indicates the importance of
a spatial resolution to measure MBH.
It is particularly interesting that the σ/Vrot ratio

of NGC 1097 at the central r < 20 pc (∼ 0.5) is
significantly smaller than that of NGC 1068 (> 1;
Garćıia-Burillo et al. 2016). This is not expected if the
disk gravity solely controls the torus thickness, consid-
ering the higher Mdyn in NGC 1068 than in NGC 1097
at their very centers (§1). Again, the implied less-active
star formation and/or inflows from the smaller MH2 , as
well as the orders of magnitude less-luminous AGN ac-
tivity in NGC 1097 than those in NGC 1068 2, would

2 This AGN may host molecular outflow in the torus, which
also thicken its scale height (Gallimore et al. 2016; Imanishi et al.
2016).

contribute to squash the thick torus in this LLAGN
(e.g., Vollmer et al. 2008; Wada et al. 2009; Wada 2012).
Note that, very recently, Espada et al. (2017) also found
a cold molecular gas deficiency at the heart of Centau-
rus A (Cen A). As the LBol of Cen A is ∼ 3 × 1042 erg
s−1 (LLAGN; Prieto et al. 2010), their findings would
also fit the evolutionary torus models. Thus, although
the actual physical process remains unclear, we sup-
port the theoretical prediction that geometrically and
optically thick tori will gradually become deficient as
AGNs evolve from luminous Seyferts to more quiescent
LLAGNs. It is however mandatory to enlarge the sam-
ple with ! 10 pc resolution cold gas measurements to
confirm this trend.

Rotation Vrot

CO(3-2)

Izumi et al. 2017, ApJL, 845, L5
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29トーラスパラダイムへの挑戦

• 最近のVLTI観測で、Polar方向に伸びたダスト放射が確認された。古
典的なトーラスの描像に反する構造。


• 単なるインフローや星形成活動では、この構造を再現するのは難し
いのでは…？？トーラスの物理的起源とはいったい…？
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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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31“Fountain”でダスト分布は再現可能
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
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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
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32Our study(1): ガス分布の理論予測

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.

3

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

Wada et al. 2016,  
ApJL, 828, L19

• Target: The Circinus galaxy 


• Hydrodynamic simulation + 
Chemistry + radiative transfer 


• ALMA観測と直接比較できる量を用意

ratio of 0.2 and the bolometric luminosity of L 5bol = ´
1043 erg s−1 are fixed during the calculation.

Here, we assume three independent radiation fields: (1) non-
spherical ultraviolet (UV) radiation emitted from a thin
accretion disk; (2) spherically symmetric X-ray radiation
emitted from the corona of the accretion disk (Netzer 1987;
Xu 2015); and (3) uniform far-UV (FUV) radiation arising
from the star-forming regions that exist in the circumnuclear
disk. All three components are assumed to be time-indepen-
dent. The first component plays an important role in under-
standing the radiation pressure effects in the dust, whereas the
second contributes primarily toward the heating of the gas and
non-equilibrium XDR chemistry.8 The SED of the AGN and
the dust absorption cross-section are taken from Laor & Draine
(1993). The UV flux is assumed to be angle-dependent, i.e.,
F cos 1 2 cosUV q q qµ +( ) ( ) (Netzer 1987), where θ denotes
the angle from the rotational axis (z-axis), which is calculated
for all grid cells using 2563 rays. The UV and X-ray fluxes
are calculated from the bolometric luminosity (Marconi
et al. 2004). The total X-ray luminosity (2–10 keV) is
L 2.8 10X

42= ´ erg s−1. The temperature of the interstellar
dust Tdust at a given position that is irradiated by the central UV
radiation is calculated by assuming that thermal equilibrium

has been attained (e.g., Nenkova et al. 2008); therefore, Tdust is
not necessarily equivalent to Tgas.
For simplicity, the third component of the radiation field, i.e.,

