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研究成果の概要（和文）：銀河中心にある超巨大ブラックホールのなかで、特に質量降着しつつ周辺にその重力
エネルギーを開放している活動銀河核は、母銀河の性質に影響を及ぼすと考えられている。そこで我々はX線と
サブミリ・ミリ波の観測によってその影響について研究を行った。X線を用いることで、活動銀河核からの放射
がどのような空間領域に影響を及ぼしているか推測できる。一方、サブミリ・ミリ波帯域にある分子輝線の観測
からその領域での星間物質、または星形成の源がどのような影響を受けているのか調査できる。近傍の活動銀河
核について調査した結果、X線放射によって星間物質の性質が変化し星形成を抑制する可能性が示唆された。

研究成果の概要（英文）：Among supermassive black holes at the centers of galaxies, active galactic 
nuclei (AGN), where mass accretion is taking place by releasing its gravitational energy to the 
surrounding region, are expected to affect the properties of their host galaxies. We studied the 
effects of AGN by X-ray and submm/mm observations. The X-ray observation can probe regions that are 
affected by the X-ray radiation from AGN. On the other hand, observations of molecular emission 
lines in the submm/mm bands allow us to investigate how the interstellar medium or the sources of 
star formation are affected in these regions. Our study of nearby AGN finds a possibility that AGN 
X-ray emission could change the properties of the interstellar medium and suppress star formation.

研究分野： 天文学

キーワード： 超巨大ブラックホール　活動銀河核
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研究成果の学術的意義や社会的意義
宇宙に数多ある銀河の中心には、超巨大ブラックホールが存在する。そしてそれらの中には、周囲からガスが勢
いよく降り注いでるものがいる。また同時に、それらは太陽の100億倍の光度にもなる光を放ち、宿主の銀河の
性質に影響を及ぼすと考えられている。そこで我々はX線とサブミリ・ミリ波観測を用いて、その影響について
研究を行った。X線を用いることで、放射がどのような空間領域に影響を及ぼしているか推測できる。一方、サ
ブミリ・ミリ波帯域の観測からその領域で、星形成の源がどのような影響を受けているのか調査できる。近傍の
ブラックホールについて調査した結果、X線放射が星形成を抑制しているかもしれない可能性がわかった。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景

巨大銀河の中心には、普遍的に超巨大ブラックホールが存在すると考えられている。それらブラックホー
ルのうち、特に質量降着している系は太陽 100 個分にもなるほど光り輝いており、 活動銀河核 (AGN: 

active galactic nucleus) と呼ばれる。そしてこれまでの研究から、AGN は母銀河の星形成現象に影響を及
ぼすことが示唆されている。 本研究では特に、分子ガス量と星形成率には正の相関が示されていること、
また AGN の X 線によって分子ガスの解離が進むという理論的な予測をもとに、AGN は X 線によって星
形成を抑制するかもしれない可能性に着目した。

２．研究の目的

本申請課題の目的は、宇宙の歴史のなかで星形成に重要であると考えられている分子ガスが AGN によっ
てどれだけ解離されてきたかを評価することである。より具体的には、近傍 AGN について X 線光度と
分子ガスの解離量の関係を明らかにし、AGN X 線光度関数 (単位光度、単位体積あたりの AGN の数) を
もとに、宇宙年齢 10% から今に至るまでの星形成への宇宙論的な影響を明らかにすることである。

3. 研究の方法

研究対象となるサンプル選択には、硬X線サーベイ装置Swift/BATによる AGN カタログを用いた。透過
力の高い硬X線選択により、可視光観測などでは周辺のガスに隠されて見落とされてしまうようなAGN 

であっても選択が可能である。この無バイアスな AGN サンプルの中で特に、X 線望遠鏡 Chandra で観測
されているかつ、ALMA で一酸化炭素の回転遷移輝線 CO(J=2-1) が 1 秒角以下で観測されている 26 天体
に着目した。Chandra は X 線で一番高い空間分解能を達成し、それを活かすことでまず、Chandra で分離
できるほど広がった (>~ 600 光年) 6.4 keV の鉄輝線を探査した。これにより AGN からの X 線に照射され
ている領域がわかる。次に ALMA を用いて、Chandra と同等の分解能で CO の空間分布を明らかにし
た。

4.  研究成果

Chandra のデータ解析の結果、6 天体で空間的に広がった鉄輝線を検出し、それらの等価幅が AGN から
の X 線放射が鉄を電離することで出る蛍光 X 線の予測と一致することがわかった。さらに、高い有意度
で検出された 2 天体で (図1)、鉄と CO 輝線の分布が分離していることがわかった。つまり、AGN から
の X 線が星間物質の状態を変化させている可能性があることがわかった。

iron atoms, was detected. Thus, all X-ray-ratio images likely
trace the gas irradiated by the AGN X-ray emission. We
discuss the objects separately as follows.

