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Introduction



Supermassive BH in the early universe

ー gas accretion < Eddington rate
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Observations of high z quasars have revealed that supermassive black holes (SMBH)

with ∼ 109 M! already existed when the age of the universe was less than ∼ 1 Gyr (z ! 6)

(e.g., Fan 2006; Willott et al. 2007). The most distant quasar was recently discovered at

z = 7.085 (∼ 0.77 Gyr) (Mortlock et al. 2011). Several authors have considered models

for the SMBH formation that stellar-mass BHs provided by the collapses of Population

III stars with ! 100 M! grow by merger and gas accretion (e.g., Haiman & Loeb 2001;

Volonteri, Haardt & Madau 2003; Li et al. 2007). If the seed BH grows by gas accretion

at the Eddington rate ṀEdd (= LEdd/εc2; LEdd is the Eddington luminosity and ε is the

radiative efficiency), the growth time is ∼ 0.8 Gyr (" 0.05 ln(MBH/Mseed) Gyr for ε = 0.1),

which is the age of the universe (z " 6). Therefore, the seed is required to grow continuously

at the Eddington rate. However, the negative feedback prevents such efficient growth of the

seed (Milosavljević, Couch & Bromm 2009; Alvarez, Wise & Abel 2009).

As a solution of this problem, the scenario that a supermassive star (SMS) with ! 105

M! evolves into a seed of the SMBH has been considered. The SMS is considered to form

in the massive halo (Tvir ! 104 K) irradiated with far ultraviolet (FUV) radiation in the

early universe (e.g., Bromm & Loeb 2003; Regan & Haehnelt 2009a, b; Shang, Bryan, &

Haiman 2010). The strong FUV radiation dissociates H2 molecule, which is the main coolant

in primordial gas. Then, the cloud collapses isothermally (∼ 8000 K) by Lyα cooling without

fragmentation and finally forms a SMS. If there exists the remnant of a SMS, the growth

time becomes short (" 0.46 Gyr) compared to that for Population III case. Thus, the SMS

formation is expected to be a key explaining the SMBH formation. This scenario of the

SMS formation requires the extremely strong FUV radiation in the Lyman-Werner band;

JLW
21 ! 102 − 103 in units of 10−21 erg s−1 cm−2 Hz−1 sr−1 (Omukai 2001; Bromm & Loeb
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ABSTRACT
We investigate the pulsational instability of rapid accreting protostars whose accretion
rate is Ṁacc ∼ 10−3 − 10−1 M#/yr. ! tH(z = 7)
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1 INTRODUCTION

・Supermassive black holes in the early universe.
・Supermassive star formation in the atomic cooling halos
(Tvir ! 104 K).
・Rapid accretion with Ṁ ∼ c3

s/G ∼ 10−1 M"/yr.
・Are the rapid accreting stars stable ?
・What is the mechanism driving the pulsational instability
(ε and κ)?
・The effects of the gas accretion on the instability.

The organization of this paper is as follows. In Section 2,
.... In Section 3, .... Finally, we summarize our study and
present some discussions in Section 5.

2 THE EVOLUTION OF THE ACCRETING
PROTOSTARS

この Sectionでは、高い降着率の下での原始星の進化やその内
部構造の特徴を説明する。ガス降着率の大きさは原始星の進化
に強く依存するため、重要な物理量になる。図 1には、いくつ
かの降着率 (Ṁacc = 10−3, 10−2, and 10−1 M"/yr) の場合
に対する原始星の半径の進化の様子が示してある。以下では、
ガス降着率 Ṁacc が低い場合 (∼ 10−3 M"/yr) と、高い場合
(! 10−2 M"/yr)に分けて、原始星の構造の違いを述べる。