FUV, is assumed to be uniform. Instead of solving the radiation
transfer for FUV in the inhomogeneous media with multi-
radiation source—which is beyond our numerical treatment—
we change its strength from G 1000 = to G 100

4= , where G0
is the incident FUV field normalized to the local interstellar
value (1.6 10 3´ - erg cm−2 s−1) and check whether it affects
the results (see Section 4.2).
The 3D hydrodynamic grid data (i.e., density, temperature,

abundances, and three components of velocity) of the 2563 grid
cells are averaged to produce 1283 grid cells (i.e., the spatial
resolution is 0.25 pc) in order to reduce the computational cost.
This is passed to the 3D non-LTE line transfer code, as
described in the next section, to derive the line intensities.

2.2. Non-LTE Line Transfer

The numerical code of the 3D line transfer calculations is the
same as that used by Wada & Tomisaka (2005) and Yamada
et al. (2007), which is based on the Monte–Carlo and long-
characteristic transfer code (Hogerheijde & van der Tak 2000).
The statistical equilibrium rate equations and the transfer
equations are iteratively solved using photon packages
(sampling rays) propagating into each grid cell. We solve the
rate equations for the energy levels of 12CO from J=0 to 15.
Once the radiation field and optical depth are determined for all

Figure 2. Integrated intensity map of CO(1−0) and line ratio distributions (I ICO 2 1 CO 1 0- -( ) ( ), I ICO 3 2 CO 1 0- -( ) ( ), and I ICO 4 3 CO 1 0- -( ) ( )) for 0vq = n (face-on).

8 We use a selection of reactions from the chemical network described by
Meijerink & Spaans (2005) and Ádámkovics et al. (2011) for 25 species: H,
H2, H

+, H2
+, H3

+, H−, e−, O, O2, O
+, O2

+, O2H
+, OH, OH+, H2O, H2O

+,
H3O

+, C, C+, CO, Na, Na+, He, He+, and HCO+.
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radiation is calculated by assuming that thermal equilibrium

has been attained (e.g., Nenkova et al. 2008); therefore, Tdust is
not necessarily equivalent to Tgas.
For simplicity, the third component of the radiation field, i.e.,

FUV, is assumed to be uniform. Instead of solving the radiation
transfer for FUV in the inhomogeneous media with multi-
radiation source—which is beyond our numerical treatment—
we change its strength from G 1000 = to G 100

4= , where G0
is the incident FUV field normalized to the local interstellar
value (1.6 10 3´ - erg cm−2 s−1) and check whether it affects
the results (see Section 4.2).
The 3D hydrodynamic grid data (i.e., density, temperature,

abundances, and three components of velocity) of the 2563 grid
cells are averaged to produce 1283 grid cells (i.e., the spatial
resolution is 0.25 pc) in order to reduce the computational cost.
This is passed to the 3D non-LTE line transfer code, as
described in the next section, to derive the line intensities.

2.2. Non-LTE Line Transfer

The numerical code of the 3D line transfer calculations is the
same as that used by Wada & Tomisaka (2005) and Yamada
et al. (2007), which is based on the Monte–Carlo and long-
characteristic transfer code (Hogerheijde & van der Tak 2000).
The statistical equilibrium rate equations and the transfer
equations are iteratively solved using photon packages
(sampling rays) propagating into each grid cell. We solve the
rate equations for the energy levels of 12CO from J=0 to 15.
Once the radiation field and optical depth are determined for all

Figure 2. Integrated intensity map of CO(1−0) and line ratio distributions (I ICO 2 1 CO 1 0- -( ) ( ), I ICO 3 2 CO 1 0- -( ) ( ), and I ICO 4 3 CO 1 0- -( ) ( )) for 0vq = n (face-on).

8 We use a selection of reactions from the chemical network described by
Meijerink & Spaans (2005) and Ádámkovics et al. (2011) for 25 species: H,
H2, H

+, H2
+, H3

+, H−, e−, O, O2, O
+, O2

+, O2H
+, OH, OH+, H2O, H2O

+,
H3O

+, C, C+, CO, Na, Na+, He, He+, and HCO+.

