
超大質量星周円盤の 
自己重力不安定性と分裂条件

松木場　亮喜（東北大学）

初代星・初代銀河研究会

共同研究

杉村　和幸（東北大学）
高橋　実道（国立天文台/工学院大）

大向　一行（東北大学）



1. イントロダクション
- 超大質量ブラックホール形成シナリオ

2. 円盤モデル

3. 結果

4. まとめ、議論

-　 原子降着流の場合H

-　  分子降着流の場合H2

目次

- 星周円盤の自己不安定性



1. イントロダクション



超大質量ブラックホール(SMBH)

Mortlock et al. (2011)

Banados et al. (2017)~

Figure 9: MBH versus z for a low-z sample (grey dots Zamfir et al., 2010), and
several imtermediate to high z samples. Red circles: Marziani et al. (2009); open
squares: Dietrich et al. (2009); open triangles: Shemmer et al. (2004); filled pentagons:
Netzer et al. (2007); filled squares: Trakhtenbrot et al. (2011); open starred octagons:
Willott et al. (2010); filled octagons: Kurk et al. (2007); large spot at z ≈ 7: the high-z
quasar whose discovery was announced in late June 2011 (Mortlock et al., 2011). The
dashed line marks MBH = 5·109 M⊙.
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SMBH形成シナリオ

instabilities, however, can reverse the situation and
transport mass in at the expense of rotational sup-
port. When this occurs, there are two possible out-
comes, depending on the strength of instabilities.

In globally unstable galactic disks, aMBH seed
may form when gas instabilities drive a very rapid
accumulation of gas to create a supermassive star,
of up to 1 millionM⊙ (11, 12). To avoid the star ex-
ploding as a supernova, gas accumulation must oc-
cur in less than ~2million years (the thermonuclear
time scale). After exhausting its hydrogen, the core
of a supermassive star will contract. As a result of
core collapse, a black hole of a few tens ofM⊙ forms
at the heart of the dying star, which is still being
bombarded by infalling gas. The resulting system (a
“quasi-star”) is composed of a black hole that grows
by eating its surrounding cocoon from the inside,

until the black hole accretion luminosity exceeds
what the cocoon can withstand. The quasi-star dis-
solves, and a black hole with mass up to 10% of the
mass of the quasi-star is left in the center of the gal-
axy, ready to begin its life as a MBH seed (13, 14).

In locally unstable galaxies (15), stellar dy-
namical instabilities can lead to MBH formation,
as long as the gas is only mildly polluted by heavy
elements (16, 17). Stars start to form in the central
region, creating a dense stellar cluster. Clusters
formed in this way are crowded places. Star-star
collisions in their core can produce a very mas-
sive star of up to a few thousand M⊙ before the
first supernovae explode. When heavy elements
are still rare, just about when the second genera-
tion of stars occurs, the final fate of a very mas-
sive star is to collapse into a black holewith amass
similar to that of its progenitor. However, this is
not the case when the content of heavy elements

increases. In today’s universe, a very massive star
would lose most of its mass in powerful winds be-
fore collapsing into a stellar mass black hole. This
channel of MBH formation naturally predicts
that MBHs formed only in the early universe.

These alternatives are not mutually exclusive,
andwe currently have no direct observation that can
probe specific MBH formation scenarios (18, 19).
The first MBHs in the early universe have modest
masses and luminosities, and they cannot be de-
tected with current telescopes, although they would
be primary targets for gravitationalwave instruments
operating at millihertz frequencies. The initial condi-
tions are mostly erased in today’s MBH population,
although clues to the seeds’ propertiesmay be found
in the lowest-mass MBHs, which may be the most
pristine objects due to their limited growth.