図 1 から分かるように、原始星へのガス降着率が低い場
合、星の半径の進化には 3つの段階が存在する。その 3つの段
階はそれぞれ、断熱膨張期 (I)、kelvin-Helmholz収縮期 (II)、
主系列星期 (III) と呼ばれている (e.g., Omukai & Palla 2001,
2003)。最初、原始星には衝撃波を通過した高いエントロピー
のガスが取り込まれるために、質量の増加に伴い星半径は膨張
していく。星質量が ∼ 10 M" よりも大きくなると、星の中心
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温度が上昇することにより、星内部の不透明度が下がっていく
(κ ∼ ρT−7/2)。すると、原始星は内部からエネルギーを放射し
て逃がせるようになり、自己重力による収縮が始まる。KH収
縮していき星の中心温度が上昇していくと、やがて水素の核燃
焼 (CN cycle)が開始して、安定的な主系列星になる。核燃焼
が始まった後、星の収縮は止まり、更なるガス降着が続く限り
質量を獲得して、ゆっくりと膨張していく。

図 3には、低い降着率 Ṁacc = 10−3 M"/yrの下で進化し
た原始星 (M = 300 M")の内部構造を示した。各線はそれぞ
れ、質量 (実線)、温度 (短破線)、密度 (長破線)、核燃焼のエネ
ルギー生成率 (点線)を表しており、質量は星質量、それ以外は
中心での値で規格化している。星中心の温度は T ∼ 108 K程度
に達して水素燃焼 (CN cycle)が始まると、対流コアが形成され
る。一点鎖点は対流層と輻射層の境界を表している。metal-free
なガスから形成される主系列星 (Population III stars)は、重金
属を含むガスから形成される現在の星 (Population I stars)と
比べて、同質量であっても半径が小さく、有効温度が Teff ! 105

Kと大きくなる。
次に、降着率が高い場合の原始星の進化について説明する。

3 INSTABILITY ANALYSIS

この Sectionでは、Section 2 で述べた様々な降着率の下で成
長する原始星のモデルに対して脈動不安定性の解析を行う。こ
の論文で、用いる安定性解析の方法は Unno et al. (1989) に
従った。星の構造を決める方程式系を線形化した非断熱動径振
動の方程式系の固有値問題を解き、求めた複素固有値から摂動
の成長 (減衰)の時間スケールを計算する。ここでは、対流によ
る energy fluxの摂動は考慮しない”frozen in”近似を行う。対
流と脈動との相互作用の取り扱い方法について非自明な点が多
く、それを完全に記述する理論が未だ存在しないために、この
ような近似を行う。この論文で安定性を議論する降着率が高い
場合の原始星では、星表面で対流によるエネルギー輸送が支配
的であるため、対流が脈動に与える影響で安定性解析の結果が
変わるかもしれないが、この論文では議論の範囲外とする。

ここでは、radial mode のみを考える。各流体素片の変
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・Supermassive black holes (SMBH)

ー high-z universe (z>6～7)

ー very massive: MBH～108-9 Msun

http://www.daviddarling.info/encyclopedia/B/blackhole.html

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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Direct collapse scenario
Supermassive star formation

Pulsational instability of supergiant protostars 3

0 200 400 600 800 1000

enclosed mass  Mr

1.0 Msun/yr

0.3 Msun/yr

0.1 Msun/yr

L
(M

r)
  
(1

0
  
 L

su
n
)

3

2

1

0

7

(a) interior luminosity

 r
  
(R

s
u

n
)

10

10

10

10

1

2

3

4

10
-1

1.0 Msun/yr

0.3 Msun/yr

0.1 Msun/yr

(b) radial mass distribution

Figure 7.

1

0.8

0.6

0.4

0.2

0
0 0.2 0.4 0.6 0.8 1.0

radius  r/R

Mr/M

T/Tc

ρ/ρ
c

ε/εc

＊

＊

Figure 8.