3

The Astrophysical Journal, 852:88 (11pp), 2018 January 10 Wada et al.Wada, Fukushige, TI, et al. 2018, ApJ, 852, 88

CO(1-0)
Izumi et al. 2018c, submitted
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Out study(2): 
トーラス領域における多相星間物質の力学探査

• 原子ガス vs 分子ガス 
→ 原子ガストーラスの方がより分厚い？ 

• 厚みの起源はAGN-driven fountain？ 



34新しいパラメータスペースを求めて

[CI](1-0)

+

12CO(3-2)
CND

+
Spiral arm

Izumi et al. 2018c, submitted

• “多相ガス間の力学状態の違い”が、fountain modelの重要な予測


• いつものCOだけでなく、炭素原子ガス CI も観測 
→ 新しいパラメータスペースの開拓
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(a)

(b)

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

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

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

Meanwhile, the discrepancy of the σdisp/Vrot ratios at929

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

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

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

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

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

bulent motion due to failed winds, based simply on the935

observed σdisp that mixes up these motions. However,936

as the outflows are preferentially seen at ionized and/or937

atomic gas at the very nuclear region in our model938

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

the prime source of the geometrically thicker nature of940

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

gion around the AGN. Indeed, we found that adding942

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

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

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

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

Peak Centroid FWHM

(mJy beam−1) (km s−1) (km s−1)

Central 1107.9 ± 1.6 453.7 ± 5.6 97.7 ± 0.6

Blueshifted 466.4 ± 5.6 379.1 ± 0.2 56.7 ± 0.5

Redshifted 365.9 ± 4.4 512.3 ± 0.1 28.3 ± 0.4

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

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

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

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

Table 6). The central Gaussian component has almost947

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

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

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

that the blueshifted and redshifted components appear951

almost symmetrically with respect to the central com-952

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

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

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

These results therefore support the view that the diffuse956

atomic gas is distributed in a geometrically thicker vol-957

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

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

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

itative, however, we will perform a more quantitative961

8 The goodness of the fit was evaluated at the velocity range of
250 to 650 km s−1.
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• r > 20 pcでは原子円盤も分子円盤も幾何
学的に薄い (c.f., low-SFR in Circinus)


• r < 10 pcでは原子円盤の方が厚い!  
→ 多相・多層幾何構造

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

AGN CND 10′′ box

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

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

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

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

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

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

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

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

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

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

ies, suggesting an efficient CO dissociation due to hard700

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

1996; Meijerink & Spaans 2005).702

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

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

per particle (HX/n) with705

HX ∼ 7× 10−22L44r
−2
2 N−1

22 erg s−1, (2)

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

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

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

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

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

the photon index = 1.31 and the cutoff energy = 160711

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

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

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

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

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

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

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

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

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

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

Thus, we argue that the molecular dissociation due to722

X-ray irradiation is significant at the close vicinity of723

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

there.725

However, the actual 3-dimensional geometrical struc-726

ture of the XDR needs careful consideration: it does727

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

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

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

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

(a)

(b)

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

Table 5. Results of the single Gaussian fit

Peak Centroid FWHM

(mJy beam−1) (km s−1) (km s−1)

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

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

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

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

as deviated components from the single Gaussian pro-733

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

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

sion also traces a different gas volume that the CO(3–2)736
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36幾何学的厚みの起源は何か？

• 中心核近傍の[CI](1-0)スペクトルは、
CO(3-2)に比べて線幅が広い。 


• Multi-Gaussianフィットで再現可能


• アウトフローのようなcoherent motion
を強く示唆- fountain modelの出番！？

FWHM ~ 240 km/s

FWHM ~ 320 km/s
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(a)

(b)