Looking Back in Time: The Most Distant Quasars
MBHs become visible when they accrete gas direct-
ly from their surroundings, or, occasionally, when
they disrupt an unlucky star passing too close by
(20). The gravitational potential energy of the ac-
creted mass is converted to radiation, making the
black hole luminous. Luminous, accreting MBHs
are generally referred to as active galactic nuclei, and
the most powerful among them are known as qua-
sars. Quasars are the most luminous stable sources
in the whole universe, making thembeacons in the
early stages of galaxy assembly. Some powerful
quasars have been detected at distances correspond-
ing to a light-travel time of more than 12 billion
years, with the record holder, ULAS J1120+0641,
at 12.9 billion years (21). Given that the universe is
13.7 billion years old, this particular quasar existed
just 800 million years after the Big Bang. From the
luminosity of this quasar, we can infer that theMBH

powering it has a mass of 2 billionM⊙. This quasar
is not an absolute rarity; in fact, the known sample
of 12 billion-year-old quasars comprises several
tens of objects with similar luminosities andmasses
(22). Thus, the golden era of 1 billion M⊙ MBHs
occurred early on, whereas today the dominant ac-
tive MBHs have masses of about 10 million M⊙
(23). This concept may seem disconcerting in the
context of bottom-up galaxy formation; however,
it is just a manifestation of cosmic downsizing. Gal-
axies built in halos forming on the highest peaks of
the cosmic density field experience an accelerated
evolution (higher merger rates, faster gas consump-
tion), and their central black holes would share the
same fate. Large-scale and deep surveys (e.g., Sloan
Digital Sky Survey, the United Kingdom Infrared
Telescope Infrared Deep Sky Survey, and Canada-

France High-z Quasar Survey) in the
near-infrared part of the spectrum,which
is best suited to capture light redshifted
by the expansion of the universe, are
key to our progress in quasar research.
Observations of cold molecular gas at
submillimeter wavelengths are instead
driving studies of the galaxies that host
these quasars (24) to understand how
the cold gas feeds star formation in the
galaxy and accretion onto the MBHs.

The exquisite observations that are
driving progress on understanding the
first growth spurt of MBHs must be
matched by theoretical work. The rapid
growth ofMBHs powering the quasars
observed in the early universe has tan-
talized astrophysicists over the past few
years. One can estimate the maximum
growth of MBHs compatible with the
existence of a critical luminosity, the
Eddington luminosity, which is often
considered the upper limit to the ra-
diative output of a source. Above the
Eddington limit, radiation pressure over-
comes gravity, and gas is pushed away,
thus halting the flow that feeds the black

hole. The constraints require that ULAS J1120+0641
must have accreted sufficient mass to shine at the
Eddington limit for its entire lifetime, or at leastmore
than half of its life. This is not easy to accomplish
because (i) theMBH’s host galaxymust feed the hole
continuously, at the exactmaximum rate allowed, and
(ii) feedback effects from stars and the quasar itself
are likely to disrupt the flow of gas, causing intermit-
tent growth episodes, rather than the smooth, contin-
uous evolution required. Recent simulations suggest
that galaxies sitting on the rarest and highest peaks
of the cosmic density field may not be affected by
feedback (25). These simulations, however, resolve
only scales of thousands of light-years, at least three
orders of magnitude larger than the region where ac-
cretion takes place. Simulations and studies that focus
on the detailed physics of feedback near the MBH
find instead that the MBH feedback strongly affects
the gas supply,making it intermittent (Fig. 2) [(26,27),

Gas cools 
very slowly
forming a 
stable disc

Globally 
unstable gas 
infalls rapidly
toward the 
galaxy center 
and a 
supermassive 
star forms 

Locally 
unstable 
gas flows 
toward the 
galaxy center

First stars: 
maybe one 
star per 
galaxy, up 
to several 
hundred times 
larger than 
the sun   

The stellar 
core collapses 
into a small 
black hole, 
embedded in 
what is left 
of the star  

Gas 
fragments 
into stars, 
and a dense 
star cluster
forms

The black hole 
swallows 
the envelope 
growing up 
to ~one million 
solar masses

Stars merge into 
a very massive 
star that 
collapses into a 
black hole ~1000 
times more 
massive than 
the Sun   

If the star is 
more massive 
than ~300 solar 
masses, it 
collapses into 
a black hole, 
~200 times the 
mass of Sun 

   
  D

ark matter 

Fig. 1. Illustration showing three pathways to MBH formation that can occur in a distant galaxy (56). The starting
point is a primeval galaxy, composed of a dark matter halo and a central condensation of gas. Most of this gas will
eventually form stars and contribute to making galaxies as we know them. However, part of this gas has also gone into
making a MBH, probably following one of these routes.
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初代星BH