δLrad

Lrad
= −δκ

κ
+ 4

δT
T

+ 4
ξr

r
+

d( δT
T )/d ln r

d ln T/d ln r
, (35)

dΦ′

dr
+ 4πGρξr = 0. (36)

d
dr

„
ξr

r

«
= 0,

d
dr

„
δLrad

Lrad

«
= 0 (r = 0), (37)

0 1.00.40.2 0.6 0.8

M  /Mr

1.0

0.8

0.6

0.4

0.2

0

-0.2

ε/εc

W

κ

dW/dMr

Figure 9.

g
ro

w
th

 /
 d

a
m

p
in

g
 r

a
te

  
η

  (
1

0
  
 )

8

6

4

2

0

-2

-8

stellar mass (Msun)

200 10000 400 600 800

m
a

s
s
 l
o

s
s
 r

a
te

 (
1

0
  
  
M

s
u

n
/y

r)

12

8

4

0

-4

- 
6

Mloss
・

η=   σI /σR

M acc
・

=10  Msun/yr
-3

unstable

stable

Figure 10.

d
dr

„
δp
p

«
= 0 (r = R∗), (38)

δFrad,r

Frad,r
= 4

δT
T

(r = R∗), (39)

dσ
dr

= 0, (40)

H2 + γ → 2H

c© 0000 RAS, MNRAS 000, 000–000

Pulsational instability of supergiant protostars 3

0 200 400 600 800 1000

enclosed mass  Mr

1.0 Msun/yr

0.3 Msun/yr

0.1 Msun/yr

L
(M

r)
  
(1

0
  
 L

su
n
)

3

2

1

0
7

(a) interior luminosity

 r
  
(R

s
u

n
)

10

10

10

10

1

2

3

4

10
-1

1.0 Msun/yr

0.3 Msun/yr

0.1 Msun/yr

(b) radial mass distribution

Figure 7.

1

0.8

0.6

0.4

0.2

0
0 0.2 0.4 0.6 0.8 1.0

radius  r/R

Mr/M

T/Tc

ρ/ρ
c

ε/εc

＊

＊

Figure 8.

δLrad

Lrad
= −δκ

κ
+ 4

δT
T

+ 4
ξr

r
+

d( δT
T )/d ln r

d ln T/d ln r
, (35)

dΦ′

dr
+ 4πGρξr = 0. (36)

d
dr

„
ξr

r

«
= 0,

d
dr

„
δLrad

Lrad

«
= 0 (r = 0), (37)

0 1.00.40.2 0.6 0.8

M  /Mr

1.0

0.8

0.6

0.4

0.2

0

-0.2

ε/εc

W

κ

dW/dMr

Figure 9.

g
ro

w
th

 /
 d

a
m

p
in

g
 r

a
te

  
η

  (
1

0
  
 )

8

6

4

2

0

-2

-8

stellar mass (Msun)

200 10000 400 600 800

m
a

s
s
 l
o

s
s
 r

a
te

 (
1

0
  
  
M

s
u

n
/y

r)

12

8

4

0

-4

- 
6

Mloss
・

η=   σI /σR

M acc
・

=10  Msun/yr
-3

unstable

stable

Figure 10.

d
dr

„
δp
p

«
= 0 (r = R∗), (38)

δFrad,r

Frad,r
= 4

δT
T

(r = R∗), (39)

dσ
dr

= 0, (40)

H2 + γ → 2H H2 + H → 3H

c© 0000 RAS, MNRAS 000, 000–000

・primordial gas (w/o H2 mol)

（Omukai 2001）
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・H2 dissociation processes

・No efficient fragmentation (Bromm & Loeb 2003; Shang et al. 2010)

・isothermal collapse (～8000K) by H cooling

Supermassive stars (>105Msun) form and directly collapse to 
massive seeds of SMBHs



Evolution of supergiant protostars
・Protostar evolution after the
    isothermal collapse
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ー high accretion rate

ー “supergiant protostars”

expanding envelope (large R＊)

contracting core

・Can supergiant protostars continue to grow stably ?