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

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

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

Meanwhile, the discrepancy of the σdisp/Vrot ratios at929

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

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

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

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

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

bulent motion due to failed winds, based simply on the935

observed σdisp that mixes up these motions. However,936

as the outflows are preferentially seen at ionized and/or937

atomic gas at the very nuclear region in our model938

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

the prime source of the geometrically thicker nature of940

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

gion around the AGN. Indeed, we found that adding942

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

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

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

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

Peak Centroid FWHM

(mJy beam−1) (km s−1) (km s−1)

Central 1107.9 ± 1.6 453.7 ± 5.6 97.7 ± 0.6

Blueshifted 466.4 ± 5.6 379.1 ± 0.2 56.7 ± 0.5

Redshifted 365.9 ± 4.4 512.3 ± 0.1 28.3 ± 0.4

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

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

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

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

Table 6). The central Gaussian component has almost947

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

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

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

that the blueshifted and redshifted components appear951

almost symmetrically with respect to the central com-952

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

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

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

These results therefore support the view that the diffuse956

atomic gas is distributed in a geometrically thicker vol-957

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

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

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

itative, however, we will perform a more quantitative961

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

[CI](1-0)
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• CO(3-2) → 中心面 (i = 75°)


• [CI](1-0) → 中心面 + アウトフローで吹き上げられた成分 

モデルとの”定量”比較
CO(3-2): TB [CI](1-0): TB

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

• MBH, Eddington ratio, CND-scale Mgas: Circinus銀河に合わせた値


• Hydrodynamic simulation + XDR chemistry (Wada+16) + rad. transfer
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(a)

(b)

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

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

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

Meanwhile, the discrepancy of the σdisp/Vrot ratios at929

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

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

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

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

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

bulent motion due to failed winds, based simply on the935

observed σdisp that mixes up these motions. However,936

as the outflows are preferentially seen at ionized and/or937

atomic gas at the very nuclear region in our model938

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

the prime source of the geometrically thicker nature of940

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

gion around the AGN. Indeed, we found that adding942

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

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

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

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

Peak Centroid FWHM

(mJy beam−1) (km s−1) (km s−1)

Central 1107.9 ± 1.6 453.7 ± 5.6 97.7 ± 0.6

Blueshifted 466.4 ± 5.6 379.1 ± 0.2 56.7 ± 0.5

Redshifted 365.9 ± 4.4 512.3 ± 0.1 28.3 ± 0.4

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

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

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

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

Table 6). The central Gaussian component has almost947

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

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

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

that the blueshifted and redshifted components appear951

almost symmetrically with respect to the central com-952

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

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

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

These results therefore support the view that the diffuse956

atomic gas is distributed in a geometrically thicker vol-957

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

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

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

itative, however, we will perform a more quantitative961

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

[CI](1-0)

38

• [CI](1-0)で観測された特異なline profileは、確かにモデルでも再現された。 


• ALMA観測結果と、（それに向けて準備した）simulation結果が整合 
→ fountain schemeで、30年来にわたる問題であるAGNトーラスの起源は説
明できそう！

Izumi et al. 2018c, submitted

モデルとの”定量”比較



18 T. Izumi et al.

(a)

(b)

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

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

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

Meanwhile, the discrepancy of the σdisp/Vrot ratios at929

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

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

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

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

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

bulent motion due to failed winds, based simply on the935

observed σdisp that mixes up these motions. However,936

as the outflows are preferentially seen at ionized and/or937

atomic gas at the very nuclear region in our model938

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

the prime source of the geometrically thicker nature of940

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

gion around the AGN. Indeed, we found that adding942

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

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

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

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

Peak Centroid FWHM

(mJy beam−1) (km s−1) (km s−1)