NGC 1068: Fe emission is elongated in the northeast–
southwest direction. A similar elongation was observed for the
CO (J= 2–1) emission. However, while bright Fe and CO
(J= 2–1) emission is observed in the northeast region located
∼3″ (∼180 pc) from the nucleus, they are spatially separated.
The extended Fe emission is closer to the nucleus than the CO
(J= 2–1) emission. This suggests that the ISM closer to the
AGN is preferentially irradiated by the AGN X-ray emission,
and the CO (J= 2–1) emission may be suppressed. Whereas
there are a few conceivable suppressing mechanisms (e.g., CO
and/or H2 gas destruction or superthermal), CO molecules may
be dissociated into C and O, as recently proposed for a nearby
luminous AGN of NGC 7469 by Izumi et al. (2020). However,
we do not draw a conclusion regarding the dominant process in
this study. For a robust conclusion, additional information is
needed. Lastly, in the southwest region, CO (J= 2–1) and Fe
distributions appear to be separated, similar to those in the
northeast region. These facts suggest that the irradiated gas is
seen to be close to the molecular gas, but they are spatially
separated, likely owing to the change in the properties of the
ISM therein.

NGC 2110: This AGN host galaxy also provides a similar
picture to that suggested by NGC 1068. Although the south-
bright Fe-Kα emission seems to be associated with faint CO
(J= 2–1) emission, one can see a clear spatial separation
between the brightest CO (J= 2–1) and Fe-Kα emission. This
is consistent with the fact that AGN X-ray radiation contributes
to the change in the physical properties of the ISM. According
to Rosario et al. (2019), who studied near- and mid-infrared
spectroscopy data of NGC 2110, the north–south region with
CO (J= 2–1) deficit and bright Fe-Kα emission may be filled
by ionized and warm molecular gas. One can also refer to
Fabbiano et al. (2019) and Kawamuro et al. (2020) for more
details.

NGC 4945: Because this galaxy is an almost edge-on
system, it is quite difficult to discuss whether the Fe and CO
(J= 2–1) emission is spatially separated or not, such as for
NGC 1068 and NGC 2110. However, we remark two important
points, suggesting the AGN X-ray irradiation of the ISM. First,
the Fe emission is preferentially bright along the galaxy disk in
the northeast-to-southwest direction, where CO emission is also
bright. Second, fainter Fe emission with 6–7 keV/3–6 keV

ratios of ∼0.15 is seen over ∼4″ (∼160 pc) in the northwest
direction, where the CO (J= 2–1) emission is moderately
bright. The distribution appears as a double horn, and this could
be due to limb brightening of a hollow, cone-shaped outflow
oriented close to the plane of sky that was seen and modeled
with inclination angle of 75° in Venturi et al. (2017) for optical
[N II] emission. Seemingly, the Fe-Kα outflow lies closer to the
nucleus than [N II], and this may be because the Fe-Kα
emission is produced by the fluorescent process, which is
preferably expected in dense nuclear regions. Thus, given that
the outflow is driven by the AGN, it is natural that the AGN
X-ray emission irradiates the gas therein.

5.2.2. Relation between Fe-Kα and CO (J= 2–1) Emission

To further discuss the possible spatial separation between the
cold molecular gas and the Fe-Kα emission, we examine the
relation between the gas mass (Mgas

ext) and the ratio of the Fe-Kα
and continuum luminosities ( BL LFe K

ext
20 50 keV‐ – ). As explained

in the second-to-last paragraph of Section 3, the gas masses
were derived from the external CO (J= 2–1) luminosities. The
left panel of Figure 14 shows a scatter plot of the two
parameters. Here, because the two physical values are derived
from the same regions for each object, this discussion is
unaffected by differences in object distance. No significant
correlation is found with P≈ 0.7. While we cannot infer much
from the plot, the absence of a positive correlation is consistent
with the spatial separation. Thus, by considering the results in
Section 5.2.1 (particularly for NGC 1068 and NGC 2110), we
suggest that X-ray irradiation may alter the ISM in such a way
that it cannot be traced well by CO (J= 2–1) emission.