・If protostars are pulsationally unstable         mass loss !!
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Pop III
~ 10-3 Msun/yr

Supergiant protostar
> 10-2 Msun/yr

low Teff (~5000K) → No UV feedback

　　　



Stability analysis



ー nuclear burning (CNO cycle)

Pulsational instability

V

P

mechanisms driving instability

ー energy-flux blocking by the opacity bumps

　Supergiant protostars could be unstable by 
　both the driving mechanisms
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ー strong T dependence of nuclear-energy
    generation rate

ー ionization layer (H, He, He+) in the bloated envelope

・ epsilon mechanism

・ kappa mechanism



Analysis method
・Basic Eq. (mechanical × 3 + thermal × 2)

eigenfrequency(σ) and functions(Q’, δQ) under proper BCs
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perturbation： displacement：

σI<0 ; unstable

( σ=σR+iσI ),
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Ṁloss ! 10−3M"/yr (9)

W (Mr) =
π
σR

Z Mr

0

#
»

δT ∗

T

„
δε − d

dMr
δLrad

«–
dMr,

(10)

η ≡ − σI

σR
=

W (M∗)
4πEW

, (11)

tdyn > tth(r)

1

0.8

0.6

0.4

0.2

0

10 10 10 10 1

radius r/R

-1-2-3-4

T/Tc

ρ/ρ
c

Mr/M＊

＊

Figure 2.

EW =
σ2

R

2

Z M∗

0

|ξr|2dMr, (12)

ξr,surf =
cs

σR
. (13)

ξr,surf = cs/σR vesc =
p

2GM∗/R∗
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acceleration of outflow

ー surface velocity grows sound speed

Estimation of mass-loss rate
・mass loss driven by pulsation (Appenzeller 1970)

ー maximum mass-loss rate
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Ṁ ∼ c3
s

G
∼ 0.1 M"/yr

„
T

8000K

«3/2

(6)

W (Mr) =

Z Mr

0

I

Mr

pdV dMr, (7)

W (Mr) =
π
σR

Z Mr

0

#
»

δT ∗

T

„
δε − d

dMr
δLrad

«–
dMr, (8)

η ≡ − σI

σR
=

W (M∗)
4πEW

, (9)

EW =
σ2

R

2

Z M∗

0

|ξr|2dMr, (10)

ξr,surf =
cs

σR
. (11)

ξr,surf = cs/σR vesc =
p

2GM∗/R∗

1

0.8

0.6

0.4

0.2

0

10 10 10 10 1

radius r/R

-1-2-3-4

T/Tc

ρ/ρ
c

Mr/M＊

＊

Figure 2.
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(Ṁacc = 1.0 M( yr−1),
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Ṁloss ! 10−3M"/yr (9)

W (Mr) =
π
σR

Z Mr

0

#
»

δT ∗

T

„
δε − d

dMr
δLrad

«–
dMr,

(10)

η ≡ − σI

σR
=

W (M∗)
4πEW

, (11)

tdyn > tth(r)

1

0.8

0.6

0.4

0.2

0

10 10 10 10 1

radius r/R

-1-2-3-4

T/Tc

ρ/ρ
c

Mr/M＊

＊

Figure 2.

EW =
σ2

R

2

Z M∗

0

|ξr|2dMr, (12)

ξr,surf =
cs

σR
. (13)

ξr,surf = cs/σR vesc =
p

2GM∗/R∗
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・The instability is driven in the He+ ionization layer
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・pulsational instability grows with increasing the stellar mass

・growth via accretion is not prevented by the mass loss
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・only highest accretion-rate case (1 Msun/yr) is unstable

・lower accretion-rate cases are stable
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・Maximum mass of supergiant protostars

Mloss << Macc (growth     )

Mmax ～ 2×105 Msun

　Supergiant protostars are expected to stably evolve into 
    supermassive stars with >105 Msun         seeds of SMBH

(Mloss<<Mlacc)

M＊=103Msun

・　    ・

(Mloss～Macc)

M＊>105Msun

・       ・

Mloss << Macc (growth     )

・　       ・

・　       ・



Summary
・We study the pulsational stability of rapidly accreting protostars

・Such protostars (=supergiant protostars) have the structure with
    the bloated envelope

・Supergiant protostars could grow in mass via rapid accretion and

    evolve to supermassive stars with >105 Msun (→ seeds of SMBH)

ー protostars become more unstable with increasing the mass

・Supergiant protostars (Macc～1 Msun/yr) are pulsationally unstable 
    by the κ mechanism in the He+ ionization layer

ー mass loss rate (~10-3 Msun/yr) << accretion rate (~1 Msun/yr)

・
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