星の合体

ダイレクトコラプス

本発表の話題

3つの種ブラックホール形成シナリオ

102 Msun

105 Msun

103 Msun

各々の種ブラックホールが降着・合体によってSMBHへ
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(e.g., Padmanabhan 1993). We also use the usual age-
redshift relation for the matter-dominant universe, t \ 3.1

After the virialization of] 1017(s)h~1)0~1@2(1 ] z)~3@2.
dark matter, i.e., when the density reaches the virial density
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m
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is the internal energy per unit mass of baryon,

p \ o
b
kT

kmH
(9)

is the pressure for an ideal gas, is the adiabatic exponent,cadT is the temperature, k is the mean molecular weight, ismHthe mass of a hydrogen nucleus, and is the net cooling"netrate per unit volume. The net cooling rate, consists of"net,contributions from radiative cooling or heating by atomic
hydrogen lines, by rovibrational lines of molecular"H ;
hydrogen, by continuum, and by the Compton"H2

; "cont ;coupling with the radiation, (the Compton cooling is"Comptunimportant at those low redshifts, although it is included
in our calculation) and from heating and cooling associated
with chemical reactions, "chem :

"net \ "H ] "H2
] "cont ] "Compt ] "chem . (10)

The continuum processes included are listed in Table 1. The
details of these processes are described in Appendix B. Since
we are focusing on the evolution of the central region,
whose radius is we evaluate the optical depthR

c
\ jJ/2, qlby

ql \ il R
c
\ il

AjJ
2
B

. (11)

Time-dependent nonequilibrium chemical reactions are
solved for the following nine species : H, e, H`, H~,H2, H2`,
He, He`, and He``. Chemical reactions included are listed
in Table 2.

3. RESULTS

In this section we present our numerical results. Figures 2
and 3 display the temperature evolution for collapsing pri-
mordial clouds irradiated with (1) the power-law type and
(2) diluted blackbody of 104 K type FUV radiation, respec-
tively. As mentioned in ° 2, the photodissociation rate coef-
Ðcients of both H~ and are larger for the type bH2spectrum than for the type a with the same value of J21.
Consequently, FUV radiation of type b has a larger inÑu-
ence on the evolution of the clouds than type a with the
same value of We discuss the e†ects of di†erent spectralJ21.
types and scaling relations between them in Appendix A.
Except for those scalings of the evolutionary trajec-J21,
tories change in similar ways with an increase of the UV

FIG. 2.ÈDensity-temperature relation for the collapse of primordial
clouds irradiated with FUV radiation. The spectra are type a : JUV(l) \ J21The evolutionary trajectories are drawn for] 10~21(l/lth)~1. J21 \ 0,
10~2, 1, 102, 104, and 105. The trajectories for are identical toJ21 [ 105
that for The dashed lines indicate the constant Jeans mass. TheJ21 \ 105.
dark matter gravity is neglected in calculating the Jeans masses.

intensity in both cases. Hence, we describe only the evolu-
tionary features of the clouds irradiated with type a radi-
ation in detail here.

The evolutionary trajectories for the clouds with J21 º
105 are identical to each other. As is obvious from Figure 2,
the thermal evolution at high densities (say, cm~3)n Z 107
is completely di†erent between clouds with andJ21 ¹ 104
those with This is because the clouds irradiatedJ21 º 105.
by the FUV radiation with cannot form sufficientJ21 º 105

so they cool only by atomic cooling. The temperature ofH2,
such clouds is higher than that of clouds with J21 ¹ 104,
which can form enough to cool eventually. TowardH2higher densities, these two groups of trajectories in Figure 1
converge respectively to two di†erent limiting tracks. We
call the higher temperature one the ““ atomic cooling track,ÏÏ
and the other the ““ molecular cooling track.ÏÏ This nomen-
clature comes from the fact that clouds evolving along the
former track remain atomic, while those following the latter
eventually become fully molecular. We should note that the
Jeans masses inside the clouds ultimately fall below 0.1 M

_for both tracks.