5.2.3. Relation between Fe-Kα and Column Density

Recently, Ma et al. (2020) performed a systematic study of
nearby Compton-thick AGNs (z∼ 0.01) to search for extended
Fe-Kα emission and found it at a relatively high rate (i.e., five
out of seven). Following their work, we examine whether there
is a relation between the sight-line X-ray absorbing column
density and the Fe-line-to-continuum luminosity ratio
( BL LFe K

ext
20 50 keV‐ – ), as shown in the left panel of Figure 15.

Although we can find that the detection rate of the extended Fe-
Kα emission is relatively high for Compton-thick AGNs
(∼50%), it is not so straightforward to conclude the correlation
given that some Compton-thick AGNs with NH∼ 1024 cm−2

Figure 13. Spatial distributions of CO (J = 2–1) emission (cyan contours) and the ratio of 6–7 keV and 3–6 keV images from which nuclear point sources are
subtracted (color follows right bars) for NGC 1068, NGC 2110, and NGC 4945 from left to right. The panels show the ≈15″ × 15″ regions centered at the AGN
positions (white stars). North is up and east is left. Cyan contours represent 20σ, 40σ, 80σ, 160σ, and 230σ, where 1σ = 0.046 Jy km s−1 beam−1 for NGC 1068 and
1σ = 0.071 Jy km s−1 beam−1 for NGC 4945. For NGC 2110, the cyan contours represent 5σ, 10σ, 20σ, and 30σ, where 1σ = 0.060 Jy km s−1 beam−1.
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図1: 2 天体 (NGC 1068 と NGC 2110) について、CO (コントア) と鉄輝線 (カラーイメージ) の空
間分布。



NGC 6951. By performing the bootstrap analysis on the
updated HCN sample, a regression line is obtained as
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0.063 and S � �
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0.1, suggesting a positive
trend. Here, the uncertainties in the HCN (J= 1–0) luminos-
ities are taken from Izumi et al. (2016a). Those in the
20–50 keV luminosities are set to 0.3 dex uniformly by
following Izumi et al. (2016a). While some luminosities were
derived based on Swift/BAT average spectra (Ricci et al.
2017a), others were estimated by a single-epoch hard X-ray
observation (i.e., NGC 1097, NGC 4579, and NGC 2273;
Nemmen et al. 2006; Masini et al. 2016; Younes et al. 2019).
Therefore, to account for the short-time flux variability, we

adopt the uncertainty of 0.3 dex. For simplicity, we consider
the same uncertainty even if a luminosity was derived from a
long-term averaged BAT spectrum.
An intriguing fact can be suggested from the possibility that

the ratio of CO to HCN luminosities increases with L20−50 keV.
However, we note that our argument relies on the extrapolation
of the regression lines due to a small overlap of the CO and
HCN samples in the X-ray luminosity range, which suggests
that the ratio of the CO (J= 2–1) and HCN (J= 1–0)
luminosities increases with X-ray luminosity. Quantitatively,
for an increase in X-ray luminosity by an order of magnitude,
the ratio changes by a factor of ≈30–60.
Whether the above result is inconsistent with the HCN

enhancement in AGN host galaxies discussed in previous studies
(e.g., Kohno 2005; Krips et al. 2008; Imanishi et al. 2009; Izumi
et al. 2016b) may be debated. We argue that there is no clear

Figure 18. Left: scatter plot of the CO (J = 2–1) luminosity in the external region and the X-ray (20–50 keV) luminosity. For the CO (J = 2–1) data of the 10 nearby
AGNs at distances 30 Mpc, unfilled circles are overplotted. As inferred from the figure, no significant correlation is found. Right: dependence of the X-ray
(20–50 keV) luminosity on the CO (J = 2–1) luminosity (blue) and HCN (J = 1–0) luminosity (magenta). The CO luminosities are from the nuclear regions, and the
HCN ones are retrieved from Izumi et al. (2016a). The unfilled circles are overplotted in the same way as in the left panel. The regression lines derived from the CO
(J = 2–1) and HCN (J = 1–0) data (Equations (4) and (5)) are indicated by dashed and dotted lines, respectively.