Central 1107.9 ± 1.6 453.7 ± 5.6 97.7 ± 0.6

Blueshifted 466.4 ± 5.6 379.1 ± 0.2 56.7 ± 0.5

Redshifted 365.9 ± 4.4 512.3 ± 0.1 28.3 ± 0.4

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

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

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

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

Table 6). The central Gaussian component has almost947

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

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

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

that the blueshifted and redshifted components appear951

almost symmetrically with respect to the central com-952

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

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

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

These results therefore support the view that the diffuse956

atomic gas is distributed in a geometrically thicker vol-957

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

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

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

itative, however, we will perform a more quantitative961

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

[CI](1-0)
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• [CI](1-0)で観測された特異なline profileは、確かにモデルでも再現された。 


• ALMA観測結果と、（それに向けて準備した）simulation結果が整合 
→ fountain schemeで、30年来にわたる問題であるAGNトーラスの起源は説
明できそう！

Izumi et al. 2018c, submitted

モデルとの”定量”比較

• いよいよ高分解能観測時代が本格化 

• …だけでなく、ALMAは多相ガスの観測も可能な
ことにも注目（装置の性能・各波長帯の輝線の
特性等々はよく勉強しておくこと） 

• 理論と観測を意味のある形で付き合わせること
が可能な時代になってきた。 

• 理論は理論、観測は観測、はダメ。互いに手を取
り合って課題に挑むべし。



39

5. ポスドクになりまして その2 
- 多波長間連携 -



40

• MBH is tightly correlated with Mbulge  
and σ* → Co-evolution 

• Why do they know each other despite 
~10 orders of magnitude difference in 
spatial scale…? 

• Favoured scenario: Merger-induced 
starburst & AGN, and subsequent 
“AGN feedback” to regulate the star 
formation (e.g., Hopkins et al. 2008; Fabian 2012, 
ARA&A, 50, 455)


• When, how, and where the relation 
has arisen/established?  

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

MBH/Mbulge ~ 1/1000-1/100

Trace (i) SMBH feeding/feedback 
and (ii) galaxy growth over the 

cosmic time

SMBH-galaxy co-evolution
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~10 orders of magnitude difference in 
spatial scale…? 

• Favoured scenario: Merger-induced 
starburst & AGN, and subsequent 
“AGN feedback” to regulate the star 
formation (e.g., Hopkins et al. 2008; Fabian 2012, 
ARA&A, 50, 455)
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SMBH-galaxy co-evolution

Hopkins et al. 2008, ApJS, 175, 356
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42Enhanced merger-frequency at high-z?

All quasar hosts present significant shifts of the [ ]C II lines,
compared to the broad UV emission lines of the quasars. The
three FIR-bright hostsand one of the FIR-faint ones (J0935)
show [ ]C II emission redshifted by –~ -390 580 km s 1. Interest-
ingly, the only sources presenting [ ]C II blueshifts, of ∼220 and

-630 km s 1, are the two FIR-faint sources, J0923 and J1328,
respectively, which have interacting SMGs. Such significant
positive velocity shifts of ISM lines, such as [ ]C II , with respect
to the quasar’s broad emission lines, such as Mg II—which
probe the close vicinity of the SMBHs, are not uncommon in
high-redshift quasars. For example, the recent study of
Venemans et al. (2016) shows [ ]C II velocity shifts of

–~ -370 1690 km s 1 in a compilation of seven >z 6 quasars.
Willott et al. (2015) found a shift of ~ -1150 km s 1 for one
�z 6 quasar, but no significant shift for another. Negative

velocity shifts of several hundred -km s 1 were also observed
among other high-redshift quasars (e.g., Wang et al. 2013;
Willott et al. 2013).