FIG. 3.ÈSame as Fig. 2, but for spectra type b : JUV(l) \ J21] 10~21[B(l ;104 K)] The evolutionary trajectoriesK)/B(lth ;104 (l \ lth).are drawn for 10~2, 1, 102, and 103. The trajectories forJ21 \ 0, J21 [ 103
are identical to that for J21 \ 103.
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円盤を通した原始星への降着

円盤は自己重力的に不安定化しやすい

円盤分裂で降着率が時間変動する可能性あり

原始星の進化に影響
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角運動量があると円盤を形成
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分裂片

Sakurai et al. (2015)

円盤は分裂するのか？



先行研究の問題点および本研究の目的

先行研究 Latif & Schleicher (2015) Inayoshi & Haiman (2014)

本研究では、
自己重力円盤中のガスの冷却過程を詳細な熱・化学進化に

基づいて解くことで円盤分裂の有無について調べる

熱・化学進化を簡単化

,

自己重力不安定性は温度に依存

Q =
cs⌦

⇡G⌃

/ T 1/2

トゥームレのQ値

Toomre (1964)

Q > 1

Q < 1

安定
不安定：

：(
ガスの冷却過程が重要

熱・化学進化を解く必要有り

始原ガス円盤の自己不安定性による分裂を議論



2. 円盤モデル



円盤モデル

✔ ギリギリ自己重力不安定な円盤の構造を求める：
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Ṁ

：中心星質量

：降着率

加熱過程

分子の輝線放射 化学冷却自由束縛放射

圧縮加熱,

✔ 熱進化

中心星

円盤

rout = 1000 auT = 104 K

冷却過程

粘性加熱

H2H H-

：

： H- ,H2 , 衝突誘起放射H2 ,

, , H+, e

密度構造が得られるde

dt
= �� ⇤

,



r

T = 104 K r
out

dr

中心星

円盤

分裂条件
✔ 分裂条件

α粘性率 Shakura & Sunyaev, (1973)

Zhu et al. (2012)↵ =
⌫⌦

c2s
> 1

自己重力不安定で輸送できる角運動量に上限

を採用

中心星

円盤

rout = 1000 auT = 104 K



r

T = 104 K r
out

dr

中心星

円盤

分裂条件と外側境界
計算範囲✔

温度

✔ 外側境界 yi =
ni

nnuclei
温度と化学組成比

⇣ ⌘

・ 原子降着流

・ 分子降着流

温度 ,

中心星

円盤

rout = 1000 auT = 104 K

外縁半径 103 au

3000 K

1000 K

0.99 10-8 10-6 10-18 8.33 × 10-2

8.33 × 10-210-2 0.495 10-10 10-20

H2H H+ e H- He

H

H2

104 K で止める

✔ パラメータ範囲

中心星質量

降着率・

・ 10 - 105 Msun

10-3 - 1 Msun yr-1



3. 結果



3.1 　原子降着流H
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3.2 　 分子降着流H2
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結果まとめ
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等温的進化 分裂の臨界降着率 0.17 M� yr�1
⇣ T

3500 K

⌘3/2

小降着率

円盤内側で H2 分子が形成 先行研究で見られなかった

分子降着流のとき✔ H2

ほとんどの場合で円盤分裂

中心星質量が小さいほど円盤分裂しやすい

・

・



4. まとめ、議論



円盤分裂による効果
H原子冷却ガス雲の典型的な降着率

円盤分裂の臨界降着率

円盤分裂が起きる可能性が有る

分裂片の降着によって降着率が時間変動する

定常的な降着

・

分裂すると…

・ 分裂片が成長して連星系になる

降着率の時間変動や分裂片の進化も追うような研究が必要

長時間の進化を追えば合体するかも

超大質量星形成の可能性を議論するには、

~ 0.1 MSUN yr-1

0.17 MSUN yr-1



まとめ
・ ダイレクトコラプスシナリオで予言されている超大質量星形成の際の

自己重力不安定な星周円盤における分裂の有無を調べた

結果

円盤の自己重力不安定性は中心星質量によらず降着率に依存する

分裂する

分裂を回避

星周円盤は分裂するかもしれない

・

・

原子降着流の場合

低降着率のとき(                     ) 分子形成円盤内側で

H

分裂片の進化
✔

✔

< 0.1 MSUN yr-1

> 0.1 MSUN yr-1

< 10-2 Msun yr-1 H2

降着率の時間変動