Figure 17. Left: scatter plot of the external-scale molecular gas mass and the absorbing hydrogen column density derived in the X-ray band. NGC 1052 with
: �M Mlog 4gas

ext( ) is located outside. Right: same as the left panel, but for nuclear-scale molecular gas. AGNs with significant CO (J = 2–1) emission
( % �L L 1CO

ext
CO
ext or % �L L 1CO

nuc
CO
nuc ) are indicated by blue stars. In contrast, those with upper limits (UL) are shown as gray triangles.
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have low BL LFe K
ext

20 50 keV‐ – ratios, whereas a Compton-thin
AGN of NGC 2110 with x�Nlog cm 23H

2( ) shows a high
BL LFe K

ext
20 50 keV‐ – ratio of≈ 10−3.5.

We suspect that their spectra with high signal-to-noise ratios
and high column densities help the detection, explaining the
high detection rate in the Compton-thick AGNs. Simply, a
spectrum with a higher signal-to-noise ratio allows the
detection of fainter emission. In addition, a higher column
density suppresses nuclear emission more, making it easier to
detect extended emission. Our suggestion is supported by
Figure 16, where the spectral count in the 3–7 keV band is
plotted as a function of the column density. In the figure, AGNs
with significant Fe-Kα detections above 2σ have spectra with
higher spectral counts and higher column densities. The
detection for the Compton-thin AGN NGC 2110 can be

explained in the same way. Its spectrum has a high spectral
count of ∼2500.
In addition, we check the hypothesis that AGNs with higher

column densities are in gas-rich galaxies (right panel of
Figure 17). With the bootstrap method, no correlation is found
( � �

�P 0.55 0.13
0.14), suggesting that there is no clear connection

between the obscuring material and the molecular gas on scales
of 100 pc. No correlation is confirmed also on the external
scales � �

�P 0.88 0.13
0.10( ; the left panel of Figure 17). A

connection on smaller scales of ∼10 pc was, however,
suggested by Garcia-Burillo et al. (2021), who found a positive
correlation between the line-of-sight column densities derived
in the X-ray band and those derived from CO (J= 3–2).
Based on the discussion in Sections 5.1 and 5.2, we argue

two points. First, the AGN can form an extended Fe-Kα

Figure 14. Scatter plots of the molecular gas mass and the Fe-Kα-to-continuum ratio for the external (left) and nuclear (right) scales. AGNs with significant Fe-Kα
emission ( % �B BL L 1Fe K

ext
Fe K
ext

‐ ‐ , or % �B BL L 1Fe K
nuc

Fe K
nuc

‐ ‐ ) are indicated by blue stars. In contrast, those with upper limits (UL) are shown as gray triangles. In the left
figure, NGC 1052 with : �M Mlog 4gas

ext( ) is located outside. In the right panel, open circles are overplotted for AGNs whose line-of-sight X-ray absorbing column
densities are above 1024 cm−2. A trend was found on the nuclear scale but not on the external scale. The dotted–dashed line in the right panel is derived using a
bootstrap method that incorporates the upper limits.

Figure 15. Left: scatter plot of the X-ray column density and the ratio between the external Fe-Kα and 20–50 keV luminosities. Right: same as the left panel, but for
nuclear Fe-Kα emission. AGNs with significant Fe-Kα emission ( % �B BL L 1Fe K

ext
Fe K
ext

‐ ‐ or % �B BL L 1Fe K
nuc

Fe K
nuc

‐ ‐ ) are indicated by blue stars. In contrast, those with
upper limits (UL) are shown as gray triangles.

17

The Astrophysical Journal Supplement Series, 257:64 (41pp), 2021 December Kawamuro et al.

加えて、Chandra では分離できないような領域 (<~ 600 光年) でも、興味深い示唆を得た。(1) SMBH 近傍
からの X 線光度と CO 輝線の強度には正の相関がある (図2左)。(2) HCN(J=1-0)/CO(J=2-1) の比が、X 線
光度が高いほど小さくなる (図2左)。ここで、HCN(J=1-0) は、密度の濃いガスから出る。(3) 鉄輝線と連
続 X 線放射の光度の比が、X 線光度が明るくなるほど小さくなる (図2右)。これらは、AGN への質量降
着によって X 線光度が上がる一方で、その放射によって周りのガス密度が放出流によって小さくなって
いくことで説明できることがわかった。以上は、欧文雑誌にて 2 編の論文として出版受理された。当初
予定していた光度関数を用いた議論は、X 線と CO 分子の解離の相関が見られるほどサンプルが集まら
なかったので断念した。

図2左 : 分子ガス (青 = CO ガス、紫 = HCN ガス) の光度とX線光度との間の正の相関。図2右 : 分
子ガス質量に対する鉄輝線とX線光度の比率。
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