Figure 5 shows the [ ]C II velocity maps of the six quasar
hosts and the three SMGs accompanying J1511, J0923 and
J1328. The relatively smooth gradients suggest that the [ ]C II
emission originates from a kiloparsecscale, rotating gas
structure, with a rotation axis that coincides with the centers
of the galaxiesand with the quasars themselves (as shown by
the centroid markers). The only obvious outlier is the host of
J0935, where the [ ]C II emission is weaker. For the FIR-bright
quasar hosts, the velocity maps reach maximal velocity values
of ∣ ∣ � -v 200 km smax

1, while for the FIR-faint hosts and their
accompanying SMGs, the corresponding values are

significantly lower, ∣ ∣ � -v 100 km smax
1. This may suggest

that the FIR-bright quasar hosts are more massive, or gas rich,
than the FIR-faint ones.
The velocity dispersion maps, presented in Figure 6, show

increased velocity dispersions in the centers of all [ ]C II -emit-
ting systems, reaching s ~ -100 km sv

1. Given the beam sizes
of our ALMA data, this trend is probably mostly driven by the
effects of beam smearing, as demonstrated in several detailed
studies of the kinematics of high-redshift, sub-mm sources
(e.g., De Breuck et al. 2014). A clear signature of this effect is a
centrally peaked velocity dispersion, elongated along the minor
axis of rotation—which is similar to what is seen in some of
our sources (e.g., J1341, J1511, and J0923). Thus, the real
underlying central velocity dispersions may be significantly
lower than what is seen in Figure 6, resulting in generally more
uniformor flattervelocity dispersion profiles, and thus imply-
ing rotation-dominated kinematics with 2sv 1v . We note that
even in such a situation, of sv v on theorder of a few, the
kinematics may be significantly affected by a turbulent
component, as demonstrated in several recent studiesof
resolved ISM kinematics in high-redshift galaxies (e.g.,
Gnerucci et al. 2011; Williams et al. 2014). With these
limitations in mind, we cautiously conclude that the outer parts
of the [ ]C II -emitting regions in all sourcesare dominated by
rotation,with s >v 1v . In particular, this is the case in the
outerhigh-velocity regions of the FIR-bright systems, where
one could have expected to see evidence for dispersion-
dominated gas kinematics in the case these systems were driven
by major mergers.

Figure 1. Large-scale continuum emission maps derived from the new ALMA datafor the six quasar systems in our sample: the three FIR-bright sources (top
row)and the three FIR-faint sources (bottom row). In each panel, the quasar and any accompanying sub-millimeter galaxies are marked as “QSO” and “SMG,”
respectively. The gray-scale map shows the continuum emission, determined from the line-free ALMA spectral windows. Cyan and blue contours trace emission
levels at different positive and negative significance levels, respectively, with the first contour tracing the region where the continuum emission exceeds 2.5σ, and
consecutive contours plotted in steps of s2.5 . The ALMA beams are shown as red ellipses near the bottom-right of each panel. Red crosses mark the locations of the
quasars’ optical emission (taken from the SDSS). Interacting companions, i.e., sources that have clear detections of [ ]C II with redshifts consistent with those of the
quasars, are marked as “SMG.” The continuum source accompanying J1511 that lacks significant [ ]C II emission is marked as “B.”

7

The Astrophysical Journal, 836:8 (21pp), 2017 February 10 Trakhtenbrot et al.

• Associated SMGs in 3/6 luminous quasars at z ~ 5 (50%!!)


• Strongly support “merger-induced” SMBH growth

[CII] obs. w/ ALMA Trakhtenbrot et al. 2017, ApJ, 836, 8



43Early co-evolution: biased view?

• MBH of (some) optically-luminous 
z > 6 quasars are over-massive 
→ SMBH earlier, galaxies later?


• But we should care about a 
selection bias to prefer luminous 

(~ massive) objects

※ Mdyn~Mstar is usually assumed in quasars

AA51CH12-Kormendy ARI 24 July 2013 12:27
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Figure 38
Correlation between M• and host-galaxy stellar mass M∗ of active galactic nuclei (AGNs) from z ∼ 0.1 to 7.1, shown separately (a) for
the bulge only and (b) for the entire galaxy. The dashed line is the Häring & Rix (2004) correlation between M• and M ⋆,bulge at z ∼ 0
for inactive galaxies, which is roughly consistent with the zeropoint calibration used here for AGN BH masses. Dark blue points denote
hosts that are known to be ellipticals or that contain classical bulges or that are massive enough so that they must be bulge-dominated
by z ∼ 0. They obey a moderately strong correlation. Dust-reddened quasars and other obscured AGNs appear to have preferentially
undermassive BHs, the most extreme being the submillimeter galaxies (SMGs). Less massive hosts are mostly disk-like, spiral galaxies at
z ! 2; they show a larger scatter in M•−M ⋆,bulge like that of pseudobulges at z ∼ 0. (c) Offset of log M• with respect to the local
M•−M ⋆,bulge relation derived by Häring & Rix (2004, dashed line) and here in Section 6.6 (solid line). The black points at z ≃ 0 are our
sample of (left to right) ellipticals, classical bulges, and pseudobulges with dynamically detected BHs (Tables 2 and 3; objects are slightly
offset from z = 0 for clarity). Adapted from Ho (2013).
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44Early co-evolution: likely a biased one

Subaru/Hyper Suprime-Cam ALMA

Probing-down low luminosity objects
→ Depict a less-biased mass distribution!



45Hyper Suprime-Cam Survey of quasars

• First 1000deg2 class survey with 
an 8m class telescope  
- 300 nights: Feb. 2014 - Jan. 2019 
- g,r,i,z,y bands  
- ~2 mag deeper than previous 
surveys   
(e.g., rAB < 27.1 mag in the Deep 
27 deg2)

Subaru strategic program (SSP) with HSC

from the HSC-SSP proposal 14

From HSC-SSP proposal

3.3 Survey fields

R.A.

DEC

HSC-D

HSC-D/UD

HSC-W

Galactic Extinction E(B-V)

Figure 3.3.: The location of the HSC-Wide, Deep, and Ultradeep fields on the sky in equatorial coordinates.
Footprints of various spectroscopic surveys and surveys in other wavelengths are also indicated. Color contours show
the Galactic extinction map (Schlegel et al. 1998). The gray-shaded regions show regions that are accessible from
the ACT/ACTPol with reasonably good observational conditions.

3.3. Survey fields

Table 3.3 and Figure 3.3 summarize the target fields for the HSC-Wide, Deep, and Ultradeep
layers. We employ the following requirements for the survey field selection:

• The HSC footprints should overlap the SDSS/BOSS footprint, because we use the SDSS for
photometric and astrometric calibration of the HSC data (Chapter 4). The BOSS data will
provide a huge spectroscopic sample of galaxies up to z ∼ 0.7, which will be used to calibrate
photometric redshifts and the cluster-finding algorithm, and can be used for cosmological
analyses.

• The fields should be well distributed over a wide range of RA, such that fields are reachable
at all times of the year.

• The fields should overlap other multi-wavelength data sets to maximize scientific outputs
when combined with the HSC data. The major data sets which offer unique synergy with HSC
data are the arcminute-resolution, high-sensitivity CMB survey by the Atacama Cosmology
Telescope (ACT) in Chile, and its polarization extension ACTPol, for which Princeton is
playing a major role; X-ray surveys from XMM and eROSITA; near-/mid-infrared imaging
surveys (e.g., VIKING/VIDEO and UKIDSS); and deep spectroscopic surveys (e.g., VIPERS,
GAMA, COSMOS, HectoMAP).

• The Ultradeep regions should be included in the Deep fields, and (with one exception, see
below) the Deep fields should be included in the Wide fields.

• The fields should be low in Galactic dust extinction.

The survey fields listed in Table 3.3 are selected based on these considerations.

29

• Will discover many less-luminous 
quasars at z > 6 → less-biased picture 
of early SMBH evolution

PI: Miyazaki (NAOJ) 
Co-PI: Iwata (NAOJ) 
168 participants from 36 
institutes on the initial 
proposal

45



Members
Y. Matsuoka1 (PI)
M. Akiyama2, N. Asami3, S. Foucaud, T. Goto4, Y. Harikane5, H. Ikeda1, M. Imanishi1, K. Iwasawa6, T. 
Izumi5, N. Kashikawa1 T. Kawaguchi7, S. Kikuta1, K. Kohno5, C.-H. Lee1, R. H. Lupton9, T. Minezaki5, T. 
Morokuma5, T. Nagao8,  M. Niida8, M. Oguri5, Y. Ono5, M. Onoue1, M. Ouchi5, P. Price9, H. Sameshima10, 
A. Schulze5, T. Shibuya5, H. Shirakata11, J. D. Silverman5, M. A. Strauss9, M. Tanaka1, J. Tang12, Y. Toba8

1NAOJ, 2Tohoku, 3JPSE, 4Tsinghua, 5Tokyo, 6Barcelona, 7Sapporo Medical, 8Ehime, 9Princeton, 10Kyoto Sangyo, 11Hokkaido, 
12ASIAA

SHELLQs
Subaru High-z Exploration of Low-Luminosity Quasars



HSC-project (#123): 
Submm follow-up observations toward 

HSC-detected high-z quasars with ALMA

Izumi et al. 2018a, PASJ, 70, 36 
Based on: ALMA Cycle 4 (2016.1.01423.S)

What happens to the early, but representative quasar host galaxies? 
→ SFR, M
What is the bias-corrected co-evolutionary relationship at z ~ 6?



48Results: Spatial distribution

θ = 0.52” x 0.47”θ = 0.64” x 0.47”

J0859 J1152

θ = 0.54” x 0.43”

J2216

θ = 0.79” x 0.71”

J1202

Color = [CII] 
Contour = FIR continuum

Izumi et al. 2018a, PASJ, 70, 36



49Band 6 spectrum: J2216-0016

~0.18 mJy @dV = 50 km/s

(on-source time ~ 1.7h) [CII]

rg i

z y
HSC image

~0.18 mJy @dV = 50 km/s

(on-source time ~ 1.7h)

Izumi et al. 2018a, PASJ, 70, 36
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Early co-evolution in z ~6 quasars

Luminous

Low-luminosity

Izumi et al. 2018a, PASJ, 70, 36
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Early co-evolution in z ~6 quasars

Group-1
Group-2

Izumi et al. 2018a, PASJ, 70, 36
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Early co-evolution in z ~6 quasars

Group-1

Group-2
• Quite hard to reproduce with the 
ν2GC scheme; another paths??


• Will appear as over-massive MBH 
at z ~ 0? (like NGC 1277)


• Or get closer to the local relation 
via dry mergers?

• Roughly follow the local relation 
→  Standard merger-induced 
SMBH-galaxy evolution model may 
explain (although many of them 
must live in quite massive halos)

NGC 1277

~60% Mbulge

Bulge Luminosity (LK,sun)

SM
BH

 m
as

s 
(M

su
n)

van den Bosch et al. 2012, 
Nature, 491, 729

~10 kpc
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多波長連携が威力を発揮し、銀河形成
に物申す時代！ぜひ同士を集めて

Panchromaticな研究を！
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• 大学院時代から、”ミリ波サブミリ波でAGN”という内容で、色々な研究を
してきた。 
- この人と言えばこれ！という武器を持つと強い！ 
- その武器を手に、様々なテーマに挑戦すると良い。 

• 院生時代に、何かこれは！という軸足を持っておく 
（で、さっさと論文にする）。 
- 良いスタートアップを切るのは（精神衛生・実務両面で）大事。 

• 幼年期の終わりは研究者として成長してきた証拠！ 
- どんどん研究の幅を広げよう。 

• 時代は理論と観測の協働、多波長連携！ 

• アーカイブデータを含め、最新の研究をすぐに始められる環境が整ってき
ている。 
- いろんな方と積極的に話して、どんどん新しいことに挑戦しよう！

まとめ：生々流転


